
 

 

 
 

STRAIN VARIATION IN PATHOGENESIS AND 
IMMUNITY IN GIARDIA INFECTION 

  
 
 
 
 
 

A Dissertation 
submitted to the Faculty of the 

Graduate School of Arts and Sciences 
of Georgetown University 

in partial fulfillment of the requirements for the 
degree of 

Doctor of Philosophy 
in Biology 

 
 
 
 

By 
 
 
 
 

SHAHRAM SOLAYMANI-MOHAMMADI, M.S.P.H. 
 
 
 
 
 

Washington, DC 
September 30 2011



 

ii 
  

 
 
 
 
 
 
 
 
 
 
 

Copyright 2011 by SHAHRAM SOLAYMANI-MOHAMAMDI 
All Rights Reserved 

  



 

iii 
  

STRAIN VARIATION IN PATHOGENESIS AND IMMUNITY IN GIARDIA INFECTION 
 

SHAHRAM SOLAYMANI-MOHAMMADI, M.S.P.H. 
 

Thesis Advisor:  STEVEN M. SINGER, Ph.D.  
 

ABSTRACT 
 

 
     Infection with Giardia duodenalis (syn. Giardia lamblia, Giardia intestinalis) is one of the 

most common intestinal protozoan infections in humans all around the world. Symptoms 

associated with human giardiasis are diverse and infected patients may develop abdominal 

cramps, nausea, and acute/subacute or chronic diarrhea, accompanied with malabsorption 

syndrome. Transmission of the parasite to a new host happens via the ingestion of cyst 

contaminated food and water. Human infections with G. duodenalis are distributed worldwide 

with rates of infections between 2-5% in developed nations and 20-30% in the developing world.  

Several reports have demonstrated variations in symptoms/ pathology among different Giardia 

isolates. There is evidence supporting that a specific genotype of G. duodenalis (i.e. assemblage 

A or B) is associated with symptomatic disease. These reports are sometimes contradictory. For 

example, it was shown that 74% of isolates examined from symptomatic patients in Nepal were 

assemblage B while 20%  and 6% were assemblage A and mixed infections, respectively. In 

contrast, others showed assemblage A to be predominantly associated with symptomatic disease 

in Bangladesh. However, some reports do not find any correlation between the parasite genotype 

and symptomatic disease. In order to evaluate the strain-dependent variability among the two 

assemblages capable of infecting humans, we used representative strains of both assemblages to 

infect mice. We then comparatively analyzed immune responses to the two stain of the parasite. 
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Analyses showed that there were strain-dependent differences in the ability of a given strain to 

induce pathological changes. 

     Using a mouse model of giardiasis, we examined the role of host immunity and pathogen 

virulence in mediating disaccharidase deficiency postinfection. Mice were infected with two 

strains, WB and GS, of the human parasite Giardia duodenalis. The levels of sucrase, maltase, 

and lactase decreased in wild-type mice p.i. with the GS strain but not with the WB strain. Both 

CD4-deficient and SCID mice failed to eliminate the infection and did not exhibit disaccharidase 

deficiency. β2-Microglobulin knockout animals controlled infections similar to wild-type mice 

but exhibited no decrease in disaccharidase activity. Analysis of cytokine production by spleen 

and mesenteric lymph node cells showed production of IL-4, IL-10, IL-13, IL-17, IL-22, TNF-α, 

and IFN-γ post-infection with both WB and GS, with IFN-g being the dominant cytokine for 

both strains. 

     It has recently been hypothesized that most pathology induced during human giardiasis is, in 

fact, because of the immune responses meant to eliminate the parasites. The structural proteins 

ezrin and villin are among the most abundant proteins present in the intestinal brush border. 

These proteins function as cross-linkers between the plasma membrane and the actin 

cytoskeleton. We found that intestinal epithelial cells (IECs) underwent drastic cytoskeletal 

changes following gut infection and that both expression and the distribution of the cytoskeletal 

proteins were impacted by gut infection. We further demonstrated that the immense changes 

observed following gut infections are driven by host adaptive immunity, and that the lack of 

adaptive immune responses prevents hosts from exhibiting these changes. We also showed a 
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correlation between tyrosine-phosphorylation of villin and the presence of disaccharidase 

deficiency in mice infected with the two strains of the parasite. 
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Chapter I 

Giardia duodenalis: the Double-Edged Sword of Immune 

Responses in Giardiasis 

 

 

Part of this Chapter was published in “Experimental 

Parasitology”. 
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The double-edged sword of immune responses in giardiasis. 
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1.1. Epidemiology of Giardiasis 

     Recent studies of Giardia have identified eight distinct genotypes within Giardia duodenalis, 

only two of which, assemblages A and B, are capable of infecting humans [(reviewed in 

Thompson (2009)]. These studies have led to a re-evaluation of the zoonotic potential of this 

organism. Although parasites with both A and B genotypes can infect numerous mammalian 

species in addition to humans, other genotypes appear to have more restricted host range. 

Assemblages C and D, for example, are commonly found in dogs, but have yet to be reported in 

humans. Thus, the idea that human transmission from dogs (and cats and livestock) to humans 

needs to be reevaluated. Fortunately, new data are becoming available indicating that most cases 

of giardiasis are due to anthroponotic spread, but zoonotic transmission can and does occur (Snel 

et al., 2009). 

     Better understanding of the molecular epidemiology of Giardia will also require reanalysis of 

studies of a commercially available vaccine for veterinary giardiasis (Olson et al., 2000). This 

vaccine is essentially a mixture of lyophilized trophozoites of four parasite strains. Since these 

strains can be grown in culture they are likely from assemblages A and B, but not the 

assemblages commonly found in and restricted to cats (F), dogs (C and D) or livestock (E). Thus, 

while some studies have shown some protection against experimental infections (Olson et al., 

1996; Olson et al., 1997; Olson et al., 2001), others failed to show such a protection against the 

parasite (Stein et al., 2003; Anderson et al., 2004; Uehlinger et al., 2007). For example, in one 

study vaccinated kittens had abnormal stools on fewer days, secreted fewer cysts, and had a 

significantly higher weight gain in the post-challenge period (Olson et al., 1996). Conversely, 
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Stein and coworkers (2003) did not find any correlation between cats receiving three doses of a 

Giardia vaccine and reduction in cyst shedding compared to unvaccinated kittens. New 

veterinary vaccines will need to take into account the restricted host ranges of the different 

genotypes and work around our inability to culture those other than types A and B. Potential 

human vaccines will need to address the role of immune responses in contributing to pathology 

and determining which responses are protective, as opposed to those which are merely present. 

     The factors determining the variability in clinical outcome in giardiasis are still poorly 

understood (Buret, 2007). However, host factors (such as immune status, nutritional status and 

age), as well as differences in virulence and pathogenicity of Giardia strains are recognized as 

important determinants for the severity of infection (Haque et al., 2005). Numerous studies have 

attempted to correlate the development of symptoms to the presence of either assemblage A or B 

parasites. While individual studies often find a strong correlation between parasite genotype and 

virulence, the answer comparing across studies is very unclear. For example, one study in Dutch 

patients found assemblage A isolates solely in patients with intermittent diarrhea, while 

assemblage B isolates were present in patients with persistent diarrhea (Homan and Mank, 

2001). In contrast, Geurden et al. (2009) found that infections with assemblage B parasites were 

commonly found in diarrhea patients, but that a high proportion of infections were with mixed 

assemblages that might have interfered with previous analyses. This may be due to the fact that 

assigning parasites to specific genotypes usually reflects alleles at loci such as glutamate 

dehydrogenase, 18S RNA and triosephosphate isomerase (TPI) which are unlikely to be directly 

associated with virulence. More effort, however, should be directed to understanding 
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mechanisms of virulence and identifying specific parasite virulence factors in order to 

understand the relative contributions of both the host and the parasite to disease. 

1.2. Immune Responses that Control Infection 

     The immune response to microbial pathogens, including Giardia sp., relies on both innate and 

adaptive components. Although the actual host defense mechanisms responsible for controlling 

Giardia infections are poorly understood, many studies have demonstrated the development of 

adaptive immune responses as well as innate mechanisms in humans and other animals 

(Roxström-Lindquist et al., 2006). Understanding the complex network of immune responses and 

host–parasite cross-talk should assist us in identifying novel and common targets for the 

therapeutic intervention of the infection (Solaymani-Mohammadi et al., 2010). 

     Epidemiological studies suggest that previous infection with Giardia leads to a reduced risk 

of re-infection and to reduced development of overt symptoms in secondary infections. Analysis 

of cases in an outbreak at a ski resort in Colorado showed that individuals residing in the 

community for more than 2 years had a much lower risk of being affected than new residents 

(Istre et al., 1984). Similarly, a community in British Columbia experienced two outbreaks 5 

years apart and individuals affected in the first outbreak were much less likely to be ill during the 

second outbreak (Isaac-Renton et al., 1994). Both studies suggest that previous exposure to 

Giardia produces an immunity to disease. It is unclear in these studies whether prior exposure 

actually prevented infection, or only if severe symptoms were avoided the second time. 

Nonetheless, these findings suggest that development of an effective vaccine could be feasible. A 

recent study in Brazilian children suggests that symptoms are less severe during re-infection, 
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consistent with the idea that previous exposure does not prevent infection, but does reduce the 

pathology which can occur (Kohli et al., 2008). Additional studies in humans and animal models 

are, however, needed to determine what types of immune responses mediate this protection. 

     Studies in animal models require careful interpretation. First, animal immune responses are 

not always equivalent to that seen in humans. Additionally, many studies have utilized Giardia 

muris, a rodent parasite that cannot be cultured, to analyze immune responses in mice. As 

described below, however, G. muris may be resistant to immune mechanisms capable of killing 

G. duodenalis. Studies of G. duodenalis are restricted by the inability of many strains of G. 

duodenalis to colonize adult mice. Experiments with G. duodenalis in gerbils and neonatal mice 

have also been performed, although immunologic analysis of these animals is difficult. In some 

cases, understanding the host restriction of G. duodenalis may provide insights into the biology 

of the host–parasite interaction. For example, certain bacterial flora have been shown to render 

mice resistant to colonization (Singer and Nash, 2000b). Bacterial flora could inhibit Giardia 

through direct action against the parasite. Studies in vitro showed that culture supernatants from 

Lactobacillus johnsonii La1 significantly inhibited the proliferation of G. duodenalis 

trophozoites in a strain-dependent manner (Pérez et al., 2001). Diverse animal species (and even 

individuals) differ greatly in the dominant microbiota colonizing their intestinal mucosal 

surfaces. Thus, the different microbiota could explain why some hosts are resistant to specific 

parasitic infections. Host immune mechanisms play a key role in regulating the microbiota, e.g. 

through expression of diverse sets of antimicrobial defensins by Paneth cells (Salzman et al., 

2007). Indeed, some Paneth cell defensins have also been show to kill G. duodenalis in vitro 
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(Aley et al., 1994). However, the effect of defensins on intestinal flora is bidirectional, and 

changes in flora can also effect production of defensins (Ayabe et al., 2004). Further analysis of 

the host–parasite–environment three-way interaction in giardiasis may provide novel means to 

prevent this infection. 

     Several lines of evidence suggest that IgA antibodies contribute to protective immunity 

against giardiasis. While most chronic infections have been reported in patients with no 

underlying immune abnormality, patients with common variable immunodeficiency (CVID) and 

Bruton’s X-linked agammaglobulinemia (XLA) are clearly prone to chronic giardiasis (Stark et 

al., 2009). Patients with these syndromes both lack normal B cell function and reduced 

production of IgG, suggesting the necessity of antibodies for control of the infection. However, 

both CVID and XLA have additional defects in immune function and chronic Giardia infection 

is not common in selective IgA deficiency, suggesting additional layers of complexity in host 

immunity. As such, the rates of giardiasis in HIV-infected patients are higher than controls in 

some studies (Angarano et al., 1997; Feitosa et al., 2001; Bachur et al., 2008), although it is still 

unclear whether epidemiological factors rather than immunosuppression are responsible for these 

differences (Stark et al., 2009). 

     A number of studies have used animal models of infection to help clarify the role of 

antibodies in controlling Giardia infections. Snider et al. (1988) first showed that xid mice 

(hypogammaglobulinemic mice with a defect in the same kinase that is altered in human XLA) 

and wild-type mice treated with anti-IgM to deplete B cells developed chronic infections with G. 

muris. However, when we used gene-targeted B cell deficient mice and G. duodenalis for 
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infections, no defect was apparent, suggesting alternate mechanisms exist to eradicate the 

infection (Singer and Nash, 2000a). This contradiction has been resolved by studies directly 

comparing G. muris and G. duodenalis infections in mice lacking the poly Ig receptor that cannot 

transport IgA or IgM into the intestinal lumen (Davids et al., 2006). G. duodenalis infections 

were controlled in the absence of antibodies, while G. muris infections became chronic. This 

suggests that mice have additional mechanisms able to kill the human pathogen to which the 

mouse species is resistant. Identification of these mechanisms in mice and their human 

counterparts would therefore greatly facilitate development of effective vaccines or 

immunotherapeutics. 

     The existence of antibody-independent mechanisms for Giardia elimination does not 

necessarily mean that antibodies have no role. However, the ability of G. duodenalis to undergo 

extensive variation of the surface coat antigens, called variant-specific surface proteins (VSPs), 

likely delays the effectiveness of the antibody response (Nash, 1997). Mice deficient in the 

cytokine interleukin (IL)-6 develop chronic infections with G. duodenalis (Bienz et al., 2003; 

Zhou et al., 2003). In the first 2 weeks following infection, these mice make a strong IgA 

response which reacts with only a small subset of parasites growing in vitro, suggesting a 

response to a limited subset of parasite VSPs. In contrast, 8 weeks after infection IL-6 deficient 

mice produce IgA reactive with all parasites from in vitro cultures, suggesting that the IgA 

response now recognizes all possible VSPs, common epitopes on VSPs, or invariant antigens on 

the parasite. The IL-6 deficient mice cleared their infections at this time point, indicating that 

such broadly reactive antibodies could indeed confer protection (Zhou et al., 2007). 
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     In contrast to B cells, T cells appear to be required for control of Giardia at all time points 

post-infection. Nude mice, mice treated with anti-CD4 antibodies and mice lacking the T cell 

receptor β gene all develop chronic infections with G. muris and/or G. duodenalis (Roberts-

Thomson and Mitchell, 1978; Stevens et al., 1978; Heyworth et al., 1987; Singer and Nash, 

2000a). One role of T cells is to provide help for production of antibodies. These cells also 

provide help for other aspects of the immune response, although it is unclear which of these are 

essential for parasite control. Human studies have provided limited information about cytokine 

levels in sera of patients. In one study, peripheral blood lymphocytes from naïve individuals 

produced interferon (IFN)-γ in response to trophozoites (Ebert, 1999), and sera from infected 

adults contained elevated levels of IL-5, IL-6 and IFN-γ (Matowicka-Karna et al., 2009). Mice 

lacking either IL-4 or IFN-γ are able to control infections with kinetics similar to wild-type mice 

(Singer and Nash, 2000a). We have recently shown that mice lacking TNF-α are delayed in 

parasite elimination (Zhou et al., 2007). This is consistent with elevated TNF-α levels in sera of 

infected children (Bayraktar et al., 2005). Altogether, additional studies are warranted to help us 

better understand regulation of T cell development and the roles of these immune cells during 

giardiasis. 

     Several recent studies have begun to examine how the innate immune system responds to 

Giardia infection and how this might influence development of T cell responses. An early study 

from the Kagnoff group examined the response of Caco2 cells to G. duodenalis parasites and 

saw no change in the expression of numerous cytokines that were induced by other intestinal 

pathogens (Jung et al., 1995). Roxström-Lindquist et al. (2005) used microarrays to reexamine 
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this interaction and discovered a strong response by a limited number of genes, including several 

chemokines that might be expected to recruit dendritic cells and lymphocytes to the intestinal 

mucosa. Unfortunately, studies in vivo have not determined the importance of these factors 

during infection. Our lab has recently examined the interaction of dendritic cells with Giardia 

and found that live parasites and parasite extracts activate these cells for antigen presentation, but 

inhibit secretion of IL-12 while enhancing production of IL-10 (Kamda and Singer, 2009). 

Inhibition of IL-12 production was partially mediated via IL-10, but could be more completely 

reversed by inhibiting phosphoinositide 3-kinase (PI3K) with wortmannin. The host receptors 

and parasite ligands involved in this inhibition remain to be identified. Interestingly, this 

inhibition of IL-12 production could suggest that the parasite actively restricts the development 

of severe inflammation and may contribute to the lack of pathology often seen during infections. 

How dendritic cells and epithelial cells interact to determine the development of T cell responses 

needs to be determined. 

     Several effector mechanisms have been proposed to eradicate Giardia infections [(reviewed 

in Eckmann (2003)]. These include phagocytosis by macrophages, secretion of defensins, nitric 

oxide (NO) and mucins by epithelial cells as well as the recruitment and activation of mucosal 

mast cells. Macrophages have been shown to ingest and kill Giardia trophozoites in vitro, but a 

role in vivo has not been demonstrated [reviewed by Smith (1985)]. Likewise, while some α-

defensins can lyse trophozoites in vitro (Aley et al., 1994), Eckmann (2003) reported that mice 

lacking MMP-7, the protease which converts pro-defensin peptides to active defensins, had no 

deficit in controlling G. muris infections. NO is cytostatic for G. duodenalis in vitro, but mice 
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lacking inducible nitric oxide synthase (iNOS) eradicate G. duodenalis infections normally 

(Eckmann et al., 2000; Li et al., 2006; Andersen et al., 2006). Interestingly, the neuronal NOS 

isoform did have a defect in parasite control, but this was more likely due to effects on intestinal 

motility and not a direct effect on the parasite. The activity of mucins against the parasite has 

also only been shown in vitro (Roskens and Erlandsen, 2002). 

     In contrast to these other effector mechanisms, a significant role for mast cells in controlling 

Giardia has been demonstrated in vivo in several animal models. In an early study, mast cell 

deficient (wf/wf) mice, unlike their wild-type littermates, developed chronic giardiasis after oral 

administration of G. muris. Furthermore, the susceptible BALB/c mice injected with the anti-

histamine and anti-serotonin drug, cyproheptadine, also showed prolonged infections with G. 

muris, implying some roles for mast cells in host’s ability to eliminate the parasite (Erlich et al., 

1983). A potential role for mast cells was suggested by Hardin et al. (1997), who examined 

jejunal macromolecular transport, epithelial permeability, and mucosal and connective tissue 

mast cell counts in Mongolian gerbils infected with G. duodenalis. In this study, mast cell counts 

were correlated with epithelial permeability and antigen uptake, suggesting a link between 

development of other immune responses and mast cell recruitment. This was further supported 

by data from our laboratory showing that c-kitw/wv mice infected with G. duodenalis failed to 

make parasite-specific IgA, mount a mast cell response, or to eliminate the infection (Li et al., 

2004). Anti-c-kit-treated C57BL/6 mice had normal IgA responses, lacked mast cell responses, 

and failed to control the infection within 10 days. Hence, while the requirement for mast cells is 

clear, their role in development of antibody responses is not. A recent study, however, found that 
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mast cells can help drive B cell switching to production of IgA (Merluzzi et al., 2010). We also 

recently described an additional role for mast cells in mediating smooth muscle contractions and 

contributing to changes in intestinal motility following infection (see below). It is likely that this 

contributes to both protection and pathology in giardiasis. 

     If mast cells are needed for elimination of Giardia infection, then prior or concurrent 

infection with intestinal helminthes that induce mastocytosis might be expected to prevent 

infection. However, pre-infection with Trichinella spiralis led to an increase in the number of 

trophozoites in the intestine and a delay in Giardia elimination, despite a large increase in mast 

cell numbers and normal production of anti-Giardia IgA (von Allmen et al., 2006). Thus, while 

mast cells are necessary for Giardia elimination, they are clearly not sufficient on their own. 

Indeed, the strong TH2 environment created by T. spiralis infection may make the intestinal tract 

more conducive to Giardia survival. Given that in most areas where giardiasis is endemic, the 

overwhelming majority of inhabitants are infected with other parasitic protozoa and helminths as 

well, additional study of the interactions between G. duodenalis and other infections is clearly 

needed. 

     Murine models of infection have also been used to study possible new vaccine strategies for 

giardiasis. A recombinant live attenuated vaccine, based on a gene segment of the VSP (VSPH7) 

expressed in a Salmonella typhimurium vaccine strain, was evaluated for its potential to induce 

local and systemic immune responses (Stager et al., 1997). The recombinant vaccine elicited 

synthesis of serum IgG as well secretory IgA (sIgA) against both bacterial antigens and the VSP. 

Vaccinated mice were never challenged with live parasites; however, several experiments have 
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examined the possibility of transmission-blocking vaccines that target cyst antigens. Larocque et 

al. (2003) showed that oral immunization with recombinant cyst wall protein (CWP2) could 

elicit IgA and mixed TH1/TH2 responses and reduce cyst shedding after live challenge with G. 

muris cysts. Similarly, delivery of CWP2 expressed in Streptococcus gordonii or Lactococcus 

lactis elicited high levels of antibodies in the vaccinated mice and also reduced cyst shedding 

after challenge (Lee and Faubert, 2006a, b). Most recently, a DNA vaccine encoding CWP2 

delivered to the intestinal mucosa via S. typhimurium led to production of antibody, a mixed 

TH1/TH2 response and reduced cyst shedding compared to control mice (Abdul-Wahid and 

Faubert, 2007). Analysis of vaccine efficacy in mice lacking elements of the immune system, 

e.g. IL-4 deficiency, would be useful in determining which of the observed responses actually 

contribute to the observed protection. 

1.3. Pathology and the Immune Response during Giardiasis 

     Pathology in giardiasis is understood to arise in several ways. These include breakdown of the 

epithelial barrier, defects in the epithelial brush border, secretion of chloride ions and 

hypermotility of the intestinal smooth muscles. The role of parasite virulence factors and host 

immune responses in contributing to these mechanisms is beginning to be clarified, although 

much more remains to be understood. 

     Breakdown of the epithelial barrier has been shown to occur in human disease and animal 

models of giardiasis (Hardin et al., 1997; Troeger et al., 2007; Zhou et al., 2007). This allows for 

macromolecules and electrolytes to pass into the sub-mucosa, bypassing normal uptake by 
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epithelial cells. The paracellular flow of nutrients and electrolytes can contribute to nutrient 

malabsorption by reducing electrochemical gradients needed for proper uptake and can cause 

inflammation in some individuals, probably through activation of innate immune effectors like 

macrophages. However, inflammation is often not observed in human giardiasis and does not 

correlate well to symptomatic disease (Oberhuber et al., 1997). In humans, epithelial barrier 

defects correlated with alteration in the level of expression of claudin-1, a component of the tight 

junctions (Troeger et al., 2007). In tissue culture models, changes in another tight junction 

protein, zona occludens (ZO)-1, as well as the cytoskeletal proteins actin and α-actinin have also 

been demonstrated (Teoh et al., 2000; Buret et al., 2002). Giardia has also been shown to 

increase epithelial permeability by inducing apoptosis in epithelial cells both in vivo and in vitro 

(Chin et al., 2002; Troeger et al., 2007). Interestingly, the magnitude of the apoptotic response in 

vitro is highly strain-dependent, although no specific parasite markers have been identified yet 

which can induce apoptosis (Chin et al., 2002). Finally, excess ion secretion was recently 

demonstrated ex vivo in biopsy material from giardiasis patients, suggesting that this too may 

contribute to pathology during this infection (Troeger et al., 2007). 

     The excretion and/or secretion of virulence factors by the parasite has been speculated to be 

responsible in part for the pathology induced during human giardiasis. Jiménez et al. (2004) 

demonstrated that oral administration of excretory/secretory antigens from Giardia intestinalis 

elicited a robust TH2 response (i.e. IgG1, IgG2, IgE) as well as moderate to profound histological 

changes. They tentatively attributed these changes to be potentially due to the parasite’s 

proteinase activity. Ringqvist et al. (2008) identified three major secreted proteins (ornithine 
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carbamoyl transferase, arginine deiminase, and enolase) released by Giardia. The release of 

these proteins was trigged upon contact with host epithelial cells, and these secreted proteins 

were able to impair host innate immune mechanisms, including the production of nitric oxide. 

     Another group has reported the presence of an excretory/secretory molecule in the parasite 

that can induce fluid accumulation in ligated loops of rabbit ileum (Shant et al., 2002). A 58-kDa 

enterotoxin purified from the excretory–secretory product of the parasite was able to decrease 

host GTPase activity (Shant et al., 2004). In this study, activation of protein kinase A (PKA) as 

well an increase in intracellular calcium ions were also observed after enterotoxin treatment of 

mouse enterocytes. Subsequently, these authors demonstrated that purified 58-kDa enterotoxin 

induced increased levels of phospholipase C gamma1, inositol triphosphate, and an upregulation 

in the protein kinase C (PKC; Shant et al., 2005). An N-terminal peptide sequence for the 

putative toxin has been reported. However, this peptide sequence is not represented in the virtual 

proteome of the prototype assemblage A strain WB (Morrison et al., 2007). It is possible that this 

peptide is encoded in a portion of the genome which has not been assembled, or that the WB 

strain lacks this molecule. Further molecular characterization of this toxin would provide a 

significant advance in developing tools to combat this disease. 

     The protective roles of intraepithelial lymphocytes (IEL) against parasitic infections have 

been characterized in a number of protozoan and helminth infections (Guk et al., 2003; Moretto 

et al., 2004; Little et al., 2005). In giardiasis, however, it was recently proposed that increased 

numbers of IELs in patients with chronic disease in fact were associated with a malabsorption 

syndrome including the impairment of the glucose/sodium uptake (Troeger et al., 2007). 
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     Reduction in levels of some intestinal disaccharidases, sucrase, lactase, maltase, and 

trehalase, have been shown to occur in human giardiasis (Levinson and Nastro, 1978) and in 

experimental infections in mice (Gillon et al., 1982), rats (Cevallos et al., 1995), and gerbils 

(Buret et al., 1991). In one study of G. muris infections in mice carried out by Daniels and 

Belosevic (1995), disaccharidase deficiency during primary infection was strongly associated 

with parasite number. In another study with the same model, the decrease in jejunal 

disaccharidase activities correlated with a diffuse shortening of brush border microvilli (Buret et 

al., 1990). Scott et al. (2000) showed that brush border damage and disaccharidase deficiency did 

not develop in nude mice infected with G. muris. Adoptive transfer of CD8+, but not CD4+ T 

cells, from infected wild-type mice into naïve recipients induced both symptoms, indicating that 

immune responses are key to the brush border defects commonly observed following infection. It 

still remains unclear how Giardia infection induces CD8+ T cell responses and how these cells 

induce the damage. Interestingly, since CD8+ T cells are not required to control the infection 

(Singer and Nash, 2000a), it is theoretically possible to induce protective immunity without 

inducing nutrient malabsorption. 

     The final mechanism contributing to pathology is intestinal smooth muscle hypercontractility. 

These muscular contractions contribute to the severe cramps associated with symptomatic 

disease, but also increase the rate of transit of gut contents through the intestines reducing the 

time available for nutrient uptake and water reabsorption. Recent work in our lab and others has 

demonstrated that increased transit rates occur in wild-type mice following G. duodenalis and G. 

muris infections, but not in SCID mice even though these mice have higher parasite loads (Li et 
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al., 2006; Andersen et al., 2006). Increased transit requires coordinated contractions and 

relaxation of smooth muscle. Interestingly, nitric oxide (NO) production from the neuronal 

isoform of nitric oxide synthase (NOS1) is required for enhanced transit. NO is normally an 

inhibitor of muscle contractions in the enteric system. In contrast, we have shown that enhanced 

muscular contractions occur following infection due to release of mast cell granule contents (Li 

et al., 2007). Activation of muscular contractions could be triggered in organ baths by addition of 

the hormone cholecystokinin (CCK), and this response was blocked by agents that interfered 

with mast cell function. Given that Giardia parasites consume bile and that a normal 

physiological function of CCK is to induce contraction of the gall bladder and release of bile into 

the small intestine, it appears as though the parasite has evolved to co-opt the host’s normal 

physiology in order to provide an essential nutrient for its growth. Moreover, variation in the 

ability of different parasites to consume bile or in the host to produce CCK or recruit mast cells 

following infection could help explain the variation in pathology seen in giardiasis. 

     Several studies have shown differences in pathology among Giardia isolates. There is 

contradicting evidence showing that a specific genotype of G. duodenalis (i.e. assemblage A or 

B) is associated with symptomatic disease. Singh et al. (2009), for example, showed that most 

isolates examined from symptomatic patients in Nepal were assemblage B. In contrast, other 

studies identified assemblage A to be associated with symptomatic disease (Haque et al., 2005). 

Furthermore, Kohli et al. (2008) found no differences in the ability of assemblage A and B 

parasites to cause symptomatic infections in children in Brazil. One possibility is that the 

differences observed (if any) reflect variation within these genotypic classifications, especially 
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the presence or absence of specific virulence factors. Alternately, given that host immune 

responses are, in part, responsible for pathological effects induced by G. duodenalis, it is 

possible that different isolates may elicit host immune responses in different ways. For example, 

Williamson et al. (2000) found distinct differences in the infection dynamics, histopathological 

responses and serum antibody responses in a neonatal mouse model of infection with two 

different strains of G. duodenalis (although the genotypes were not reported). Collection of 

immune response data in parallel with patient symptoms and parasite genotypes may provide 

answers to this difficult issue. 
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Chapter II 
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2.1. Introduction 

     Giardiasis in humans, caused by the protozoan parasite Giardia duodenalis (syn. G. lamblia, 

G. intestinalis), is a common parasitic disease (Adam, 2001). The prevalence of infection is 

commonly between 2-5% in the developed world and 20-30% in the developing and 

underdeveloped countries (Farthing, 1994). Infection is initiated by ingestion of cysts in 

contaminated drinking water and/or contaminated food (Adam, 2001). Ingested cysts release 

trophozoites which colonize and replicate in the small intestine of the new host. G. duodenalis 

does not invade the epithelial or deeper layers of the mucosa and propagation takes place on the 

epithelial surface (Gillin et al., 1996). 

     The outcomes of Giardia infections vary significantly and the majority of infections are self-

limiting. Clinical manifestations range from a relatively asymptomatic phase marked by mild 

nutrient malabsorption, to an ephemeral or persistent acute stage, with steatorrhea, intermittent 

diarrhea, vomiting, malabsorption syndrome and weight loss, or to a subacute chronic phase that 

can mimic gallbladder or peptic ulcer disease (Flanagan, 1992; Wolfe, 1992). Infections in 

immunocompetent individuals are generally self-limited, suggesting the existence of effective 

host defense mechanisms against the parasite (Kamda and Singer, 2009). Different diagnostic 

methods are employed for the diagnosis of human giardiasis of which the most insensitive 

method, direct stool microscopy is used routinely in developing countries where the disease is 

endemic (Isaac-Renton, 1991; Wolfe, 1992). 
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     Existing chemotherapy protocols recommend that patients should be treated if the parasite is 

found, irrespective of the presence or absence of acute symptoms (Gardner and Hill, 2001). 

However, some investigators question the usefulness of chemotherapy in infected people in 

endemic areas due to the extremely high rate of reinfection, as high as 90% in some studies 

(Sullivan et al., 1989; Saffar et al., 2005). Treatment preferences vary among clinicians and in 

different locations. Several synthetic compounds (including metronidazole and other 

nitroimidazole derivates such as albendazole, mebendazole, furazolidone, tinidazole, ornidazole) 

are used in the treatment of giardiasis in humans. A single dose of tinidazole (2.0 g) has been 

shown to have a clinical efficacy of 80-100% in different clinical trials (Andersson et al., 1972; 

Jokipii and Jokipii, 1979) while the compliance is improved compared with other giardiasis 

treatments. However, the high cost of tinidazole may restrict its use in mass chemotherapy 

campaigns (Johnson, 2009) in developing and underdeveloped countries (e.g. $18 to $32 for a 

single-dose of 2 g for the treatment of trichomoniasis). The most widely used treatment protocols 

employ metronidazole given 3 times per day for 3-5 days (Bassily et al., 1970; Jokipii and 

Jokipi, 1978; Kavousi, 1979; Gardner and Hill, 2001). Metronidazole is typically administered in 

doses of 250 mg 3 times a day for 5–7 days for adults and 15 mg/kg 3 times a day for 5-7 days in 

children. However, albendazole is typically given as a single dose of 400 mg/day for 3-5 days. In 

recent years, therapeutic failure of metronidazole, the first-line drug of choice in giardiasis in 

humans, has increasingly been reported from all around the world (Wright et al., 2003). 

Metronidazole is prescribed widely for a wide range of non-parasitic infectious diseases; 

overusing metronidazole as a treatment option for parasitic infections may increase the chances 

of the development of clinically drug-resistant strains of Helicobacter pylori, an important cause 
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of gastric cancer in humans (Selgrad et al., 2009). Low compliance of patients with the current 

metronidazole therapy protocols, the emergence of the metronidazole-resistant strains of the 

parasite and other pathogens, and rapid reinfection of treated patients in the endemic areas are 

additional reasons for considering alternative therapies (Lemée et al., 2000). 

     Treatment compliance is a key factor affecting the outcome of giardiasis. However, 

compliance has been neglected in the literature (Shepherd and Boreham, 1986) and is therefore 

not part of the current analysis. In one report on metronidazole use in patients with giardiasis, 

treatment compliance was extremely poor because of missed doses, spillage, inaccurate 

measuring implements, and poor adherence to the prescribed frequency and duration of 

medication (Boreham et al., 1986). Common adverse reactions frequently reported with 

metronidazole include metallic taste, nausea, vomiting, diarrhea, and epigastric discomfort 

(Shepherd and Boreham, 1986) Moreover, its activity against the host's normal intestinal 

microflora; its contraindication for children, pregnant and breastfeeding women; and its 

carcinogenic and tumorigenic properties in animal models make it less than optimal for 

widespread use  (Gardner and Hill, 2001). Finding safer drugs with less toxicity and more 

effective therapeutic properties and developing novel protocols (e.g. fewer doses and shortened 

duration) to maximize the effects of existing drugs are, therefore, crucial for the field. 

     Albendazole has been used extensively for the treatment of a wide range of helminth parasites 

including hookworms, Ascaris lumbricoides, Trichuris trichiura, Echinococcus sp. (Hemphill 

and Müller, 2009) and Taenia sp. (Carpio, 2002) with few side effects (reviewed by Keiser and 

Utzinger, 2008). The mechanism of action of albendazole differs from that of metronidazole. 
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While metronidazole affects electron transport of the parasite (Bharti et al., 2002), it is believed 

that albendazole exerts its anti-giardial effects by interaction with tubulin of the Giardia 

cytoskeleton (Reynoldson et al., 1991). Albendazole also has overt giardiacidal activity in vitro 

(Cedillo-Rivera and Muñoz, 1992) as well as being able to resolve infections in a mouse model 

of G. duodenalis infection (Reynoldson et al., 1991; Lemée et al., 2000). Using albendazole 

against giardiasis in humans could potentially augment mass treatment programs, which are part 

of helminth control campaigns, since most patients with Giardia are probably co-infected with 

other parasitic agents. Altogether, the evidence suggests that albendazole could be considered as 

a potential anti-giardial agent. Its lower toxicity, its relative insolubility and poor absorption 

from the gut, and its lack of significant effects on the intestinal microflora could make 

albendazole an ideal substitute for metronidazole. The aims of the current meta-analysis, 

therefore, were first to address the effectiveness and second to assess the safety of albendazole 

compared with metronidazole for the treatment of giardiasis in humans. 

2.2. Methods 

2.2.1. Data Source and Study Selection 
 
     A literature search of the PubMed database (1966–February 2010), Scopus, EMBASE, the 

Cochrane Controlled Trials Register (issue 4, 2009), LILIACS and the ISI Web of Science for 

trials published before February 2010 was performed. The literature search used the following 

terms: “giardiasis”, “metronidazole”, and “albendazole.” The abstracts of all selected articles 

were read to identify the potentially eligible articles. A manual search was performed 

systematically using the authors' reference files and reference lists from original 
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communications, selected books and review article (Gardner and Hill, 2001; Mank and Zaat, 

2001). Language restriction was not applied. The contents of abstracts or full-text manuscripts 

identified during our literature search were reviewed to determine whether they met the criteria 

for inclusion. For inclusion, a study had to allocate the study participants randomly to study 

groups (a prospective randomized clinical trial). Included studies had to compare the 

effectiveness of albendazole with that of metronidazole in the treatment of giardiasis. 

     Figure 2.1 summarizes the trial selection process. Our search identified twenty-nine articles 

for further consideration, of which only eight articles met the inclusion criteria. Major reasons 

for exclusion of studies were duplicate publications from which only one article was selected 

(Misra et al., 1995a; Misra et al., 1995b), animal models of infections (Reynoldson et al., 1991; 

Lemée  et al., 2000), studies of veterinary importance (Meyer, 1998), studies in vitro (Bernal-

Redondo et al., 2004), single-arm studies with no randomized control group (Reynoldson et al., 

1998), studies lacking a comparison between the effectiveness of albendazole with 

metronidazole (Pungpak et al., 1996), review articles (Gardner and Hill, 2001; Mank TG, Zaat,  
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FIGURE 2.1. Flow diagram deciphering the article selection process for this meta-analysis 

study. Individual searches do not add up to 56 as some of the same articles were retrieved 

by multiple search engines 
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2001), studies with no clear randomization allocation procedure (Baqai  et al., 2005), studies 

using albendazole and metronidazole analogues (Navarrete-Vázquez et al., 2003) as well as the 

studies showing the synergistic effects between albendazole and/or metronidazole with other 

drugs (Cacopardo et al., 1995; Hanevik et al., 2008). Conference proceedings and unpublished 

data were also not included. Included articles compared the effectiveness of albendazole with 

that of metronidazole in the treatment of giardiasis (Hall and Nahar, 1993a, b; Dutta et al., 1994; 

Romero-Cabello et al., 1995; Misra et al., 1995a; Rodríguez-García et al., 1996; Karabay et al., 

2004; Yereli et al., 2004; Alizadeh et al., 2006). Together these articles followed 900 patients 

presenting with symptomatic and/or asymptomatic G. duodenalis infections. Among these 900 

treated patients, 452 (50.2%) individuals were treated with albendazole whereas 448 (49.8%) 

received metronidazole 

2.2.2. Data Extraction and Analysis  

      Data were extracted independently by two reviewers (SSM and SMS) from the eight 

randomized controlled trials (Table 2.1 and Table 2.2). Discrepancies were resolved by 

discussion. Study characteristics recorded were as follows: 1) first author's name, year of 

publication and country of origin; 2) description of the population; 3) number of participants; 4) 

age and sex distribution of the participants; 5) number of participants in each arm; 6) clinical 

profile (symptomatic, asymptomatic infections); 7) the follow-up period; 8) the outcome 

measure; 9) study design; 10) type and dosage of the drugs; and 11) effectiveness range. The 

primary outcome measure was parasitological cure defined as the absence of parasites 

(trophozoites and/or cysts) in feces at the end of the treatment in at least two consecutive stool 
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microscopy examinations. Parasitological cure was considered necessary in order to evaluate the 

effectiveness of the treatment.  

TABLE 2.1. Characteristics of the randomized controlled trials included in the meta-

analysis 
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TABLE 2.2. 	  Follow-up, outcomes assessment and relative risk in the trials included in the 
meta-analysis. 

 

 

     The secondary outcome measure, clinical cure, was defined as the global improvement of 

clinical symptoms, such as diarrhea, nausea/vomiting, transient abdominal pain and loss of 

appetite, at the end of the follow-up period. 
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2.2.3.	  Assessment of Study Quality 

     The quality of included reports was compared using the Jadad score which examines whether 

there is randomization, blinding, and information on dropouts/withdrawals from the study (Jadad 

et al., 1996). It also evaluates the appropriateness of randomization and blinding, if present. The 

quality scale ranges from 0 to 5 points with a low-quality report earning score of 2 or less. A 

study with a Jadad score ≥3 is considered to be of ample quality. The quality of parasitological 

diagnostic methods was assessed by the scoring system utilized by Zaat et al. (1997). This 

method evaluates whether techniques are sufficiently described and are adequate. Moreover, this 

method evaluates the reproducibility of the parasitological examinations and the level of inter-

observer variation among methods (Table 2.3). 

TABLE 2.3. Internal validity (methodological and parasitological) of included trials 
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2.2.4. Sensitivity Analysis 

     Three different methods were employed to perform sensitivity analysis of these trials. We 

first excluded the trial in which the parasitological method employed was not clearly described 

(Dutta et al., 1994). Second, the trials that utilized the most insensitive diagnostic methods, i.e. 

direct stool microscopy, alone were excluded (Karabay et al., 2004; Alizadeh et al., 2006). 

Finally, we excluded a trial that used the most sensitive parasitological methods (three methods 

at the same time) (Yereli et al., 2004) and compared the results with the remaining trials which 

used two parasitological methods. 

2.2.5. Data Synthesis and Statistical Analysis 

     We identified eight randomized, controlled trials that reported data on the comparison of the 

effectiveness of albendazole with metronidazole in the treatment of giardiasis in humans. The 

inconsistency across trials was calculated using the I2 statistic; results range between 0% (i.e., no 

observed heterogeneity) and 100% (Higgins and Thompson, 2002). High values reflect 

increasing heterogeneity. Publication bias was assessed by means of funnel plots (Egger et al., 

1997). Relative risks (RRs) were calculated for each study outcome separately based on 

information presented in articles (i.e. the percentage of people exhibiting parasitological cure in 

both groups relative to the percentage of people continuing to shed cysts during the follow up 

period); the pooled RRs and 95% confidence intervals (CIs) were estimated by using the inverse-

variance random-effects method (DerSimonian and Laird, 1986). Although there is no standard 

description, an I2 statistic greater than 20% suggests heterogeneity while an I2 statistic greater 

than 50% usually is considered to represent significant heterogeneity (Higgins and Thompson, 
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2002). The statistical package Review Manager Software 5 (Cochrane Collaboration, Oxford, 

UK) was used for analyzing the data. 

2.3. Results 

     Table 2.1 and Table 2.2 summarize the characteristics of the randomized clinical trials 

(RCTs) included in the meta-analysis. Studies were conducted in areas that are endemic for 

giardiasis in humans, including Iran (Alizadeh et al., 2006), Turkey (Karabay et al., 2004; Yereli 

et al., 2004) Mexico (Romero-Cabello et al., 1995; Rodríguez-García et al., 1996), India (Dutta 

et al., 1994; Misra et al., 1995a), and Bangladesh (Hall and Nahar, 1993a, b). Only one study 

(Hall and Nahar, 1993a, b) was rated as having good methodological quality based on a Jadad 

score of 3 (see Table 2.3). However, because of the difficulty of comparing different treatment 

protocols, one would rarely expect to achieve a high Jadad score of 3 or greater. Only two 

studies (Hall and Nahar, 1993a, b; Alizadeh et al., 2006) had at least one blinded outcome 

measurement (parasitological cure); whereas the other 6 trials were open label RCTs, allocating 

patients to albendazole and metronidazole groups randomly. Patients included in one of the 

groups in all trials were given albendazole. The dosages of albendazole ranged from 10 mg/kg 

sid for 5 days (Yereli et al., 2004) to 400 mg/d for 5 days in most trials; lengths of therapy 

ranged from a single dose for 1 day to 5 days. Metronidazole dosage ranged from 22.5 mg/day 

(Misra et al., 1995a) to 1500 mg/day (Karabay et al., 2004), and the treatment course varied from 

5 to 7 days. In six studies, subjects had symptomatic and/or asymptomatic giardiasis while the 

clinical status of patients in one study (Dutta et al., 1994) was unclear. It is likely that the 

overwhelming majority, if not all, of the cases included in the study of Hall and Nahar (1993a, b) 
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were asymptomatic cyst-passers, since the general population in an urban slum in Dhaka, 

Bangladesh was screened. The post-treatment follow-up differed across the studies from 10 days 

(Hall and Nahar, 1993a, b; Alizadeh et al., 2006) to 21 days (Dutta et al., 1994; Misra et al., 

1995a; Romero-Cabello et al., 1995). Loss of follow-up did not occur in six studies whereas two 

articles (Misra et al., 1995a; Alizadeh et al., 2006) reported withdrawals and/or dropouts. In one 

study (Misra et al., 1995a), only 18/32 children in the albendazole group and 16/32 children in 

the metronidazole group finished the study, while in the other study, of 60 patients in each arm 

15 from the albendazole group and 9 from the metronidazole group failed to complete the course 

of medication (Alizadeh et al., 2006). Side effects from metronidazole therapy did not appear to 

influence the treatment outcome, since low compliance in the latter study was reported to be due 

to difficulties in returning to the study clinic rather than to side effects of the treatments. 

     The included studies implemented different diagnostic procedures alone or in combination 

with other parasitological methods. As seen in Table 2.2, Yereli et al. (2004) applied three 

different parasitological methods at the same time (a parasitological assessment score of 13 out 

of 15). Misra et al. (1995a), Romero-Cabello et al. (1995), and Nahar and Hall (1993a, b) 

employed two different parasitological methods at the same time, Rodríguez-García et al. (1996) 

used the Faust's concentration method whereas Alizadeh et al. (2006) and Karabay et al. (2004) 

utilized the least sensitive parasitological method, conventional direct stool microscopy, for 

measuring the outcomes. In all studies, the absence of detectable G. duodenalis trophozoites 

and/or cysts in the stool microscopy during the follow-up period was required to declare the 

patients cured; five studies measured the outcomes solely based on parasitological parameters 
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(Hall and Nahar, 1993a, b; Rodríguez-García et al., 1996; Karabay et al., 2004; Yereli et al., 

2004; Alizadeh et al., 2006), while three studies applied both parasitological and clinical 

parameters for measuring the outcomes (Dutta et al., 1994; Misra et al., 1995a; Romero-Cabello 

et al., 1995). Treatment effects were evaluated as relative risks (RR), estimates that were 

calculated for each study individually based on the incidence of undetectable infections among 

those taking metronidazole compared to the incidence of undetectable cases among those taking 

albendazole. Study-specific RRs were combined using a random-effects model. The study-

specific RRs were weighted by the inverse of the sum of their variance and the estimated 

between-studies variance component (DerSimonian and Laird, 1986). This method calculates the 

mean difference between the treatment and control groups, with SEM for the difference. There 

was no statistically significant heterogeneity among these studies using the random effects model 

(χ2 = 11.91, 8 degrees of freedom, P = 0.16). An I2 of 33% in the current meta-analysis suggests 

moderate heterogeneity. Results demonstrated no differences between the effectiveness of 

albendazole compared with metronidazole for treatment of infections with G. duodenalis (RR, 

0.97; 95% CI, 0.93 to 1.01). When analysis was restricted to trials with a Jadad score of less than 

3 (seven trials, 617 patients), inconsistency between the trials was low (I2 = 0%), although the 

overall estimates remained almost constant (RR, 0.99; CI, 0.96 to 1.03). Individual analyses of 

the eight studies demonstrated that three studies (Rodríguez-García et al., 1996; Yereli et al., 

2004; Alizadeh et al., 2006), showed a relative risk of greater than 1 for being cured after 

albendazole therapy (Figure 2.2). These differences showed that albendazole produced more 

apparent cures compared with metronidazole. In one study (Dutta et al., 1994), the relative risk 

was 1 indicating no differences between the effectiveness of albendazole and metronidazole. 
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However, four studies (Hall and Nahar, 1993a, b; Misra et al., 1995a; Romero-Cabello et al., 

1995; Karabay et al., 2004), showed a relative risk less than 1 (ranging from 0.89 to 0.96) 

indicating that metronidazole was more effective (Figure 2.2). As illustrated in figure 2.2, the 

95% confidence intervals for these studies overlapped to a large degree, suggesting that 

albendazole and metronidazole are equally effective for treatment of giardiasis 

FIGURE 2.2. Forest plot showing the effects of albendazole and metronidazole on human 

giardiasis 

 

     Further examination of the two-phase study carried out by Hall and Nahar (1993a, b) showed 

that by increasing the duration of therapy with albendazole from 400 mg/d for 3 days (in the first 

phase) to 400 mg/d for 5 days (in the second phase) the RR increased from 0.89 to 0.94. This 

suggests that when duration of treatment is similar there is less of a difference between 

albendazole and metronidazole therapy. Additionally, the efficacy of albendazole in the 
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treatment of giardiasis increased in the second phase of the same study (94.1%) compared with 

the first phase of the trial (87.8%), implying the need for using albendazole for longer periods of 

time. 

2.3.1. Publication Bias and Sensitivity Analysis 

     Publication bias was examined using a funnel plot. Figure 2.3 plots the funnel plot of the 

treatment effects estimated from individual studies on the x-axis (RR) and the standard error of 

these estimates on y-axis (S.E [log RR]). This analysis shows that the included studies were 

almost evenly distributed around the vertical axis, providing no evidence of publication bias.  
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Figure 2.3. Funnel plots of included studies 

 

 

     To explore further the possibility of heterogeneity due to the use of different outcome 

measures, we confined our analysis to trials which used the least sensitive methods to detect 

parasites and then to those that used the most sensitive methods (three methods at the same 

time). Similarly, we performed an analysis restricted to those studies with clearly defined 

outcome measures. As seen in Table 2.4, the overall estimates were equal and the confidence 

intervals were comparable among these restricted data sets, as well as with the combined meta-

analysis values. 
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TABLE 2.4. Sensitivity-analysis of the effect of the quality of methods implemented for the 

measurement of parasitological cure 

 

 

2.3.2. Adverse Effects 

     In six studies, side effects related to therapy were absent or were less prominent in the 

patients receiving albendazole. Only in one study (Hall and Nahar, 1993a, b) were the reported 

side effects more evident in patients in the albendazole group compared with those in the 

metronidazole group (40 cases vs. 7 cases; P<0.005). Overall, metallic taste and anorexia were 

the most commonly observed side effects in patients treated with metronidazole, while loose 

stools and abdominal pain were more frequent among patients receiving albendazole. Most side 

effects were transient and no trials were discontinued because of severe adverse effects. In Yereli 
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et al. (2004), no side effects were reported in patients treated with either albendazole or 

metronidazole. The report by Rodríguez-García et al. (1996) does not mention if treated children 

showed any side effects. In order to perform a safety analysis, the two latter studies were 

excluded from the analysis. Hall and Nahar (1993a, b) reported the adverse effects of a two-stage 

trial, and these were treated as a single trial. Considering all side effects together, 61 of 373 

(16.3%) patients treated with albendazole and 82 of 371 (22.1%) of patients treated with 

metronidazole experienced at least a single side effect. The estimated summary RRs showed that 

individuals treated with albendazole had a lower risk of adverse effects (RR 0.36) compared with 

those who took metronidazole, but with a wide confidence interval (95% CI, 0.10, 1.34) that 

included the null value. 

2.4. Discussion 

     The major finding of this analysis is that when albendazole was given as a single dose of 400 

mg/day for 5 days it was as effective as metronidazole in the treatment of giardiasis in humans. 

Additionally, albendazole had statistically the same safety profile as metronidazole. 

     Metronidazole has been widely used to treat giardiasis in humans (Jokipii and Jokipii, 1978; 

Jokipii and Jokipii, 1979; Bulut et al., 1996; Saffar et al., 2005; Hanevik et al., 2008), and often 

causes side effects such as nausea, metallic taste, dizziness and headache (Gardner and Hill, 

2001). In addition, this drug is a known mutagen in bacteria (Cantelli-Forti et al., 1983; De Méo 

et al., 1996), it is genotoxic to human cells (Reitz et al., 1991; Elizondo et al., 1996) and it has 

been shown to be carcinogenic in animal models (Krause et al., 1985; Bendesky et al., 2002). 

However, there is no evidence showing metronidazole is also carcinogenic in humans (Bendesky 
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et al., 2002). Typically, metronidazole is administered in doses of 250 mg 3 times a day for 5-7 

days for adults and 15 mg/kg 3 times a day for 5-7 days in children. Some clinicians tend to use 

single-dose regimens, while others like to administer higher dosages for an extended period of 

time. The latter is problematic in developing countries, as medications are frequently purchased 

in quantities which represent less than a single day's dose and effective therapies of short 

duration are preferable (Hossain et al., 1982). The need for an extended period of time for the 

treatment of giardiasis again may in part explain the frequent side effects associated with 

metronidazole therapy. Extended treatment with albendazole also appears to be more effective 

than shorter duration protocols. However, the once per day regimen would still be preferable to 

the three times per day required for metronidazole therapy. 

     A further complication when using metronidazole therapy to treat giardiasis is that the 

consumption of alcohol should be avoided by patients during systemic metronidazole therapy 

and for at least 24 hours after completion of treatment (Tillonen et al., 2000; Jang and Harris, 

2007). Taking metronidazole and alcohol may result, rarely, in a disulfiram-like reaction (nausea, 

vomiting, flushing, and tachycardia). It should be noted that the consumption of alcohol by 

patients was not monitored in any of the studies considered in the current meta-analysis. Alcohol 

uptake could potentially explain side effects in some patients receiving metronidazole. The lack 

of placebo-controlled trials makes it difficult to attribute the existence and severity of side effects 

to either of these two drugs. However, one study that did not meet our inclusion criteria 

suggested that patients receiving a placebo control presented with minimal side effects (Saffar et 
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al., 2005). Together, these limitations can potentially restrict the use of metronidazole, in the 

treatment of giardiasis in humans. 

     In the trials included in the current meta-analysis, only one study (Alizadeh et al., 2006) 

clearly described the inclusion of both adults and children (2–53 yr), while other studies 

exclusively included either only adults (Karabay et al., 2004) or only children (Hall and Nahar, 

1993a, b; Dutta et al., 1994; Misra et al., 1995a; Romero-Cabello et al., 1995; Rodríguez-García 

et al., 1996; Yereli et al., 2004). The inclusion of different age-groups potentially allows us to 

assess the effectiveness of treatment and to ascertain the extent to which side effects occur in 

different age-groups. Similarly, including patients with diverse clinical presentations (i.e. 

asymptomatic, symptomatic; acute, subacute, chronic) in clinical trials could give us the 

opportunity to evaluate the effect(s) of a given chemotherapy agent/protocol on patients with 

different clinical manifestations. From the information presented in the articles, it seems that 

only three articles (Romero-Cabello et al., 1995; Rodríguez-García et al., 1996; Yereli et al., 

2004) included both symptomatic and asymptomatic patients, although the clinical status of 

patients who participated in the study of Hall and Nahar (1993a, b) and Dutta et al. (1994) was 

not clear. Including patients from different age-groups and with different clinical presentations in 

future studies would allow investigators to analyze whether albendazole has a differential effect 

that correlates to the disease clinical profile and/or age of the patient. 

     Our analysis suggests that the study designs typically used for evaluating these drugs could be 

improved. Open-label trials may be suitable for comparing two extremely similar treatments to 

verify which one is more effective. Only Alizadeh et al. (2006) and Hall and Nahar (1993a, b) 
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used an adequate protocol for concealing the treatment protocol while determining the 

parasitological outcome. The six other trials either did not specify or were insufficient in using 

blinded observers to determine the outcome. Since albendazole and metronidazole may produce 

certain side effects specific to each drug and since these two drugs may be available in different 

forms, the use of homogenous therapy regimens and/or using blinded studies may be warranted 

in future clinical trials. 

     Several factors may influence the effectiveness of a particular therapy. Nutritional and 

physiological conditions such as pregnancy and immunodeficiency could potentially alter the 

effectiveness of a specific drug as shown for other parasitic diseases (Lwin et al., 1987; 

Bjorkman, 1988; Mohan et al., 1999; Cravo et al., 2001). Individuals with “pre-existing” 

nutritional and physiological (pregnant women) complications were excluded in only two studies 

among those we have analyzed (Dutta et al., 1994; Karabay et al., 2004). Dutta et al. (1994) 

excluded children having grade I and II malnutrition, patients with acute febrile illness and those 

on long term drug therapy; while Karabay et al. (2004) excluded pregnant women and patients 

with fever from the study. In future studies, it would be desirable to include only patients with no 

known nutritional, physiological or immunological problems. 

     Resistance of G. duodenalis strains to metronidazole and other drugs has been reported both 

in vitro and in vivo (Upcroft and Upcroft, 1993; Gardner and Hill, 2001; Müller et al., 2008). 

Misra et al. (1995a) reported a 100% cure rate in groups treated with either metronidazole or 

albendazole, while the other seven reported an effectiveness of 72.7–100% for metronidazole 

and 77–97% for albendazole. At least part of the so-called “failure-to-treat” cases might be 
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attributed to the presence of “drug-resistant” strains, a mechanism to which none of the studies 

referred as a potential reason for treatment failure. The use of different combinations of 

albendazole with other anti-parasitic agents in future studies may be desirable in order to 

minimize the risk of the emergence of drug-resistant strains. However, the design of placebo-

controlled double blinded clinical trials may help us to better understand the most appropriate 

regimen(s) and the most suitable chemotherapy protocols. 

     Some limitations in the current analysis should be considered before making definitive 

conclusions. First, the small number of trials and patients included in the current analysis (8 

studies, 900 patients) led to wide confidence intervals that rendered some of the results 

inconclusive (Matthaiou et al., 2008). Second, publication bias is constantly a potential pitfall in 

meta-analyses. While we did not try to trace unpublished data for the current meta-analysis, our 

analysis failed to detect any suggestion of such bias (Figure 2.3). Third, heterogeneity among 

studies is another potential limitation to our meta-analysis. It might be argued that differences in 

the methods used for measuring the outcome of treatment could result in differences in the 

reported parasitological cure rates, as some combined methods are more sensitive than others. As 

seen in Table 2.4, the effect sizes remained fairly constant in these analyses, suggesting that 

heterogeneity due to diverse outcome measures probably did not adversely affect our analyses. 

Performing repeated microscopy-based stool examinations on at least two consecutive occasions 

is sensitive enough to detect up to 95% of infections (Naik et al., 1978; Gordts et al., 1985). This 

could potentially explain why we did not see any difference among studies employing diverse 
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methods since all the studies required at least two consecutive negative stool examinations 

before considering the patients cured. 

     The high rate of side effects from metronidazole therapy for giardiasis, combined with the 

global emergence of resistant strains, led us to consider the effectiveness of alternative 

treatments. This meta-analysis revealed that albendazole cures Giardia infections with the same 

effectiveness as metronidazole. However, we were not able to show conclusively, due to 

limitations of the sample size, that its toxicity profile is more favorable than metronidazole. 

Therefore, we conclude that larger, double-masked, randomized controlled trials of albendazole 

and metronidazole with uniform outcome measures are needed to shed light on this important 

clinical question. 
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Chapter III 

 Host Immunity and Pathogen Strain Contribute to 

Intestinal Disaccharidase Impairment following Gut 

Infection 

 
 

Part of this Chapter was published in “Journal of 

Immunology”. 

Solaymani-Mohammadi S, Singer SM. 2011. Host immunity and 

pathogen strain contribute to intestinal disaccharidase impairment 

following gut infection. The Journal of Immunology, 187 (7): 3769-

3775. 
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3.1. Introduction     

      The brush border (BB) lining the surface of the small intestinal epithelium provides the major 

interface for nutrient absorption. Reduction in the surface area of the microvilli is linked with 

impaired levels of disaccharidase enzymes such as sucrase and lactase that are essential for 

proper digestion and absorption of sugars (Farthing, 1997). Several infectious agents, such as 

rotavirus (Jourdan et al., 1998) and HIV (Lim et al., 1995; Taylor et al., 2000), as well as 

noninfectious causes including celiac disease (Murray et al., 2001), iron deficiency (Lanzkowsky  

et al., 1982; West et al., 2005), and vitamin A deficiency (Reifen et al., 1998) are reported to be 

linked with decreased intestinal disaccharidase activity. Reduced BB surface area has been 

documented in human and murine giardiasis (McDonnell et al., 2003; Scott et al., 2004). 

Reduced disaccharidase activity has been previously reported in murine, human, and gerbil 

models of infection with Giardia muris and Giardia duodenalis (Buret et al., 1990; Buret et al., 

1992); infected gerbils exhibited symptomatic disease, and reduced BB enzymes were evident 

from day 10 postinfection (p.i.) and onward. 

     G. duodenalis has eight distinctive genotypes, of which only two genotypes (assemblages A 

and B) infect humans (Thompson, 2009). Several reports have demonstrated variations in 

symptoms and pathology resulting from infections with different Giardia isolates. There is 

controversy surrounding the impact of a given assemblage of G. duodenalis (i.e., assemblage A 

or B) on symptomatic disease and intestinal pathology. For example, Singh et al. (2009) showed 

that 74% of isolates examined from symptomatic patients in Nepal were assemblage B, whereas 

20 and 6% were assemblage A and mixed infections, respectively. As such, a strong correlation 

was found between assemblage B and symptomatic disease, whereas all asymptomatic 
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individuals harbored assemblage A (Al-Mohammed, 2010). In contrast, different studies found 

assemblage A to be predominantly associated with symptomatic disease in Bangladesh (Haque et 

al., 2005). However, some reports did not find any correlation between the parasite genotype and 

symptomatic disease. For instance, Kohli et al. (2008) did not find any differences in the ability 

of either assemblage A or B to cause symptomatic infections in children in Brazil. One 

possibility is that the differences observed reflect variation within these genotypic classifications, 

especially the presence or absence of specific virulence factors. Alternatively, given that host 

immune responses are, in part, responsible for pathology induced by G. duodenalis, it is possible 

that different isolates may elicit different immune effectors of the host immune responses in 

different ways (Solaymani-Mohammadi, S., and S.M. Singer. 2010).  

     Studies in vitro and in vivo showed differences in the ability of different Giardia isolates to 

induce apoptosis and mucosal damage, whereas other strains did not affect the gut integrity. For 

instance, the NF and S2 strains of G. duodenalis induced enterocyte (EC) apoptosis in cell 

culture, whereas other strains such as WB or PB did not (Chin et al., 2002). Likewise, studies in 

a neonatal rat model validated mucosal damage to be strain dependent (Cevallos et al., 1995). 

This may support the idea that the pathology observed in human giardiasis is, in part, strain- 

dependent. 

     We performed this study to address to what extent host immunity and parasite strain mediate 

the development of disaccharidase impairment in a murine model of gut infection. Analyses 

showed that murine hosts that lack a functional adaptive immune response did not exhibit 

impaired enzymatic activity despite considerable parasite burdens and the host’s inability to 

resolve infections with strain GS. Also of interest was the finding that mice infected with the WB 
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strain of the parasite did not manifest any sign of intestinal enzyme deficiency, although spleen 

cell cytokine production was similar p.i. with either strain. 

 

3.2. Methods 

3.2.1. Mice 

     Six- to 8-wk-old female C57BL/6J, SCID (B6.CB17-Prkdcscid/SzJ), β2- microglobulin (β2m)–

deficient (B6.129P2-B2mtm1Unc/J), and CD4 knockout (B6.129S2-Cd4tm1Mak/J) mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed at the 

Georgetown University Animal Care Facility, and all experiments were carried out in accordance 

with guidelines approved by the Georgetown University Animal Care and Use Committee in 

compliance with the National Institutes of Health guidelines. 

3.2.2. Parasites and Infection Protocols 

     The GS/M-83-H7 (ATCC 50581) and the WB clone-C6 (ATCC 50803) strains of G. 

duodenalis were used in these experiments. Parasites were axenically grown in TYI-S-33 media 

supplemented with adult bovine bile, L-cysteine, ascorbic acid, and antibiotics (all from Sigma-

Aldrich, St. Louis, MO). Forty-eight hours before infection, mice were given antibiotics in 

drinking water ad libitum: neomycin oral solution (1.4 mg/ml; Durvet, Blue Spring, MO), 

ampicillin (1 mg/ml; Sigma-Aldrich), and vancomycin (1 mg/ml; Hospira, Lake Forest, IL) 

(Singer and Nash, 2000). Mice were gavaged with 106 trophozoites in 0.1 ml PBS (pH 7.4). 

Antibiotic use was maintained for the duration of the infection. To quantify parasite loads at 

different times p.i., we euthanized mice and discarded the first 3 cm of the small intestine 

(pylorus to ligament of Treitz). The next 2-cm section of the duodenum was removed, opened 
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longitudinally, and minced in 4 ml ice-cold PBS (pH 7.4). Tissues were kept on ice for 15 min, 

and the numbers of trophozoites were counted using a hemocytometer. 

3.2.3. Disaccharidase Activity Assay 

     Intestinal disaccharidase activity was measured using the method originally developed by 

Dahlqvist (1968) with some modifications (Belosevic et al., 1989; Daniels, and Belosevic, 1992). 

In brief, jejunal segments of ~10 cm in length were removed, and homogenates were prepared in 

Milli-Q water supplemented with protease inhibitor mixture III (Calbiochem, La Jolla, CA). 

Protein concentrations for each sample were determined by the Bradford method (Bio-Rad 

Laboratories, Hercules, CA) with BSA as standard. The relevant substrates (56 mM) were 

prepared in maleic buffer (0.1 M; pH 6.0) as previously described (Daniels and Belosevic, 1995). 

After initial incubation of the intestinal lysates with relevant substrates for 1 h at 37°C, 300 ml 

Tris-glucose oxidase-peroxidase was added to each well. The samples were incubated at 37°C 

for another hour. The glucose release was measured at 450 nm using a microplate reader (BioTek 

Instrument, Winooski, VT) with D-glucose as standard. Disaccharidase activity was expressed as 

nanomole glucose produced per milligram of total protein per minute. 

3.2.4. Ex vivo Restimulation of Splenocytes and Mesenteric Lymph Node Cells 
 

     G. duodenalis trophozoites were axenically grown in TYI-S-33 media as described earlier. 

Confluent tissue flasks were kept on ice for 30 min, and detached trophozoites were washed five 

times with ice-cold PBS (pH 7.4). Whole-cell lysate was prepared using repeated freeze–thaw 

cycles (5x), stored at 280°C, and protein concentration of each sample was measured by the 

Bradford method (Bio-Rad Laboratories, Hercules, CA). Spleens and mesenteric lymph nodes 
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(MLNs) from uninfected and infected mice were removed aseptically, and cells were isolated by 

mechanical disruption. RBCs were lysed in cold isotonic NH4Cl lysis buffer (155 mM NH4Cl, 10 

mM KHCO3, and 100 mM EDTA, pH 7.4), and the remaining cells were washed twice with ice-

cold PBS. A total of 5x106 cells were cultured in duplicate in 1 ml RPMI 1640 (Invitrogen) 

supplemented with 10% FBS (Hyclone, Logan, UT), 1 mM glutamine (Life Technologies-BRL), 

50 mM 2-ME, and 100 mg/ml antibiotics/antimycotic (Sigma-Aldrich). Cells were seeded in 

24-well plates (Corning Costar Corporation, Cambridge, MA), were stimulated with 100 mg/ml 

relevant Giardia extract, and were incubated at 37°C containing 5% CO2. Culture supernatants 

were harvested 48 h after stimulation and kept at -20°C until further analysis. In some 

experiments, anti-mouse CD4 IgG (clone RM4-5; BioLegend, San Diego, CA) was added to 

cultures at a concentration of 20 mg/ml to block activation of CD4+ T cells. Control wells 

received PBS alone. 

3.2.5. Cytokine Analysis by ELISA 
 
Culture supernatants from splenocytes were diluted with an appropriate sample diluent, and 

cytokines were measured in duplicate by a sandwich ELISA method. Supernatants from MLN 

cultures were measured undiluted. Mouse ELISA kits for TNF-α, IFN-γ, and IL-10 (BD-OptEIA, 

San Diego, CA), IL-4 (SouthernBiotech, Birmingham, AL), and IL-13 and IL-22 (eBioscience, 

San Diego, CA), as well as IL-17 (DuoSet; R&D Systems, Minneapolis, MN) were used. 

3.2.6. Flow Cytometry 

     For flow cytometry, MLNs and spleens were collected in HBSS supplemented with 5% FBS 

(Hyclone) and 25 mM HEPES and strained through a 70-µm nylon membrane (BD Falcon). 

Live/dead cell labeling was performed using a LIVE/DEAD Fixable Yellow Dead Cell Stain Kit 
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(Invitrogen) for 45 min at 4°C in the dark according to the manufacturer’s instructions. Cells 

were incubated in HBSS supplemented with 5% FBS and 25 mM HEPES to reduce nonspecific 

binding. Cells (106/sample) were stained with anti–CD3-PerCP (clone 145-2C11), anti-CD4-PE 

(clone RM4-5), and anti–CD8-allophycocyanin (clone 53-6.6; all from Bio-Legend) for 45 min 

at 4°C and were fixed with 1% paraformaldehyde. Cells were analyzed using a Becton Dickinson 

FACSAria (BD Biosciences) and FACS Express Version 4.0 software (DeNovo Software, Los 

Angeles, CA). 

3.2.7. Statistical Analyses 
 
     Data were analyzed using GraphPad Prism 5 software (GraphPad, San Diego, CA) and 

expressed as mean 6 SEM. For statistical analyses, a two-tailed Mann-Whitney U test was used, 

and p ˂ 0.05 was considered statistically significant. 
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3.3. Results 

3.3.1. CD8+ T Cells Are Required for Disaccharidase Deficiency but Not Control of 

Infection 

 
     To investigate the role of different T cell subsets in control of infection and in mediating 

intestinal pathology, we used a murine model system. We infected adult mice with the GS strain 

of G. duodenalis (Byrd et al., 1994). Wild-type (WT) mice and mice lacking all adaptive 

immune responses (SCID), CD4+ T cells only (CD4-/-), or CD8+ T cells (β2m-/-) were infected 

and parasite loads were enumerated at days 5 and 18 p.i. Results showed that all mice were 

heavily infected at day 5, and that WT mice eliminated almost all parasites by day 18 p.i. (Fig. 

3.1A). In SCID and CD4-/- mice, however, parasite loads were even higher at day 5 p.i. and 

significant parasite elimination was not seen by day 18 (Fig. 3.1B, 3.1D), indicating the vital role 

of host immunity in clearing this infection. In contrast, β2m-/- mice eliminated parasites with 

essentially the same kinetics as WT mice (Fig. 3.1C), indicating that although CD4+ T cells are 

required to control this infection, CD8+ T cells are not. 
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FIGURE 3.1. CD4+ T cells are required for the clearance of infections in a mouse model of 

disaccharidase deficiency. C57BL/6J (A), SCID (B), β2m-/- (C), and CD4-/- (D) mice were 

infected on day 0 with the GS strain of G. duodenalis. Mice were euthanized on the 

indicated days p.i., and parasite loads in the small intestine were enumerated as described 

in Materials and Methods. Each bar indicates the mean ± SEM of four mice per time point. 

Data are representative of two independent experiments. 

 

s 
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     Disaccharidase deficiency has been documented p.i. and after other inflammatory conditions 

(Kvietys, 1999; West et al., 2005). We hypothesized that infection of WT C57BL/6J mice with 

G. duodenalis would result in disaccharidase deficiency as previously shown for the murine 

species of Giardia, G. muris (Buret et al., 1990). To test this hypothesis, we measured 

disaccharidase enzyme activity in the jejunum of infected mice. We found that the levels of 

sucrase, maltase, and lactase, decreased 40, 29, and 37%, respectively, on day 5 p.i. with the GS 

strain of the parasite (Fig. 3.2A–C). The decrease in trehalase levels was not statistically 

significant (Fig. 3.2D). All enzyme levels returned to normal by day 18 when the hosts had 

cleared the infections. 
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FIGURE 3.2. Disaccharidase enzymes are depressed in the intestines of WT C57BL/6J 

mice after gut infections. Disaccharidase activity assays were performed on jejunal 

homogenates from mice infected in Fig. 1. Levels of sucrase (A), maltase (B), lactase (C), 

and trehalase (D) were determined using the appropriate disaccharide. Data are shown as 

mean and SEM for four mice per group. *p ˂ 0.05 by Mann–Whitney U test versus 

uninfected mice. Data are representative of three independent experiments. ns, not 

significant. 
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     We next investigated whether host immunity could mediate the depression of intestinal 

enzyme activity after gut infections. To test this, we infected SCID mice with the GS strain of 

the parasite and measured disaccharidase activities in the jejunum. Although infection in SCID 

mice resulted in increased parasite burdens and failure to eliminate the infection by the host (Fig. 

3.1B), no significant impairment of intestinal enzymes was observed (p ˂ 0.05; Fig. 3.3A-D). 

These findings suggest that disaccharidase impairment is mediated by host immunity. 
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FIGURE 3.3. Lack of adaptive immunity prevents SCID mice from exhibiting impaired 

intestinal disaccharidase activity p.i. Sucrase (A), maltase (B), lactase (C), and trehalase (D) 

activities were measured in jejunal homogenates from SCID C57BL/6J mice infected with 

106 trophozoites of the GS strain or uninfected SCID mice. Data represent means and SEM 

for four mice per group. Data are representative of two independent experiments. 
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     Having established that disaccharidase impairment is immune-mediated, we examined 

specific immune cell populations that could contribute to disaccharidase impairment during 

Giardia infection. In β2m-/- mice infected with Giardia, there were no significant changes in the 

levels of sucrase activity at day 5 p.i. (p ˂ 0.05; Fig. 3.4A). Similarly, no significant changes 

were observed in the activity levels of maltase, lactase, and trehalase 5 d p.i. compared with 

uninfected animals (Fig. 3.4B–D). Results showed that the absence of CD4+ T cells in infected 

mice did not induce lower enzymatic levels compared with uninfected controls (Fig. 3.4A-D). 

These findings clearly suggest that the pathology seen in the intestine during the Giardia 

infections is T cell dependent. 
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FIGURE 3.4. Lack of CD8+ T cells prevents mice from exhibiting impaired intestinal 

disaccharidase activity p.i. β2m-/- and CD4-/- mice were orally inoculated with 106 

trophozoites of the GS strain of G. duodenalis. Sucrase (A), maltase (B), lactase (C), and 

trehalase (D) activities were measured in jejunal homogenates from mice infected for 5 or 

18 d or uninfected mice. Data represent means and SEM for four mice per group. Data are 

representative of two independent experiments. 
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3.3.2. Cytokine Responses by Spleen and MLN Cells p.i. 
 
	  
     Our results suggest that T cell responses are required for elimination of infection and 

induction of disaccharidase deficiency. We were therefore interested to determine whether the 

proportion of CD4+ and CD8+ T cells would change p.i. and to determine the cytokines being 

produced by T cells. Flow cytometry analysis showed that the composition of CD4+ and CD8+ T 

cells in the spleen and MLNs remained constant in mice infected with the GS strain of G. 

duodenalis 5 and 7 d p.i. compared with uninfected mice (Fig. 3.5A, 3.5B). Analysis of cytokine 

production by cells from spleens and MLNs of mice infected with the GS strain showed that the 

peak of cytokine production occurred at day 7 p.i., and that the levels of cytokines produced by 

splenocytes were generally higher than the levels of cytokines produced by MLN cells (Fig. 

3.5C–H). IFN-γ was the dominant cytokine produced by both splenocytes and MLN cells in 

response to parasite Ags, followed by IL-10. Lesser amounts of TNF-α, IL-4, IL-17, and IL-22 

were also detected. 
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FIGURE 3. 5. Cytokine production by cells from spleens and MLNs of WT mice infected 

with the GS strain of G. duodenalis. WT mice were infected with the GS strain of G. 

duodenalis and euthanized at days 5 and 7 p.i. The proportions of CD4+ and CD8+ cells in 

spleens (A) and MLNs (B) were determined in uninfected and infected mice during the 

course of infection. Production of IFN-γ (C), TNF-α (D), IL-4 (E), IL-10 (F), IL-17 (G), and 

IL-22 (H) by spleens and MLNs of infected mice was determined using ELISA. Cell 

viability after 48 h of stimulation was about 50 and 70% in stimulated and unstimulated 

preparations, respectively. Data presented are means and SEM for four mice per time 

point. 
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3.3.3. Disaccharidase Deficiency in WT Mice Is Strain-Dependent 
 
     Human giardiasis can cause a wide range of clinical symptoms ranging from asymptomatic 

infections to severe diarrhea and cramps, which can result in maldigestion and stunted growth, 

especially in pediatric patients (Farthing, 1997). It has been suggested that distinct assemblages 

of G. duodenalis differ in their capacity to cause symptomatic disease. We therefore asked 

whether the changes we observed in C57BL/6J mice infected with the GS strain of the parasite, 

the prototype for assemblage B, would occur during infection with the prototype strain for 

assemblage A. Because initial studies indicated that mouse infections with strain WB, the 

prototype for assemblage A, were unsuccessful (Byrd et al., 1994), we developed a revised 

protocol for mouse infections to allow us to work with this strain. To determine the kinetics of 

infection and disaccharidase activity p.i. in mice with both the GS and WB strains, we infected 

WT mice with each strain of G. duodenalis separately, and the infection and disaccharidase 

activity kinetics were measured at days 5, 7, 10, 14, and 18 p.i. Parasitological examinations 

revealed substantial colonization of the C57BL/6J mouse intestine by the WB strain of G. 

duodenalis. Although parasite burdens in the intestines of mice infected with the WB strain were 

generally slightly lower compared with mice infected with the GS strain of the parasite, the 

differences in parasite burdens between these strains were not statistically significant (Fig. 3.6A). 

In contrast, our analyses showed that the WB strain of G. duodenalis was not able to induce 

disaccharidase deficiency, whereas WT mice infected with the GS strain exhibited enzyme 

impairment p.i.; the reduced enzyme activity in the GS-infected mice started 5 d p.i., remained 

low 7 d p.i., and returned to normal levels by day 18 p.i. (Fig. 3.6B). These data suggest a strain 

dependent basis for disaccharidase impairment. 
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FIGURE 3.6. Infection and disaccharidase kinetics and cytokine production profile in WT 

mice infected with WB and GS strain of G. duodenalis.WTC57BL/ 6J mice were infected 

with 106 trophozoites of either the WB or GS strain. Mice were euthanized at 5, 7, 10, 14, 

and 18 d p.i. Parasite burdens (A) and disaccharidase activities (B) were determined at 

each time point for both strains (A). Spleen cells were re-stimulated in vitro with Giardia 

extracts prepared from the same strain used for infection, and supernatants were collected 

after 48 h. Levels of IFN-γ (C), TNF-α (D), IL-4 (E), IL-10 (F), IL-13 (G), IL-17 (H), and 

IL-22 (I) were measured by ELISA. Intestines and splenocytes from individual mice were 

assayed in duplicate, and the data presented are means and SEM for four mice per time 

point (*p ˂ 0.05, **p ˂ 0.005, compared with uninfected mice). Data are representative of 

three independent experiments. 

 

 

 



 

62 
  

3.3.4. Cytokine Production by T Cells p.i. 

     We next sought to determine whether T cell cytokine responses were significantly different 

p.i. between these two strains. Cytokine production by spleen cells from mice infected with each 

strain of the parasite was measured ex vivo at six different time points (i.e., days 0, 5, 7, 10, 14, 

18). Our analysis showed that both strains of the parasite elicited robust cytokine production in 

response to parasite extract, with detectable levels of IFN-γ, TNF-α, IL-4, IL-10, IL-13, IL-17, 

and IL-22 being produced at day 7 p.i. with either strain (Fig. 3.6C–I). IFN-γ was the dominant 

cytokine secreted p.i. with both parasite strains. An average of 5000 and 2500 pg/ml was 

observed at 7 d p.i. in mice infected with the WB and GS strains, respectively (Fig. 3.6C). 

Interestingly, the levels of all cytokines assayed in mice infected with the WB strain of G. 

duodenalis were somewhat higher than those infected with the GS strain of the parasite. 

 

3.3.5. CD4+ cells are the main cytokine-secreting T cells in mice infected with WB and GS 

strains 

     Considering the essential roles of CD4+ T cells in resolving the intestinal infection in our 

model, we were interested in finding to what extent CD4+ cells contributed to the production of 

cytokines. WT mice were infected with either WB or GS and euthanized on day 7. Parasite 

burdens were similar to what was observed in previous experiments (Fig. 3.7A). Splenocytes 

were stimulated in vitro with Giardia extract, and CD4+ responses were blocked with an anti- 

CD4 IgG. Analyses of supernatants showed that CD4+ T cells were the major cytokine-secreting 

cells p.i. with either strain WB or GS. Blocking CD4 significantly reduced the production of 

IFN-γ, IL-4, IL-13, IL-17, and IL-22 (Fig. 3.7B, 3.7D, 3.7F–H). CD4+ T cell involvement in the 
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production of TNF-α was only 30 and 34% for WB and GS strains, respectively (Fig. 3.7C), 

consistent with our previous findings that dendritic cells contributed to the secretion of TNF-α 

during infection with G. duodenalis (Kamda and Singer, 2009). The production of IL-10 in mice 

infected with each strain was reduced drastically (87.5 and 37.5% for WB and GS strains, 

respectively), and it seemed that non-CD4 sources continued to secrete IL-10 in mice infected 

with the GS strain of the infection despite CD4 blockade (Fig. 3.7E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

64 
  

FIGURE 3.7. CD4+ cells are the main cytokine-secreting T cells in mice infected with WB 

and GS strains. WT mice were infected with either WB or GS, and parasite burdens were 

determined 7 d p.i. (A). Splenocytes from the WB- and GS-infected mice were collected and 

stimulated in duplicate in vitro with the homologous Giardia extract in the presence or 

absence of an anti-mouseCD4 Ab. Production of IFN-γ (B),TNF-α (C), IL-4 (D), IL-10 (E), 

IL-13 (F), IL-17 (G), and IL-22 (H) was determined using ELISA. Data represent means 

and SEM for four mice per group (*p ˂ 0.05, **p ˂ 0.005). 
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3.4. Discussion 

     The major findings of this study are that levels of disaccharidase enzymes such as sucrase, 

maltase, and lactase decline significantly after murine infections with the GS strain of the human 

parasite G. duodenalis. We also showed that in the absence of adaptive immunity in SCID mice, 

there was no reduction of intestinal enzyme activity. Infections in CD4-/- and β2m-/- mice further 

showed that this impairment was an immune-based event requiring both CD4+ and CD8+ T cells. 

The results of this study also revealed an important difference in the ability of different pathogen 

strains to induce intestinal enzymatic deficiency in the mouse model of human giardiasis; 

C57BL/6J mice infected with the GS strain of the parasite displayed enzymatic deficiency, 

whereas mice infected with the WB strain of the parasite did not. 

     Similar to results from previous studies, our results indicate that CD4+ T cells are required for 

parasite elimination, whereas CD8+ T cells are not required. Interestingly, although β2m-/- 

eliminate infections normally, they fail to exhibit disaccharidase deficiency. Scott et al. (2004) 

showed that CD8+ T cells from MLNs of G. muris-infected mice could induce disaccharidase 

deficiency after adoptive transfer into nude recipients. Our results are consistent with an 

important role for CD8+ T cells in causing disaccharidase deficiency. Our results further suggest 

that CD4+ T cells have a role in inducing disaccharidase deficiency because no disaccharidase 

deficiency was seen in CD4-/- mice. This role may be indirect, however; for example, CD4+ T 

cells may be necessary to generate an effector CD8+ T cell population. In summary, these results 

suggest that immunotherapies or vaccines that promote CD4+ T cell responses without 
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generating CD8+ T cell responses could lead to protection without resulting in disaccharidase 

deficiency and contributing to nutrient malabsorption. 

      Different mechanisms have been regarded as the cause of disaccharidase deficiency p.i. and 

after other intestinal insults. These include direct damage to the epithelium caused by the 

parasite, changes in gene expression within epithelial cells, and altered rates of EC maturation 

p.i. (Farthing, 1997). Our results clearly exclude direct damage as a cause of disaccharidase 

deficiency in this model because no changes in disaccharidase levels were seen in SCID or CD4-

/- mice despite having prolonged infections with very heavy parasite burdens. Although our data 

suggest that CD8+ T cells are important in mediating pathology, they do not discriminate 

between specific changes in gene expression (i.e., reduced transcription of the isomaltase or 

lactase/phlorizin hydrolase genes) within epithelial cells or more global changes in epithelial cell 

biology (i.e., an increased proportion of immature ECs). Indeed, changes in the maturation of 

epithelial cells can involve both transcriptional and posttranscriptional regulation of 

disaccharidase enzymes (Reifen, et al., 1998; Zaiger, et al., 2004).  

     Different isolates of G. duodenalis have been shown to differ in their abilities to trigger 

pathological changes in vitro. For example, some strains of the parasite (i.e., NF and S2) were 

able to induce apoptosis in a non-transformed epithelial cell line (SCBN), whereas other strains 

(i.e.,WB and PB) could not (Chin et al., 2002). A more recent study showed that the WB strain 

could actually facilitate caspase-dependent apoptosis in the epithelial cell line HCT-8 (Panaro et 

al., 2007). Consistent with previous reports describing important biological differences between 

WB and GS (Solaymani-Mohammadi and Singer, 2010), we found that the induction of 

disaccharidase deficiency and the dynamics and kinetics of cytokine production in mice infected 
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with each strain were distinct. Whether these differences in cytokine response are connected with 

the absence of disaccharidase deficiency p.i. with strain WB, however, remains to be determined. 

     To our knowledge, this study is the first to describe the cytokines produced by CD4+ T cells 

in response to Giardia infection. Spleen cells and MLNs stimulated ex vivo with Giardia extracts 

produced IFN-γ, TNF-α, IL-4, IL-10, IL-13, IL-17, and IL-22. Blocking CD4 eliminated 

production of almost all of these cytokines, indicating that CD4+ T cells are the likely source of 

these cytokines. The lone exception was TNF-α, which we have previously shown can be 

produced in small amounts by dendritic cells stimulated with Giardia extracts (Kamda and 

Singer, 2009). Previous work in the G. muris model was unable to demonstrate cytokine 

production in response to parasite Ags, although some changes in mitogen-driven cytokine 

production were noted (Venkatesan et al., 1996). 

     Among the cytokines produced, IFN-γ was the most abundant. However, previous work using 

GS infection in adult mice lacking IFN-γ suggested that parasite elimination could occur 

normally in the absence of this cytokine. In contrast, anti–IFN-γ treatment of C57BL/10 mice 

resulted in prolonged infections with G. muris (Venkatesan et al., 1996). There may be 

differences in the effector mechanisms that are needed to eliminate the different pathogens. For 

example, NO, antimicrobial peptides, IgA, bile salts, and intestinal hypermotility have all been 

shown to participate in parasite clearance, and it is likely that significant redundancy results in 

the absence of strong effects after elimination of single cytokines or pathways. 

     Interestingly, WB-infected mice exhibited two distinct cytokine peaks, at 7 and 14 d p.i. 

Furthermore, all of the cytokines tested were produced at higher levels in mice infected with the 

WB strain of G. duodenalis than in mice infected with the GS strain. This may explain why mice 
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infected with the WB strain of G. duodenalis showed consistently lower parasite burdens (Fig. 

6A). Alternately, the differences in levels of cytokines produced could reflect different levels of 

immunogenicity associated with the two strains. In mice infected with either strain, marked 

cytokine production at day 7 p.i. seems to correlate with the peak of parasite burden within the 

small intestine. In mice infected with the GS strain of G. duodenalis, cytokine production by 

spleen T cells was observed at high levels on day 7 p.i. and at lower levels on day 10 p.i., 

whereas spleen cells from the WB-infected mice exhibited two distinct peaks of cytokine 

production. Potential explanations for the differences in cytokine production kinetics could be 

attributed to different patterns of antigenic variation between the strains or to different patterns of 

T cell migration into and out of the spleen p.i. 

     Disaccharidase deficiency can result from numerous situations such as intestinal infection or 

inflammation. Disaccharidase deficiency can contribute to diarrhea and nutrient malabsorption in 

these situations. Our results clearly indicate an important role for host T cell responses in 

contributing to this pathology. This study also marks important advances in our understanding of 

giardiasis. To our knowledge, it is the first report to directly show cytokine production by CD4+ 

T cells p.i. It also establishes a model for direct, controlled comparisons among different parasite 

strains to examine their ability to stimulate immune responses and to reproduce aspects of the 

clinical syndrome seen in human disease. 
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Chapter IV 

 Altered Positional Distribution and Migration of Intestinal 

Epithelial Cells and Intestinal Cytoskeletal Remodeling 

Predispose Host to Gut Dysfunction.  

 

In Preparation for submission to Cell Host & Microbe 
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4.1. Introduction 

    Intestinal epithelium structural integrity is a crucial factor for proper gut function and 

absorption. The brush border surface provides the major interface for nutrient absorption and 

reduction in the surface area of the microvilli is linked with reduced levels of enzymes such as 

sucrase and lactase that are necessary for proper digestion and absorption of sugars (Farthing, 

1997). Damaged intestinal epithelial cells could result in reduced intestinal enzymes, disposing 

infected individuals to malnutrition. The structural proteins villin and ezrin are among the most 

abundant proteins present in the intestinal brush border.  

4.1.1. Villin 

Villin is an actin-binding protein, is present in gastrointestinal, renal and urogenital epithelial 

cells; villin is an extraordinarily versatile actin modifying protein in that it has the ability to 

polymerize and depolymerize actin (Khurana and George, 2008) as well as sever, nucleate, 

bundle and cap actin filaments. Unlike gelsolin, another protein in the same superfamily, villin 

has the ability to assemble actin filaments as well (Wang et al., 2008). These studies provided a 

molecular mechanism for villin’s role in regulating epithelial cell plasticity related to cell injury 

(Wang et al., 2008). It has been previously indicated that fragments containing the COOH-

terminus fragment of the protein have anti-apoptotic activity while the N-terminal-containing 

fragments of villin have pro-apoptotic functions through regulating the activation of caspase 3 

and caspase 9 (Tomar et al., 2006; Wang et al., 2008). It has been hypothesized that as intestinal 

epithelial cells migrate from the crypt to the villus tip to be shed into the lumen, villin is cleaved 

to generate pro-apoptotic fragments, thus enhancing and/or assisting the process of cell extrusion 

from the gastrointestinal epithelium (Khurana and George, 2008). A correlation between villin 
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deficiency and increased apoptosis has been noted in several inflammatory diseases of the 

gastrointestinal tract. For example, a decrease in the levels of villin expression in enterocytes 

from patients with inflammatory bowel disease relative to healthy controls has been reported 

(Kersting et al., 2004) and villin-null mice have higher levels of apoptosis compared to their 

wild-type littermates that correlates with the severity of colitis induced by dextran sodium sulfate 

(DSS)-treatment (Wang et al., 2008).  Additionally, differed villin expression has been 

implicated as a useful marker to predict the prognosis and the progress of different carcinomas 

(Bacchi and Gown, 1991; Savera et al., 1996; Zhang et al., 1999).   

     Tyrosine phosphorylation of villin regulates the villin/F-actin association, and tyrosine-

phosphorylated villin molecules have lower affinity for actin filaments (Zhai et al., 2001). Upon 

phosphorylation, villin molecules show different affinity for several ligands (Khurana and 

George, 2008); tyrosine phosphorylation of villin streamlines its ability to cut actin filaments at 

extremely low concentrations of Ca2+ (Kumar et al., 2004), suggesting that tyrosine 

phosphorylation of villin may be responsible for the efficient severing of actin filaments in vivo. 

However, tyrosine-phosphorylated villin promotes cell migration and induces cytoskeletal 

changes including the redistribution of F-actin to the cell perimeter and loss of stress fibers, 

suggesting that phosphorylated villin induced actin cytoskeletal remodeling is a crucial step in 

cell migration (Tomar et al., 2004). 

 

4.1.2. Ezrin 

     Ezrin functions as a cross-linker between the plasma membrane and the actin cytoskeleton. 

Evidence suggests that ezrin participates in a wide range of biological functions such as signal 
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transduction, cell division, cell growth, cytoskeletal organization and morphogenesis (Osawa et 

al., 2009). Ezrin also plays an important role in both microvillus formation and tight junction 

integrity, key elements in proper nutrient absorption (Berryman et al., 1993). Given that ezrin is 

a major element of the microvilli formation and a linker between actin filaments and brush 

border proteins, conformational changes in ezrin could influence microvilli integrity drastically. 

 

4.1.3. Hypothesis 

     In this chapter, we examined the hypothesis that functional changes in the intestinal 

epithelium that occur following infection are due to immune mediated alterations in the epithelial 

cell cytoskeleton. We investigated the expression level, localization, and post-translational 

modifications of villin and ezrin as well as any involvement of host immune responses in these 

changes using a gut infection model. Using assemblages A and B of G. duodenalis as a model 

system, we provide evidence indicating that the cytoskeletal proteins are considerably impacted 

following gut infection, and these changes may result in altered intestinal integrity and organ 

dysfunction observed. Also, we provide evidence suggesting roles for villin as an anti-apoptotic 

and homeostatic protein following gut infection. Furthermore, experiments using knockout 

animals demonstrated that ezrin modification was CD4+-dependent, while villin modification 

required both CD4+ and CD8+ T cells.   
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4.2. Methods 

4.2.1. Mice 

Six- to eight-week old female WT C57BL/6 mice, SCID mice, β2m-/- (B6.129P2-B2mtm1Unc/J), 

and CD4-/- (B6.129S2-Cd4tm1Mak/J) mice were purchased from The Jackson Laboratories (Bar 

Harbor, ME). Mice (n= 4/group/time point) were housed at the Georgetown University Animal 

Care Facility. All experiments were carried out in accordance with guidelines approved by the 

Georgetown University Institutional Animal Care and Use Committee in compliance with the 

National Institutes of Health guidelines. 

 

4.2.2. Parasites, Infection Protocols and Quantification of Parasite Burden  

     The GS/M-83-H7 (ATCC# 50581) and the WB clone-C6 (ATCC# 50803) strains of G. 

duodenalis were used in these experiments. Parasites were axenically grown in TYI-S-33 media 

supplemented with adult bovine bile, L-cysteine, ascorbic acid, and antibiotics (all from Sigma-

Aldrich, St. Louis, MO). Mice were gavaged with 106 trophozoites in 100 µl phosphate-buffered 

saline (pH 7.4). To equally mice with different strains of G. duodenalis mice were given 

antibiotics in drinking water ad libitum: neomycin oral solution (1.4 mg/ml; Durvet, Blue Spring, 

MO), ampicillin (1 mg/ml; Sigma-Aldrich) and vancomycin (1 mg/ml; Hospira, Inc., Lake 

Forest, IL) for 48 h before parasite inoculation and during the entire infection period. After 

euthanizing mice, the first 3 cm of the small intestine (pylorus to ligament of Trietz) were 

discarded. The next two cm section of the duodenum were removed, opened longitudinally, and 

minced in 4 ml of ice-cold PBS (pH 7.4). Tissues were kept on ice for 15 minutes, and the 

numbers of trophozoites were counted on a hemocytometer.  
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4.2.3. Antibodies  

     The following antibodies were used for immunoblotting, immunopercipitation and IHC: 

mouse monoclonal anti-ezrin (sc-58758), rabbit polyclonal anti-villin (sc-28283; Santa Cruz  

Biotechnology, Santa Cruz, CA), rabbit polyclonal against the N-terminal region of villin (a gift 

from Dr. Seema Khurana), rabbit polyclonal anti-GAPDH (sc-25778), anti-calpain-1 large 

subunit (no.2556; Cell Signaling), rabbit polyclonal anti-p-ezrin (Thr567; Cell Signaling), anti-

phospho-tyrosine (PY-20; sc-508), peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG 

secondary antibodies (A0545 and A4416; both from Sigma, St Louis, USA), goat anti-rabbit 

IgG-FITC, and goat anti-mouse IgG-TRITC (Southern Biotech, Birmingham, AL). 

4.2.4. Immunofluorescence Microscopy 

     Intestinal tissues for immunohistochemistry (IHC) were fixed in 10% formalin in PBS and 

subsequently embedded in paraffin as described previously (Chapter 3). Tissue sections (5-µm 

thick) were deparaffinized in xylene, followed by hydration through graded ethanol solutions. In 

order to unmask the antigens, the slides were treated in sodium citrate buffer (pH 6.0; Vector 

Laboratories, Burlingame, CA) at 120°C for 20 min in a pressure cooker. Subsequently, the 

slides were blocked for 1 h at room temperature in a blocking solution (10% goat serum, 0.05% 

Tween 20 and 1% BSA in PBS). After probing with primary antibody, the sections were 

mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) and a 

coverslip. Samples were analyzed with a Zeiss Axioplan 2 fluorescence microscope (Zeiss, Jena, 

Germany).  

 

 



 

75 
  

4.2.5. In Vivo Epithelial Cell Proliferation Assay 

   Gender and age-matched WT mice C57BL/6 mice (n = 4/time point) were injected 

intraperitoneally with 5-bromo-2'-deoxyuridine (BrdU; Sigma) dissolved in DMSO at a 

concentration of 50 mg/kg of body weight (1mg/mouse) 2 hr before sacrifice. Control littermates 

(n = 4) received sham (DMSO) injections intraperitoneally. Mice were sacrificed, and tissue 

sections (5 µm) of paraffin-embedded duodenal, jejunal, and ileal tissues were deparaffinized 

and stained for the presence of BrdU-containing nuclei using a BrdU In-Situ Detection Kit 

according to manufacturer’s instruction (BD Pharmingen, San Diego, CA). BrdU-labeled 

enterocytes were counted at day 0, 5, and 18 p.i., and the positional distribution of IECs was 

determined as previously described (Cliffe et al., 2005). The proportion of BrdU-containing 

enterocytes was measured at high magnification under light microscopy. Intestinal epithelial cell 

proliferation was expressed as the percentage of BrdU-labeled enterocytes per 100 crypt cells, 

and at least 20 full-length, well-oriented duodenal crypts per animal were examined. 

4.2.6. Western blot analysis 

     Fifteen cm of the small intestine were homogenized in 1 ml of tissue protein extraction 

reagent (T-PER; Pierce, Rockford, IL) supplemented with protease inhibitor cocktail III 

(Calbiochem, La Jolla, CA). Tissue lysates were centrifuged at 14000 g for 5 min, and 

supernatants were collected and used for further analysis. Protein concentration of each sample 

was determined using a Bradford assay (Bio-Rad, Hercules, CA). Equal amounts of each sample 

were loaded with 2× Laemmli sample buffer and were separated by gradient 4-12% SDS-PAGE 

(Invitrogen) in the MOPS buffer system (Invitrogen). Proteins were transferred to a PVDF 

membrane (Millipore, Bedford, MA) by standard techniques and then probed with relevant 
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antibodies. Primary antibodies were detected by using peroxidase-conjugated secondary 

antibodies and ECL reagents (Amersham Bioscience), and signals recorded on X-ray film 

(Kodak Biomax; Kodak, Rochester, NY). Protein abundance was quantified using ImageJ 

software (NIH); protein abundance were normalized to uninfected animals and presented relative 

to results obtained with the control sample set as 1.0. 

4.2.7. Immunoprecipitation 

     Five hundred µg of the intestinal homogenates were pre-cleared with 20 µL of Protein A/G 

Plus-Agarose (sc-2003) for 1 h at 4°C. Agarose beads were removed by centrifugation, and villin 

polyclonal antibodies were added at a concentration of 4 µg/500 µg of homogenate and 

incubated with agitation for 6 h at 4°C. Subsequently, 20 µL of fresh agarose beads were added 

and incubated for another 2 h at 4°C. During IP, agarose bead complexes were collected by 

centrifugation and washed three times with ice-cold NP40 lysis buffer (250 mM NaCl, 5 mM 

HEPES, 10% v/v glycerol, 0.5% NP40, 2 mM EDTA (pH 8.0) supplemented with 100 µM 

NaVO4 and 1 mM NaF, and protease inhibitor cocktail III). Immunocomplexes were eluted by 

boiling in 2× Laemmli sample buffer, resolved by gradient 4-12% SDS-PAGE (Invitrogen) in 

the MOPS buffer system (Invitrogen) and transferred overnight at 4°C as described earlier 

(Chapter 3). 
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4.2.8. Statistical Analysis 

     Differences between samples were evaluated with the Mann-Whitney U test; P values <0.05 

were considered significant. 

4.3. Results 

Proteolysis of Villin in Wild-Type Mice Following Gut Infection Is Immune-Mediated 

     To investigate the impact of gut infection on the regulation of villin following gut infection, 

wild-type mice were analyzed at days 0, 5, and 18 p.i. (Fig. 4.1A) by Western blotting using 

antibodies against epitopes in the C-terminal region of the protein. Results showed that villin was 

proteolyzed following infection at day 18 p.i., and that several C-terminal products 

(approximately 87-kD, 54-kD, and 41-kD) were detected. The total level of villin (native protein 

and proteolyzed products) was upregulated about 2.5 times by densitometry analysis at day 18 

while total proteins levels at day 5 remained unchanged (Fig. 4.1A). The upregulation of villin 

could be explained by the existence of a compensatory mechanism in the infected intestine in 

immediate response to villin proteolysis at day 18. Since post-translational changes in villin were 

detected later in the course of G. duodenalis infection at which time point parasites were barely 

detectable in the small intestine, we hypothesized that these changes could be triggered by the 

host immune responses. To test this, the intestinal tissues of SCID mice infected with the parasite 

were analyzed by Western blot at 0, 5, and 18 days p.i. Results demonstrated that in the absence 

of adaptive immunity, no villin proteolysis was seen despite the high numbers of parasites 

present in the intestine (Fig. 4.1B). Furthermore, no villin upregulation was observed. We then 

were interested in the specific cell-types driving these changes. CD4-/- and β2m-/- mice were 

infected and analyzed. No villin proteolysis was observed either in CD4-/- or β2m-/- mice, and 
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levels of villin were unchanged during the course of infection (Fig. 4.1C, Fig. 4.1D). These 

findings suggest that upregulation and cleavage of villin require both CD4+ and CD8+ T cells. In 

order to determine the impact of pathogen strain on the cytoskeletal changes we observed during 

the infection of WT mice with the GS strain of G. duodenalis, we infected WT C57BL/6 mice 

with the WB strain of the parasite. Our findings showed that no apparent villin proteolysis 

occurred in WT mice following infection with the WB strain (Fig. 4.1E).  This is consistent with 

the absence of disaccharidase deficiency following WB infection and the induction of 

disaccharidase deficiency following GS infection. Finally, we also examined villin in kidneys 

from mice infected with GS and found that no upregulation or cleavage occurred at a remote site, 

indicating and that villin proteolysis is a site-specific event (Fig. 4.1F).  

     Together with our previous report (Solaymani-Mohammadi and Singer, 2011), we concluded 

that the discrepancies observed between the two strain could partially explain the dissimilar 

nature of the clinical symptoms and malnutrition syndrome in infected individuals with different 

strains. 
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Figure 4. 1. Villin proteolysis following infection. WT (a), SCID (b), β2m-/- (c), and CD4-/- 

mice (d) were infected with the GS strain of G. duodenalis. Jejunal homogenates were 

analyzed by Western blot for post-translational modifications in villin using a polyclonal 

antibody against the protein. GAPDH was used as a loading control. Villin modifications 

were tested in mice infected with the WB strain (e) of the parasite. Renal villin in WT mice 

infected with the GS strain was also analyzed (f). Each figure is representative of four 

animals / time point. 
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Anti-apoptotic Role of Villin Following Gut Infection 

     We next examined the possible pro-apoptotic role of villin and whether we could see any 

cleaved products containing the N-terminal region of the protein by using a rabbit polyclonal 

antibody raised against the N-terminus of the protein. No N-terminal-containing cleaved 

products were detected in WT, SCID, CD4-/- and β2m-/- mice (Fig. 4.2A-D), suggesting a 

potential role for villin as an anti-apoptotic protein following infection. These findings indicate 

that the proteolysis of villin following gut infections generates anti-apoptotic signals that could 

counterbalance pathological effects of immune response to the parasite, maintaining the 

homeostatic balance in the infected intestine.  
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FIGURE 4.2. Analysis of N-terminal-containing villin fragments following G. duodenalis 

infection. WT (a), SCID (b), β2m-/- (c) and CD4-/- mice were infected with the GS strain of 

the parasite, and jejunal homogenates were analyzed using an antibody against a peptide in 

the N-terminal portion of villin by Western blot. GAPDH was used as a loading control. 

Each figure is representative of four animals / time point. 
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Tyrosine Phosphorylation of Villin Occurs Following Gut Infection with GS but not WB  

     Tyrosine phosphorylation of villin promotes cell migration and cell movement and can induce 

cytoskeletal changes including the redistribution of F-actin to the cell perimeter and loss of stress 

fibers, suggesting that tyrosine phosphorylation of villin is a crucial step in promoting cell 

migration (Tomar et al., 2004). We next asked whether villin was tyrosine-phosphorylated 

following gut infection, and if phosphorylation required by host adaptive immunity. 

Immunoprecipitation analysis showed that tyrosine-phosphorylated villin was more abundant at 

day 5 after infection of wild-type mice with the GS strain. Using densitometry, we found that 

phosphorylated villin was upregulated 4.1 times at day 5 p.i. compared with uninfected animals 

(Fig. 4.3A). Moreover, villin phosphorylation was not seen following infection with the WB 

strain or after GS infection in SCID mice (Fig. 4.3B, 4.3.C).  
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Figure 4.3. Tyrosine-phosphorylation of villin. Villin was immunoprecipitated from jejunal 

homogenates of WT mice infected with the GS strain of G. duodenalis (a) or WB strain (b). 

Immunoprecipitated proteins were analyzed for tyrosine phosphorylation by Western blot 

and levels of phosphorylated protein were normalized to levels of total villin by 

densitometry. Tyrosine-phosphorylation of villin was also examined in SCID mice infected 

with the GS strain of the parasite (c). Each figure represents 4 animals / time point. 
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Infection with G. duodenalis increases both proliferation and migration of enterocytes 

        Based on data represented in figure 4, we hypothesize that tyrosine-phosphorylation of 

villin following infection with G. duodenalis will cause increased IECs proliferation/movement 

resulting in altered immature/mature IECs. Immature IECs do not express sucrase/maltase, and 

lactase which, in turn, this predisposes infected people with enzyme deficiency (see Chapter V).  

We therefore asked if infection with the parasite would increase IECs proliferation/migration. 

WT mice were infected with the GS strain of the parasite and mice were injected with 5-bromo-

2'-deoxyuridine (BrdU) 2 hr before sacrifice. Staining for BrdU-positive IECs by a biotinylated 

anti-BrdU antibody revealed a significant increase in the rate of cell proliferation on day 5 p.i. 

(Fig. 4.4a). Further positional studies showed that IECs in WT mice infected with the GS strain 

move up luminally at a faster pace compared with uninfected animals (Fig. 4.4b). Together, these 

data suggest that infection with parasite accelerates both proliferation and migration of IECs. 

This likely can be responsible for the disaccharidase deficiency seen during infection.  
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FIGURE 4.4. WT mice were infected with the GS strain of the parasite and IEC 

proliferation was measured by BrdU incorporation during a two-hour pulse of BrdU. BrdU 

positive cells were visualized using IHC and light microscopy and the percentage of cells in 

each crypt that were labeled was determined (a). The positional distribution of BrdU + cells 

IECs was then calculated (b). Each figure represents 4 animals / time point. 
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FIGURE 4.4. Continued 

 

 

 

Villin Is Redistributed in IECs Following Gut Infections 

     To analyze whether gut infection also induced villin redistribution, we performed an 

immunohistochemistry (IHC) analysis on formalin-fixed intestinal sections at three time points 

p.i. Analyses showed that in uninfected mice enterocytes displayed strong apical decoration (the 

brush border) as well as diffuse cytoplasmic labeling. In infected mice, however, villin primarily 
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was localized near the apical plasma membrane and baso-lateral membranes with loss of villin 

expression at the brush border and redistribution of villin to the cytoplasm. Additionally, weak, 

diffuse labeling was seen in the cytoplasm of enterocytes in infected mice (Fig. 5.4). Given that 

we had 2.5 times more villin at day 18 p.i., it seemed that the changes in the pattern of villin 

could be a consequence of villin redistribution as well as stimulation of protein synthesis.  
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Figure 4.5. WT mice were infected with the GS strain, and villin distribution was 

determined by IHC during the course of infection at day 5 (middle panel) and day 18 

(lower panel) compared with uninfected mice (upper panel). Each panel is representative of 

4 mice/time point. 

 

 

The actin-binding protein, ezrin, is cleaved following gut infection: ezrin cleavage is CD4+-

dependent 

     Because the linker protein ezrin is also intimately involved in the formation of microvilli, we 

next investigated whether there were changes in the post-translational modification and protein 

expression levels of ezrin following gut infection, and any possible involvement of host immune 

responses. Our findings demonstrated total ezrin expression levels were not changed 

significantly following gut infections in wild-type mice.  The full-length ezrin, however, was 
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almost completely cleaved by day 18 p.i., while a constant full-length/cleaved protein ratio was 

observed at days 0 and 5 p.i. The cleavage process yielded a major fragment of 55-kD (ezrin 

p55; Fig. 4.6A). Cleaved products were also seen in uninfected animals to a lesser degree. This 

suggests that cleavage could be part of the protein’s post-translational regulation, and that gut 

infections accelerate the turn-over process of protein degradation/synthesis, pushing the 

equilibrium between native/cleaved proteins towards the cleaved defective proteins.  

     In order to investigate the role of host immunity in mediating the ezrin cleavage, we 

examined the levels and cleavage of this protein following infection in SCID mice. We observed 

no increase in cleavage of ezrin during the course of infection in spite of massive infection 

burdens detected in these mice, suggesting that the ezrin cleavage/synthesis is under the control 

of host adaptive immunity (Fig. 4.6B). Next, we sought to determine the specific cell types 

mediating these events. CD4-/- and β2m-/- mice were infected and analyzed for the cleavage of 

ezrin. Analyses showed that no increase in ezrin cleavage occurred in CD4-/- animals, while β2m-

/- mice exhibited a cleavage pattern identical to WT littermates (Fig. 4.6C and Fig. 4.6D). Thus, 

the cleavage of ezrin is regulated in a CD4+-T cell dependent manner. This differs from 

regulation of villin. While both CD4+ and CD8+ T cells are required for villin proteolysis, ezrin 

cleavage is a CD4+-dependent phenomenon, but does not require CD8+ T cells. We also 

examined the cleavage of ezrin following infection with a different strain of the parasite.  Ezrin 

was cleaved following WB infection in WT mice in a manner similar to WT mice infected with 

the GS strain (Fig. 4.6E). This suggests that cleavage of ezrin is unlikely to be directly related to 

the induction of disaccharidase deficiency since it occurs in β2m-/- mice infected with GS and in 

WT mice infected with WB, two scenarios in which disaccharidase deficiency does not occur 
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Figure 4.6. WT mice were infected with the GS strain of the parasite and jejunal 

homogenates were examined for post-translational modifications in ezrin using Western 

blot using a monoclonal antibody against the protein. Ezrin cleavage in WT (a), SCID (b), 

β2m-/- (c), and CD4-/- (d) mice following infection with the GS strain of G. duodenalis. Ezrin 

is also cleaved in mice infected with WB strain of the parasite (e). GAPDH was used as a 

loading control. Each figure is representative of 4 mice / time point. 

 

 

 

e 
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µ-calpain is activated in wild-type mice, but not in SCID mice, following gut infection 

     Ezrin serves as a substrate for calpain proteases, and calpain I targets ezrin specifically as part 

of the protein regulation process yielding a specific 55-kD cleaved product (Yao et al., 1993).  

Next, we asked whether µ-calpain was activated following gut infection. To test this, we used a 

polyclonal antibody enabled to detect both inactive (pre-autolytic µ-calpain; about 80-kD) and 

the active (post-autolytic µ-calpain; 76-kD) forms of µ-calpain. The native protein is inactive 

(pre-autolytic µ-calpain), and upon activation, the activated fragment (post-autolytic µ-calpain) 

is processed to a 76-kD fragment representing the active form of µ-calpain. Results of the 

Western blot analysis showed that µ-calpain was activated at day 18 p.i., and densitometry 

analysis indicated that the active form of µ-calpain was about 3.5 times more abundant than that 

observed in uninfected animals (Fig. 4.7A). These findings correlate with cleaved ezrin observed 

at day 18 p.i. We next sought the role of host adaptive immunity in mediating these events. In 

SCID mice, however, most µ-calpain was in its inactive form (the 80-kD protein) consistent with 

lack of ezrin cleavage in these mice (Fig. 4.7B). Again, we concluded from the lack of ezrin 

cleavage following infection in SCID mice that the µ-calpain of host origin was likely 

accountable for the post-translational modifications of ezrin following infection. 

 

 

 

 

 



 

92 
  

FIGURE 4.7. WT mice were infected with the GS strain of G. duodenalis, and jejunal 

homogenates were tested for calpain using an antibody capable of detecting both active and 

inactive forms of calpain. Calpain I, µ-calpain, is activated in WT mice (a) following 

infection with the GS strain of G. duodenalis but not in SCID mice infected with the same 

strain of the parasite (b). Each figure is representative of 4 mice/time point. 

 

 

Localization of Total Ezrin and Phospho-Ezrin Is Altered following Gut Infection 

     It is well-recognized that increased cell motility, i.e. cell movement and cell migration, 

requires ezrin cleavage. Ezrin cleavage is associated with the extension of microvilli and the 

formation of surface lamellipodia. Ezrin phosphorylation on Thr567 was often found to correlate 

with extensive long microvillar projections (Zhou et al, 2005). Additionally, it has been shown 

that ezrin cleavage happens during wound healing and subsequent cell migration (Wang et al., 

2005; Bach et al., 2005). Also, it was explicitly shown that in cancers, for example in 

medulloblastoma cells, the high expression of ezrin promotes filopodia formation and in vitro 
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invasion and that ezrin was primarily localized to filopodia, concluding that ezrin plays an 

important role in medulloblastoma adhesion, migration, and invasion (Osawa et al., 2009).  

     A monoclonal antibody against the major phosphorylation site of ezrin (Thr567) showed that 

localization of ezrin and p-ezrin altered during the course of infection with significantly 

reduced/redistributed ezrin and phospho-ezrin on day 5 p.i. (Fig. 4.8).  

FIGURE 4.8. Using paraffin-embedded tissue and IHC, the localization of total and 

phopho-ezrin (p-ezrin) was determined in the intestines of mice infected with the GS strain 

of the parasite for 0, 5 or 18 days. Apical localization of ezrin (upper panel) and p-ezrin 

(lower panel) decreases in intestinal epithelial cells following infection of WT mice with GS 

strain of G. duodenalis. Each panel represents 4 mice/time point. 
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DISCUSSION 

     We have examined the effect of intestinal infection on IEC cytoskeleton and on the dynamics 

of actin-binding proteins at different phases following the infection course. We have found that 

gut infections induce drastic cytoskeletal changes in IECs and that these changes are mediated by 

host adaptive immunity. The actin-severing protein, villin, was proteolyzed in WT mice 

following gut infection, and these changes were not observed in SCID, β2m-/-, and CD4-/- mice. 

We concluded that these events are driven by host immunity. We also showed that in WT mice 

villin redistributed to the cytoplasm of IECs following gut infection, while villin localization 

remained apical in uninfected littermates. We also found that the proteolysis of villin was strain-

dependent and no protein proteolysis was detected in WT mice infected with the WB strain of G. 

duodenalis; the proteolysis of villin was tissue-specific, and renal protein was intact. The N-

terminal-containing fragments of proteolyzed villin did not accumulate in infected intestines, 

while fragments containing the C-terminal part of the protein were detected by Western blotting, 

suggesting an anti-apoptotic role for villin following gut infections (Tomar et al., 2004). We also 

demonstrated that villin is tyrosine-phosphorylated following gut infection at day 5 p.i., and that 

the tyrosine phosphorylation of villin was not observed in SCID mice. Similarly, we observed 

post-translational changes in another actin-binding protein, ezrin following gut infection in WT 

mice. Native ezrin was completely cleaved by day 18 p.i. in an immune-dependent process. In 

contrast to villin, the ezrin cleavage was not strain-dependent and the WB strain of G. duodenalis 

induced the protein cleavage by day 18 p.i. similar to the GS strain. We found that the protease 
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µ-calpain was activated on day 18 p.i., and it could be responsible for the cleavage of ezrin. 

Likewise, the localization of both total and phosphorylated ezrin changed at day 5 p.i.  

     Host cell cytoskeletal remodeling has been reported following gut infection (Carabeo et al., 

2002; Walker et al., 2008). Several entropathogens including Salmonella enterica serovar 

Typhimurium and Shigella flexneri alter cytoskeleton architecture at the site of bacterial 

attachment; changes in the actin cytoskeleton following enteric infections occur by the activation 

of Rho GTPases and tyrosine kinases and by directly modifying actin dynamics which facilitate 

bacterial invasion (Dunn and Valdivia, 2010). Furthermore, some enteric pathogens manipulate 

the host actin cytoskeleton to enter IECs and to disseminate from cell to cell (Athman et al., 

2005). Manipulation of the host cytoskeletal architecture is also seen in other intestinal 

pathogens; attachment of the protozoan parasite Cryptosporidium parvum triggers changes in the 

microvillar structures in the vicinity of parasitophorous vacuole containing the parasite (Elliott et 

al., 2000; Elliott et al., 2001). 

     Villin proteolysis has been reported to be associated with infection with the causative agent of 

amebic colitis, Entamoeba histolytica, via the parasite’s cysteine proteinase activity and the 

inhibition of cysteine proteinases in trophozoites by specific inhibitors prevented villin 

proteolysis (Lauwaet et al., 2003). These authors also showed that cysteine proteinases of enteric 

origin were likely not responsible for the proteolysis. The results of the current study, however, 

showed the lack of villin proteolysis in absence of host adaptive immunity in SCID mice in spite 

of massive infection burdens in these hosts (data not shown). Based on these observation, we 

concluded that a proteinase of host origin (not a proteinase of parasite origin) is likely 

responsible for the post-translational events in villin following infection.  
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     It previously was shown for gelsolin, a protein in the villin superfamily, that the caspase-3-

generated fragments of the protein had the ability to sever actin filaments in a Ca2
+-independent 

manner (Kothakota et al., 1997), consequently promoting apoptosis while the full-length protein 

severs actin in a Ca2
+-dependent manner (Kwiatkowski et al., 1989; Weeds et al, 1991). The 

actin-severing activity of gelsolin resides in the NH2-terminal region, residues 1 to 160 

(Kwiatkowski et al., 1989). On the other hand, if the caspase-3-generated fragment of gelsolin 

contains the NH2-terminal fragment, it has the ability to depolymerize actin filaments in vivo and 

subsequently induces apoptosis. Conversely, the overexpression of the full-length protein as well 

as the COOH-terminal fragment had no effect on actin filaments (Kothakota et al., 1997). 

Likewise, it has been demonstrated that the N-terminal fragment of villin has pro-apoptotic 

functions (Tomar et al., 2006), and it has been hypothesized that as intestinal epithelial cells 

migrate from the crypt to the villus tip and are ready to be shed into the lumen, villin is cleaved 

to generate pro-apoptotic fragments thus enhancing and/or assisting the process of cell extrusion 

from the gastrointestinal epithelium (Khurana and George, 2008). We found that the fragments 

containing the C-terminal portion of villin accumulated following enteric villin proteolysis while 

fragments containing the NH2 portion of protein did not. These findings demonstrated an 

important role for villin as an anti-apoptotic and homeostatic protein following infection in vivo 

as shown before in vitro (George and Khurana, 2008) and indicate that the proteolysis of villin 

following gut infections generates anti-apoptotic signals that can counterbalance the parasite 

deleterious effects, maintaining the homeostatic balance in the infected intestine.  

     Tyrosine kinases have been demonstrated to be important for intestinal epithelial cell 

migration (Reiske et al.,1999). It has been shown that villin is phosphorylated in vitro by c-src 
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kinase (Zhai et al., 2002), as well as in migrating cells in vivo (Tomar et al., 2004). In the current 

study, densitometry analysis indicated that in WT mice villin was tyrosine-phosphorylated at day 

5 p.i. and the levels of phosphorylated villin were approximately 4 times more compared with 

uninfected animals; levels of tyrosine-phosphorylated villin returned to pre-infection levels on 

day 18 p.i. In SCID mice, however, no changes were seen in the levels of tyrosine-

phosphorylated villin during the course of infection, suggesting a role for host’s adaptive 

immunity in mediating these changes. Tyrosine phosphorylation of villin regulates the villin/F-

actin association, and the tyrosine-phosphorylated villin molecules have lower affinity to bind to 

F-actin filaments (Zhai et al., 2001). Villin has the ability to cut actin filaments at high 

concentrations of Ca2
+ (100-200 µM) in vitro. Instead, the tyrosine-phosphorylated villin can 

sever actin filaments at much lower nanomolar concentrations of Ca2
+ ion (Kumar et al., 2004), 

suggesting that tyrosine phosphorylation of villin may be responsible for the efficient serving of 

action filaments in vivo.  

     Facilitated rates of epithelial cell turnover following intestinal infections have been reported 

as a defensive mechanism implemented by the host to expel intestinal helminth parasites (Cliffe 

et al., 2005). Increased levels of tyrosine-phosphorylated villin observed following gut infection 

may be an immediate response of the host to the peak of infection at day 5 p.i. Tyrosine-

phosphorylated villin can, in turn, results in an increase in the IECs movement, resulting in the 

extrusion of lodged parasites. This may result in an imbalanced immature/mature IECs ratio, and 

can lower the levels of intestinal enzymes and may account for the decreased intestinal enzymes 

observed during intestinal infections (Buret et al., 1995; Solaymani-Mohammadi and Singer, 

2011). 
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     Calpains are calcium-dependent enzymes which are ubiquitously found in almost all tissues 

and organs. Calpain’s proteolytic activities have been shown to be involved in pathogenesis of a 

wide array of diseases such as spinal cord injuries, diabetic neuropathy, calcium-dependent 

disorders (i.e. cerebral ischemia and Alzheimer’s disease), chronic heart failure, and renal 

ischemia (Takahashi et al., 2006). Furthermore, calpain has been shown to mediate the cleavage 

of cytoskeletal proteins during cell death caused by E. histolytica (Lee et al., 2011).  

    In a few instances, it has been shown that bacterial pathogens are able to induce ezrin 

phosphorylation followed by proteolytic cleavage resulting in defective organ function. The 

Helicobacter pylori CagA, for example, has been linked to src-mediated phosphorylation 

(Selbach et al., 2004) inducing a conformational change that renders it susceptible to cleavage by 

proteases like calpains (Zhou et.al, 2005). In the current study, we found that a µ-calpain of 

enteric origin is likely responsible for ezrin cleavage and that G. duodenalis redistributes ezrin/p-

ezrin localization. Given that ezrin is a major element of the microvilli formation and a linker 

between actin filaments and brush border proteins, post-translational changes in ezrin could 

severely influence the microvilli integrity, and this could account for abnormalities seen during 

gut infections. 

     In conclusion, this study indicated that gut infections induced drastic cytoskeletal changes in 

an immune-driven manner, and these changes can lead to organ dysfunction and lack of 

intestinal integrity following gut infection. A comprehensive understanding of the host-parasite 

interaction following gut infections, including identification of the pathogen-induced structural 

changes, actin-interacting proteins, and signaling pathways involved would be a substantial 

advance in our knowledge of the immunopathology seen during gut infections. 
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Chapter V      

Conclusion: What we have learned so far 

     This dissertation examined the role of strain variation in pathogenesis and immunity of human 

giardiasis. In chapter II, we show that albendazole is equally as effective as metronidazole in the 

treatment of human giardiasis. It has been shown before that there are strain variations in the 

levels of susceptibility of a given strain of G. duodenalis to metronidazole as the first-line drug 

for the treatment of giardiasis in humans. For instance, one study found that WB C6 strain of the 

parasite was resistant to both nitazoxanide and to metronidazole; different expression of genes 

between drug-resistant strains and sensitive strains of Giardia were speculated as the source of 

the drug resistance (Müller et al., 2007; Müller et al, 2008). In contrast, no significant variations 

in the susceptibility of different Giardia strains to different drugs were reported (Bénéré et al., 

2011). The high rate of side effects from metronidazole therapy for giardiasis, combined with the 

global emergence of resistant strains, led us to consider the effectiveness of alternative 

treatments such as albendazole for the treatment of human giardiasis. The results of this analysis 

are presented in Chapter II. In our meta-analysis comparing the effectiveness of albendazole and 

metronidazole as treatments for human giardiasis, Giardia-infected patients were not clustered 

based on the strains with which they were infected (Solaymani-Mohammadi et al., 2010). In this 
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Chapter of the dissertation, we hypothesize that at least part of the so-called “failure-to-treat” 

cases might be attributed to the presence of “drug-resistant” strains, a mechanism to which none 

of the studies referred as a potential reason for treatment failure. To overcome this, we 

recommend the use of different combinations of albendazole with other anti-parasitic agents in 

future studies to minimize the risk of the emergence of drug-resistant strains. Furthermore, the 

design of placebo-controlled double-blinded clinical trials in which human subjects are infected 

with known Giardia strain may help us to better understand the most appropriate regimen(s) and 

the most suitable chemotherapy protocols in different parts of the world where drug-resistant 

strains exist. 

     In Chapter III of the dissertation, we examined the impact of the disease triangle elements 

(susceptible host, pathogen and favorable environment) in a mouse model of human giardiasis. 

Specifically in this Chapter, first we examined the role of host factors in mediating mucosal 

damage observed in a mouse model of human giardiasis. We found that hosts lacking adaptive 

immunity, SCID, did not develop signs of disaccharidase deficiency while WT counterparts 

developed mucosal damage characterized by disaccharidase deficiency. Furthermore, our results 

showed that mice lacking CD4 T-cells did not show signs of enzyme deficiency although they 

could not clear the infection by day 18. Likewise, CD8-deficient hosts did not show any signs of 

enzyme deficiency although they managed to clear the infection similar to WT mice. From these 

observations, we conclude that host factors can play key roles in reciprocal interplay between 

host and parasite but likely are not the only factors determining the fate of the disease. 
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     Later in this Chapter, we tested the role of pathogen factors and their impacts on the outcome 

of giardiasis in a mouse model of infection. Mice were infected with either the GS or WB strains 

of the parasites and the parameters of epithelial damage (i.e. disaccharidase activity) were 

measured. Our analysis revealed distinct strain variation in the induction of disaccharidase 

deficiency evidenced by depressed intestinal enzymatic activity at day 5 p.i. While WT mice 

infected with the WB strain, representing assemblage A, did not show any signs of decreased 

enzymatic activity, WT counterparts infected with the GS strain, representing assemblage B, 

displayed considerable disaccharidase deficiency. Likewise, variations were observed in host 

immune responses to each strain of the parasite: WT mice infected with the WB strain showed a 

robust, biphasic response to parasite extract, however, mice infected with the GS strain 

constantly showed lower levels of cytokine production, representing a mono-phasic pattern. 

From these results we conclude that pathogen factors are, in part, involved in determining the 

outcome of giardiasis. 

     In this dissertation, we used both WB and GS strain of G. duodenalis in order to infect mice. 

We were capable of successfully and substantially infecting C57BL/6J mice with both strains of 

G. duodenalis. Infections of WT C57BL/6J with the GS strain were earlier reported (Byrd et al., 

1994). By revising existing infection protocols and adding antibiotics to drinking water of 

animals, we were able, for the first time, to infect WT C57BL/6J mice with the WB strain of the 

parasite. Subsequently, using antibiotics in drinking water of animals allowed us to infect mice 

consistently with each strain and this subsequently enabled us to examine the behavior of each 

strain within the intestines of infected hosts in parallel. Altogether, the need to change host gut 
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microbiota in order to facilitate infections may reflect a pivotal role for environmental factors, as 

another element of the disease triangle. As a result of the current dissertation, efforts are now 

underway in the lab to use additional strains from these assemblages to infect mice.   

 

     In Chapter IV of this dissertation, the association between cytoskeletal changes and 

disaccharidase deficiency were tested. Specifically, we looked at two actin-binding proteins as 

markers of intestinal integrity (villin and ezrin) and the ability of Giardia infection to induce 

post-translational changes in these two proteins. Consistent with our findings in Chapter III, we 

found host factors to be important in mediating cytoskeletal/epithelial changes observed 

following giardiasis. Lack of adaptive immunity prevented mice from displaying cytoskeletal 

changes following gut infection whereas immunocompetent mice showed considerable 

cytoskeletal changes following infection. Our finding also ruled out the notion that epithelial 

changes are caused by the direct effects of the parasite attachment since no changes were 

observed in heavily-infected SCID mice. Of the utmost interest in this Chapter was the 

observation that the ability of a given parasite strain to induce phosphorylation of the actin-

binding protein villin correlated with the ability of that strain to induce disaccharidase 

deficiency. We clearly showed that the ability of a given Giardia strain to induce elevated levels 

of tyrosine-phosphorylated villin at day 5 p.i. correlated with enzyme deficiency. We 

hypothesized in this Chapter that parasite colonization of the gut provokes T-cell responses 

which lead to tyrosine phosphorylation of villin. It has previously been shown that tyrosine-

phosphorylation of villin is one of the initial steps in cell proliferation and cell migration and that 
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it is controlled by IL-2 via Janus kinase 3 (Kumar et al., 2007). Based on our hypothesis, 

phosphorylated villin, in turn, re-organizes the actin cytoskeleton and facilitate IEC proliferation 

and migration in intestinal crypts. Increased IEC movement subsequently could result in an 

increased immature/mature IEC ratio. Immature IECs are not fully functional and accordingly 

express lower levels of disaccharidase enzymes (Fig 5.1). 

Figure 5.1. Proposed model for regulation of disaccharidase expression following gut 

infection (See text for explanation). 

 

 

 

 

     Our findings demonstrated a correlation between the ability of the GS strain of G. duodenalis 

to induce tyrosine-phosphorylation of villin and disaccharidase deficiency at day 5 p.i. In 
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contrast, our findings also showed that the WB strain neither caused tyrosine-phosphorylation of 

villin nor disaccharidase deficiency (Table 5.1). By performing BrdU incorporation studies, we 

further found that that infection with the GS strain significantly increased the rate of IEC 

proliferation at day 5 p.i. The concordance of disaccharidase deficiency, tyrosine-

phosphorylation of villin and increased rate of IEC proliferation at day 5 p.i. in the GS-infected 

WT mice may strengthen our hypothesis that a villin-dependent increase in IEC proliferation 

would be likely, in part, responsible for the enzyme impairment. 

     In the context of gut infections, cytoskeletal remodeling in IECs can adversely impact the 

structural integrity and the absorptive capacity of the intestine and may play critical roles in the 

immunopathology observed during many infectious and non-infectious intestinal conditions. 

Cytoskeletal proteins, however, may be considered as targets for the development of new 

therapeutics against giardiasis in human in future. 
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Table 5.1. Summary of changes in cytoskeletal markers following infections with different 

strains of G. duodenalis and in different hosts. The ability of the pathogen strain to induce 

tyrosine-phosphorylation of villin at day 5 p.i. correlates with disaccharidase deficiency. 
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