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ABSTRACT 

Elucidation of amoebic factors evoking for host cell responses and intracellular 

signaling pathway induced by Entamoeba histolytica 

 

Young Ah Lee 

 

Department of Medical Science 

The Graduate school, Yonsei University 

 

(Directed by Professor Myeong Heon Shin) 

 

Entamoeba histolytica is an enteric tissue-invasion protozoan parasite that causes amoebic 

colitis and occasionally liver abscess in humans. Amoebic major virulence factors include 

Gal/GalNAc lectin, amoebapore, amoebic cysteine proteases (CP). When amoebic trophozoites 

adhere to the intestinal epithelium and mucin, tissue pathogenesis induced by amoebae can be 

initiated. During tissue invasion, E. histolytica also interacts with extracellular matrix (ECM) 

proteins such as fibronectin, collagen, and laminin. Therefore, adhesion to host tissue 

components is important for successful expression of amoebic virulence. However, the 

mechanism of amoebic adhesion to tissue components is not fully understood and information 

regarding the host’s and parasite’s factors involved in adhesion leading to parasitic pathogenesis 

is limited. 

 

In chpter I, Entamoeba adhesion using various Entamoeba strains with mutations in major 

amoeba virulence factors was investigated. Amoebic adhesion to ECM protein occurred rapidly 
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and increased in a dose-dependent manner. The adherent capacity of the amoebic Gal/GalNAc 

lectin-silenced strain L5 and the non-pathogenic Rahman strain was dramatically reduced 

compared to the pathogenic wild-type E. histolytica. Interestingly, the Rahamn strain exhibited 

decreased CP activity compared to the wild-type amoeba. Next, to address whether CP is 

responsible for amoebic adhesion to ECM protein, Entamoeba were pretreated with a CP 

inhibitor, CP modifier, or specific CP antibodies. Pretreated Entamoeba with these molecules 

resulted in a marked decrease in Entamoeba adhesion to ECM protein. In addition, inhibitor of 

cysteine protease (ICP1-/-) strain with the hyper-CP secretion showed a significant increase in 

amoebic adherence to host components compared to control strain. These results strongly 

suggest that both amoebic CP activity and Gal/GalNAc lectin are important factors affecting 

Entamoeba adhesion to host tissues, causing tissue inflammation induced by E. histolytica.  

 

In chapter II, mast cell responses induced by E. histolytica-derived secretory products (EhSP) 

and host cell death induced by various Entamoeba strains was investigated to elucidate amoebic 

factors that evoke the host cell response. Tissue-residing mast cells are reported to be a major 

player in the mucosal inflammatory response to infections with various pathogens. However, 

the amoebic factor(s) responsible for mast cell activation and host cell death are not fully 

understood. Mast cell degranulation via the non-exocytotic mode and a significant increase in 

IL-8 production were observed in EhSP-stimulated HMC-1 cells. Entamoeba secreted, heat-

resistant (56 ºC for 30 min) protein components were responsible for EhSP-induced IL-8 

production that occurred via a PAR2-independent mechanism. Because IL-8 production in 

immune cells is related to intracellular reactive oxygen species (ROS), EhSP-stimulated ROS 

production in HMC-1 cells was examined using various pharmacological inhibitors. The results 

showed that ROS generated by NADPH oxidase and COX-1 was enhanced in EhSP-stimulated 
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HMC-1 cells. Investigation of amoebic factors responsible for IL-8 production was performed 

using EhSPs derived from various Entamoeba mutant strains. As a result, HMC-1 cells 

stimulated with EhSP from non-pathogenic Rahman and cysteine protease-deficient ICP1+/+ 

strains showed a reduction in IL-8 production as compared to the pathogenic strain. Similarity, 

LDH release in HepG2 cells triggered by the ICP1+/+ strain was significantly reduced compared 

to pathogenic Entamoeba and control transfectants. Especially, the non-pathogenic Rahman 

strain abolished DNA fragmentation as well as LDH release in HepG2 cells compared to the 

pathogenic E. histolytica strain. Taken together, these results indicate that CPs participate in 

host IL-8 production and cell death induced by E. histolytica.  

 

In chapter III, amoebic factors responsible for E. histolytica-induced intracellular signaling 

molecules activation in host cells were investigated using various Entamoeba strains. Although 

there are many reports about amoebic virulence factors, the amoebic factor(s) associated with 

host cell responses and the intracellular signaling molecules responsible for amoeba-induced 

host cell death are not fully understood. In order to identify the amoebic factors evoking host 

cell responses and the intracellular signal pathways induced by E. histolytica, the activation of 

various intracellular signal molecules induced by amoebae in HepG2 cells using various 

Entamoeba strains modified with respect to major amoebic virulence factors was investigated. 

At first, wild-type E. histolytica strongly induced the cleavage of caspases, calpain and ROS 

generation in HepG2 cells. Cleavage of caspase-3, but not of calpain, was inhibited in the non-

pathogenic Rahman strain. Co-incubation with E. histolytica induced a decrease in tyrosine 

phosphorylation and in O-GlcNAc levels within 2 min in HepG2 cells. DeGlcNAcylation in 

HepG2 cells induced by Entamoeba occurred in a contact-dependent manner. In addition, when 

Entamoeba-induced deGlcNAcylation in HepG2 cells was inhibited by pretreatment with 
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PUGNAc, Entamoeba-induced host cell death was also inhibited, suggesting an import role of 

GlcNAcylation in host cells. Moreover, both the Rahman and ICP1+/+ strains remarkably 

inhibited Entamoeba-induced dephosphorylation and deGlcNAcylation compared to the wild-

type Entamoeba and the control transformant, respectively, demonstrating the critical role of CP 

in intracellular signal molecule activation in HepG2 cell death induced by E. histolytica. Finally, 

the specific proteases involved in the degradation of cytoskeletal proteins during Jurkat T cell 

death induced by E. histolytica were investigated. Amoebic trophozoites induced marked 

degradation of paxillin, Cas, vimentin, vinculin, and talin, as well as α- or β-spectrin, in Jurkat T 

cells. The cleavage effects of E. histolytica were strongly retarded by pretreatment with a 

calpain inhibitor, but not with a pan-caspase inhibitor. In addition, calpain knockdown with 

siRNA in Jurkat T cells effectively inhibited E. histolytica-induced PARP, paxillin, -spectrin, 

-spectrin and talin degradation in Jurkat T cells, as compared to scrambled siRNA, suggesting 

that calpain plays a crucial role in the cleavage of cytoskeletal-associated proteins during cell 

death induced by E. histolytica. These results suggest that amoebic adhesion to target cells 

induces hepatocyte cell death via the activation of cell death-associated molecules and the 

disturbance of cellular function-regulating intracellular signal molecules. Furthermore, amoebic 

CP as well as Gal/GalNAc lectin is closely associated with host cell death processes induced by 

E. histolytica.  

 

Taken all together, these results suggest that amoebic CP as well as Gal/GalNAc lecin are 

closely associated with amoebic adhesion to host cell, induction of host cell responses and 

various intracellular signal molecules activation of host cell. These studies will be useful in 

understanding the relationship between amoebic factors and host signaling mechanisms 

underlying host cell death in amoeba-invaded lesions during human amoebiasis.  
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I. INTRODUCTION  

 

Entamoeba histolytica, an enteric protozoan tissue-invasive parasite, causes amoebic colitis 

and occasionally liver abscess in humans. In developing countries, E. histolytica causes disease 

in 50 million people and kills 40,000-100,000 individuals annually. This parasite has a simple 

life cycle, which includes an infectious cystic form ingested via contaminated water or food. 

This cystic form transforms into an invasive amoeboid trophozoite. Invasive E. histolytica 

trophozoites secrete large amounts of cysteine proteases, which aid in degradation of the mucus 

layer covering the colonic epithelium. The trophozoites subsequently bind to the colon epithelial 

cells and induce amoebic colitis leading to cell death through apoptosis or necrosis. The 

trophozoites can spread through the portal circulation to the liver, where they cause amoebic 

liver abscess.1 The adhesive capacity of E. histolytica to the host cell is closely associated with 

parasitic pathogenesis. 

Some amoebic virulence factors have been identified. Amoebic contact to the host cell is 

mediated by amoebic galactose/N-acetylgalactosamine-inhibitable lectin (Gal/GalNAc lectin).2 

The adhesion then leads to death of the host cell. The amoebic cysteine proteases (CPs) have 

been implicated in a cytopathic effect characterized by the release of cultured cells from 

monolayers.3 Finally, amoebapore, a pore-forming protein, is a potential effector molecule of 

cytotoxicity induced by E. histolytica.4 In addition, the proteophosphoglycans (PPG) that coat 

the surface of E. histolytica have recently been identified as a new virulence factor.5 However, 

little is known about the host and parasite factors involved in the series of events leading to 

pathogenesis. 

Among the amoebic virulence factors, Gal/GalNAc lectin primarily mediates adhesion of 

trophozoites to colonic mucins, host cells, and bacteria.6 This lectin is associated with target cell 
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adhesion, and usually resides in the plasma membrane and cytosol. Gal/GalNAc lectin is a 

heterodimer composed of a heavy chain (170 kDa, Hgl) and an extracellular light chain (31-35 

kDa, Lgl) linked by disulfide bonds.2 The CRD region of the Hgl subunit is reportedly needed 

for carbohydrate binding, whereas the Lgl subunit of Gal/GalNAc lectin is important for lectin 

clustering. Control of lectin activity may provide trophozoites a means to detach from mucin 

and epithelial cells as they invade the host.  

Additionally, the amoebic CPs have been implicated in the in vitro cytopathology of cell 

monolayers,7,8 which correlates with the observed separation of colonic epithelial cells before 

invasion.9 Other correlates with invasion include the ability of CPs to degrade extracellular 

matrix components10 and colonic mucin.11 Furthermore, CPs enable E. histolytica to evade the 

host’s immune defenses by activating and locally depleting complement.12 CPs also degrade 

anaphylotoxins C3a and C5a,13 human immunoglobulin G (IgG),14 human IgA,15 and 

interleukin-18 (IL-18).16 Moreover, E. histolytica posseses over 50 CPs, including CP1, CP2, 

and CP5, which are responsible for about 90% of the total CP activity in this parasite.17 

Entamoeba has two endogenous inhibitors of cysteine protease, ICP1 and ICP2. Both E. 

histolytica ICPs are involved in trafficking and/or interference with major CP activity.18,19 Thus, 

ICPs are responsible for negative regulation of CP secretion in this parasite.  

Host invasion by E. histolytica is mediated by interactions with extracellular matrix (ECM) 

components and endothelial cells of invaded tissues.20 In cells of higher eukaryotes, adhesion is 

controlled by the interaction between specific cell surface receptors. Most of these surface 

receptors belong to the large superfamily of integrins, and adhesive ligands present in the 

extracellular compartment, such as fibronectin, laminin, and collagen. Integrins are composed of 

 and  cell surface glycoprotein subunits and participate in numerous complex biological 

processes including cell migration, tissue organization, cell growth, blood clotting, 
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inflammation, and cell differentiation.21 

It is likely that the amoebic attachment to and migration across the epithelium, the ECM, and 

the endothelium prior to portal entry requires several adhesion molecules during the acute 

inflammatory response induced by E. histolytica. E. histolytica trophozoites possess a cell 

surface adhesion lectin that recognizes galactose and N-acetyl-D-galactosamine on the host cell 

surface. This cell surface adhesion lectin attaches to the host mucin glycoproteins.6 This lectin 

can be inhibited by galactose/N-acetyl-D-galactosamine (Gal/GalNAc). Since Gal/GalNAc 

lectin mainly contributes to amoebaic adhesion, most studies regarding amoebic killing of 

mammalian host cells have focused upon Gal/GalNAc-specific amoebic lectin and surface 

carbohydrates on target cells. For example, it has been reported that Chinese hamster ovary cells 

deficient in membrane-bound galactose are resistant to amoebic killing,22 and E. histolytica 

trophozoites with disrupted Gal/GalNAc lectin only slowly induce host cell apoptosis.23 

Additionally, apoptosis of Jurkat T cells induced by E. histolytica is strongly inhibited by the 

addition of D-galactose.24 

In addition to Gal/GalNAc lectin, the specific adhesion of E. histolytica trophozoites to 

fibronectin substrate followed by its degradation has been previously reported.25 In this regard, 

it has been shown that a 140-kDa 1 integrin-like molecule is expressed on the amoebic surface 

and binds fibronectin, a putative ECM ligand during migration.26,27 Furthermore, the amoebic 

surface membrane molecule shares epitopes with the β1 integrin proteins of higher eukaryotic 

origin27,28 and the monoclonal antibody against the β1 integrin-like molecule (140 kDa) 

inhibited cell adhesion to ECM components such as FN, and collagen, while it partially 

inhibited cell adhesion to laminin.29 In addition to the 1 integrin-like molecule, E. histolytica 

expresses a distinct β2 integrin-like surface molecule with an epitope homologous to that of 

neutrophil β2 integrin.30 Amoebic adherence to cells expressing ICAM-1 either constitutively or 
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due to activation by the pro-inflammatory cytokine, TNF- 　, was specially inhibited by anti-

2 integrin, anti-ICAM-1 antibodies, and Mg2+ depletion.30 E. histolytica may usurp 

inflammatory pathways during invasive disease by expressing adhesion molecules that are able 

to recognize up-regulated counter-receptors on host cells. However, the possibilities for 

involvement of another amoebic factor in amoebic adherence to the host components have not 

been investigated.  

In this study, the relationship between amoebic factors and Entamoeba adherence was 

investigated. Specifically, amoebic adhesion to host ECM components and mucin was evaluated 

using various mutant Entamoeba strains, including wild-type pathogenic E. histolytica HM-

1:IMSS, non-pathogenic and PPG-deficient Entamoeba Rahman, amoebapore-deficient strain 

G3, and amoebic Gal/GalNAc mutant strain L5. Additionally, the role of cysteine protease 

secreted by Entamoeba was examined in the ICP1 over-expressing strain (ICP1+/+) and ICP1 

gene-silenced strain (ICP1-/-), which were newly created for this study.  
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II. MATERIALS AND METHODS 

 

1. Reagents and antibodies  

ECM components including laminin, fibronectin, collagen I, mucin, cysteine protease 

inhibitor E64c and leupeptin, serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF), 

CP chemical modifiers diamide, N-Ethylmaleimide (NEM) and 5,5’-dithio-bis(2-nitrobenzoic 

acid) (DTNB), and crystal violet were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Lipofectamin was purchased from Invitrogen (Carlsbad, CA, USA). Antibodies against ICP1, 

Nif S, CP1, CP2 and CP5 were gifts from Dr. Tomoyoshi Nozaki who is working in National 

Institute of Infectious Disease in Tokyo, Japan.  

 

2. Culture conditions for various E. histolytica strains  

Trophozoites of E. histolytica strain HM-1:IMSS, the plasmidless amoebapore gene-silenced 

clone G3 (a gift from Tomoyoshi Nozaki, Japan), lgl-4,-5 gene-silenced clone L5 and non-

pathogenic E. histolytica Rahman strain (gifts from Dr. David Mirelman, Israel) were grown at 

37°C in TYI-S-33 medium as described previously.31 All amoebae used in this experiment were 

cultured for 48 h and harvested by chilling them on ice for 10 min followed by centrifugation at 

200 × g at 4°C for 5 min.  

 

3. Construction of E. histolytica cell lines over-expressing a GFP-tagged ICP1 (ICP1+/+) or 

gene-silenced ICP1 (ICP1-/-) 

To create the ICP1 over-expressing E. histolytica cell line (ICP1+/+), a full length of the E. 

histolytica (ICP) ICP1 genes were amplified by PCR from cDNA using sense and antisense 
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oligonucleotides containing appropriate restriction sites at the 5'-end: icp1 5’-

aatcccgggATGTCATTAACTGAAGATAATAACAACACAAC-3’ with restriction site for Sma 

I; and 5’-gggctcgagTTACTGGACATTAACTTTTAAAGTAAAAG-3’ for a Xho I restriction 

site (ICP1) (restriction sites are underlined). The PCR-amplified DNA fragments were digested 

with Sma I and Xho I, and ligated into Sma I and Xho I sites of the gene-overexpressing vector, 

pKT-MG, which allows expression of a gene of interest as N-terminal fusion with GFP. The 

plasmids were introduced into E. histolytica HM-1:IMSS trophozoites by liposome-mediated 

transfection as previously described,32 and stable transformants were cultured in medium 

containing 8 μg/mL G418 (for ICP1+/+ and pKT-MG as a control). To establish the ICP-/- E. 

histolytica strain, the ICPs genes of E. histolytica were amplified by PCR from cDNA using 

sense and antisense oligonucleotides containing appropriate restriction sites at the 5'-end: 5'-

agctaggcctATGTCATTAACTGAAGATAATAACAAC-3' with a restriction site for Stu I; and 

5'-gcatgagctcCTGGACATTAACTTTTAAAGTAAAAG-3' for a Sac I restriction site (ICP1) 

(restriction sites are underlined). PCR products were ligated into Stu I and Sac I sites of the 

gene-silencing vector, pSAP2 gunma, to produce ICP1-/- (pSAP2g-ICP1. The plasmids were 

introduced into G3 trophozoites by liposome-mediated transfection as previously described, 32 

and stable transformants were cultured in medium containing 8 μg/mL G418.   

 

4. Confirmation of gene overexpression or gene silence in stable E. histolytica ICP1 

transformants  

The ICP1 expression levels were tested using reverse transcriptase PCR (RT-PCR) and 

western blot analysis. Total RNA was extracted for the RT-PCR analysis from transformed 

trophozoites with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer's instructions, and treated with deoxyribonuclease I (Invitogen) to exclude 
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genomic DNA. Total RNA was reverse transcribed with the SuperScript III First-Strand 

Synthesis System and oligo (dT) 20 primer (Invitrogen). For each sample, 1 μg of RNA was 

used. PCR was performed with the resulting cDNA as a template using specific EhICPs 

oligonucleotide primers. The RNA polymerase II gene of E. histolytica was amplified by PCR 

using primers (sense 5'-aacctgccaaatatgatgac-3' and antisense 5'-gtgagggtctctctcttcct-3'), 

yielding a 312-bp product. All PCR products were separated by electrophoresis on a 2% agarose 

gel and were visualized using ethidium bromide. For western blot analysis, the trophozoites 

were harvested 24-48 h after culture initiation and washed twice with PBS. Then, all amoebae 

were lysed and a BCA assay was used to determine protein concentrations. The 20 µg/mL 

samples of total protein were subjected to 12% or 15% SDS polyacrylamide gel electrophoresis 

and subsequently electrotransferred onto Immobilon-P polyvinylidene fluoride membranes 

(PVDF) (Millipore Corporation, Billerica, MA, USA). The membranes were blocked with 5% 

nonfat dry milk in Tris-buffered saline with Tween 20 (TBST) at room temperature for 1 h or 

overnight, and then incubated with anti-GFP (Santa Cruz Biotechnology), anti-ICP1, and anti-

Nif S. The membranes were subsequently soaked with HRP-conjugated anti-rabbit or mouse 

IgG at room temperature for 1 h. Immunoreactivity was detected using LumiGLO (Cell 

Signaling Technology). ICP1 overexpression in E. histolytica transformant ICP1+/+ was also 

confirmed using fluorescent microscopy. Trophozoites were washed with PBS and analyzed by 

inverted fluorescence microscopy (Model Axiovert 200; Zeiss, Oberkochen, Germany).  

 

5. Cysteine protease activity assay  

Approximately 4 × 105 trophozoites were incubated in 100 mL of Opti-MEM medium 

(Invitrogen) supplemented with 137 mM cysteine and 19 mM ascorbic acid, on a 96-well micro 

plate at 37°C for 1 h. After incubation, the culture supernatant was recovered and trophozoites 
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were removed from the micro plate by incubation on ice. CP activity was measured according to 

the cleavage of the synthetic peptide substrate, z-Arg-Arg-pNA∙2 HCl, which was monitored 

spectrophotometrically as described previously.33, 34 CP activity was recorded in mmol of z-Arg-

Arg-pNA∙2 HCl produced per milligram of lysate protein. 

 

6. E. histolytica adhesion assay  

In order to assess E. histolytica cell adhesion to ECM components or mucin, 96-well flat-

bottom plates were coated with laminin (5 g/ml), collagen I (5 g/ml), fibronectin(5 g/ml), 

mucin (25 g/ml), or BSA (5 or 25 g/ml) at 37° C for 2 h. Nonspecific binding sites were 

blocked by subsequent incubation with 1% BSA in Hank’s balanced solution (HBSS) for 1 h. 

Entamoeba (2 × 104/well) were then seeded into the coated 96-well flat-bottom plates and 

incubated for 1 or 5 min at 37° C. After incubation, unbound amoebae were washed off with 

PBS and fixed with formalin. Amoebae that adhered to the well plate were stained with crystal 

violet. Dye bound to adhered amoebae was solubilized with 1% SDS, and absorbance was 

measured at 570 nm using VERSAmax microplate reader (Molecular Devices Inc., CA, USA).  

 

7. Pretreatment of E. histolytica with various chemical inhibitors or antibodies  

The role of cysteine protease in amoebic adhesion was evaluated by pretreating E. histolytica 

with various pharmacological inhibitors including the serine protease inhibitor, PMSF, CP 

inhibitors (leupeptin and E64c), and CP chemical modifiers (diamide, DNTB, NEM) for 30 min 

at 37°C. No cytotoxicity of various chemicals was observed at the concentrations used. In order 

to determine which amoebic CP is closely related to amoebic adhesion, E. histolytica was pre-

incubated with 10 g/mL CP antibodies against specific CP (CP1, CP2 or CP5) or isotype 
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control IgG for 30 min at room temperature. After pretreatment, the amoeba adhesion assay was 

performed.  

8. Statistical analysis 

Results are expressed as mean ± SEM from at least three independent experiments. Statistical 

analyses were conducted using Student's t-test; p < 0.05 or p < 0.01 was considered statistically 

significant. 
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III. RESULTS  

 

1. Confirmation of amoebapore-silenced E. histolytica strain G3 and Gal/GalNAc lectin-

silenced Entamoeba strain L5 

Before utilizing Entamoeba G3 and L5 strains for experiments, the level of silenced gene 

expression was investigated using RT-PCR. The E. histolytica substrain G3 had already shown 

that the amoebapore genes ap-a, ap-b, and the saposin-like protein (Saplip1) were silenced.35, 36 

The L5 strain silenced the lgl4, lgl5 of the Gal/GalNAc light chain.37,38 As shown in Fig. I-1A, 

the RT-PCR results demonstrated that ap-a and ap-b were remarkably silenced in G3 

trophozoites compared to in the wild-type Entamoeba HM-1:IMSS trophozoites. Similarity, the 

L5 trophozoites had a generally lower expression of the Gal/GalNAc light subunits, such as lgl2, 

lgl3 and lgl4, compared to pathogenic Entamoeba HM-1:IMSS (Fig. I-1B).  
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Figure I-1. Confirmation of gene-silenced E. histolytica strain G3 and L5 by RT-RCR.
(A) Gene expression of amoebapore A (ap-a) and amoebapore B (ap-b); product size: ap-a
(204bp), ap-b (154 bp), actin (730 bp). (B) Expression of Gal/GalNAc lectin light subunits 
(lgl); product size: lgl1(157 bp), lgl2 (716 bp), lgl3 (730 bp), lgl4 (516 bp), lgl5 (560 bp). Actin 
expression was used as a loading control. M, 100 bp ladder; NC, negative control 

 

2. Construction and confirmation of an Entamoeba cell line with over-expressing (ICP+/+) or 

silenced (ICP-/-) E. histolytica   

Plasmid constructs were prepared to induce the overexpression or silencing of the ICP genes 

(Fig.I-2A and I-2D). These plasmid constructs were subsequently transfected into HM-1:IMSS 



 18

trophozoites or G3 trophozoites to create ICP1+/+ and ICP1-/- trophozoites, respectively. After 

transfection, all transfected trophozoites were selected for by G418. Fluorescent microscopy and 

immunoblot analysis were used to confirm the over-expression of ICP1 in the ICP1+/+ 

trophozoites. The ICP1+/+ trophozoites successfully emitted a green fluorescent signal under 

fluorescent microscopy (Fig I-2B). The GFP-fused ICP1 protein as a 40-kDa band and the 

endogenous ICP1 protein as a 13-kDa band were also observed in the ICP1+/+ trophozoite 

lysates (Fig. I-2C). In the ICP1-/- trophozoites, the ICP1 expression was also examined by RT-

PCR and immunoblot analysis. The expression of the ICP1 transcript was undetectable by RT-

PCR (Fig. I-2E). Likewise, signal from the ICP1-specific antibody was not observed on the 

immunoblots (Fig. I-2F), indicating complete ICP1 silencing as a result of the epigenetic method 

used to create the E. histolytica G3 parasites.   

 

3. Comparison of total CP activity in various mutant Entamoeba strains  

The total CP activities in various Entamoeba strains were investigated. The results of the CP 

assay indicated a reduction in the total intracellular CP activity and levels of secreted CP in the 

Rahman strain compared to the HM-1:IMSS pathogenic strain (Fig. I-3A). Although 

intracellular CP activity was the same in the ICP1+/+ strain compared to the control transformant, 

the secretion of CP by this strain was dramatically suppressed (Fig. I-3B). These findings 

demonstrate again the successful transfection and excellent output of ICP1. In contrast, the 

activity of CP secreted by the ICP1-/- strain significantly increased to almost twice that of its 

control transformant, although intracellular CP activity was the same between the two strains 

(Fig. I-3C), indicating complete ICP1 gene silencing.  
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Figure I-2. Construction of ICP1 overexpressing (ICP1+/+) and ICP1 gene-silenced (ICP1-/-) E. histolytica
strains. (A) Vector map for the ICP1+/+ strain. (B) GFP flurorescence in ICP1+/+ strain observed under 
fluorescent microscopy (magnificationⅹ200). All samples were grown in 4 µg/mL G418. (C) Confirmation of 
ICP1 expression in the ICP1+/+ strain by Western blot analysis. The trophozoite lysates were incubated with 
anti-ICP1 and anti-GFP; predicted size: ICP1; 13 kDa (endogenous), 40 kDa (GFP- fused ICP1). The figure is 
representative of three experiments showing similar results. (D) Vector map for the ICP1-/- strain. (E) mRNA 
expression level of icp1 in the ICP1-/- strain. The extracted RNA was reversed transcribed and subjected to RT-
PCR. PCR was performed using primers for E. histolytica icp1 and RNA polymerase II. The RNA polymerase II
product served as a loading control. (F) Protein expression level of ICP1 in the ICP1-/- strain. The trophozoite
lysates were incubated with anti-ICP1 and anti-Nif S (a cytosolic scaffold protein necessary for the biosynthesis 
of iron-sulfur clusters). The figure is representative of three experiments showing similar results.  
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4. Adherence of E. histolytica to extracellular matrix (ECM) proteins or mucin 

The adhesion ability of E. histolytica is closely related to its virulence.2 First, the adherence 

of E. histolytica to various ECM proteins or BSA-coated surfaces was examined. As shown in 

Fig. I-4A, the number of amoebae attached to the ECM protein-coated plates increased in a 
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dose-dependent manner. The number of amoebae bound to immobilized ECM proteins reached 

saturation at 10 µg/mL, whereas amoebic binding to the BSA-coated surface did not occur. Next, 

amoebic adhesion to mucin, a non-ECM protein, was tested. Although amoebic adhesion to 

mucin increased in a dose-dependent manner, amoebic adhesiveness to mucin was generally 

weaker than to ECM proteins. Amoebic adherence to mucin was saturated at 25 g/mL (Fig. I-

4B). Finally, time-course observations were made for amoebic binding to a plate coated with 

laminin (5 µg/mL). As shown in Fig. I-4C, amoebic adhesion to laminin occurred rapidly. In as 

few as 5 min, most amoebae were attached to the immobilized laminin. In contrast, there was no 

increase in amoebic binding to the un-coated or the BSA-coated surface. The concentration of 

coated proteins was fixed at 5 g/mL (ECM proteins) and 25 g/mL (mucin), respectively.  

 

5. Effect of Gal/GalNAc lectin on amoebic adherence 

Adherence via Gal/GalNAc lectin is well known to be required for the host cell contact-

dependent cytotoxicity caused by this organism.2 Amoebic adherence to target cells via 

Gal/GalNAc lectin to galactose and N-acetyl-d-galactosamine residues is a prerequisite for 

epithelial cell cytolysis.39 The effect of Gal/GalNAc lectin on amoebic adhesiveness to host cells 

in the presence of various carbohydrates was examined. As shown in Fig. I-6, the adhesive 

capacity of Entamoeba to laminin was unchanged in the presence of mannose or glucose 

compared to that in the absence of carbohydrates. However, the addition of galactose, which is a 

competitor of amoebic Gal/GalNAc lectin, resulted in a marked inhibition of amoebic adherence 

to laminin (57.1 ± 2.0% vs. inhibition). In addition, the amoeba treated with lactose also 

showed diminished amoebic adherence (67.0 ± 0.1%). 
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Figure I-4. Adherence of E. histolytica to ECM components and mucin. (A) Adherence of E. histolytica to 
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Figure I-5. The effect of various carbohydrates on amoebic adhesion to laminin. Amoebae were 
incubated for 5 min after being exposed to laminin (5 µg/mL). Data are presented as means ± SEM 
from three independent experiments. # p <0.001, indicating significant differences compared to controls.

Figure I-6. Comparison of adhesion capacity in various amoebic strains. Amoebic adhesion to ECM 
(5 µg/mL), mucin (25 µg/mL) or BSA (25 µg/mL) was monitored for 5 min after exposure to ECM components 
and mucin. Amoebic adherence is expressed at OD570. Data are presented as means ± SEM from three 
independent experiments. **p < 0.01 and # p <0.001, indicating significant differences compared to wild-type.
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6. Comparison of amoebic adherence to ECM proteins or mucin between the wild-type, Rahman, 

G3, and L5 strains  

The adhesiveness of various E. histolytica strains was tested to determine whether certain 

amoebic factors are primarily associated with amoebic adherence. All amoebae were incubated 

in ECM proteins or mucin-coated plates for 5 min. As shown in Fig. I-5, the lgl4 and lgl5-

silenced L5 strain had a ~42% reduction in adherence to ECM protein-coated plates compared 

to HM-1:IMSS, demonstrating the importance of Gal/GalNAc lectin to amoebic adherence. The 

non-pathogenic Rahman strain also showed a decrease (~52.3% inhibition) in amoebic 

adherence to various ECM components. Similarly, amoebic adherence to mucin, which is 

known to be mediated by Gal/GalNAc,40 was inhibited in Entamoeba L5 (45% reduction) and 

the Rahman strains. However, the amoebapore-silenced G3 strain did not show any decrease in 

adherence to ECM protein components or mucin compared to the pathogenic wild-type amoeba. 

 

7. Effect of various pharmacological cysteine protease inhibitors on amoebic adherence  

It is possible that other amoebic factors other than Gal/GalNAc lectin may be associated with 

amoebic adherence because Rhanman strain with lower CP activity showed reduced ability of 

adhesion to host components (Fig. I-3). Accordingly, CP was postulated to be a potent candidate 

molecule related to amoebic adhesion. To assess this possibility, E. histolytica wild type strain 

was treated with the same concentration (100 M) of various CP inhibitors for 30 min before 

being seeded onto the ECM-coated plate. As shown in Fig. I-7A, the significant decreases in 

amoebic adherence to ECM were observed in the Entamoeba pretreated with E64c and 

leupeptin cysteine protease inhibitors. However, such a decrease was not seen in cells treated 

with serine protease inhibitor (PMSF).  
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In many cases, chemical modification of the cysteine residues of an enzyme results in a 

change of its enzymatic activity.41,42 Hence, the effects of various cysteine chemical modifiers 

(diamide, DTNB, NEM) on amoebic adherence were examined. In general, the three-

dimensional conformation of the protein is very crucial to its function. The NEM alkylate the 

thiol group of a protein and the thiol-oxidizing reagents, diamide and DTNB, are known to 

induce disulfide formation between two adjacent inter- or intra-molecular cysteine residues. As 

shown in Fig. 7B, the diamide-treated Entamoeba markedly inhibited amoebic adherence to 

laminin and collagen. Moreover, NEM-treated E. histolytica abolished the adherence of 

amoebae to ECM proteins. The viability of Entamoeba pretreatment with various inhibitors was 

> 99%, excluding the possibility that the toxicity of the inhibitors against amoeba might 

influence on the ability of amoebic adhesion.  



 26

0

20

40

60

80

100

120

Laminin Collagen 

R
el

at
iv

e 
to

 c
o

n
tr

o
l (

%
 o

f 
co

n
tr

o
l)A

B

0

20

40

60

80

100

120

Laminin Collagen 

R
el

at
iv

e 
to

 c
o

n
tr

o
l (

%
 o

f 
co

n
tr

o
l)

Ethanol (control)
PMSF
leupeptin
E64c

0.05% Ethanol 
DTNB
Diamide

NEM

Leupeptin

E64c

Figure I-7. The effects of CP inhibitors and chemical CP modifiers on amoebic adhesion.
Amoebae were incubated for 5 min after exposure to laminin or collagen. Data are presented 
as means ± SEM from three independent experiments, each of which were performed in 
duplicate. *p < 0.05 and # p <0.001, indicating significant differences compared to controls.

#
# #

#

#

#

#
#

#

#
#

#

*

#



 27

8. Amoebic adherence of ICP1+/+ and ICP1-/- strains 

  The adherence of ICP1+/+ and ICP-/- Entamoeba strains was evaluated and compared in order 

to determine whether CPs indeed participate in amoebic adherence. As shown in Fig. I-8, 

ICP1+/+ trophozoites exhibited decreased amoebic adherence to ECM protein compared to the 

pathogenic wild type Entamoeba. In contrast, ICP1-/- trophozoites demonstrated increased 

adhesion to laminin compared to its control transformant. The adherence of ICP1-/- amoebae to 

ECM protein components was increase 2-fold compared to that of the ICP1+/+ strain, suggesting 

that amoebic CPs are crucial factor in amoebic adhesion to host components.  

 

9. Effects of antibodies against amoebic CP1, CP2 or CP5 on E. histolytica adherence  

Antibodies against major amoebic CPs were used to block CP activity in order to determine 

which CP plays a more important role in amoebic adhesion to ECM and non-ECM proteins. As 

shown in Fig. I-9, compared to control Ab, Ab to the CP5 significantly inhibited amoebic 

adhesion to laminin and collagen, and partially inhibited amoebic adhesion to fibronectin and 

mucin. Compared to amoeba treated with control Ab, treatment with Ab to CP5 resulted in 42%, 

41%, 23% and 29% inhibition of cell adhesion to laminin, collagen, fibronectin and mucin, 

respectively. Cell adhesion percentages in the presence of the antibodies were calculated based 

on a comparison with adhesion in the control wells, which was considered to be 100%. 
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Figure I-8. The amoebic adhesion of ICP1-/- to laminin. Amoebae were incubated for 5 min 
after the exposure to laminin (5 µg/ml). Data are presented as means ± SEM from three 
independent experiments.  # p < 0.001, indicating significant differences compared to controls.
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IV. DISCUSSION  

 

The present study has provided evidence that E. histolytica CPs as well as Gal/GalNAc lectin 

are directly involved in amoebic adhesion to host components. This study also showed that the 

CP activity is closely related to amoebic adhesiveness to host ECM protein components or 

mucin. By using the ICP1+/+ and ICP1-/- E. histolytica strains based on differences in CP activity 

compared to the wild-type, it is first report that amoebic CP activity play an important role in 

adhesion process of E. histolytica. Second, the CP assay revealed that CP activity in the non-

pathogenic Rahman strain was decreased compared to the wild-type, and the adhesiveness of the 

Rahman and L5 strains was reduced compared to the pathogenic wild-type strain. In addition, 

the Entamoeba readily adhered to laminin, collagen I, and fibronectin, and to mucin to a much 

lesser extent. Third, the activity of CP as well as Gal/GalNAc lectin in E. histolytica regulated 

amoebic adhesion to the host ECM protein component. Finally, the alteration of CP activity 

with a CP modifier or the manipulation of CP-regulated genes (ICP) revealed that CP activity 

was closely related to amoebic adherence to host cell components. These results suggest the 

specific contribution of CPs in amoebic adherence to the host components.  

E. histolytica trophozoites express numerous cell surface proteins and secreted molecules that 

assist with feeding and retention in the intestine. These molecules also contribute to the 

virulence of the parasite. In E. histolytica, lipid rafts have been shown to play a role in 

endocytosis and adhesion to host cells.43 The Gal/GalNAc lectin, an important adherence 

protein of E. histolytica, is localized to these membrane microdomains.43 Disruption of rafts 

with a cholesterol extracting agent, methyl-beta-cyclodextrin (MβCD), resulted in the inhibition 

of adhesion to collagen, and to a lesser extent, to fibronectin.44 Trophozoites binding to 

fibronectin, collagen, or laminin stimulate the signaling pathways that not only induce actin 
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reorganization and gene expression, but also protein phosphorylation and the release of 

proteases. Thus, Gal/GalNAc lectin functions in adhesion and signaling, placing the GalNAc 

lectin firmly at the nexus of virulence. However, there are other E. histolytica proteins that have 

been implicated in adherence.  

E. histolytica is known to release high levels of CP into the extracellular milieu. Among CPs 

released are CP1, CP2 and CP5, which are responsible for about 90% of the total CP activity in 

this parasite.17 In addition, at least three proteases, CP2, CP5, and CP112 are localized to the 

plasma membrane.45,46,47 E. histolytica secrete both CP5 and pro-mature CP5 (PCP5). Amoebic 

CP5 is one of the major surface-associated and secreted CPs. The surface of E. histolytica 

trophozoites has many thiol groups, which could provide a suitable reducing environment for 

the proteases.9 A direct correlation between CP activity and amoebic invasiveness has been 

confirmed.48 The CP activity of E. histolytica is reportedly dependent on Gal/GalNAc-mediated 

contact with target cells.49 As contact with target cells is achieved, the concentration of secreted 

CP in the region of the target cell contact substantially increases. Debnath et al.50 reported that 

trophozoites interacting with CHO cells exhibited more CP activity compared with non-

interacting trophozoites. The authors also showed that CP1 and CP2 transcripts were up-

regulated during interaction E. histolytica and mucin.  

In the present study, E. histolytica trophozoite adhesiveness was reduced significantly by 

E64c treatment (Fig. I-7A) and by chemical CP modifiers such as NEM and diamide (Fig. I-7B). 

These findings support the hypothesis that E. histolytica CPs play an important role in amoebic 

adhesion. Some hypotheses about the role of CP in adhesion have been suggested. One such 

hypothesis is that amoebic CP might directly bind to the host compartments. According to a 

previous report,51 the 27-kDa CPs of E. histolytica exhibit striking binding specificities for 

immobilized laminin over other components of the extracellular matrix, such as collagen and 
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fibronectin. This amoebic CP binding to laminin was abolished by inactivation of the protease 

with the active-site inhibitor, E64. Many integrins recognize the RGD motif with their ligands, 

which include fibronectin and collagen. Recently, it was found that pro-mature CP5 (PCP5) 

encodes an RGD motif (92–94 amino acids) in the pro-domain region upstream toward the 

carboxyl-terminal end. This RGD motif binds to the integrin of colonic cells and induces IL-8 

production in Caco2 cells.52 This finding further supports the hypothesis that E. histolytica CPs 

interact directly with host components during amoebic adhesion to target cells. Since disulfide-

bridging or thiol-disulfide exchange plays a pivotal role in the interaction between receptor and 

ligand, the fact that CP chemical modifier-treated Entamoeba showed a marked reduction of 

amoebic adhesion is reasonable. However, the non-catalytic form PCP5 cannot be totally 

explained by CP involvement in amoebic adhesion because of the inhibition of amoebic 

adhesion by the active-site inhibitor E64c. Although the RGD motif is also found on CP112 and 

CP18 within the catalytic domain, these enzymes are not highly expressed or secreted by 

amoeba.45  

The second hypothesis is that some CPs with undefinded functions or CP112 might act as an 

adhesion counterpart. CP112 and an adheson (EhADH11) constitute the EhCPADH 112 

complex. ADH112 has three putative transmembrane domains, a putative Bro1 domain, and an 

intracellular domain with potential phosphorylation sites. Monoclonal antibodies targeted to the 

C-terminus adhesion epitope of ADH112 result in greater than a 50% reduced disruption of the 

monolayer in CHO cells and ensuing decreases in cytotoxicity and phagocytosis.47 However, 

more precise examination is needed because of the small amount of CP112 secreted by E. 

histolytica.  

The third hypothesis is that CPs might influence conformational changes or assembly of 

Gal/GalNAc lectin, allowing Gal/GalNAc lectin to interact more easily with host cells. 
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Otherwise, CP may cleave or degrade an unknown substrate covering gal-lectin on the parasite 

surface. This alteration inhibits excess action or assembly of the Gal/GalNAc lectin under 

normal conditions. An increase in lectin conformational changes or assembly is likely in the 

presence of proper stimulation, such as an encounter with ECM protein components or host cell 

cytokines. In fact, the Gal/GalNAc lectin genes, hgl and lgl, were upregulated during 

chemotaxis toward TNF-α.53,54 Debnath et al.50 suggested that the CRD of the hgl subunit might 

be somewhat masked in the presence of Lgl in the 260-kDa lectin complex. Therefore, after 

adequate stimulation, the conformational change in lectin induced by CP, or the cleavage and 

shedding of this unknown surface protein might be required for the Gal/GalNAc lectin to be 

accessible to the host components. Taken together, these findings suggest that the surface-

associated CPs participate in adhesion.  

The surface of E. histolytica trophozoites has many thiol groups, which could provide a 

suitable reducing environment for the proteases.47 Specifically, the surface-bound CP5 is 

thought to convert enzyme activity and mediate the transformation of inactive precursors into 

enzymatically active molecules.55 Conversely, the antisense inhibition of CP5 expression 

simultaneously decreases the activity of other E. histolytica CPs.56 These previous findings are 

fully consistent with the results observed in the present study; Following Entamoeba 

pretreatment with the CP chemical modifier, NEM alkylate, the thiol group of the protein 

induced complete inhibition of amoebic adhesion. In addition, ICP1-/-, which exhibited a marked 

increase in amoebic adhesion to ECM protein components, had elevated total CP activity (Fig. 

I-3). Specifically, an increase in CP2 and CP5 in the supernatant compared to transformant 

control was observed (Saito-Nakano unpublished data). Moreover, the Rahman strain, which 

has low transcriptional levels of the lgl gene,57 showed no difference in Gal/GalNAc lectin 

assembly compared to the wild-type amoeba, suggesting  conformational changes in 
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Gal/GalNAc lectin induced by CP play a more important role in amoebic adherence.  

The last hypothesis is that CP might be involved in the transport and correct targeting of 

Gal/GalNAc lectin into the membrane. However, the CPs could affect Gal/GalNAc lectin 

processing and surface expression. This possibility exists because E. histolytica has more CP 

genes (> 50 genes) than any other parasitic organism and possesses multiple CP families.  

Taken together, the findings reported herein suggest that increased CP secretion or activity is 

directly related to amoebic adhesion to host cellular components, indicating another role of CP 

in amoebic pathogenesis.  
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I. INTRODUCTION  

 

Entamoeba histolytica trophozoites bind colonic mucin, subsequently causing mucin 

degradation and colonic epithelial cell death through apoptosis or necrosis.58,59 E. histolytica-

induced host cell apoptosis is known to occur in a contact-dependent manner through amoebic 

adherence to host cells via a surface-expressed amoebic Gal/GalNAc lectin. This interaction is 

integral to amoebic pathogenesis as mammalian cells lacking N-terminal Gal and GalNAc 

protein modifications are resistant to amoebic killing.60,23 In addition, apoptosis induced by E. 

histolytica is almost completely inhibited by the addition of D (+)-galactose in Jurkat T cells.61 

Colon cell death induced by E. histolytica promotes IL-8-mediated acute tissue inflammation at 

the site of infection.62 IL-8 is a potent chemoattractant and activator of neutrophils, which can 

cause nonspecific tissue damage after activation.63 E. histolytica synthesizes prostaglandin E2 

(PGE2), an IL-8 stimulating molecule, through a novel COX-like enzyme and secretes it into the 

extracellular medium. It is reported that amoebic secretory proteins induce IL-8 production by a 

unique pathway involving EP4 receptors on colonic epithelial cells.63 Recently, pro-mature CP5 

of E. histolytica has been shown to interact with host integrin v3, which subsequently 

induces IL-8 production in colon cells.52 However, the specific mechanism(s) underlying 

amoeba-induced IL-8 production in host cells are not yet fully understood.  

Mast cells contribute to innate and adaptive host defense mechanisms through the release of 

an arsenal of inflammatory mediators upon activation by various stimuli.64,65 Tissue-residing 

mast cells are reported to be a major player in the mucosal inflammatory response to various 

bacterial and parasitic pathogen infections.66 Mast cells lead to degranulation and the release of 

proinflammatory mediators including histamine, interleukin (IL)-6, IL-8, IL-13, prostaglandin 

D2, leukotriene C4 (LTC4), and tumor necrosis factor- (TNF-) in response to various 
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stimuli.67 The essential role of mast cells in the host control of infection has been shown in 

animal models infected with various bacterial and parasitic pathogens. Mast cells have been 

shown to provide immunity and resistance against various helminth infections in rodents.68,69,70 

Local stimulation of mast cells at the site of parasitic infection, along with a systemic increase 

in their products, plays an important role in expulsion of these parasites.71,72 For example, mice 

deficient in mast cell protease-1 (MCP-1) showed delayed expulsion of Trichinella spiralis and 

increased deposition of their larvae in muscles,73 whereas mast cell protease-6 (MCP-6) helps in 

clearance of chronic T. spiralis infection.74 Thus, early innate immune-mediated signals can 

stimulate the initiation of mast cell development. Moreover, mast cells have been shown to 

control Plasmodium berghi infection in the malarial mouse model75 and provide optimal host 

immunity against cutaneous Leishmania major infections.76  

The infiltration of immune cells including neutrophils, macrophages, and mast cells at the 

mucosal surface was observed during E. histolytica intestinal amoebiasis, suggesting that these 

cells might be important in host defense against this parasite.77 Moreover, the increase in 

degranulation and disruption of mast cells was reported in E. histolytica–infected mice,78 

suggesting that mast cells play a crucial role in E. histolytica–induced tissue inflammation at the 

inflamed site. However, the precise cellular signaling mechanism of mast cell activation induced 

by E. histolytica is poorly understood.  

To elucidate amoebic factors responsible for the host cell response induced by E. histolytica, 

mast cell degranulation induced by E. histolytica-derived secretary products (EhSP) was 

investigated. In addition, host cells were treated with live trophozoites or EhSPs from various E. 

histolytica strains to ascertain if certain amoebic factors directly induce IL-8 production and cell 

death. 
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II. MATERIALS AND METHODS 

 

1. Reagents and antibodies 

The AA861 and platelet-activating factor (PAF) were purchased from Sigma-Aldrich (Saint 

Louis, MO, USA). Apocynin, diphenyleneiodonium chloride (DPI), and FR122047 were 

purchased from Calbiochem (La Jolla, CA, USA). PE-conjugated human CD63 and PE-mouse 

IgG1, and the isotype control were purchased from BioLegend (San Diego, CA, USA). 

Fluorescent isothiocyanate (FITC)-labeled annexin V was purchased from BD Pharmingen (San 

Diego, CA, USA). A rabbit polyclonal antibody (Ab) against -actin was purchased from Cell 

Signaling Technology (Beverly, MA, USA).  

 

2. E. histolytica culture conditions and EhSP (E. histolytica-derived secretory products) 

collection 

Trophozoites of E. histolytica strain HM-1:IMSS, the plasmidless amoebapore gene-silenced 

clone G3 (a gift from Tomoyoshi Nozaki, Japan), the avirulent E. histolytica Rahman strain 

(gifts from David Mirelman, Israel) and the ICP1+/+ strain were grown at 37 °C in TYI-S-33 

medium as described previously.31 To collect EhSPs, trophozoites were incubated in Hank’s 

balanced salt solution (GIBCO Laboratories, Grand Island, NY) for 2 h at 37 °C. The viability 

of Entamoeba trophozoites after incubation in Hank’s balanced salt solution was 99% as 

determined by the trypan blue exclusion assay. Protein concentration was measured by the BCA 

method using bovine serum albumin as a standard. 

 

3. Cultivation of human cell lines  

The HMC-1 human mast cell, the Jurkat-E6-1 human leukemia T-cell, and the HepG2 human 
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hepatoma cell lines (American Type Culture Collection) were grown in proper culture media 

containing 10% (v/v) heat-inactivated fetal bovine serum (FBS) at 37 °C in a humidified 5% 

CO2 atmosphere. HMC-1, HepG2 and Jurkat-E6-1 cell viabilities, as judged by trypan blue 

exclusion testing, were at 99%. 

 

4. Pretreatment of host cells with various chemical inhibitors  

Host cells were pretreated with various pharmacological inhibitors including the 5-LO 

inhibitor AA861 (10 or 25 μM), the COX-1 inhibitor FR122047 (10 or 25 μM), and NADPH 

oxidase inhibitor DPI (50 μM) or apocynin (200 μM) for 30 min at 37 °C in a humidified CO2 

incubator (5% CO2 and 95% air atmosphere). After pre-incubation with inhibitors for the 

indicated time, the host cells were washed once with culture medium before treatment with 

EhSPs or E. histolytica. Inhibitor cytotoxicity was not observed at the concentrations used.  

 

5. Assay for extracellular release of granular protein β-hexosaminidase 

Degranulation of HMC-1 cells was monitored by the detection of granular protein β-

hexosaminidase. HMC-1 cells (1 × 105 /well) were incubated with or without various EhSP 

concentrations (0-100 µg/ml) for 2 h at 37 °C. After incubation, -hexosaminidase release was 

measured. A modified estimate of -hexosaminidase release by measuring residual -

hexosaminidase within mast cells after degranulation was used because EhSP was shown to 

react with 4-nitrophenyl-N-acetyl--D-glucosaminide. The percentage of -hexosaminidase 

release was defined as 1 minus the amount of lysate -hexosaminidase divided by the total 

amount of mast cell -hexosaminidase, multiplied by 100. The percentage of spontaneous mast 

cell degranulation was subtracted from all values. Total cellular -hexosaminidase was 

determined with cell lysates in 1% Triton X-100. In brief, duplicate 50 μl cell lysate aliquots 
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were incubated with 50 μl substrate solution (1 mM 4-nitrophenyl-N-acetyl--D-glucosaminide 

in 0.05 M citrate buffer, pH 4.5) in 96-well plates for 1 h at 37 oC. The reaction was stopped by 

the addition of 0.05 M sodium carbonate buffer, pH 10. Produced p-nitrophenol was measured 

at 405 nm using a microtiter plate absorbance reader. The amount of produced p-nitrophenol 

was taken as a measure of -hexosaminidase activity. Data from 3 or 4 replicate experiments 

were averaged and presented as the percent of total -hexosaminidase associated with the cells. 

To measure exocytotic degranulation in mast cells stimulated with EhSP, flow cytometry 

experiments were performed on cultured HMC-1 cells using PE-conjugated CD63. Expression 

of CD63 on HMC-1 cells stimulated with EhSP or PAF (5 μM) was analyzed by flow cytometry 

using a FACScan cytometer (Becton Dickinson, San Jose, CA, USA). In all experiments, 

staining reactions were controlled using isotype-matched antibodies.  

 

6. Quantitative real-time PCR for IL-8 mRNA expression 

Total RNA was obtained from HMC-1 cells incubated with or without EhSP using TRIzol 

reagent (Invitrogen Corporation, Carlsbad, CA, USA) and was reverse-transcribed using a 

ProSTAR first strand RT-PCR kit (Stratagene, La Jolla, CA, USA). Obtained cDNA was 

amplified using a SYBR® Green PCR Master Mix. Primers used were as follows: human IL-8; 

5′-TCT GCA GCT CTG TGT GAA GGT G-3’ and 5’-AAT TTC TGT GTT GGC GCA GTG-

3’, human GAPDH; 5’-GAA GGT GAA GGT CGG AGT C-3’ and 5’-GAA GAT GGT GAT 

GGG ATT TC-3’. IL-8 gene expression was analyzed using the Applied Biosystems 7700 

Sequence Detection System (Applied Biosystems, Foster City, CA), according to 

manufacturer’s instructions.  
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7. IL-8 production in EhSP-stimulated HMC-1 cells by ELISA 

Culture supernatants were collected from HMC-1 cells incubated with or without EhSP for 

the indicated times, and the amount of IL-8 production was measured with a specific human IL-

8 screening kit (Thermo scientific, Waltham, MA) according to manufacturer’s instructions.  

 

8. Measurement of E. histolytica-induced host cell death using flow cytometry  

HMC-1 cell death induced by EhSP was quantified by measuring the percentage of cells 

stained with annexin V and propidium iodide (PI). HMC-1 cells (5 × 105 cells /sample) were 

incubated with EhSP for 12 h at 37 °C in a CO2 incubator. To measure E. histolytica-induced 

cell death, Jurkat-E6-1 T cell death induced by various E. histolytica strains was quantified by 

measuring the percentage of cells stained with annexin V. Jurkat-E6-1 T cells (4 × 105 cells 

/sample) were incubated with live E. histolytica trophozoites at a ratio of 5:1 and 10:1 for the 

indicated times at 37 °C in a CO2 incubator. After incubation, cells were washed twice with 

washing buffer (0.1% sodium azide and 1% FBS in PBS) and stained with FITC-conjugated 

annexin V. Flow-cytometric analysis was performed using a FACScan cytometer on at least 

5,000 cells from each sample.  

 

9. Measurement of Entamoeba-induced cell death by DNA fragmentation and LDH release  

To assay for DNA fragmentation, HepG2 cells (4 × 106 cells /sample) were incubated with 

various E. histolytica trophozoites (4 ×105 cells /sample) at a ratio of 10:1 (HepG2 cells to E. 

histolytica) for 60 min at 37 C in a humidified CO2 incubator. After incubation, cells were 

harvested by centrifugation and washed with cold PBS. DNA was extracted using a TaKaRa kit 

(MK600, Japan), according to the manufacturer’s protocol. The DNA samples were separated 

by electrophoresis on a 2% agarose gel and were visualized by ethidium bromide. LDH release 
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was determined by evaluating the amount of LDH in culture supernatants using the CytoTox 96 

Cytotoxicity Assay System (Promega) according to the manufacturer’s protocol. HepG2 cells (2 

× 105/sample) were seeded into 24-well plates at the previous day. Culture supernatants were 

collected after Entamoeba-stimulation for 1 or 2 h at a ratio 2:1 or 5:1 (HepG2 cells to E. 

histolytica) and centrifuged at 250 × g for 4 min. The amount of LDH in culture supernatants 

was measured using a 96-well microplate reader, according to the manufacturer’s protocol. The 

background (spontaneous LDH release) value was measured in non-stimulated cells and 

subtracted from each measurement. Maximum LDH release was measured by incubating non-

stimulated cells in a lysis solution (1% Triton X-100, PBS) at 37 °C for 45 min.  

 

10. Immunoblot analysis 

Host cells (1×106/sample) were incubated with or without E. histolytica trophozoites 

(1×105/sample) or EhSP. Host cells were also pretreated with or without various pharmacologic 

inhibitors and were incubated in the absence or presence of viable trophozoites. After incubation 

for the indicated times, cells were collected by brief centrifugation and lysed with lysis buffer 

(20 mM Tris-HCl pH7.5, 60 mM β-glycerophosphate, 10 mM EDTA, 10 mM MgCl2, 10 mM 

NaF, 2 mM dithiothreitol, 1 mM Na2VO4, 1 mM APMSF, 1% NP-40, and 5 μg/ml leupeptin) on 

ice for 30 min. The resulting cell lysates were stored at -20 ◦C until use. Samples were resolved 

on 6, 8, 10, 12 or 15% SDS-PAGE gels and electrotransferred to Immobilon P PVDF 

membranes (Millipore Corporation, Billerica, MA, USA). The membranes were blocked with 

5% nonfat dry milk in Tris-buffered saline with Tween20 (TBST) for 1 h or overnight at room 

temperature and then incubated with various primary Abs overnight at 4 oC or for 4 h at room 

temperature. The membranes were subsequently soaked with HRP-conjugated anti-rabbit or 
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anti-mouse IgG for 1 h at room temperature. Immunoreactivity was detected using the 

LumiGLO detection system (Cell Signaling Technology, Beverly, MA, USA).  

 

11. Statistical analysis 

Results are expressed as the mean ± SEM from at least 3 independent experiments. Statistical 

analyses were conducted using Student's t tests. Values with p < 0.05 were considered 

statistically significant. 
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III. RESULTS  

 

1. Mast cell degranulation induced by E. histolytica-derived secretory products (EhSP)  

EhSP, when resolved by SDS-PAGE and stained with Coomassie brilliant blue, shows 3 

distinct and many smeared bands (Fig. II-1A). It is well known that EhSP contains numerous 

cysteine proteases (CPs) that are important for host ECM degradation.3 Remarkably, fibronectin 

was degraded into smaller sized bands by amoebic CPs (Fig. II-1B). To examine whether EhSP 

could induce mast cell degranulation, HMC-1 cells were treated with various concentrations 

(10-100 μg/ml) of EhSP for 2 h. After stimulation, -hexosaminidase release and CD63 

expression in EhSP-treated HMC-1 cells were assessed. Because E. histolytica itself secretes -

hexosaminidase, this method was modified (See Material and Methods section II. 9) to account 

for resident -hexosaminidase in HMC-1 cells. Mast cell activation was measured by -

hexosaminidase release. As shown in Fig. II-2A, HMC-1 cells stimulated with 100 µg/ml EhSP 

showed a low-level increase in -hexosaminidase release (15%) relative to non-treated HMC-1 

cells. To investigate the mode of degranulation induced by EhSP, CD63 expression, which is 

generally used as a surface marker for degranulation via exocytosis in mast cells,79 was assessed 

in EhSP-stimulated HMC-1 cells. HMC-1 cells stimulated with 100 µg/ml EhSP for 2 h resulted 

in 10% CD63 positive cells, whereas HMC-1 cells treated with 5 µM PAF as a positive control 

showed a marked increase in CD63 expression (Fig. II-2B). HMC-1 cells treated with EhSP for 

2 h showed no observed cytotoxicity (Fig. II-1C, D).  
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Figure II-1. (A) SDS-PAGE of E. histolytica-derived secretory products (EhSP). EhSP was obtained by 
incubation of live trophozoites for 2 h at 37°C in a CO2 incubator. (B) EhSP proteins were resolved on a 
12% acrylamide gel and stained with Coomassie brilliant blue. M indicates molecular weight markers in 
kDa.
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2. EhSP from wild-type E. histolytica up-regulates IL-8 gene expression and protein secretion in 

HMC-1 cells 

Recent work has shown that secretory products of E. histolytica can markedly increase 

interleukin-8 (IL-8) mRNA expression and protein production in colonic epithelial cells.63 To 

examine whether EhSP could induce secretion of IL-8 in HMC-1 cells, real-time PCR (RT-PCR) 

and ELISA analysis were performed. The RT-PCR analysis revealed that HMC-1 cells 

stimulated with EhSP for 30 min resulted in a 3 to 4-fold increase in IL-8 mRNA as compared 

to cells treated with medium alone (Fig. II-3A). However, IL-8 mRNA of HMC-1 cells 

stimulated by EhSP for 60 min showed a sharp decline to the basal levels. As shown in Fig. II-

3B, ELISA analysis of cultured supernatants indicated that EhSP-stimulated HMC-1 cells 

released IL-8 protein in a dose- and time-dependent manner. HMC-1 cells stimulated by EhSP 

for 12 h resulted in 1.5- and 2.5-fold increase in IL-8 protein at 30 and 100 μg/ml EhSP, 

respectively, compared to medium-treated HMC-1 cells. HMC-1 cells treated with EhSP for 12 

h showed no observed cytotoxicity (Fig.II-4).    
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Figure II-2. Mast cell degranulation and cytotoxicity induced by EhSP in HMC-1 cells. (A) β-
hexosaminidase assay. HMC-1 cells (1×105/well) were incubated with or without various EhSP
concentrations (0-100 µg/ml) for 2 h at 37 °C. After incubation, β-hexosaminidase release was 
measured. Data are presented as the means ± SEM from 3 independent experiments. Significant 
differences from the controls are as follows: *p < 0.05. (B) HMC-1 cells (1×105 cells/well) were 
incubated for 2 h at 37 °C with or without various EhSP concentrations (0-100 µg/ml). After incubation, 
cells were stained with PE-conjugated CD63 for flow cytometric measurements. Data are presented 
as the mean ± SEM from 3 independent experiments. PAF was used as a positive control. 
Percentage of viable cells (C) and PS exposure (D) in EhSP-stimulated HMC-1 cells. HMC-1 cells (4 
×104/well) were incubated for 2 h at 37 °C with or without various EhSP concentrations (0-100 µg/ml). 
After incubation, HMC-1 cells were stained with trypan blue for quantification of viability or with 
annexin V for flow-cytometric measurements, respectively. Data are presented as the mean ± SEM 
from 3 independent experiments. Significant differences from controls are as follows: #p < 0.001.
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Figure II-3. Increased IL-8 mRNA expression and protein secretion in HMC-1 cells induced by EhSP.
(A) Increased IL-8 mRNA expression in HMC-1 cells induced by EhSP. HMC-1 cells (1×106 /sample) were 
incubated with or without EhSP for 30 or 60 min at 37 °C in CO2 incubator. After incubation, total RNA was 
extracted followed by RT-PCR using primers specific for IL-8. Results are shown as the mean ± SEM of 3 
independent experiments. (B) IL-8 production in EhSP-stimulated HMC-1 cells. HMC-1 cells (5×105 /well) 
were incubated with or without EhSP for 8, 12, or 16 h at 37 °C in a CO2 incubator. After incubation, IL-8 
production was evaluated in collected supernatants. Results are presented as the mean ± SEM of 3 
experiments performed in duplicate. Significant differences from controls are as follows: *p < 0.05.

Figure II-4. EhSP does not show cytotoxicity against HMC-1 cells. (A) Percentage of PS-exposed 
cells incubated with EhSP. (B) Percentage of PI-positive cells incubated with EhSP. HMC-1 cells (4 
×104/well) were incubated for 12 h at 37 °C with or without EhSP at various concentrations (0-100 
µg/ml). After incubation, cells were stained with FITC-conjugated annexin V for flow-cytometric
measurements or trypan blue for quantification of viability. Results are presented as the mean ± SEM 
of 3 experiments performed in duplicate. Significant differences from controls are as follows: *p < 0.05.
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3. IL-8 production in HMC-1 cells induced by non-treated, heat-treated, or boiled EhSP  

In a previous study, prostaglandin E2 (PGE2) was identified as the IL-8 stimulating molecule 

produced by live amoebae.63 Pro-mature CP5, which is abundantly secreted and/or present on 

the surface of amoeba, was shown to bind to integrin on Caco-2 colonic cells to stimulate 

NFκB-mediated pro-inflammatory responses.52 To determine which component(s) contained in 

the EhSP induces IL-8 production in HMC-1 cells, EhSP was treated with heat at 56 °C for 30 

min or boiled at 100 °C for 10 min. The amount of IL-8 production in HMC-1 cells induced by 

heat-treated EhSP was slightly reduced compared to those induced by untreated EhSP cells, but 

no significant. In contrast, IL-8 production in HMC-1 cells by boiled EhSP was abolished 

compared to untreated EhSP-stimulated cells, suggesting that Entamoeba-secreted heat-resistant 

protein components may actively participate in IL-8 production in HMC-1 cells (Fig. II-5).  

 

4. Effect of protease-activated receptor 2 (PAR2) on EhSP-induced IL-8 production 

Certain proteases, including serine and cysteine protease (CPs), are signaling molecules that 

regulate cells by cleaving and triggering protease-activated receptors (PARs). PARs are 

expressed in multiple tissues by a wide variety of cells where they are involved in several 

pathophysiological processes, including inflammation and growth and development.81 EhSP 

contains serine protease and large amounts of CP as amoebae have been shown to constantly 

secrete CPs into the extracellular environment.63,43 Accordingly, whether amoebic proteases 

could activate PAR2 in HMC-1 cells and whether a relationship exists between PAR2 and IL-8 

production in EhSP-stimulated HMC-1 cells were investigated. HMC-1 cells were pre-

incubated with 10 μg/ml PAR2 monoclonal antibodies or isotype control IgG for 30 min at room 

temperature, and then incubated for 12 h with or without EhSP. As shown in Fig. II-6, there was 

no significant difference in EhSP-induced IL-8 production between EhSP-stimulated HMC-1 
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cells and non-stimulated cells, demonstrating that PAR2 is not a direct target for the initiation of 

EhSP-stimulated IL-8 production in HMC-1 cells. 
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Figure II-5. Effects of proteolytic activity of EhSP on IL-8 production in HMC-1 cells. The 
EhSPs were pretreated with heat at 100 °C for 10 min or 56 °C for 30 min to reduce proteolytic
activity of EhSPs before adding to reactions. Data are presented as the mean ± SEM from 3 
independent experiments. Significant differences from controls are as follows: *p < 0.05.

Figure II-6. EhSP-induced IL-8 production in HMC-1 cells occurs through a PAR2-indepdent 
mechanism. HMC-1 cells (5×105/well) were incubated with anti-PAR2 or mouse IgG for 30 min. 
The concentration of each antibody was 10 µg/ml. Data are presented as the mean ± SEM from 3 
independent experiments. Significant differences from controls are as follows: *p < 0.05.
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5. Effect of various pharmacological inhibitors on EhSP-induced IL-8 production in HMC-1 

cells  

The relationship between cytokine production and reactive oxygen species (ROS) generated 

in mast cells has been reported.81 To determine whether a certain ROS source was involved in 

the EhSP-dependent IL-8 response in HMC-1 cells, various pharmacological inhibitors were 

tested. Mast cells were pretreated with 50 μM DPI or 200 μM apocynin before stimulating cells 

with EhSP to inhibit NADPH oxidase. As shown in Fig. II-7A, pretreatment with DPI 

effectively inhibited EhSP-induced IL-8 production, whereas apocynin had no inhibitory effect. 

Because apocynin did not inhibit EhSP-stimulated IL-8 production, it was tested if 5-LO and 

COX-1 participated in EhSP-induced IL-8 production in HMC-1 cells. As shown in Fig. II-7B 

and C, pretreatment of HMC-1 cells with the 5-LO inhibitor AA861 had no inhibitory effect on 

EhSP-induced IL-8 production. However, EhSP-stimulated IL-8 production in HMC-1 cells 

pretreated with the COX-1 inhibitor FR122047 was effectively reduced. These results suggest 

NADPH oxidase and COX-1 as the source of ROS in EhSP-induced IL-8 production in HMC-1 

cells.  
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6. Effect of NOX2 siRNA on EhSP-induced IL-8 production in HMC-1 cells  

To assess whether EhSP induces activation of NOX2 in HMC-1 cells, changes in p47phox 

signaling were measured. It was found that when HMC-1 cells were stimulated with EhSP, the 

phosphorylated form of 47phox rapidly increased after 1 min of stimulation, as compared to cells 

incubated for the same time period with medium alone (Fig. II-8A). Furthermore, EhSP-induced 

p47phox phosphorylation persisted over a stimulation period of 15 min. Next, whether HMC-1 

cells pretreated with DPI could inhibit 47phox phosphorylation triggered by EhSP was 

investigated. As shown in Fig. II-8B, the phosphorylated form of 47phox induced by EhSP was 

reduced when HMC-1 cells were pretreated with DPI compared to cells pretreated with the 

DMSO control. Since EhSP-stimulated IL-8 protein production was significantly inhibited by 

DPI, and NOX2 is one of the abundant NADPH oxidases in mast cells, whether NOX2 plays an 

important role on EhSP-induced IL-8 production in HMC-1 cells by silencing NOX2 using 

siRNA was investigated. Treatment of HMC-1 cells with NOX2 siRNA, but not scrambled 

siRNA, completely inhibited the presence of NOX2 mRNA (385 bp) (Fig. II-8C). When cells 

transfected with NOX2 siRNA were stimulated with EhSP, the production of IL-8 protein was 

reduced by about 20% compared to that from cells transfected with scrambled siRNA (Fig. II-

8D), suggesting ROS generated by NOX2 participates in IL-8 production in EhSP-stimulated 

mast cells.   
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Figure II-8. Stimulation with EhSP induces NOX2 activation in HMC-1 cells. (A) Stimulation with 
EhSP induces p47phox phosphorylation in HMC-1 cells. HMC-1 cells were stimulated for 1, 5, or 15 min 
with or without 30 or 100 mg/ml EhSP. After stimulation, whole cell lysates were subjected to SDS-PAGE 
and immunoblotted with Abs specific for phospho-p47phox or ß-actin. (B) The effect of DPI on EhSP-
stimulated p47phox phosphorylation. HMC-1 cells pretreated with DPI were incubated for 15 min with or 
without EhSP. After stimulation, whole cell lysates were subjected to SDS-PAGE and immunoblotted
with Abs specific for phospho-p47phox or ß-actin. Data shown are representative of 3 independent 
experiments with similar results. (C) Effect of NOX2 siRNA on EhSP-induced IL-8 production in HMC-1 
cells. HMC-1 cells transfected with or without scrambled siRNA or NOX2 siRNA were stimulated for 12 h 
with or without EhSP and IL-8 in the culture supernatants was measured by ELISA. Data are expressed 
as the mean ± SEM from 3 independent experiments in duplicate. Significant differences from the value 
obtai ned wi th  cel l s i ncubated in  medium alone are shown as fol lows:  **p < 0.01.
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7. IL-8 production in HMC-1 cells using EhSP from various Entamoeba strains    

 Whereas pathogenic E. histolytica causes severe inflammatory responses in host cells, non-

pathogenic E. histolytica induces only a mild inflammatory response.83,84 To determine the 

amoebic virulence factors that directly cause EhSP-dependent IL-8 production in HMC-1 cells, 

the EhSPs from various E. histolytica strains were tested for their ability to induce IL-8 

production in HMC-1 cells. As shown in Fig. II-9A, EhSPs from the non-pathogenic Entamoeba 

strains Rahman showed significantly reduced IL-8 production in HMC-1 cells compared to 

wild-type EhSP-stimulated HMC-1 cells. In addition, EhSP derived from the CP-deficient 

ICP1+/+ strain resulted in a significant decrease in IL-8 production in HMC-1 cells compared to 

the pathogenic HM-1:IMSS and its transfectant control(Fig. II-9B).  
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Figure II-9. Reduction of CP activity results in a significant decrease of IL-8 production in EhSP-
stimulated HMC-1 cells. HMC-1 cells (5×105 /sample) were treated with 10, 30 or 100 µg/ml EhSP for 12 h. 
IL-8 production was quantified using an ELISA kit. Data are presented as the mean ± SEM from 3 independent 
experiments. The asterisks indicate the results of comparisons with the controls as follows: *p < 0.05.

Figure II-10. PS exposure in Jurkat-E6-1 T cells induced by various E. histolytica strains. Jurkat-E6-1 
T cells (4×105/well) were incubated for 60 min at 37 °C with various strains of E. histolytica (8×104/well). 
After incubation, cells were stained with FITC-conjugated annexin V for flow cytometric measurements. 
Data are presented as the mean ± SEM from 3 independent experiments. Significant differences from the 
value obtained with cells incubated with medium alone are shown as follows: *p < 0.05.
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8. Host cell death induced by various Entamoeba histolytica mutant strains  

To determine which amoebic factors contribute to host cell death, the difference between wild 

type and various mutant Entamoeba strains on amoeba-induced host cell death were observed 

using phosphatidylserine (PS) externalization, DNA fragmentation, and LDH release assays. 

When HepG2 cells were incubated with E. histolytica trophozoites for 60 min at a 5:1 ratio, PS-

exposed cells stained with annexin V were counted. As shown in Fig. II-10, 25% of host cells 

incubated with wild-type Entamoeba HM-1:IMSS for 60 min were annexin-V positive, which 

was twice greater than cells incubated in medium alone. In contrast, host cells incubated with 

the non-pathogenic strain Rahman remarkably reduced the number of annexin-V positive cells. 

DNA fragmentation in host cells induced by various Entamoeba strains showed that co-

incubation with amoeba trophozoites for 60 min at a 5:1 ratio showed clear nuclear DNA 

fragmentation in HepG2 cells as compared to cells incubated with the non-pathogenic 

Entamoeba Rahman or without Entamoeba as the negative control (Fig. II-11A). However, the 

amoebapore-silenced Entamoeba G3 and the CP-deficient ICP1+/+ Entamoeba strains showed 

no difference in DNA fragmentation as compared to the wild-type E. histolytica, suggesting that 

amoebapore and CP virulence factors may not contribute in Entamoeba-induced DNA 

fragmentation in host cells (Fig. II-11B, C). Finally, LDH release assays in HepG2 cells induced 

by various Entamoeba strains were performed. As shown in Fig. II-12A, when HepG2 cells 

were incubated for 60 or 120 min with Entamoeba at a 2:1 ratio, the percentage of Entamoeba-

induced extracellular LDH release in HepG2 cells showed 22% and 53% of maximum LDH 

release, respectively. However, LDH release in HepG2 cells induced by Rahman was totally 

suppressed. This result is in agreement with that of DNA fragmentation (Fig. II-11A). In 

addition, extracellular LDH release induced by the ICP1+/+ strain was significantly diminished 

as compared to wild-type Entamoeba or the control transfectant (Fig. II-12B). These results 
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show that Entamoeba Rahman does not cause apoptosis and necrosis in host cell death, whereas 

the ICP1+/+ strain had an effect on Entamoeba-induced necrotic cell death, suggesting that CP 

plays an important role in Entamoeba-induced necrotic cell death.  
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M    1    2 3     4    5

M  1    2   3    4    5   6   7  C

+     +      +      - - HepG2 cell 
- +      - +     - Entamoeba Wild type 
- - +     - +   Etnamoeba Rahman 

+     +    +    +    - - - HepG2 cell 
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Figure II-11. DNA fragmentation in host cells induced by various strains of E. histolytica. HepG2 cells 
(4×106 /sample) were incubated for 60 min at 37 °C with or without various strains of E. histolytica
(8×105/sample) in a CO2 incubator. DNA fragmentation was analyzed by 1% agarose gel electrophoresis. 
An equal number of amoebae and host cells were incubated in medium alone as the negative control.
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IV. DISCUSSION  

 

In this study, results show that amoebic CP participates in the host cell response to E. 

histolytica including IL-8 production and cell death. It was first shown that EhSP caused only a 

small increase in degranulation via the non-exocytic mode in human mast cells. Second, 

increased IL-8 mRNA expression and protein secretion through a PAR2-indepdent mechanism 

in EhSP-induced HMC-1 cells were observed (Fig. II-3 and II-6). Third, IL-8 production on 

HMC-1 cells stimulated with EhSP was partially inhibited by pretreatment with the NADPH 

oxidase inhibitor DPI or the COX-1 inhibitor FR122047 (Fig. II-7). Fourth, heat-resistant and 

boiled-labile components of EhSP participated in IL-8 production in HMC-1 cells, suggesting 

that a reduction in protease activity may result in a significant reduction of EhSP-induced IL-8 

production in HMC-1 cells. Fifth, the EhSPs of Rahman and ICP1+/+ strains resulted in a 

significant decrease in IL-8 production in HMC-1 cells compared to the EhSP of wild-type 

Entamoeba. Lastly, wild-type Entamoeba induced significant DNA fragmentation and LDH 

release in HepG2 cells, but the E. histolytica Rahman strain did not. Incubation with the CP-

deficient ICP1+/+ strain resulted in a reduction of LDH release and host cell death compared to 

wild-type amoeba (Fig. II-12). These data indicate that CP might be involved in IL-8 production 

and host cell death.  

Mast cells are innate immune cells that are thought to contribute in the pathogenesis of 

immediate allergy due to release of various biologically active cytokines, chemokines, lipid 

mediators, proteases, and biogenic amines upon cross linking of cell-bound IgE by the 

respective allergen.85 In particular, cellular release of stored inflammatory mediators from 

secretory granules or secretory vesicles contributes to the cascade of pathogenetic events in the 

affected tissue. From this study, it was found that EhSPs had the ability to induce extracellular 
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release of the granular protein -hexosaminidase in human mast cells. Although it is evident that 

EhSP stimulation can provoke mast cell granulation, the mode of degranulation has not been 

elucidated. The results revealed that EhSP-induced mast cell degranulation did not show 

exocytotic degranulation. It is accepted that there are typically two different modes for mast cell 

degranulation including exocytotic and piecemeal degranulation.86,87 It is possible that EhSPs 

may initiate piecemeal degranulation in mast cells. For example, a wide variety of cytokines 

such as IL-3 and IL-5 initiate piecemeal degranulation, which is characterized by the 

progressive loss of granule particulate contents in the absence of granule-to-granule or granule-

to-plasma membrane interactions,88,89 leading to the retention of empty granule containers in the 

cell cytoplasm.  

There is no information on how and why EhSPs can induce mast cell activation, 

degranulation, and IL-8 release. However, G-coupled receptors or Toll like receptors (TLR) 

residing on the mast cell surface may act as the biological sensor for various infectious agents 

during the process of mast cell activation. Accordingly, involvement of the PAR2 receptor, 

which is a known G-coupled receptor, was tested. In particular, the PAR2 receptor is known to 

be activated by serine protease and occasionally by cysteine protease. Although EhSP contains 

many kinds of proteases including serine, cysteine, and aspartic proteases, EhSP was not shown 

to stimulate mast cells via the PAR2 receptor. Also, it is well known that TLRs also act as 

biological sensors of various infectious agents (i.e. virus, bacteria, or fungi) or their products 

(like lipopolysaccharide, lipoteichoic acid, and peptidoglycan) and are expressed by various 

innate immune cells (i.e. macrophages, neutrophils, or dendritic cells).90,91 Besides recognizing 

external dangers, TLRs also regulate the immune response by recognizing endogenously 

produced danger signals including necrotic cells, heat shock proteins, or ECM breakdown 

products.92 As such, TLRs may participate in EhSP-induced mast cell activation, however more 
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experimentation is needed to investigate TLR involvement in response to EhSPs. The reason for 

mast cell activation by EhSPs might be answered in part due to the fact that mast cell activation 

can lead to the stimulation of secretion, increasing mucus from epithelial cells, which helps in 

the immobilization of microbes and aids in the removal of pathogens from nasal mucosal 

surfaces, the gut, and the urinary tract.66 Therefore, it is likely that mast cell activation induced 

by EhSP might help the host to remove the parasite during E. histolytica infection.   

 Recent studies have provided evidence that chemokines, such as IL-8, are crucial mediators 

in inflammation and in tissue injury in intestinal inflammation. IL-8 is a small, 8- to 11-kDa 

secreted protein and may participate in immune and inflammatory responses through 

chemoattraction and activation of neutrophils or leukocytes.94 E. histolytica invades the 

intestinal mucosa and causes amoebic colitis and severe ulceration. Analysis of the 

inflammatory response during intestinal amoebiasis in human and animal models of the disease 

has revealed an important regulatory role for chemokines and cytokines. Recruitment and 

activation of inflammatory cells can also be modulated by secreted amoebic factors. EhSP 

contains many components including cysteine protease (CP), serine protease, other proteases, 

phosphatase, and PGE2. In present study, the amount of IL-8 production in HMC-1 cells 

induced by heat-treated EhSP (56 °C for 30 min) was slightly reduced compared to those 

induced by untreated EhSP. However, boiled-EhSP (100°C for 10 min) abrogated IL-8 

production in HMC-1 cells. This result suggests that heat-resistant proteins participate in IL-8 

production in HMC-1 cells. Interestingly, this result is consistent with the fact that the RGD 

motif in pro-mature CP5 (PCP) binds to integrin of colon cells and induces IL-8 production in 

Caco-2 cells.52 It is known that amoebic CP is somewhat heat-resistant.46 In addition, EhSPs 

from the Rahman and G3 strains resulted in a significant decrease in IL-8 production in HMC-1 

cells, whereas IL-8 production by the ICP1+/+ strain, which is deficient in CP, was slightly 
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diminished. This result is in agreement with the report that the Rahman strain has decreased CP 

expression.46 However, involvement of the lipid mediator PGE2 in EhSP-stimulated IL-8 

production in HMC-1 cells could not be excluded in this study. According to a previous report,63  

PGE2 participation in EhSP-induced IL-8 production was demonstrated in colon cells in 

addition to boiled amoebic secretory product (100 °C for 30 min) abolishing EhSP-stimulated 

IL-8 production in colon cells. In this study, EhSP-induced IL-8 production in HMC-1 cells was 

partially inhibited by pretreatment with the NADPH oxidase inhibitor DPI or the COX-1 

inhibitor FR122047. NOX2 is known as one of the abundant NADPH oxidases in mast cells. 

The phosphorylated form of p47phox is required for NOX2 activation, and EhSP was shown to 

induce the phosphorylation of p47phox. This p47phox phosphorylation by EhSP was reduced by 

DPI pretreatment in EhSP-stimulated HMC-1 cells. Additionally, treatment of HMC-1 cells with 

NOX2 siRNA, but not scrambled siRNA, reduced the production of IL-8 to 20% compared to 

that from cells transfected with scrambled siRNA, suggesting ROS generated by NOX2 is 

participated in IL-8 production in EhSP-stimulated mast cells. In addition, wild-type Entamoeba 

significantly induced DNA fragmentation and LDH release in HepG2 cells, but the E. 

histolytica Rahman strain did not. Incubation with the CP-deficient ICP1+/+ strain resulted in a 

reduction of LDH release and host cell death compared to the wild-type amoeba (Fig. II-12). 

These data indicate that CP is involved in the IL-8 production and host cell death responses.  

In conclusion, these results have been demonstrated that EhSP contributes to degranulation 

via a non-exocytic mode and IL-8 production in human mast cells. Additionally, non-pathogenic 

Rahman and the CP-deficient ICP1+/+ strain showed a decrease in IL-8 production and cell death, 

suggesting the involvement of amoebic CP in the host cell response induced by E. histolytica 

infection, helping to understand the mechanism of pathogenesis in E. histolytica.   
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Chapter III 

 

The role of amoebic lectin and cysteine protease in the 

activation of intracellular signaling molecules in HepG2 cells 

induced by Entamoeba histolytica 
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I. INTRODUCTION  

 

E. histolytica has the capability to induce apoptotic cell death in many host cells including 

immune cells and non-immune cells.2 This capability allows the parasite to minimize host tissue 

damage and also maintain infectivity and virulence in vivo. E. histolytica-induced host cell 

apoptosis occurs in a contact-dependent manner, and the amoebae adhere to host cells through 

an amoebic Gal/GalNAc lectin on their surface. Apoptosis induced by E. histolytica was almost 

completely inhibited by the addition of D (+)-galactose in Jurkat T cells.95  After host cell-

amoeba interaction, rapid elevation of intracellular Ca2+ in CHO cells leads to cell death.29 E. 

histolytica triggers the activation of calplain, a calcium-dependent cysteine protease, in Jurkat T 

cells. This activation is closely related to cleavage of various host proteins associated with cell 

signaling and regulation, such as tyrosine phosphatases (PTPs) including PTP1B,97 SHP-1 and 

SHP-2,98 caspase-3 and calpastatin,99 which may cause dephosphorylation and DNA 

fragmentation in Jurkat T cells.98 Particularly, intracellular activation of caspase-3 in Jurkat T 

cells24,99 and reactive oxygen species (ROS) in human neutrophils100 are required for E. 

histolytica-triggered host cell apoptosis. The signaling pathway induced by E. histolytica has 

been well studied in Jurkat T cells. However, little is known about E. histolytica-induced 

activation of signaling pathways in hepatocytes, although E. histolytica is known to cause 

amoebic liver abscess. Previous studies revealed that E. histolytica induces host cell death in 

amoebic liver abscess by a non-Fas-dependent, non TNF-α-dependent pathway of apoptosis.101 

Additionally, the initiation of inflammation and cell death during liver abscess formation by E. 

histolytica depends on the activity of the Gal/GalNAc lectin.102 How E. histolytica induces cell 

death in hepatocytes and which amoebic factors are responsible for Entamoeba-induced host 

signal molecule activation were investigated in this study.   
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O-linked β-N-acetylglucosamine (O-GlcNAc) is the major glycosylation type found within 

the cytosolic and nuclear compartments of eukaryotic cells.103 In addition, numerous studies in 

different cell types have shown that O-GlcNAc acts as an inducible, cytoprotective stress 

response.104,105 GlcNAcylation, similar to phosphorylation, is the post-translational cycling of a 

single O-GlcNAc on the hydroxyl groups of Ser and/or Thr residues of target proteins.106 A 

large number of GlcNAcylated proteins are involved in regulation of intracellular signaling, 

including apoptosis, proliferation, transcription regulation, cytoskeletal networks, stress 

responses, and the ubiquitin-proteasome system.107,108 To date, only two enzymes are known to 

regulate GlcNAcylation in mammals: O-GlcNAc transferase (OGT), which catalyzes the 

addition of O-GlcNAc, and β-N-acetylglucosaminidase (O-GlcNAcase), a neutral 

hexosaminidase responsible for O-GlcNAc removal.106 Several studies have shown that 

GlcNAcylation is protective against cellular stress and cell death. Increases in O-GlcNAc levels 

due to glucosamine treatment protects cardiac myocytes after ischemia/reperfusion injury by 

increasing levels of the anti-apoptotic protein, Bcl2,109 improves cardiac function in a rat model 

of trauma-hemorrhage during resuscitation,110 and reduces circulating inflammatory cytokines 

by inhibiting the NF-κB pathway. Conversely, enhanced O-GlcNAc levels due to OGT 

expression play a role in triggering the programmed cell death observed in diseases such as 

diabetes mellitus and neurodegeneration.111 However, to these knowledge, whether E. histolytica 

can induce the increase or decrease in O-GlcNAc of host cells during Entamoeba-induced host 

cell death is unknown.  

The aim of the present study was to elucidate which amoebic factors are responsible for 

activation of intracellular signaling molecules during Entamoeba-induced host cell death. The 

effect of known cell-death-associated signal molecules from other cell lines and new emerging 

cell-death-related molecules from other system were investigated in HepG2 cells using various 
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E. histolytica strains and pharmacological inhibitors.  
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II. MATERIALS AND METHODS  

 

1. Reagents and antibodies 

O-(2-acetamido-2-deoxy-D-glucopyranosyldene-amino-N-phenylcarbamate) (PUGNAc) was 

purchased from Toronto Research Chemicals (North York, Canada). Streptozotocin was 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse monoclonal 

antibody (Ab) against the calpain small regulatory subunit was purchased from Calbiochem (La 

Jolla, CA, USA). Rabbit polyclonal Abs against -actin and caspase 3,-6,-7 and a mouse 

monoclonal Ab against phospho-tyrosine (p-Tyr-100) were purchased from Cell Signaling 

Technology (Beverly, MA, USA). A mouse monoclonal Ab against O-GlcNAc was purchased 

from Abcam (Cambridge, UK).  

 

2. E. histolytica culture conditions and EhSP (E. histolytica-derived secretory products) 

Trophozoites of the pathogenic E. histolytica strain, HM-1:IMSS, the plasmid-less 

amoebapore gene-silenced clone G3 (a gift from Tomoyoshi Nozaki, Japan), the Ehlgl4 gene-

silenced clone L5, the non-pathogenic E. histolytica Rahman strain (a gift from David Mirelman, 

Israel), and the hypo-CP strain ICP1+/+ were grown at 37°C in TYI-S-33 medium as described 

previously.31 To collect EhSP, trophozoites were incubated in Hanks’ balanced salt solution 

(GIBCO Laboratories, Grand Island, NY, USA) for 2 h at 37°C. The viability of Entamoeba 

trophozoites after incubation in Hank’s balanced salt solution was 98% as determined by the 

trypan blue exclusion assay. Protein concentration was measured using the BCA method with 

bovine serum albumin as a standard. 
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3. Cultivation of human cell lines  

The HepG2 human hepatoma cell line (American Type Culture Collection) was grown in 

MEM media containing 10% (v/v) heat-inactivated fetal bovine serum (FBS) at 37°C in a 

humidified 5% CO2 atmosphere. The viability of HepG2 cells, as judged by trypan blue 

exclusion testing, was consistently shown to be 99%. 

 

4. Pretreatment of host cells with chemical inhibitors  

HepG2 cells were pretreated with pharmacological inhibitors including PUGNAc and 

streptozotocin for 8 h at 37°C in a humidified CO2 incubator (5% CO2 and 95% air atmosphere). 

After pre-incubation with inhibitors for the indicated time, host cells were washed twice with 

culture medium before treatment with E. histolytica or EhSP. There was no observed inhibitor 

cytotoxicity at the concentrations used.  

 

5. Measurement of Entamoeba-induced cell death by DNA fragmentation and LDH release 

assay  

HepG2 cells (4 × 106 cells /sample) were incubated with various E. histolytica trophozoites (4 

×105 cells /sample) at a ratio of 10:1 for 60 min at 37C in a humidified CO2 incubator. After 

incubation, cells were harvested by centrifugation and washed with cold PBS. DNA was 

extracted using a TaKaRa kit (MK600, Shiga, Japan), according to the manufacturer’s protocol. 

The DNA samples were separated by electrophoresis on a 2% agarose gel and were visualized 

by ethidium bromide to assess DNA fragmentation. LDH release was determined by evaluating 

the amounts of LDH in culture supernatants using the CytoTox 96 Cytotoxicity Assay System 

(Promega,WI, USA) according to the manufacturer’s protocol. Briefly, HepG2 cells (2 × 

105/sample) were seeded into 24-well plates on previous day before Entamoeba adding. Culture 
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supernatants were collected after Entamoeba-stimulation for 1 or 2 h at a 5:1 ratio (HepG2 cells 

to E. histolytica) and centrifuged at 250 g for 4 min. The amount of LDH in the supernatants 

was measured using a 96-well microplate reader according to the manufacturer’s protocol. The 

background (spontaneous LDH release) value was measured in non-stimulated cells and 

subtracted from each measurement. Maximum LDH release was measured by incubating non-

stimulated cells in a lysis solution (1% Triton X-100, PBS) at 37°C for 45 min.  

 

6. Western blot analysis   

Host cells (1×106/sample) were incubated with or without E. histolytica trophozoites 

(1×105/sample) or EhSP. Host cells were also pretreated with or without pharmacologic 

inhibitors and were incubated in the absence or presence of viable trophozoites. After being 

incubated for the indicated times, cells were collected by brief centrifugation and lysed with 

lysis buffer (20 mM Tris-HCl pH 7.5, 60 mM β-glycerophosphate, 10 mM EDTA, 10 mM 

MgCl2, 10 mM NaF, 2 mM dithiothreitol, 1 mM Na2VO4, 1 mM APMSF, 1% NP-40, and 5 

μg/mL leupeptin) on ice for 30 min. The resulting cell lysates were stored at -20°C until use. 

Samples were subjected to 6%, 8%, 10%, 12% or 15% SDS polyacrylamide gel electrophoresis 

and were subsequently electrotransferred onto Immobilon P polyvinylidene fluoride membranes 

(PVDF) (Millipore Corporation, Billerica, MA, USA). The membranes were blocked with 5% 

nonfat dry milk in Tris-buffered saline with Tween20 (TBST) at room temperature for 1 h or 

overnight and then incubated with primary Abs at 4oC overnight or at room temperature for four 

hours. The membranes were subsequently soaked with HRP-conjugated anti-rabbit or mouse 

IgG at room temperature for 1 h. Immunoreactivity was detected using LumiGLO (Cell 

Signaling Technology, MA, USA).  
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7. Statistical analysis 

Results are expressed as the mean ± SEM from at least three independent experiments. 

Statistical analyses were conducted using Student's t-tests. Values with *p < 0.05, **p < 0.01, 

and # p < 0.001 were considered statistically significant. 
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III. RESULTS 

 

1. Cleavage of effector caspases and calpain small regulatory subunit induced by E. histolytica 

in HepG2 cells 

Intracellular caspase-3 activation is known to play an important role in E. histolytica-

triggered apoptosis in Jurkat T cells.24 In order to examine whether caspases are involve in 

hepatocyte death, the activation status of effector caspases in HepG2 cells incubated with 

pathogenic Entamoeba HM-1:IMSS were investigated. As shown in Fig. III-1, western blot 

analysis clearly revealed cleaved forms of caspase-3, -6 and -7 in cell lysates from Entamoeba-

treated HepG2 cells. The cleavage of caspases in HepG2 cells induced by Entamoeba was found 

to occur in both a time- and dose-dependent manner. In addition, calpain activation was 

observed using western blot in order to determine whether calpains also participate in HepG2 

cell death induced by Entamoeba. E. histolytica did induce cleavage of a calpain subunit in the 

HepG2 cells in a dose- and time- dependent manner (Fig. III-1). The 28-kDa subunit of calpain, 

which is believed to be calpain in its activated form, was detected as early as 1 min after 

Entamoeba co-incubation.  
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Figure III-1. Cleavage of caspases and calpain in HepG2 cells induced by co-incubation with E. 
histolytica trophozoites. HepG2 cells (1×106/sample) were incubated for 1–15 min at 37°C with or 
without E. histolytica at a ratio of 5:1, 10:1 or 20:1 (HepG2 cells to E. histolytica). After incubation, whole 
cell lysates were subjected to SDS-PAGE, transferred to a PVDF membrane, and probed with anti-
caspase 3, 6, 7 and β-actin Ab. The figure is representative of three experiments showing similar results.

 



 73

2. ROS generation in HepG2 cells induced by E. histolytica  

In order to determine whether co-incubation with amoebic trophozoites could induce 

intracellular ROS generation in HepG2 cells, cells were prestained with the redox-sensitive 

green fluorescent dye, H2DCFDA, for 30 min before incubation with the trophozoites. 

Entamoeba at a 5:1 ratio (HepG2 cells to E. histolytica) was added to HepG2 cells that had been 

seeded in 24-well plates on the previous day. Inverted fluorescence microscopy results (Fig. III-

2) demonstrated that co-incubation of HepG2 cells with E. histolytica strongly induced 

intracellular ROS green fluorescence. The ROS signal was mainly generated in HepG2 cells 

adhered to Entamoeba. This result indicates that co-incubation with E. histolytica can induce 

ROS generation in HepG2 cells. 
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E. histolytica

DCF-DA (5M) Merge

X200X200

Figure III-2. Intracellular ROS generation in HepG2 cells induced by E. histolytica.
HepG2 cells (2.5×105/sample) were seeded into 24-well plates on previous day. HepG2 
cells pretreated with 5 µM DCF-DA for 30 min at 37°C in a CO2 incubator were incubated 
wi th E. histolyt ica. Black arrows indicated E. histolyt ica.  Increased DCF 
fluorescence was observed under fluorescent microscopy (magnification ×200).
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3. E. histolytica- induced deGlcNAcylation in HepG2 cells  

HepG2 cells were incubated with Entamoeba trophozoites for 2-10 min at various ratios to 

determine whether Entamoeba could induce the degradation of O-GlcNAc in HepG2 cells. Co-

incubation with Entamoeba resulted in the marked degradation of O-GlcNAcylated proteins in 

HepG2 cells, but was not largely dependent upon co-incubation time. However, 

deGlcNAcylation in HepG2 cells induced by Entamoeba depended on the E. histolytica load 

(Fig. III-3A).  

O-GlcNAc levels in EhSP-stimulated HepG2 cells were measured to determine whether 

Entamoeba-triggered deGlcNAcylation in HepG2 cells was dependent on amoebic contact. 

Stimulation with EhSP for 3 h did not induce the deGlcNAcylation in HepG2 cells (Fig. III-3B), 

suggesting that an Entamoeba-host cell interaction is a critical process for deGlcNAcylation in 

HepG2 cells triggered by E. histolytica.  
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Figure III-3. Entamoeba-induced deGlcNAcylation in HepG2 cells. (A) HepG2 cells 
(1×106/sample) pretreated for 8h with PUGNAc, streptozotocin or 0.25% DMSO (v/v) were 
incubated for 2–10 min at 37°C with or without E. histolytica at a ratio of 10:1 (HepG2 cells to 
E. histolytica). (B) HepG2 cells (1×106/sample) were incubated for 60-180 min at 37°C with 
or without EhSP (10-100 µg/ml). After incubation, whole cell lysates were subjected to SDS-
PAGE, transferred to a PVDF membrane, and blotted with anti-O-GlcNAc and β-actin Ab. 
The f igure is representat iv e of  three experiments showing similar results.
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4. The effect of GlcNAcase inhibitors in HepG2 cell death induced by E. histolytica     

The effect of GlcNAcase inhibitors such as PUGNAc and streptozotocin on Entamoeba-

induced HepG2 cell death to assess whether the degradation of O-GlcNAc in HepG2 cells is a 

critical step during Entamoeba-induced host cell death were examined. The effect of GlcNAcase 

inhibitors on Entamoeba-induced deGlcNAcylation in HepG2 cells was investigated. 

Pretreatment of HepG2 cells with GlcNAcase inhibitors generally increased the level of resting 

state O-GlcNAc. Entamoeba-induced deGlcNAcylation in HepG2 cells was remarkably 

retarded by pretreatment of HepG2 cells with PUGNAc or streptozotocin before Entamoeba co-

incubation (Fig. III-4A). Finally, the potential involvement of O-GlcNAc in hepatic cell death 

induced by E. histolytica was observed. HepG2 cells pretreated with PUGNAc prior to exposure 

to live trophozoites significantly inhibited amoebic-induced DNA fragmentation (Fig. III-4B) 

and LDH release (Fig.III-4C) in HepG2 cells.  
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Figure III-4. Effect of GlcNAcase inhibitor (PUGNAc and streptozotocin) on Entamoeba- induced cell 
death in HepG2 cells. (A) HepG2 cells (1×106/sample) were incubated for 1–15 min at 37°C with or without 
E. histolytica at a ratio of 10:1 (HepG2 cells to E. histolytica). After incubation, whole cell lysates were 
subjected to SDS–PAGE, transferred to a PVDF membrane, and blotted with anti-O-GlcNAc and β-actin 
antibody. The figure is representative of three experiments showing similar results. (B) Effect of PUGNAc (50-
250 µM) on Entamoeba-induced DNA fragmentation in HepG2 cells. Pretreated HepG2 cells (4ⅹ106/sample) 
with PUGNAc or 0.25% DMSO (v/v) were incubated for 60 min with E. histolytica at a ratio of 10:1. After 
incubation, DNA fragmentation in host cells was analyzed by 2% agarose gel electrophoresis. The figure is 
representative of three separate experiments showing similar results. (C) Effect of PUGNAc (50-250 µM) on 
Entamoeba-induced LDH release assay. Pretreated HepG2 cells (2.5ⅹ105/sample) with PUGNAc or 0.25% 
DMSO (v/v) were incubated for 60 min with E. histolytica at a ratio of 10:1. Data are presented
as means ± SEM from four independent experiments. *p < 0.05, p <0.01 were considered significant.
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5. Comparison of protein tyrosine dephosphorylation in HepG2 cells induced by E. histolytica 

strains  

Co-incubation with E. histolytica trophozoites resulted in marked dephosphorylation in Jurkat 

T cells,97 and these dephosphorylations induced by Entamoeba were closely related with host 

cell death.98 Non-pathogenic Entamoeba Rahman did not cause host cell death (Fig. II-11A and 

II-12A). Accordingly, whether co-incubation with Rahman trophozoites could induce 

dephosphorylation in HepG2 cells were investigated. Dephosphorylation was inhibited in 

Rahman-treated HepG2 cells compared to pathogenic HM-1:IMSS-treated HepG2 cells (Fig. 

III-5A). In addition, the dephosphorylation of HepG2 cells induced by ICP1+/+ was suppressed 

compared to pathogenic Entamoeba-treated HepG2 cells and slightly decreased compared to the 

transfectant control (Fig. III-5B).  

 

6. Comparison of deGlcNAcylation in HepG2 cells induced by various E. histolytica strains 

In order to compare the amoebic capacity of Entamoeba-induced deGlcNAcylation between 

the pathogenic wild-type and other mutant Entamoeba strains, the O-GlcNAc level in HepG2 

cells after co-incubation with various Entamoeba strains was monitored. Incubation with 

Entamoeba G3 trophozoites slightly inhibited the degradation of O-GlcNAcylated proteins in 

HepG2 cells compared to incubation with the wild-type Entamoeba (Fig. III-6A). However, co-

incubation with the non-pathogenic Rahman strain significantly reduced the deGlcNAcylation 

in HepG2 cells compared to cells incubated with the wild-type or G3 Entamoeba strains. In 

addition, deGlcNAcylation induced by ICP1+/+ was also remarkably suppressed in HepG2 cells 

compared to control transformants (Fig. III-6B), suggesting that CP participates in Entamoeba-

induced deGlcNAcylation.  
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Figure III-5. Protein tyrosine dephosphorylation in HepG2 cells induced by wild-type or various 
mutant amoebic strains. HepG2 cells (1×106/sample) were incubated for 5 min at 37°C with or 
without E. histolytica at a ratio of 10:1 (HepG2 cells to E. histolytica). After incubation, whole cell 
lysates were subjected to SDS-PAGE transferred to a PVDF membrane, and blotted with anti-
phospho-tyrosine Ab. The figure is representative of three experiments showing similar results.

Figure III-6. Deglycosylation in HepG2 cells induced by various Entamoeba strains.
HepG2 cells (1×106/sample) were incubated for 5 min at 37°C with or without E. histolytica at 
a ratio of 10:1 (HepG2 cells to E. histolytica). After incubation, whole cell lysates were 
subjected to SDS-PAGE transferred to a PVDF membrane, and blotted with anti-O-GlcNAc
and b-actin Ab. The figure is representative of three experiments showing similar results.
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7. E. histolytica-induced cleavage of effector caspases and the calpain small subunit in HepG2 

cells  

The intracellular signal pathway in Entamoeba-triggered HepG2 cells death was investigated 

in order to assess which amoebic factors are involved in Entamoeba–induced cell death. The 

activation of effector caspases in HepG2 cells induced by various Entamoeba strains was 

compared. Western blot analysis clearly revealed cleaved forms of caspase-3, -6 and -7 in cell 

lysates from wild-type Entamoeba-treated HepG2 cells (Fig. III-7A). In contrast, the cleavage 

of caspase-3 and -7 was partially inhibited in Rahman-treated HepG2 cells compared with cells 

treated with wild-type Entamoeba, although Entamoeba-induced caspase-6 cleavage was not 

affected. When HepG2 cells were incubated with Entamoeba ICP1+/+, the cleavage of caspases 

was similar to that of cells incubated with pathogenic wild-type Entamoeba (Fig. III-7B). 

Calpain activation in HepG2 cells induced by non-pathogenic E. histolytica did not show any 

difference compared to those incubated with pathogenic Entamoeba (Fig. III-7).  
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Figure III-7. The cleavage of caspases and calpain in HepG2 cells induced by various amoebic 
strains. HepG2 cells (1×106/sample) were incubated for 5 min at 37°C with or without E. histolytica
at a ratio of 10:1 (HepG2 cells to E. histolytica). After incubation, whole cell lysates were subjected to 
SDS-PAGE transferred to a PVDF membrane, and blotted with anti-caspase 3,-6,-7, and β-actin Ab. 
T h e  f i g u r e  i s  r ep r es en t a t i v e  o f  t h r ee  exp e r i m en t s  sh o wi ng s im i l a r  r esu l t s.
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8. E. histolytica induces cleavage of cytoskeletal-associated proteins in Jurkat T cells 

Next, whether co-incubation with E. histolytica could induce degradation of cytoskeletal-

associated proteins such as paxillin, vimentin, vinculin, talin, and -actinin in Jurkat cells was 

determined. As shown in Fig. III-8, native forms of paxillin at 68 kDa, vimentin at 58 kDa, 

vinculin at 117 kDa, or talin at 225 kDa were extensively degraded to produce cleaved small 

fragments in Jurkat cells incubated with amoebic trophozoites at a ratio of 10:1. For example, 

two cleaved bands of vimentin at approximately 50 kDa were clearly observed in Entamoeba-

treated Jurkat cells. In addition, native talin was also proteolytically cleaved, giving rise to a 

190 kDa fragment as well as other smaller fragments. The amoeba-induced cleavage effects 

were apparent as early as 1 min after incubation and were largely dependent upon the number 

of amoebae and the incubation time. In contrast, native -actinin at 100 kDa was only slightly 

damaged, appearing to be well-preserved despite exposure to amoebic trophozoites. Further, -

actin was not affected in Jurkat cells co-incubated with amoebae for up to 15 min. 
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Figure III-8. E. histolytica induces cleavage of cytoskeletal proteins in Jurkat T cells. Jurkat T 
cells (1 106/ sample) were incubated with or without E. histolytica at ratios of 10:1, 20:1 or 50:1 
(Jurkat cells to E. histolytica) for 1-15 min at 37°C. After incubation, whole cell lysates were subjected 
to SDS-PAGE and blotted with anti-paxillin, anti-vimentin, anti-vinculin, anti-talin, anti--actinin or -
actin antibodies. This figure is representative of three experiments showing similar results.
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9. Effects of calpeptin, z-VAD-fmk, or DPI on the degradation of cytoskeletal-associated proteins 

and PARP in Jurkat cells induced by E. histolytica 

To examine whether calpain plays a crucial role in E. histolytica-induced cleavage of 

cytoskeletal proteins in Jurkat cells, cells were pretreated with various concentrations (0.1–1 mM) 

of calpeptin, a cell-permeable calpain inhibitor, before incubation with E. histolytica. As shown in 

Fig. III-9A, pretreatment with calpeptin prevented E. histolytica-induced cleavage of paxillin, 

vimentin, talin, -actinin in a dose-dependent manner. Specifically, the inhibitory effects of 

calpeptin were effective at concentrations of 500 µM and 1 mM. Interestingly, paxillin cleavage 

induced by E. histolytica was highly sensitive to the proteolytic action of calpain, whereby 

calpeptin treatment almost completely reversed amoeba-induced degradation in Jurkat T cells. 

Likewise, as shown in Fig. III-9C, pretreatment with calpeptin inhibited degradation of Cas and 

- and -spectrin II in Jurkat cells exposed to E. histolytica. Amoeba-induced PARP degradation 

was also strongly inhibited by calpeptin (Fig. III-9B). However, amoeba-induced FAK 

degradation was not affected by pretreatment with calpeptin (Fig. III-9C). To address whether 

other signaling molecules such as caspases or ROS could be responsible for cleaving 

cytoskeletal-associated proteins during apoptosis of Jurkat T cells induced by E. histolytica, the 

inhibitory effects of a pan-caspase inhibitor (z-VAD-fmk) and a ROS inhibitor (DPI) were next 

investigated. As shown in Fig. III-9B and III-9C, in contrast to the strong inhibitory effects of 

calpeptin induced by amoebic trophozoites on the cleaving of paxillin, vimentin, talin, Cas, and 

- and -spectrin II, pretreatment with the pan-caspase inhibitor z-VAD-fmk had a negligible 

impact on E. histolytica-induced cleavage of cytoskeletal-associated proteins in Jurkat cells. In 

contrast, E. histolytica-induced degradations of paxillin, vimentin, vinculin and -spectrin II were 

marginally inhibited by pretreatment with the ROS inhibitor DPI (Fig. III-9B, III-9C). 
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Figure III-9. The effects of various inhibitors on the degradation of cytoskeletal-associated 
proteins in Jurkat T cells induced by E. histolytica. (A) Treatment of Jurkat T cells with the calpain 
inhibitor calpeptin results in the reduction of Entamoeba-induced cleavage of cytoskeletal proteins. 
Jurkat T cells (1 106/ sample) pretreated with calpeptin (0.1-1mM) or 1% DMSO (v/v) as a control 
for 15 min at 37 C were incubated with or without E. histolytica (1 105/ sample) for 1 min at 37 C 
in CO2 incubator. After incubation, whole cell lysates were subjected to SDS-PAGE and blotted with 
anti- paxillin, anti-vimentin, anti-talin, anti--actinin or -actin antibodies. (B), (C) The effects of 
various pharmacologic inhibitors on E. histolytica-induced cleavage of cytoskeletal proteins in Jurkat
T cells. Cleavage of paxillin, vimentin, vinculin, talin, -actinin, PARP, calpain small subunit or -
actin (B), and -spectrin, -spectrin, FAK, p130cas or -actin (C) in Jurkat T cells induced by E. 
histolytica. Jurkat cells (1 × 106/sample) pretreated with 1 mM calpeptin for 15 min, followed by 100 
mM z-VAD-fmk, 50 μM DPI, or 1% DMSO (v/v) as a control for 25 min at 37C were incubated in the 
absence or presence of E. histolytica (1 × 105/sample) for 1 min at 37 C in a CO2 incubator. After 
incubation, whole cell lysates were subjected to SDS-PAGE and probed with specific antibodies. 
The f i gures are  representat iv e of  t hree ex per im ents showing simi l ar  resul t s.

C

 



 88

10. Effects of calpain knockdown using siRNA on the degradation of cytoskeletal-associated 

proteins and PARP in Jurkat cells induced by E. histolytica  

To establish whether calpain indeed participates in E. histolytica-induced cleavage of 

cytoskeletal proteins in Jurkat cells, calpain knockdown using calpain small subunit 1 

(alternative name: calpain 4) siRNA in Jurkat T cell was performed. Two major calpain isoforms, 

μ- and m-calpain are heterodimers containing an identical 28 kDa small subunit and an 80 kDa 

large subunit that shares 55-65% sequence homology between the two proteases.55 In this study, 

knockdown of calpain small subunit 1 simultaneously causes suppression of µ-calpain, m-

calpain at the mRNA level (Fig. III-10A) and the protein level (Fig. III-10B). As shown in Fig. 

30B, as compared to scrambled siRNA, the protein expression of µ-calpain and m-calpain was 

effectively suppressed in Jurkat T cells by transfection with 100 nM calpain small subunit 

siRNA, respectively. As shown in Figure III-11, transfection with calpain siRNA effectively 

inhibited E. histolytica-induced cytoskeleton degradation in Jurkat T cells. E. histolytica-

induced PARP (Fig. III-11A), paxillin, -spectrin, -spectrin and talin degradation (Fig. III-

11B) were partially diminished by transfection of Jurkat T cells with calpain siRNA as 

compared to scrambled siRNA.  
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Figure III-10. Calpain expression levels of mRNA and inhibition of protein expression with calpain siRNA in 
Jurkat T cells. (A) Expression levels of mRNA for calpains in Jurkat T cells. At 48 h post-transfection, RNA were 
extracted from Jurkat T cells (5 x 105/ sample) transfected with the vehicle alone (Mock), control scrambled siRNA
(100 nM) or calpain small subunit 1 siRNA (100 nM), respectively. RT-PCR was carried out using the specific PCR 
primers shown in the Materials and Methods section. 100 bp DNA Marker (M), The expected size; calpain small 
subunit 1 (175 bp), µ-calpain large subunit (292 bp), m-calpain large subunit (260 bp), β-actin (293 bp). All the 
amplicons were visualized on an ethidium bromide-stained 2% agarose gel. Data are representative of three 
independent experiments. (B) Analysis of calpain protein levels by immunoblotting following silencing of calpain 
gene by siRNA in Jurkat T cells. At 72 h post-transfection, whole-cell lysates from Jurkat T cells transfected with the 
vehicle alone (Mock), control scrambled siRNA (100 nM), or calpain siRNA (100 nM) were subjected to 
immunoblotting with calpain-specific Abs and -actin Ab. For the quantification of siRNA-mediated knockdown of 
calpain protein, the blots were analyzed by densitometry using molecular analysis software FUJI FILM Multi Gauge 
Ver. 3.0. The blots are representative of three independent experiments showing similar results.
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Figure III-11. Effects of calpain siRNA on the degradation of cytoskeletal-associated proteins in 
Jurkat T cell death induced by E. histolytica. At 72 h post-transfection, Jurkat T cells (1 x 106/ 
sample) transfected with control scrambled siRNA (100 nM) or calpain siRNA (100 nM) were incubated 
with E. histolytica (1 x 105/ sample) for 1 min. After incubation, whole cell lysates were subjected to 
SDS-PAGE and blotted with anti- PARP or -actin (A), anti-paxillin, -spectrin, -spectrin, anti-talin or 
-actin antibodies (B). The figures are representative of three experiments showing similar results.
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IV. DISCUSSION  

 

The present study provides evidence that E. histolytica CPs as well as Gal/GalNAc lectin are 

involved in activation of the host intracellular signaling molecules during the process of 

Entamoeba-induced host cell death. Until now, no direct information linking E. histolytica-

induced deglycosylation and host cell death has been reported. This study shows that the 

deGlcNAcylation of host cells induced by E. histolytica is a critical step for Entamoeba-induced 

host cell death.  

In this study, co-incubation of HepG2 cells with wild-type E. histolytica resulted in activation 

of intracellular signaling molecules including caspases, calpain, ROS generation, protein 

tyrosine dephosphorylation and deGlcNAcylation. Treatment of HepG2 cells with Entamoeba 

resulted in a rapid and dramatic decrease in O-GlcNAcylated proteins in a contact-dependent 

manner. Entamoeba-induced HepG2 cell death was strongly inhibited by pretreatment of cells 

with the O-GlcNAcase inhibitor, PUGNAc. Finally, Entamoeba-induced dephosphorylation and 

deGlcNAcylation in HepG2 cells incubated with either the Entamoeba Rahman or ICP1+/+ 

strains were suppressed compared to cells incubated with wild-type amoebae, suggesting that 

amoebic cysteine protease as well as Gal/GalNAc lectin participate in Entamoeba-induced 

activation of intracellular signal molecules in host cells. Similarly, the Entamoeba-triggered 

caspase activation in HepG2 cells was partially inhibited when cells were treated with the 

Entamoeba Rahman or ICP1+/+ strains.  

O-GlcNAc is recognized as an important regulatory mechanism involved in signal 

transduction.112,108 Several studies104,105,109,110 have shown that GlcNAcylation is protective 

against cellular stress and cell death. Recently, enhanced protein O-GlcNAcylation due to the 

addition of OGT or PUGNAc was shown to mitigate both hypoxia- and oxidative stress-
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mediated ROS generation, while the addition of OGA exacerbated hypoxia-induced ROS 

generation.113 Similarly, it was reported that O-GlcNAcylation augmented via inhibition of 

OGA (PUGNAc) mitigated hypoxia-induced calcium overload, while reduction of O-

GlcNAcylation via OGA overexpression, worsened hypoxia-induced Ca2+ overload.113 OGT and 

O-GlcNAc levels increase in response to several forms of stress, including UV light, hydrogen 

peroxide, sodium chloride, ethanol, arsenite, or heat shock.104 Enhanced O-GlcNAc levels 

induced by glucosamine treatment protect cardiac myocytes after ischemia/reperfusion injury by 

increasing levels of anti-apoptotic protein Bcl2, and the infarct size of damaged hearts can be 

reduced by O-GlcNAc elevation with PUGNAc treatment.109,114 Enhanced O-GlcNAc levels due 

to the over-expression of OGT yields similar results to those of glucosamine treatment, as it 

causes a reduction in nuclear NF-κB and its DNA binding activity, IκB phosphorylation, and 

mRNA expression of TNF-α and IL-6. Furthermore, glucosamine treatment has been shown to 

improve cardiac function in a rat model and reduce circulating inflammatory cytokines by 

inhibiting the NFκB pathway.110  

In the present study, rapid reduction of O-GlcNAcylated proteins in Entamoeba-treated 

HepG2 cells occurred in a contact-dependent manner. Blocking of deGlcNAcylation with O-

GlcNAcase remarkably inhibited Entamoeba-induced host cell death. Amoebic adherence to 

host cells via Gal/GalNAc lectin allows a rapid increase in the intracellular calcium 

concentration in host cells.96 Interestingly, calpain activation and caspase-3 and ROS generation, 

all important signaling molecules for cell death induced by E. histolytica, are strongly related to 

increased intracellular Ca2+ levels in Entamoeba-induced host cell death. In the context of Jurkat 

T cell death induced by E. histolytica, calpain is known to function upstream of caspases 

because calpain-dependent cleavage of caspase-3 is crucial for the generation of active cleaved 

fragments leading to the execution of apoptosis.99 Dephosphorylation of host cells is impeded by 
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the calpain inhibitor, calpeptin,98 suggesting that calpain plays a primary role in Entamoeba-

induced dephosphorylation.  

It is not known why deGlcNAcylation accelerates Entamoeba-induced host cell death, how 

O-GlcNAc signaling is regulated (OGT or OGA activation), or which amoebic factors are 

involved in Entamoeba-induced deGlcNAcylation. However, it is possible that the decrease in 

glycoslylated protein in Entamoeba-treated HepG2 cells makes the host cells more sensitive to 

stress, finally leading to host cell death. Thus, amoebic contact with host cells via Gal/GalNAc 

lectin rapidly causes an intracellular Ca2+ increase and, in turn, calpain activation. Activated 

calpain may influence caspase activation, ROS generation and tyrosine dephosphorylation in 

HepG2 cells induced by E. histolytica, similar to the results observed in Jurkat T cells. After all, 

events such as activation of calpain-dependent cleavage-mediated death signals may function to 

propagate and amplify the cell death process induced by E. histolytica. Recently, it was 

demonstrated that amoebic adherence to host cells induced the delicate proteolytic activities of 

calpains in E. histolytica-triggered host cells99 consequently inducing the degradation of 

cytoskeletal proteins to cause acceleration of host cell death.  

Little is known regarding which amoebic factor definitively induces the activation of 

signaling molecules leading to cell death. However, CP and Gal/GalNAc lectin may play critical 

roles in Entamoeba-induced host cell death. The importance of Gal/GalNAc lectin has been 

demonstrated in a variety of reports.2,95,98,102 Gal/GalNAc lectin plays a critical role in the 

initiation of E. histolytica hepatic infection.102  Present study also supported many previous 

studies regarding the pivotal role of Gal/GalNAc lectin as a main contributor in triggering host 

cell death because EhSP did not induce host cell death. Additionally, although calpain activation 

did not differ between the wild-type and Rahman, or wild-type and ICP1+/+ strains, caspase 

activation was inhibited in both Rahman and ICP1+/+-treated HepG2 cells, but not in the wild-
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type-treated HepG2 cells. In particular, reduction of deGlcNAcylation and dephosphorylation 

by co-incubation with Rahman or ICP1+/+ strains provides some evidence of the involvement of 

CP in E. histolytica-triggered activation of signal molecules because Rahman and ICP1+/+ 

exhibited decreased CP activity compared to the wild-type E. histolytica.   

In fact, as amoebic contact with target cells is achieved, the concentration of secreted CP in 

the region of the target cell increases substantially. Debnath et al.50 reported that trophozoites 

interacting with CHO cells induced more CP activity compared with non-interacting 

trophozoites and that transcripts for CP1and CP2 were up-regulated during E. histolytica and 

mucin interaction. E. histolytica trophozoites contain pre-stored CPs in vesicles;46 CP can be 

released rapidly upon interaction of amoebae with appropriate host inducers. Accordingly, these 

CPs may participate in the process of host cell death directly to modulate the signal molecules. 

This suggested hypothesis is consistent with present study finding that Rahman or ICP1+/+ 

strains diminished deGlcNAcylation in HepG2 cells. In addition, it is possible that CP is 

indirectly involved in the activation of host cell signaling pathways to assist amoeba adherence 

or secretion of other effector molecules. Rahman with decreased CP activity or treatment of 

wild-type E. histolytica with cysteine protease inhibitor E64 showed poor adhesion to host ECM 

components compared to the wild-type Entamoeba (Fig. I-6 and I-7).  

E. histolytica possesses a class of acidic intracellular vesicles (pH 5.4) that appear to play a 

role in cytotoxicity.115 Treatment of amoebae with weak bases or lysosomotropic drugs blocks 

cytotoxicity substantially, such that up to 70% of host cells remain viable.115 Neither base 

treatment nor drug treatment appears to alter amoebic viability or adherence.115 Hence, Ralston 

et al. 116 suggested that amoebic cytotoxicity is analogous to mammalian cytotoxic T 

lymphocytes, which possess acidic intracellular granules preloaded with pore-forming proteins 

and proteases that are released upon target cell contact. This hypothesis is consistent with our 
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study findings that only EhSP without amoebic contact to host cells did not induce host cell 

death or O-deGlcNAcylation. In fact, E. histolytica trophozoites secrete large amounts of p-N-

acetylglucosaminidase that can degrade the glycosylation into the culture medium.117 It was 

reported that E. histolytica has -N-acetyhexosaminidase in cytoplasmic granules.118 Moreover, 

it has been proposed that the activity of this enzyme might be related to amoebic pathogenesis 

in amebiasis.119 In humans, lysosomal hexosaminidases are important for the turnover of 

extracellular matrix components, and mutations in the genes encoding hexosaminidase chains 

are responsible for several lysosomal storage diseases (e.g., Tay-Sachs disease and Sandhoff 

disease). The hexosaminidase complex of E. histolytica may join other components of these 

granulysins acting as a pathogenic factor120,4 and it may do so by cleavage of terminal N-acetyl-

galactosamine residues from the intestinal epithelial surface after lectin-mediated binding 

(“cutting the anchor”),118 suggesting that amoebic contact to host cells is a critical step in the 

Entamoeba-induced cell death model. 

 

Taken together, these findings suggest that E. histolytica induces HepG2 cell death via (1) 

activation of cell death-related molecules such as caspases, calpain and ROS and (2) disturbance 

of homeostasis-related intracellular signal molecules such as phospho-tyrosine and O-GlcNAc 

in a contact-dependent manner. In addition, the degradation of O-GlcNAcylated proteins plays a 

crucial role in the acceleration of host cell death induced by E. histolytica. During the process of 

host cell death triggered after amoebic contact, amoebic CP contributes to the activation of 

intracellular signaling molecules. Further studies of the detailed regulatory mechanisms 

involved in O-GlcNAc signaling in E. histolytica-induced host cell apoptosis will be helpful in 

achieving a better understanding of amoebic-induced cell responses in human amebiasis.  
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CONCLUSION  

 

Taken all together, these results suggest that amoebic CP as well as Gal/GalNAc lecin are 

closely associated with amoebic adhesion to host cell, induction of host cell responses and  

various intracellular signal molecules activation of host cell. These studies will be useful in 

understanding the relationship between amoebic factors and host signaling mechanisms 

underlying host cell death in amoeba-invaded lesions during human amoebiasis.  

 

Figure IV. Proposed model of the interaction between E. histolytica and host cells. 
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ABSTRACT (IN KOREAN) 

 

이질아메바에 의한 숙주세포반응과 세포신호전달 경로에 관여하는 

 아메바 인자 연구 

<지도교수 신 명 헌> 

연세대학교 대학원 의과학과 

이 영 아 

 

조직침범 기생원충인 이질아메바는 사람에게 아메바성 장염과 간농양을 일으키는 

병원체이다. 이질아메바의 주요한 병원성 인자로는 숙주세포의 부착에 관련된 Gal/GalNAc 

lectin과 숙주세포의 막을 손상시켜 세포의 죽음을 유도하는 amoebapore, ECM의 degradation과 

조직 간의 붕괴를 유도하는 cysteine protease이다. 그러나 어떤 아메바 인자가 숙주세포의 

반응과 세포신호 전달경로에 관여하는지는 정확히 알려져 있지 않다. 본 연구에서는, 

병원성인 야생형 아메바와 비병원성 Rahman 그리고 아메바의 주요한 병원성 인자가 

결여되어있는 형질 전환된 이질아메바 주, 즉 비병원성이며 아메바표면에 많이 존재하는 

PPG가 결여된 Rahman 주, Gal/GalNAc lectin 결여된 L5, amoebapore 유전자를 제거된 G3, 

그리고 CP 억제단백질인 ICP1 (Inhibitor of Cysteine Protease)을 과발현시킨 주 ICP1+/+와 

결여된 주 ICP1-/-를 이용하여 다양한 숙주세포 면역반응의 차이를 조사하였다.  

Chapter I 에서는, 아메바의 병원성과 밀접한 관련이 있다고 알려진 아메바의 부착능력을 

여러가지 host ECM components와 mucin을 사용하여 조사하였다. ECM 단백질에 대한 

아메바의 부착은 빠르게 일어났으며 ECM 단백질의 농도가 증가함에 따라 아메바의 부착도 

증가하였다. 그러나 Gal/GalNAc lectin이 변형된 L5주와 비병원성 Rahman주의 부착능력은 

병원성이며 야생형인 아메바에 비해 현저하게 감소되였다. 흥미롭게도 Rahman주의 CP 

활성은 야생형보다 의미있게 감소되어 있었다. CP가 아메바의 부착에 미치는 영향을 
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알아보기 위해 야생형 아메바에 CP 억제제 또는 CP 구조를 변형시킬수 있는 약제를 

전처리한후 아메바의부착을 조사한 결과, 이러한 억제제들로 전처리 함으로써 ECM protein에 

대한 아메바의 부착은 급격히 감소하였다. 이와는 반대로, CP가 과발현되는 ICP1-/-주는 

아메바의 ECM protein 부착이 대조군보다 약 두배정도 증가하였다. 이 결과들은 아메바의 

CP 활성이 Gal/GalNAc lectin과 더불어 숙주세포 구성물질에 대한 아메바의 부착능력에 

영향을 끼침을 알 수 있었다.  

Chpater 2에서는, 아메바의 분비단백질 (EhSP)에 의한 비만세포의 반응과 다양한 

형질전환된 아메바 접촉에 의한 숙주세포의 세포사멸에 어떤 아메바 인자가 중요한 역할을 

하는지 관찰하였다. 비만세포의 활성은 다양한 병원체 감염시 숙주세포 방어기작에 매우 

중요하다고 알려져 있으나 어떤 아메바 인자가 이러한 비만세포 활성을 유도하는지는 

알려져 있지 않다. 관찰결과, EhSP는 비만세포의 탈과립을 non-exocytotic mode로, IL-8의 

생산은 PAR2-independent 방식으로 유도하였다. 또한, 56도에서 30분 열처리한 EhSP도 아무 

처리 하지 않은 EhSP와 거의 비슷하게 IL-8의 분비를 유도하였으며 EhSP에 의한 IL-8 

생산은 NADPH oxidase 와 COX-1의 억제제를 비만세포에 전처리함으로써 의미있게 

억제되었다. 다양한 아메바 주의 EhSP에 의한 비만세포의 IL-8을 조사한 결과, Rahman과 

ICP1+/+주에서 얻어진 EhSP는 야생형의 EhSP와 비교했을 때 IL-8 생산이 유의성있게 

감소하였다. 또한, ICP1+/+에 의해 유도된 숙주세포의 LDH 방출은 야생형 아메바의 그것과 

비교했을때 의미있게 감소하였으며 특히 비병원성인 Rahman은 숙주세포의 LDH 방출뿐 

아니라 DNA fragmentation도 전혀 유도하지 못하였다. 이 결과들을 통해 아메바의 CP는 

숙주세포의 IL-8 생산과 죽음에 밀접하게 관련 있음을 알 수 있었다.  

Chapter 3 에서는 어떤 아메바 인자가 이질아메바에 의해 활성화되는 숙주세포의 

신호전달물질에 깊이 관련되어 있는지 알아보고자 다양한 아메바 변형 주를 이용하여 

조사하였다. 먼저 야생형 아메바는 인체 간세포에서 caspase, calpain, ROS의 활성을 잘 
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유도하였고 Rahman 주에 의한 caspase-3의 활성은 야생형 아메바에 의해 유도된 그것에 

비해 감소하였다. 또한 야생형 아메바는 매우 빠른 시간안에 숙주세포의 탈인산화와 

deGlcNAcylation를 일으켰으며 아메바에 의해 유도되는 deGlcNAcylation은 GlcNAcase 억제제 

PUGNAc에 의해 현저하게 감소하였다. 게다가, 아메바에 의해 유도되는 숙주세포의 사멸은 

PUGNAc 억제제로 전처리함으로써 잘 억제되었다. CP의 활성이 감소되어 있는 Rahman 주와 

ICP1+/+주에 의해 유도된 탈인산화와 deGlcNAcylation은 야생형에 의해 유도된 그것과 

비교했을때 감소되었다. 이는, 아메바에 의한 숙주세포의 탈인산화와 O-GlcNAcylation의 

감소가 숙주세포의 죽음과 밀접한 관련이 있으며 아메바의 Gal/GalNAc을 통한 부착과 CP가 

숙주세포 신호전달 기전에 관여함을 알 수 있었다. 또한, 아메바에 의해 유도되는 숙주세포 

사멸과정중에 일어나는 세포골격단백질의 분해는 Ca2+ 의존적인 시스테인 프로테아제인 

calpain에 의해 유도됨을 알 수 있었다.  

이러한 결과들을 종합하면, 이질아메바의 CP는 Gal/GalNAc lectin과 더불어 아메바의 

병원성에 깊이 관련되어있는 아메바 부착에 관여하고, 이렇게 증가한 아메바의 부착은 

숙주세포내의 신호전달체계를 교란시켜 결국 숙주세포의 사멸을 유도한다. 즉, 아메바의 

CP는 급성적인 조직염증환경을 유도하는 비만세포의 IL-8의 생산반응과 숙주세포사멸의 

유도, 그리고 숙주세포를 죽음에 관련되어있는 숙주세포내 신호전달활성에 깊이 관련되어 

있음을 알 수 있었다.  
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