
 
 

 

 

 

 

 

ACANTHAMOEBA spp. SECRETE A MANNOSE-INDUCED PROTEIN THAT 

CORRELATES WITH ABILITY TO CAUSE ACANTHAMOEBA KERATITIS 

 

 

 

 

 

APPROVED BY SUPERVISORY COMMITTEE 

 

Jerry Niederkorn, Ph.D.___________________________ 

 

Nancy Street, Ph.D.___________________________ 

 

Kevin McIver, Ph.D.___________________________ 

 

Michael Bennett, MD.___________________________ 



  
 

 

 

 

 

 

 

DEDICATION 

 

I would like to thank the members of my Graduate Committee and everyone that has helped 

support me through this long journey. 



  
 

 
 
 
 
 
 
 

ACANTHAMOEBA spp. SECRETE A MANNOSE-INDUCED PROTEIN THAT 

CORRELATES WITH ABILITY TO CAUSE ACANTHAMOEBA KERATITIS 

 
 
 

by 

MICHAEL ALLEN HURT 
 
 
 
 
 

DISSERTATION 
 
 

Presented to the Faculty of the Graduate School of Biomedical Sciences 

The University of Texas Southwestern Medical Center at Dallas 

In Partial Fulfillment of the Requirements 

 For the Degree of  

 

DOCTOR OF PHILOSOPHY 

 

The University of Texas Southwestern Medical Center at Dallas 

Dallas, Texas 

October, 2003



  
 

 

 

 

 

 

 

Copyright 

by 

Michael A. Hurt 2003 

All Rights Reserved 



  

  
 

 

 

ACKNOWLEDGEMENTS 

I would like to first thank my mentor, Dr. Jerry Niederkorn, for giving me not only a 
place in which to conduct my research but also countless hours of invaluable advice and 
discussion that will shape my future career.  I could not have asked for a better mentor. 

  I would also like to thank my coworkers, past and present, in the Niederkorn 
lab.  I am particularly grateful to Dr. Henry Leher and Robert Ritter (Dr. Edwards Lab), who 
were there to help during my early days in the lab.  I thank Dr. Hassan Alizadeh, Dr. Sylvia 
Hargrave, Dr. Kathy McClellan, Dr. Hao-Chuan Li, Dr. Shixuan Wang, Dr. Molly Skelsey, 
Dr. Clay Beauregard, Dr. Alper Alkozek, Dr. Yu-guang He, Jessemee Mellon, Elizabeth 
Mayhew, Sherine Apte, Christina Hay, Sudha Neelam, Daniel Clarke, Dru Dace, Hossam 
Ashour, Wanda Harlan, Barbara Linzy, Kevin Howard, and Mindy Westbrook for their 
advice, assistance, and friendship.  Thanks to Vincent Proy, Sabrina Carrillo, and Kalisa 
Myers for technical assistance and to Karen Kazemzadeh for administrative support. 

 I thank the Division of Cell and Molecular Biology and the Molecular 
Microbiology program, and especially the members of my committee, Dr. Nancy Street, Dr. 
Kevin McIver, and Dr. Henry Leher. 

 Finally, I would like to thank my father, Clyde Wilson, who stood beside me 
and believed that I would eventually graduate. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

v 



  

  
 

 
 
 
 
 
 
 
 
 
 

ACANTHAMOEBA spp. SECRETE A MANNOSE-INDUCED PROTEIN THAT 
CORRELATES WITH ABILITY TO CAUSE ACANTHAMOEBA KERATITIS 

 
 

 Publication No._____________ 
 
 

Michael Allen Hurt, Ph.D. 
 

The University of Texas Southwestern Medical Center at Dallas, 2003 
 
 

SUPERVISING PROFESSOR: JERRY NIEDERKORN, PH.D. 
 
 

ABSTRACT 
 

Acanthamoeba spp. are ubiquitously distributed in the environment.  The trophozoite 

form can infect the cornea and cause sight-threatening corneal inflammation known as 

Acanthamoeba keratitis.  The pathogenic cascade of Acanthamoeba keratitis begins when 

Acanthamoebae bind to mannose expressed on traumatized corneas.  Published reports 

indicate that mannose is upregulated on the corneal surface during wound healing.  

Experiments in laboratory animals have shown that corneal abrasion prior to infection is 

essential for generating Acanthamoeba keratitis. Furthermore, supernatants from 

Acanthamoeba  
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trophozoites grown in medium supplemented with mannose were found to be more toxic to 

corneal cells than from those without mannose.  After binding to mannose ligands, the 

amoebae desquamate the corneal epithelial cells, perforate the Bowman’s membrane, and 

invade the corneal stroma.  Once inside the stroma, the amoebae secrete collagenolytic 

factors that dissolve the stromal matrix.  Collectively, these data suggest that binding to 

mannose induces Acanthamoeba trophozoites to secrete cytotoxic factors necessary for 

causing keratitis. 

The data showed that mannose induced A. castellanii to secrete a novel 133 kDa 

protein that is cytolytic to corneal epithelial cells.  Cytolytic activity of the mannose-induced 

protein (MIP-133) was abrogated with the addition of serine protease inhibitors, indicating 

that MIP-133 is a serine protease.  Examination of the cytolytic mechanism revealed that cell 

death was due to the activation of the caspases-3 and -10-dependent apoptotic cascade.  

Incubations of MIP-133 with artificial Bowman’s membrane and stromal matrix 

demonstrated that MIP-133 degraded the collagen comprising the bulk of these layers.   

Analysis of Acanthamoeba spp. revealed that production of MIP-133 correlated with 

ability to cause keratitis.  Soil isolates neither made MIP-133 nor produced significant 

keratitis.  All clinical isolates examined produced MIP-133 and keratitis in laboratory 

animals. 

Anti-MIP-133 antibodies neutralized the cytolytic and collagenolytic activity of MIP-

133 in vitro.  Additionally, incubations of anti-MIP-133 with whole trophozoites inhibited 

their migration through an extracellular matrix.    
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Oral immunization with MIP-133 resulted in reduced severity and duration of 

Acanthamoeba keratitis.  Mucosal antibodies isolated from orally immunized animals 

inhibited cytolytic activity in vitro.  Furthermore, oral immunization in animals with existing 

chronic Acanthamoeba keratitis (mimicking human disease) displayed immediate reduction 

in disease severity and mitigation of corneal disease. 
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CHAPTER ONE 
Introduction and Literature Review 

 

THE EYE 
 

 The eye collects light, processes this light into visual stimuli, and then sends 

this information to the brain to be decoded into an actual image.  Light first comes in 

contact with, and penetrates, the cornea.  Once beyond the cornea, the light travels 

through the fluid filled space of the anterior chamber, called aqueous humor, and is 

focused through the narrow pupil, which is regulated by the iris (Figure 1).  This 

narrow beam of light is then conveyed onto the lens.  The lens acts both as a barrier 

between the posterior and anterior portions of the eye, and as the focus-point of the 

incoming light.  Through a process called “accommodation,” the focused light is 

projected through the semi-viscous fluid of the posterior compartment, called vitreous 

humor, back onto the millions of tiny photoreceptors that line the posterior portion of 

the eye, called the retina.  The retina then transmits the information to the brain via 

the optic nerve, where the visual image is decoded.  

 The cornea is the outermost portion of the eye.  Although it is clear and 

devoid of blood vessels, it is a highly organized structure arranged in 5 layers (Figure 

2).  The most outer layer of the corneal is comprised of the epithelium.  The 

epithelium functions as the primary barrier to foreign material and organisms.  

Additionally, these cells form a smooth surface through which oxygen and nutrients 

are absorbed.   



2  

 

Figure 1.  Cross-section of the eye.  The anterior segment of the eye is comprised of 

the cornea, iris ciliary body, and aqueous humor.  The posterior compartment is filled 

with vitreous humor and lined by the retina.  Both chambers are separated by the lens. 
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Figure 1 
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Figure 2.  Cross-section of the cornea.  The cornea is comprised of 5 primary 

components:  the epithelium, Bowman’s membrane, stroma, Descemet’s membrane 

and the endothelium. 
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Figure 2 
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Damaged epithelial cells are quickly replaced, and new cells are continuously 

regenerated.  Underlying the epithelium is Bowman’s Membrane.  Bowman’s 

Membrane is a transparent sheet comprised primarily of type IV collagen.  Although 

capable of regeneration, scars can form as this layer heals, thereby reducing visual 

acuity.  The middle portion of the cornea is the stroma.  The stroma is the thickest 

layer of the five layers, representing approximately 90 percent of the cornea.  This 

layer consists of water, type I collagen and keratocytes that maintain the collagen 

matrix.  Under the stroma is another sheet of collagen called Descemet’s Membrane.  

This thin layer is very resilient and serves as an additional barrier against infection.  

The final portion of the cornea is comprised of a single layer of cells called the 

endothelium.  The endothelium is essential for pumping the excessive fluid out of the 

stroma and into the anterior chamber, and is responsible for maintaining corneal 

transparency.  The endothelium also maintains Descemet’s Membrane.  However, 

endothelial cells do not regenerate, and damage to this cell layer can cause blindness.  

 The two main functions of the cornea are to serve as the refractive surface of 

the eye and to shield the eye from foreign material.  The cornea is the main refractive 

surface of the eye, and has most of the power to focus light.  Secondly, the cornea 

provides an effective barrier to foreign materials.  As the ocular surface is constantly 

exposed to materials such as dust, pollen and pathogenic organisms, it is essential for 

it to be protected.  Although the cornea is an effective barrier, it also relies on both 

specific and non-specific immune effectors, such as the tear film.   The tear film 

bathes the surface of the cornea, and provides the main immune protection against 

corneal pathogens.  This protection is imparted from the mixture of proteins, lipids, 
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salts, and metabolites that not only function as a rich source of antimicrobial 

products, but also aid in preventing pathogens from adhering to the corneal surface 

(1, 194).  Additionally, the cornea can enlist specific elements of the immune system, 

such as neutrophils and macrophages.  Macrophages have been shown to be recruited 

by monocyte chemotactic and activating factor (MCAF) produced by a variety of 

cells, including monocytes and macrophages, fibroblasts, endothelial cells, 

keratinocytes, smooth muscle cells, astrocytes, and various tumor cells lines (16, 218, 

219).  Corneal lesions from pathogens, including Acanthamoeba spp., have been 

shown to be heavily infiltrated by neutrophils (86, 98).  Neutrophils have been shown 

to be recruited by several chemokines, including interleukin-8 (IL-8)(15), 

keratinocyte-derived factor (KC)(136), and macrophage inflammatory protein 2 

(MIP-2)(74, 84, 216).  The cornea provides an essential barrier to foreign particles, 

and any inability to protect the eye from pathogens can lead to severe visual 

impairment or blindness.  

 One might expect that pathogens on the ocular surface would encounter 

effective corneal defenses and be rapidly eliminated.  However, the three most 

common forms of infectious blindness in the world, Chlamydia trachomatis, Herpes-

Simplex Virus (HSV) and Onchocerca volvulus, are actually immune-mediated 

diseases (150, 158, 186).     In all three cases, an overzealous immune response 

actually contributes to overall disease symptoms and can lead to corneal opacity and 

blindness.   In fact, reduction in neutrophilic infiltration, via neutralizing antibodies 

against MIP-2, significantly reduced corneal opacity in HSV infected BALB/c mice 

(189, 216).  Moreover, studies with HSV infected T-cell deficient nude mice have 
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shown that fewer neutrophils were recruited to the site of infection, and the corneas 

were resistant to HSV keratitis (42, 67).  Along with HSV, Pseudomonas aeruginosa 

is one of the leading causes of infectious blindness in North America (153, 158, 186).  

Recent studies have shown that Pseudomonas keratitis is also immune-mediated (98).   

Recruitment of neutrophils to Pseudomonas aeruginosa infected corneas, via 

recombinant MIP-1 alpha and MIP-2, significantly exacerbated disease in mice (84, 

85).  Furthermore, elevated levels of interleukin-1 expression were shown to be 

responsible for increased MIP-2 expression, prolonged neutrophil influx, and 

increased corneal destruction in Pseudomonas-infected corneas (170).  These are but 

a few examples of how immune-mediated diseases of the cornea can arise from a 

variety of pathogen categories, including helminths, viruses, and extracellular 

bacteria.  

 With this information in mind, one would expect that corneal disease 

associated with extracellular protozoal pathogens might also be immune-mediated.  

One such protozoal pathogen, Acanthamoeba spp., can cause a severe form of 

inflammation called Acanthamoeba keratitis.  Histological examination of 

Acanthamoeba keratitis lesions in both humans and experimental animals reveals 

large numbers of neutrophils and macrophages (14, 57, 63, 102, 124).  However, 

elimination of either cell type drastically exacerbates the disease in experimental 

animals (74, 199).  Unlike the infectious corneal diseases mentioned above, 

Acanthamoeba keratitis is not an immune-mediated disease, and clearance of the 

organisms relies on the participation of host innate immune cells.  However, this 

susceptibility of Acanthamoebae to the innate immnune system in experimental 
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animals does not tell the full story.  In fact, Acanthamoeba keratitis in humans is 

often chronic, even in the face of a robust immune response.  Furthermore, the 

amoebae are very efficient at overcoming the initial corneal defenses, and invading 

the stroma.  Further elucidation of the immune responses and pathogenic mechanism 

are necessary for understanding Acanthamoeba keratitis.  

 

ACANTHAMOEBA CLASSIFICATION AND BIOLOGY 
 

 Acanthamoeba was first discovered in 1930 by Castellani while examining 

cultures of the yeast Cryptococcus pararoseus (26).  The following year, Volkonsky 

classified the new amoeba species as Hartmanella castellanii (205).  This early 

classification was ill-defined, and was based on both the presence of the double-wall 

cyst and the position of the spindle fibers at mitosis.  By the 1960s and 1970s, it was 

clear that a new system of classification was needed as more strains of Acanthamoeba 

were described.  This new scheme divided Acanthamoeba spp. into three 

morphological groups based on cyst size and shape (156, 163).  However, 

classification based on the cyst size and shape was unreliable, as cysts morphology 

can change due to culture conditions.  Moreover, this classification system does not 

incorporate biochemical or immunological criteria (41, 185).  In 1991, Visvesvara 

created a new species classification scheme dividing Acanthamoeba spp. into three 

different subgroups based on morphology, isoenzyme analysis and serology (202).  

This scheme is widely used today and places Acanthamoeba into the suborder 

Acanthopodina and the genus Acanthamoeba (Figure 3A).  However, many species  



10  

 

Figure 3.  Phylogenetic tree of Acanthamoeba spp.  A) Scheme of classification used 

in the early 1990s.  Based on morphology, isoenzyme analysis and serology.  B) 

Present day schematic based on morphology, rRNA and rDNA. 
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Figure 3 
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share antigenic determinants, and isoenzyme patterns also change when strains are 

cultured under different conditions (77, 210).   

 During the late 1990s, attempts to rectify the problems in classification 

focused on nuclear rRNA.  Under this system, Acanthamoeba species were divided 

into 12 sequence types, and in combination with morphologies established by Pussard 

and Pons (163), helped to create the most current phylogenetic tree (Figure 3B) (59, 

184).   

 Acanthamoeba spp. are ubiquitous in nature and have been isolated from a 

wide variety of environments, including swimming pools, hot tubs, lakes, soil, dust, 

drinking fountains, eyewash stations and the nasopharyngeal mucosa of healthy 

individuals (11, 23, 27, 90, 114, 157, 167, 203, 208).  In addition, several strains have 

also been isolated from vegetation and several species of animals, including 

mammals, reptiles, and fish (30, 48, 206).  Acanthamoebae exist in 2 stages; the 

motile free-living trophozoite and the dormant cyst (Figure 4).  The trophozoites of at 

least seven species of Acanthamoeba are the causative agents of disease and range 

from 25 – 40 µm in size.  They are easily identified at the genus level due to the 

presence of spiny surface psuedopodia, called acanthapodia, from which their name is 

derived.   

 In unfavorable conditions, such as starvation, hyperosmolarity, dessiccation, 

freezing, and extreme temperatures or extreme pH, the trophozoite will encyst (29, 

37, 60, 211).  The cyst is 10-25 µm in diameter and is encapsulated within a double 

wall that is primarily comprised of cellulose and chitin.  The cyst is highly resistant to 

environmental assault and has been shown to tolerate both repeated freeze-thawing  
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Figure 4.  Photomicrographs of Acanthamoeba castellanii trophozoites and cysts.  

Photos were taken at 100x.  Bar = 12 µm. 
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Figure 4 
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and very high doses of UV and gamma radiation (3).  Such resistance is beneficial for 

the organism as it enhances it’s survival during periods of very harsh environmental 

conditions, which might include immunological attack. 
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ACANTHAMOEBA INFECTIONS AND PATHOGENESIS OF 

ACANTHAMOEBA KERATITIS 

                         

 Acanthamoeba infections are found in both immunocompetent and 

immunosupressed individuals.  Although the most common form of infection is 

Acanthamoeba keratitis, Acanthamoeba species can also cause granulomatous amebic 

encephalitis (GAE) and cutaneous acanthamebiasis.  GAE is a very rare, and 

potentially fatal, infection of the central nervous system (CNS) (47, 82, 117, 120, 

122).  Incubation periods and routes of infection are still unclear, yet the initial 

infection is believed to arise from inhalation of infectious Acanthamoebae or via 

invasion of skin lesions (118).  Immunocompetent patients generate well-developed 

granulomas around Acanthamoeba spp., while immunosuppressed patients form very 

weak granulomas.  Once the organisms spread to the CNS, symptoms occur, 

including severe hemorrhagic necrosis.  Proper diagnosis of GAE is very important, 

as most patients with disease spreading to the CNS will die.  Cutaneous 

acanthamebiasis is a severe skin disease primarily found in individuals with AIDS, 

but has also been reported in patients undergoing treatment for organ transplants and 

in patients with underlying immunological disorders (25, 44, 68, 116, 178, 195).   

 Classical symptoms of cutaneous acanthamebiasis include the presence of 

firm erythematous nodules and ulcers (31, 68, 111, 193).  Acanthamoeba-derived skin 

ulcers often progress into non-healing purulent ulcerations (127, 187).  

Approximately 73 percent of patients with cutaneous acanthamebiasis die; however, 

if the organisms disseminate to the CNS, 100 percent fatality ensues  (193). 
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 Acanthamoeba keratitis is a very painful, sight-threatening corneal infection 

caused by several species of free-living pathogenic Acanthamoeba (133, 204).  

Acanthamoeba keratitis was first reported by Dr. Daniel Jones as a presentation at the 

Ocular Microbiology and Immunology group meeting in Dallas, Texas, in 1973, and 

later published in 1975 (81, 82).  In this presentation, a 59 year-old rancher had 

traumatized his right eye by straw fragments, and then washed the eye with water 

from a tap in his house that was fed from the ranch river tributary.  The initial 

clinicians prescribed antibiotics and corticosteroids.  One month later, the rancher’s 

visual acuity was restricted to counting fingers at a length of one foot, and the patient 

was referred to Dr. Jones at Baylor College of Medicine, Houston, Texas.  The initial 

impression was fungal keratitis with ring infiltrate, and atropine was administered.  

Corneal scrapings revealed unidentifiable thick-walled cysts, and over the next 10 

days, confusion over the identity of the causative agent led to the administration of 

several different treatments, including prednisolone phosphate, bacitracin, 

gentamicin, and atropine.  Then it was noticed that initial blood agar plates contained 

wave-like tracks, which subsequently contained cysts and free-living amoebae.  

Telephone conversation with Dr. Culbertson in Indianapolis suggested the probability 

of a strain of either Hartmanella or Acanthamoeba.  Subcultures sent to the Center for 

Disease Control identified the organism as Acanthamoeba polyphaga.  Over the next 

11 months, the patient experienced 5 more relapses of keratitis, until finally ending 

with the perforation of the infected cornea.  Keratoplasty and lens extraction were 

performed the following day.    
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 The “first” published peer review article reporting Acanthamoeba keratitis 

was by Nagington et al. in Great Britain in 1974 (145).  During the next 10 years, 

only 10 cases of Acanthamoeba keratitis were reported  (213).  However, between 

1984 and 1985, the number of reported cases began to increase, with nearly 200 cases 

reported in 1990 alone (181, 213).  This increase in Acanthamoeba keratitis has been 

directly linked to contact lens wear with preexisting corneal trauma (11, 36, 142, 181, 

196, 204).   Characteristic symptoms of Acanthamoeba keratitis include a ring-like 

corneal infiltrate, epithelial destruction, disproportionately severe ocular pain and 

resistance to antimicrobial agents (7, 125, 160).  Typical treatment consists of around-

the-clock, hourly, topical applications of chlorhexidine, brolene, or 

polyhexamethylene biguanide, alone or in combination.  Even with such regimented 

therapies, patients often experience severe corneal destruction and require corneal 

transplants.  Acanthamoeba cysts persist in the conjuctiva for several months, and can 

subsequently excyst and reinfect the corneal transplant (7).    These dormant cysts are 

believed to be the source of recurrent infections in Acanthamoeba keratitis patients 

(7, 57, 124, 133, 198).  It is not completely understood what conditions are necessary 

for excystment in the eye.  However, our lab has shown that cellulase and treatments 

with the steroid dexamethasone greatly accelerated the rate of excystment (3, 131).  

Furthermore, cysts have been shown to remain viable even after 24 years when stored 

in water (129).   

 The pathogenesis of Acanthamoeba keratitis occurs in a sequential manner.  

Binding of the trophozoites to the corneal epithelial surface is an essential first step in 

the infectious cascade.  A mannose-specific surface receptor is believed to mediate 
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the adhesion of the amoeba to the mannose on the corneal epithelium (217).  

Adhesion of the amoeba is highly specific for mannose and appears to be independent 

of the nature of the mannose linkage (78).  Although a normal eye possesses a degree 

of mannose on the corneal surface, induction of Acanthamoeba keratitis in 

experimental animals requires corneal abrasion prior to exposure to infectious 

trophozoites (153, 196).  This trauma is essential for generating disease.  

Furthermore, even subtle corneal surface injury has been associated with an 

upregulation of mannose-glycoproteins to which the amoeba can adhere with high 

affinity (78, 143, 217).   Binding of the amoeba to the corneal epithelial cells is 

believed to induce the secretion of cytolytic molecules responsible for trophozoite-

mediated killing (78, 108, 126).  In vitro experiments have shown that Acanthamoeba 

trophozoites produce contact-dependent killing of a wide range of mammalian cells 

(12, 99, 101, 141, 175).  Contact-dependent cell death using Acanthamoebae cell 

extracts is due to the induction of apoptosis, and not due to the “piecemeal” necrotic 

destruction of target cells as seen by Naegleria spp., further emphasizing the 

importance of secreted factors in Acanthamoeba pathogenesis (8, 22).  However, 

contact-independent mechanisms of target cell death by secreted factors have also 

been reported.  Mattana et al. reported that A. castellanii trophozoites constitutively 

secrete low molecular weight metabolites that are cytolytic to human corneal 

epithelial cells (126).  These metabolites were isolated from mid-log phase 

trophozoites grown in PYG, and induced a transmembrane influx of extracellular 

calcium resulting in cytolysis from the elevation of cytosolic free-calcium levels.  

Leher et al. showed that soluble mannose could also induce A. castellanii to elaborate 
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a cytolytic factor that was found to be greater then 100 kDa (108).  The cytolytic 

activity of this factor could be inhibited with the addition of the serine protease 

inhibitor PMSF.  Further evidence of soluble pathogenic factors has been reported in 

the literature.  A. culbertsoni constitutively produces the proteolytic enzyme elastase 

at comparable levels with the highly pathogenic N. fowleri (51).  A. castellanii 

elaborates a novel 40 kDa plasminogen activator that does not cross-react with 

antibodies to either urokinase- or tissue-type plasminogen activators (139, 197).  A 

number of studies have shown that tumor cell expression of urokinase plasminogen 

activator correlates with invasive potential in animal models (65, 97, 155).  

Elaboration of plasminogen activators may play an important role in the penetration 

of extracellular matrix.  Furthermore, axenic cultures of A. castellanii constitutively 

produce collagenolytic factors that are capable of dissolving collagen shields in vitro 

(64).  Intrastromal injections of the Acanthamoeba-conditioned medium in Lewis rats 

produced corneal lesions clinically similar to biopsies taken from Acanthamoeba 

keratitis patients (64).  Further studies demonstrated that a variety of serine and 

cysteine proteases are secreted by Acanthamoeba spp., ranging from 33 – 230 kDa (4, 

24, 34, 87, 94).  In the final analysis, the pathogenesis of Acanthamoeba keratitis can 

be attributed to multiple virulence factors.  

 Following the destruction of the epithelial cells, trophozoites perforate 

Bowman’s membrane.  Perforation of this layer may be due to the production of 

plasminogin activators, collagenolytic factors, or yet to be described proteases. 

Penetration of Bowman’s membrane is followed by the invasion of the stroma.  Once 

in the stroma, the trophozoites produce soluble collagenase, which dissolves the 



21  

 

collagen matrix that forms the stromal layer.  Van Klink et al. showed that 

Acanthamoebae are chemotactically attracted to corneal endothelial cell products, but 

do not respond to corneal epithelial or stromal extracts (197).  This finding is 

puzzling, as there are only a few isolated reports of Acanthamoeba trophozoites 

penetrating the endothelial cell layer and entering the interior of the eye (80, 144, 

197).    

 Once inside the stroma, trophozoites incite an inflammatory response that is 

comprised of macrophages and neutrophils.  In vitro studies have shown that 

macrophages are capable of killing Acanthamoeba trophozoites in an antibody-

dependent mechanism (182).  Depletion of conjunctival macrophages with 

clodronate-encapsulated liposomes prior to infection with A. castellanii produces a 

severe infection that does not resolve (199).  This finding suggests that macrophages 

are important for limiting the severity and duration of disease, however, they do not 

prevent the initial corneal infection (152).  This is consistent with in vitro studies, 

which have demonstrated macrophage activation is key for successful elimination of 

the trophozoites (115).  As a result, resting macrophages were unable to effectively 

kill trophozoites, and in fact, succumb to trophozoite-mediated killing.   

 Neutrophils have also been shown to be effective at killing Acanthamoeba 

trophozoites and are very abundant in corneas afflicted with Acanthamoeba keratitis 

(50, 133, 183).  In humans, the influx of neutrophils have been blamed for mediating 

a portion of the stromal necrosis (133).  However, studies in Chinese hamsters have 

shown that the migration of neutrophils into the cornea during Acanthamoeba 

keratitis is important for mitigating disease (74).  Intracorneal injections of MIP-2 
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prior to infection with Acanthamoeba trophozoites greatly increased neutrophil 

migration into the cornea and resulted in milder disease and earlier resolution.  By 

contrast, inhibition of neutrophil recruitment with a neutralizing antibody to MIP-2 

significantly increased both disease severity and duration.  Furthermore, injection of 

anti-Chinese hamster neutrophil antibodies prior to infection also exacerbated disease 

severity and duration (74).   

 The discussion of Acanthamoeba pathogenesis would not be complete 

without mentioning the role of Acanthamoeba cysts.   Trophozoites have been shown 

to encyst in response to a number of unfavorable conditions, including starvation, 

hyperosmolarity, dessication, extreme temperatures, and extreme pH changes (29, 37, 

60, 211).  Furthermore, cysts are highly resistant to harsh environmental conditions, 

such as repeated freeze-thawing and high doses of both UV and gamma radiation (3).  

The conversion to cysts poses a unique set of problems for clinicians, as cysts can 

persist in the stroma for months, and are believed to be the source of recurrent 

infections of Acanthamoeba keratitis (7, 57, 124, 133).  Presently, there are no known 

antimicrobials for eliminating cysts from the eye.  Moreover, the use of 

dexamethosone, a topical steroid typically used to control pain and inflammation after 

eye surgery, has been shown to induce conversion of the dormant cysts to infectious 

trophozoites (131).  Further compounding the problem is the fact that cysts appear to 

evade elimination by the immune system.  McClellan et al. showed that cysts are both 

immunogenic and antigenic (130).  Intraperitoneal immunizations of cysts in 

experimental animals generated serum IgG antibodies that bound to both cysts and 

trophozoites.  It is unclear what role such antibodies might have in human patients 
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with Acanthamoeba keratitis.  Once in the stroma, the cysts must then evade the 

macrophages and neutrophils that respond to the infection.  Recent studies in our lab 

were aimed at understanding how the cysts were able to avoid being eliminated by the 

innate arm of the immune system.  The results showed that neither macrophages nor 

neutrophils were chemotactically attracted to whole cysts in vitro (76).  By contrast, 

both of these immune cells were highly attracted to cyst lysate.  In vitro studies 

showed that both neutrophils and macrophages were efficient at killing 

Acanthamoeba cysts in a contact-dependent fashion.  Macrophages were shown to 

kill the cysts through phagocytosis, while neutrophils were shown to kill cysts by way 

of a myeloperoxidase-dependent method (76).  To understand the immunobiology of 

Acanthamoeba keratitis, it is necessary to review how the cornea defends itself 

against microbial attack.      

 

CORNEAL IMMUNITY AND WOUND HEALING 
 

The corneal epithelium, along with tears and the blinking reflex, provide the 

first line of defense for the eye.  Corneal epithelium, conjunctiva, and eyelids provide 

important barrier functions, while the lacrimal glands found in the superolateral orbit 

provides both specific and non-specific protection.   Foreign objects first become 

trapped in the tear film (described below) on the corneal surface, and are then cleared 

away by the sweeping action of the eyelids.  This sweeping motion of the eyelids 

provides the cornea with the immediate removal of foreign materials, and 

simultaneously functions to distribute tear film evenly along the ocular surface.   
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Lining the inside of the eyelid is the tarsal conjunctiva and approximately 30 

meibomian glands that secrete the lipid layer of the tears, which forms the outer layer 

of the tear film (104).  The conjunctiva continues around the globe (bulbar 

conjunctiva) and ends at the corneal limbus.  The conjunctiva is comprised of tightly 

packed stratified squamous epithelial cells that provide a formidable barrier against 

foreign invaders.  Furthermore, the conjunctiva contains lymphocytes, T-cells, natural 

killer cells, mast cells, macrophages and indigenous aerobic and anaerobic flora (2, 

18, 70, 180).  This local accumulation of activated lymphocytes is a key function of 

mucosal immunity and is part of the “mucosal associated lymphoid tissue” (MALT; 

described in the mucosal immunity section) (46).  The cornea is avascular and 

depends on immune elements found within the conjunctiva for protection against 

foreign invaders.  Following injury or infection, blood vessels can extend into the 

corneal tissues, thus allowing recruitment of immune elements to the site of infection. 

The tear film is an essential component of the cornea’s defense and health.  It 

serves several purposes:  it keeps the eye moist, creates a smooth surface for light to 

pass through the eye, nourishes the front of the eye and provides protection from 

injury and infection.  Tears are comprised of three layers:  oil, water, and mucus.  The 

top layer is the lipid layer, and it is secreted by the meibomian glands found along the 

underside of the eyelids.   This layer is comprised of cholesterols and lipids, and 

functions to smooth the tear surface and reduce tear evaporation (91).  The middle 

layer forms the bulk of the tears.  This aqueous layer is secreted by the lacrimal 

glands and functions to hydrate, clean, and protect the eye against foreign materials 

(104).  The lacrimal glands secrete a host of non-specific defensive molecules and are 
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the main site of secretory IgA synthesis (9).  Key antigen non-specific molecules 

include lactoferrin, lysozyme, lactoperoxidase metabolites, beta-lysin, interferon, 

prostaglandins, and complement (2, 55, 79, 88, 100, 104, 128).  The bottom layer of 

the tear film is the mucus (mucin) layer and is produced by the conjunctival goblet 

cells.  This layer spreads evenly over the surface of the cornea to make an even base 

for the watery middle layer, thus aiding in keeping the cornea hydrated (2, 104).  

Additionally, the mucin layer also helps in the elimination of foreign materials by 

trapping them and facilitating their removal by the blinking reflex.      

The corneal epithelium functions as an effective barrier against foreign 

invaders.  The outermost layer is comprised of five to seven layers of stratified 

squamous epithelial cells.  Even mild trauma to the surface of the cornea induces 

epithelial cells to move into the injured area before infection can occur.  Additionally, 

studies have shown that trauma to corneal epithelial cells causes them to upregulate 

mannose-glycoproteins to the cell surface during the wound healing response  (78, 

143, 217).   The reason for glycopotein upregulation is still unclear, however, these 

glycoproteins may facilitate infection by microorganisms as they are important 

ligands for pathogens such as A. castellanii (217).  Although the cornea is normally 

avascular, infection of the ocular surface can induce extensive corneal 

neovascularization.  This vascularization facilitates recruitment of both the innate and 

adaptive immune systems. 

 

MUCOSAL IMMUNITY AND IgA 
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The mucosal surface represents the largest surface area of the human body and 

is over one hundred times larger than the total area of the skin (20).  The average 

adult has approximately 400 m2 of mucosal epithelium, while the skin only represents 

about 1.8 m2 (20) This vast surface is dependent on a series of barriers that can 

provide a local immune response.   

The common mucosal immune system refers to the distribution of activated 

lymphocytes in exocrine tissues throughout the body (20).  These sites represent 

aggregates of lymphoepithelial tissue, and are referred to as “mucosal associated 

lymphoid tissue” (MALT).  These specialized lymphoid tissues are directly 

associated with the mucosa, and though they are part of the immune system, they 

function independently from the central immune system (49).  MALT sites are 

strategically distributed along the vast mucosal surface and serve as key antigen 

sampling sites (96).  The MALT accumulates antigens and orchestrates the generation 

of mucosal immune elements.   Following their uptake by antigen presenting cells, 

antigens are transported, processed, and presented to T-cells and B-cells, which can 

induce either tolerance or specific immunity in the form of IgA antibodies (20, 138).  

The specialized compartments are found in the bronchi (BALT) (19), the 

gastrointestinal tract (GALT) (137), and the conjunctiva of the eye (CALT) (54, 92).    

Gut associated lymphoid tissue (GALT) has been well studied, and was first 

described by Johann Peyer in 1677 (161).  Antigens are typically ingested, and are 

eventually delivered to the small intestine.  Specialized lymphoepithelial structures, 

called Peyer’s patches, line the intestinal epithelial surface and are designed to 
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capture antigen.  Antigen uptake is facilitated by specialized epithelial cells in the 

Peyer’s patch, called M-cells.  M-cells have numerous invaginations along their 

apical surface (membrane microdomains) that aid in direct uptake of antigens from 

the gastrointestinal lumen via endocytosis (146).  Captured antigen is then transported 

across the M-cell and delivered to large intracellular pockets in the basolateral 

membrane that can contain T-cells (the most common), plasma cells, natural killer 

cells, mast cells and professional antigen-presenting cells such as Langerhans cells 

and macrophages (70, 147).  Antigen in the intracellular pockets are processed and 

and can directly activate helper T-cells and B-cells (147).  Activated B-cells (mainly 

IgA producers) leave the MALT and migrate to mucosal sites where they differentiate 

into IgA secreting plasma cells (40, 134, 135).   

The main mediators of the mucosal immune system are secretory IgA and 

IgM.  In the tear film, IgA is the most abundant immunoglobulin and is found in 

higher concentrations than in serum (55, 62, 128, 212).  Secretory IgA antibodies 

work in conjunction with several antigen non-specific effectors (such as lactoferrin, 

lactoperoxidase, and mucin) and are essential for maintaining mucosal integrity (21, 

56, 188).  Secretory IgA, the dimeric form, is the predominant isotype found on 

mucosal surfaces and is usually produced locally (9).  Like other immunoglobulins, 

IgA has a basic monomeric structure composed of two heavy chains and two light 

chains, arranged into two identical Fab arms and one Fc region.  The tips of the Fab 

arms are responsible for recognizing and binding to epitopes found on the surface of 

foreign material/organisms.  The Fc portion is a critical region that is recognized by 

specific receptors on the surface of phagocytic immune cells and subsequently 
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triggers reactions such as phagocytosis.  IgA fixes complement weakly and it is 

believed that its primary protective effect comes from attaching to pathogens and 

preventing them from binding directly to mucosal surfaces (123, 171).  This 

inhibitory activity prevents infection with bacteria, viruses and amoebae, and it has 

also been shown to directly neutralize toxins (17, 52, 71, 192).   

Exposure to antigens via mucosal surfaces, such as the eye, nose, or throat, 

induces the preferential generation of secretory IgA antibodies (61, 140, 166).  IgA 

antibody responses can be further enhanced through the use of mucosal adjuvants 

such as neutralized cholera toxin, thus providing strong resistance to multiple 

pathogens that invade mucosal surfaces (17, 72, 112, 162).  Importantly, oral 

immunization with Acanthamoeba antigens conjugated to neutralized cholera toxin 

protects both pigs and Chinese hamsters from corneal infection with Acanthamoeba 

(105, 106). 

 

CHINESE HAMSTER MODEL 
 

During the mid-1980s and early 1990s, several laboratories worked on 

developing a valid animal model to study Acanthamoeba keratitis.  Establishing the 

infection in mice would have allowed a wide array of immunological and genetic 

analysis; however, Acanthamoeba spp. were incapable of producing keratitis in 

various normal and immunosuppressed mice (154).  Acanthamoeba keratitis was 

putatively induced in a rabbit, but only if the animals were simultaneously treated 

with corticosteroids and if the trophozoites were injected directly into the corneal 
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stroma (38).   Disease symptoms did not mimic the human counterpart and the use of 

steroids raised concern about the validity of the rabbit model.  Badenoch et al. 

successfully established Acanthamoeba keratitis in rats (13, 14).  However, these 

infections required the coinjection of Corynebacterium xerosis to produce disease.  

The function of C. xerosis in this model is controversial and it is unclear whether the 

bacteria serves as cofactor or as a food source for the Acanthamoeba trophozoites.  

Moreover, this model required the injection of amoebae into the stroma and did not 

represent the typical mode of infection or make use of the primary risk factor for 

Acanthamoeba keratitis—contact lens wear.  In an effort to establish an animal model 

that more closely represented the normal mode of infection, Niederkorn et al. 

examined the ability of A. castellanii trophozoites to bind to a wide array of corneas, 

including dog, horse, cow, mouse, rat, cotton rat, chicken, rabbit, Guinea pig, pig, 

Chinese hamster and human (154).  This study revealed that A. castellanii 

trophozoites preferentially bound to human, pig, and Chinese hamster corneas.  

Furthermore, unlike the rabbit, mouse, and rat, both the pig and the Chinese hamster 

developed Acanthamoeba keratitis following application of contact lenses laden with 

Acanthamoeba trophozoites (63, 196).  Chinese hamsters have been used in numerous 

in vivo studies on Acanthamoeba keratitis as the disease closely resembles the clinical 

and histopathological symptoms seen in human infections (74-76, 105-108, 196, 198, 

199).  Disease symptoms typically include neutrophil migration, corneal opacity, 

epithelial destruction, edema and neovascularization.  Although the corneal disease 

symptoms mimic those seen in human infections, the disease is acute in both pigs and 

Chinese hamsters and does not mimic the chronicity of the disease in humans.  In 
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Chinese hamsters, Acanthamoeba keratitis is acute and normally resolves in 

approximately 21 days.  In humans, Acanthamoeba produces a chronic keratitis that 

does not appear to resolve without medical intervention.  However, chronic 

Acanthamoeba keratitis can be produced in Chinese hamster if the conjunctival 

macrophages are depleted prior to corneal infection (199).  In conjunctival 

macrophage-depleted Chinese hamsters, the disease progresses as a severe chronic 

infection that mimics the human counterpart.    

 

 

OBJECTIVES AND RATIONALE OF RESEARCH 
 

 

Acanthamoeba spp. are ubiquitous organisms that can be isolated from a wide 

variety of environments.  Frequent exposure to viable  Acanthamoeba spp. would lead 

one to believe that there would be a high incidence of disease.  However, the 

incidence of disease is very low-only one in every 10,000 contact lens wearers (172).  

The events necessary to generate Acanthamoeba keratitis are sequential and begin 

with the amoebae binding to the surface of the corneal.  This binding is the crucial 

first step to causing disease, and it is known that Acanthamoeba trophozoites bind 

with high affinity to the upregulated mannosylated glycoproteins found on the surface 

of a traumatized cornea (78).  After the amoebae bind to the corneal surface, they 

must penetrate the epithelial layer, Bowman’s membrane, and gain entry into the 

stroma.  After the amoebae bind to the mannosylated glycoproteins on the corneal 
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epithelium, it is unclear how they are able to penetrate the corneal defenses and gain 

entry to the stroma.  Corneal disease might be attributed to a variety of factors.  One 

possible explanation is that the Acanthamoeba trophozoites may use mannose as a 

food source.  In this scenario, mannose stimulates trophozoites to proliferate, and 

disease is attributed to increased numbers of proliferating trophozoites.  However, 

Leher et al. showed that soluble mannose inhibited binding of Acanthamoeba 

trophozoites to Chinese hamster corneal epithelial cells in vitro; yet, inhibition of 

trophozoite binding did not prevent the killing of corneal epithelial cells (108).  In 

experimental animals, the upregulation of mannose, via corneal trauma, is essential 

for generating disease.  Moreover, Leher et al. showed that supernatants from 

mannose-stimulated trophozoites were capable of killing Chinese hamster epithelial 

cells in vitro, and that this killing could be blocked with the addition of a serine 

protease inhibitor (108). Therefore, it was hypothesized that soluble mannose bound 

to a mannose-binding protein on the surface of Acanthamoeba trophozoites, and 

induced the amoebae to secrete cytolytic protein(s) that were responsible for killing 

the corneal epithelial cells.   

 Acanthamoebae are thought to be normal human commensals and it has been 

hypothesized that the majority of adults have been exposed to Acanthamoeba spp., 

resulting in the production of antibodies to Acanthamoeba antigens (167, 208).  Two 

independent studies have shown that 52 – 100% of individuals examined possess 

circulating IgG antibodies to Acanthamoeba (27, 39).  Our laboratory has shown that 

100% of individuals examined possessed both serum IgG and tear IgA antibodies 

against Acanthamoeba antigens (5).  Although robust anti-Acanthamoeba antibody 
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responses can be generated in laboratory animals, serum IgG does not provide 

protection against Acanthamoeba keratitis (6, 107, 151, 153).  However, stimulation 

of mucosal anti-Acanthamoeba IgA antibodies through oral immunizations with 

Acanthamoeba antigens produces partial protection against Acanthamoeba keratitis  

(105-107).   

 This dissertation addressed four specific aims.  The First Specific Aim was to 

characterize how Acanthamoeba trophozoites respond to binding of mannosylated 

glycoproteins on a traumatized cornea.  Two hypotheses were proposed.  The first 

hypothesis proposed that mannosylated glycoproteins affect proliferation, 

encystment, or excystment of the trophozoites.  The second hypothesis proposed that 

binding to the mannosylated glycoproteins stimulates the amoebae to secrete one or 

more mannose-induced proteins that aid in the desquamation of the corneal epithelial 

cells.   

 The Second Specific Aim examined the mechanisms by which mannose-

induced proteins kill corneal epithelial cells.  This aim also examined the pathogenic 

activity of these proteins among different species and strains of Acanthamoeba.  Two 

hypotheses were proposed.  The first hypothesis proposed that the mannose-induced 

protein killed corneal epithelial cells by membrane disruption.  Membrane disruption 

due to glycoprotein-induced secreted proteins has been reported in other pathogenic 

amoeba, such as Entamoeba histolytica (109, 132, 201).  The second hypothesis 

proposed that secretion of a cytolytic mannose-induced protein correlated with the 

ability of pathogenic Acanthamoeba spp. to produce disease.    
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 The Third Specific Aim proposed that the mannose-induced protein plays an 

important role in the subsequent steps of the pathogenic cascade of Acanthamoeba 

keratitis.  Two hypotheses were considered.  The first hypothesis proposed that the 

mannose-induced protein plays a direct role in aiding the amoeba in penetrating 

Bowman’s membrane and the stroma. The second hypothesis proposed that the 

mannose-induced protein is cytolytic to a broad range of mammalian cells.  As cell 

killing in crude supernatants from mannose-stimulated trophozoites was inhibited by 

serine protease inhibitors, we predict that the mannose-induced protein will display 

the same cytotoxicity seen with other serine proteases.     

The Fourth Specific Aim examined the potential of the mannose-induced 

protein as an immunogen to either mitigate or prevent Acanthamoeba keratitis.  Two 

hypotheses were proposed.  The first hypothesis suggested that antibodies against the 

mannose-induced protein could block its cytolytic functions in vitro.  Neutralizing 

antibodies have been generated against a host of known cytolytic proteins, including 

serine proteases.  It is feasible that neutralizing antibodies could be generated against 

the mannose-induced protein.  The second hypothesis suggested that the mannose-

induced protein could be effectively used as an immunogen, offering protection 

against disease in vivo.   Reports have shown that inducing mucosal immunity 

through oral immunization, and thus, the secretion of Acanthamoeba antigen-specific 

IgA, has been successful in protecting against Acanthamoeba keratitis in Chinese 

hamsters.  Thus, oral immunizations with the mannose-induced protein may prevent 

or mitigate Acanthamoeba keratitis. 
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CHAPTER TWO 
Materials And Methods 

 

ANIMALS 

 

Chinese hamsters (Cricetulus griseus) were purchased from Cytogen Research 

and Development (West Bury, MA).  The Chinese hamsters were the 17A strain of 

inbred hamsters and were from 4-6 weeks of age.  All animals were free of corneal 

defects and abnormalities prior to experiments and were handled in accordance with 

the Association of Research in Vision and Ophthalmology (ARVO) Statement on the 

Use of Animals in Ophthalmic and Vision Research. 

 

AMOEBAE AND CELL LINES 

 

All Acanthamoeba species were originally obtained from the American Type 

Culture Collection, Rockville, MD.  A. castellanii (ATTC#30868), A. culbertsoni 

(ATTC#30171), A. polyphaga (ATTC#30461) and A. rhysodes (ATTC#50368) were 

isolated from human corneas.  A. hatchetti (ATTC#30730), A. astronyxis 

(ATTC#30137), and A. castellanii neff (ATTC#30010) were isolated from soil. The 

chosen species represent all three of the different subgroups of Acanthamoeba based 

on morphology, isoenzyme analysis, and serology (202).  Amoebae were grown as 

axenic cultures in peptone-yeast extract glucose (PYG) at 35° C with constant 

agitation (108, 203). 
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 Mammalian cells lines were grown in their appropriate medium (see Table 1) 

containing 1% L-glutamine (BioWhittaker, Walkersville, MD), 1% penicillin, 

streptomycin, and amphotericin B (Fungizone; BioWhittaker), 1% sodium pyruvate 

(BioWhittaker), and 10% fetal calf serum (FCS; HyClone Laboratories, Logan, UT) 

(complete medium).  All cells were incubated at 35°C with 5% carbon dioxide.   

Chinese hamsters corneal epithelial cells (HCORN) and endothelial cells 

(HCN) were immortalized from a corneal explant using the E6/E7 papilloma virus 

oncogenes as previously described (214).  

Spleens and mesenteric lymph nodes were harvested from C57BL/6 mice as 

previously described (176, 177).  Spleens and mesenteric lymph nodes were ground 

between two glass slides and erythrocytes were lysed.   Cells were resusupended in 

five ml complete RPMI and placed in Primaria petri dishes (Becton Dickinson 

Labware, Franklin lakes, NJ).  Splenocytes and mesenteric lymph node cells were 

incubated for two hours at 37° C in 5% CO2.  The nonadherent cells were carefully 

drawn off and put into 96-well plates for cytopathic assays (mentioned below).   
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Table 1.  Mammalian cell lines used as target cells for in vitro cytotoxicity assays.   
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Human Epithelial 
Cells

Gift from Dr. Ward 2 KGM

HCORN Hamster Epithelial 
Cells

Produced in Lab 1 EMEM

Human Endothelial 
Cells

Produced in Lab 1 EMEM

Human Stromal Cells Gift from Dr. Jester 1 DMEM
Rabbit Stromal Cells Gift from Dr. Jester 1 RPMI

Human Melanoma

 431 Ocular Melanoma Gift from Dr. Albert 3 Hams
MEL 202 Ocular Melanoma Gift from Dr. Ksander 4 RPMI
MEL 270 Ocular Melanoma Gift from Dr. Ksander 4 RPMI

 1 Ocular Melanoma Gift from Dr. Kan-Mitchel 5 Hams
 8 Ocular Melanoma Gift from Dr. Kan-Mitchel 5 Hams

M-1 Ocular Melanoma Gift from Dr. Luyten 6 DMEM
M-1.5 Ocular Melanoma Gift from Dr. Ksander 4 DMEM

Ocular Melanoma Gift from Dr. Luyten6 RPMI
-290 Ocular Melanoma Gift from Dr. Ksander 4 RPMI

scellaneous Cells

Human T Cells ATCC # TIB-152 RPMI

Human Liver Cells ATCC # CCL-13 RPMI

Human intestinal 
epithelial Cells

ATCC # CCL-241 Hybricare 
(ATCC #46-x)

Human Retinal 
Pigmented Epithelial 
Cells

Gift from Dr. Edwards 1 DMEM

Iris Ciliary Body Cells Produced in Lab 1 DMEM 7

 HA-VSMC Human Smooth 
Muscle Cells

ATCC # CRL-1999 HAMS

use Cells
B6 Splenocytes Cells Produced in Lab 1 RPMI

B6 Mesenteric 
Lymph node Cells

Produced in Lab 1 RPMI

artment of Ophthalmology, UT Southwestern Medical Center at Dallas, Dallas, TX.

lette Medical Evaluation Laboratories, Gaithersburg, MD.

artment of Ophthalmology, University of Wisconsin, Madison, WI.

hepens Eye Research Institute, Harvard Medical School, Boston, MA.

artment of Pathology, University of Southern California, Los Angeles, CA.

artment of Ophthalmology, University Hospital at Rotterdam, Rotterdam, Netherlands

 cells supplemented with 10% human serum

 

Corneal Cells Description Source Medium
HCE

HCN

TRK
NHK

OM

OCM
OCM
OM

Table 1 

OM
92-1

 

Mel

Mi

Jurkat

Chang

FHS

RPE

ICB

T/G

Mo

1; Dep

2; Gil

3; Dep

4; Sc

5; Dep

6; Dep

7; ICB
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EFFECTS OF MANNOSE ON ACANTHAMOEBAE PROLIFERATION AND 

CYST ANALYSIS 

 

 Acanthamoeba trophozoites were grown in 200 ml of PYG either with or 

without 100 mM methyl-α-D-mannopyranoside (Sigma Chemical Co., St.Louis, MO) 

on a shaker incubator set at 125 rpm and at 35° C. Initial cultures were seeded with a 

total of 1 x 107 trophozoites in 5 ml PYG.  Control experiments were performed using 

either 100 mM galactose or 100 mM lactose. One milliliter samples were removed 

approximately every twelve hours for 200 hours, with additional samples taken at 

270, 290, and 320 hours.  Samples were either immediately examined for 

trophozoites and cysts by direct counts using a compound microscope or examined 

spectrophotometrically using an optical density of 480 nm.  All direct counts were 

performed using a hemocytometer viewed at 20x.  Assays were performed in 

triplicate. 

 Excystment assays were performed in 100 ml of PYG either with or without 

100 mM methyl-α-D-mannopyranoside on a shaker incubator set at 125 rpm and at 

35° C.  Initial cultures were seeded with a total of 1 x 107 cysts (107/ml) (0% 

trophozoites, verified by calcofluor white staining (35).  One milliliter samples were 

removed every 24 hours for ten days and examined by direct microscopy.  The 

experiment was ended on day 10 to prevent the excysted trophozoites from 

proliferating to stationary phase and encysting.  Control experiments were duplicated 

using phosphate buffered saline (PBS).  Assays were performed in triplicate. 
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INDUCTION OF MANNOSE-INDUCED PROTEINS 

 

Acanthamoeba spp. were grown in peptone-yeast extract glucose (PYG) either 

with or without 100 mM methyl-α-D-mannopyranoside at 35° C with constant 

agitation.  Amoebae cultures were grown to mid-log phase (approximately 48 hours), 

centrifuged at 700 x g for 10 minutes to pellet the trophozoites, and supernatants were 

carefully removed.  Supernatants were then sterilized using low protein binding 0.22 

µm filter units (Corning, Corning, NY) and then analyzed by 4-15% SDS/PAGE 

Ready Gels (Bio-Rad, Hercules, CA) under both reducing and non-reducing 

conditions.  SDS/PAGE analysis revealed the production of a mannose-induced 

protein of approximately 133 kDa (MIP-133).  Supernatants were stored at 4° C for 

future use and used within five days of initial storage.   

 

CHROMIUM RELEASE ASSAY 

 

A standard chromium (51Cr) release assay was performed as mentioned 

before, with modification (66).  2 x 106 51Cr-labeled human corneal epithelial cells 

(per well) were dispensed in a 96-well flat-bottomed micotiter plate (Corning Inc., 

Corning, NY) with 200 µl complete KGM medium.  Plates were centrifuged at 700 x 

g for five minutes and washed with complete KGM three times.  After washing, the 

medium was removed and 200 µl of 0.22 µm filter-sterilized supernatant from A. 
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castellanii stimulated with 100 mM mannose for 48 hours were added to each well.  

Controls included 200 µl of complete KGM medium, PYG alone, PYG with 100 mM 

mannose, and supernatant from A. castellanii trophozoites grown in PYG for 48 

hours.  Plates were incubated at 35° C for 18 hours.  After 18 hours, plates were 

centrifuged at 700 x g for five minutes and the supernatants were carefully removed 

from each well and counted on a gamma counter (Tracor Analytical, Atlanta, GA).  

Total release was determined by solubilizing the cells with detergent.  All 

experiments were performed in triplicate.  Cytoxicity was determined by the amount 

of 51Cr released by the human corneal epithelial cells, and specific lysis was 

calculated as follows: 

(experimental cpm)-(spontaneous release cpm)
(max. release cpm)-(spontaneous release cpm)

x 100%

 

 

MOLECULAR WEIGHT SEPARATION OF SUPERNATANTS 

 

Supernatants from mannose-stimulated cultures were removed during mid-log 

phase, sterilized using low protein binding 0.22 µm filter units, and fractionated using 

microcentrifugal concentrators with membranes having a molecular mass cut-off of 

approximately 50 or 100 kDa (Pall-Filtron, Northborough, MA). Three milliliters of 

culture supernatant were added to the centrifugal concentrator and centrifuged at 

1,900 × g in a Sorvall RC5C floor centrifuge (Dupont, Newtown, CN) for one hour. 
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Supernatants were removed from the top chamber at 10x concentration, and 25 µl 

were used directly in the cytopathic effect assays (described below) 

. 

PROTEIN PURIFICATION 

 

All purification procedures were performed at room temperature.  Protein 

concentrations were determined by bicinchoninic acid protein assay (BCA) 

(Rockford, IL) using bovine serum albumin as a standard (179).  Ten-fold 

concentrated PYG and ten-fold concentrated Acanthamoeba culture supernatants, 

either with or without 100 mM methyl-α-D-mannopyranoside, were analyzed by 4-

15% SDS/PAGE Ready Gels under both reducing and non-reducing conditions.  

Supernatants were taken from trophozoites at mid-log phase. 

 For fast protein liquid chromatography (FPLC) (Amersham Pharmacia 

Biotech, Piscataway, NJ), culture supernatants of mannose-stimulated Acanthamoeba 

trophozoites were concentrated ten-fold using Ultrafree-15 centrifuge concentrators 

with a molecular cut-off of five kDa (Millipore, Bedford, MA).  Samples were 

centrifuged at 3,000 x g for 20 minutes and passed in 0.5 ml volumes over a Superdex 

200 (Amersham Pharmacia Biotech) column using PBS (pH. 7.2).  Fractions were 

collected every 0.5 ml and examined by 4-15% SDS/PAGE and fractions containing 

the mannose-induced cytolytic protein were pooled, concentrated ten-fold, and buffer 

exchanged three times into 10 mM Tris buffer (pH 8.0) using Ultrafree 0.5 

concentrators.  Two hundred microliters, containing 1.0 mg of protein, were applied 

to a DEAE ionic-exchange column using 10 mM Tris buffer, pH 8.0 (Buffer A).  
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Adsorbed protein was eluted using a gradient of 10 mM Tris buffer, pH 8.0 with 1M 

NaCl (Buffer B).  Fractions were examined for the ~133 kDa protein by 4-15% 

SDS/PAGE. An initial 15% buffer B step removed contaminating proteins, and the 

~133 kDa protein was eluted between 15-30% of buffer B run at 0.1 ml/min. 

Fractions containing the ~133 kDa protein were pooled and concentrated ten-fold and 

washed three times with PBS (pH 7.2) to buffer exchange.  Protein test samples were 

adjusted to 1.5, 7.8, and 15.6 µg in 25 µl of PBS (pH 7.2) and immediately used in 

cytotoxicity assays.  

 

PRODUCTION OF CHICKEN ANTI-MIP-133 ANTISERUM 

 

Chicken anti-MIP-133 antiserum was prepared by Aves Labs, Inc. (Aves Labs, Inc.) 

(Tigard, OR) as described on their company website (www.aveslabs.com).  Briefly, 

four samples containing 100 µg of MIP-133 were excised from 4-15% SDS/PAGE 

gels, frozen at 20° C, and sent to Aves Lab, Inc. on dry ice.  One chicken was 

immunized with 100 µg of MIP-133 every two weeks.  One week after the fourth 

injection, six eggs were collected from the immunized chicken.  Control eggs are 

taken from the same chicken prior to the first immunization with MIP-133.  The 

yokes are removed from the eggs and the IgY fraction was purified.  We received 50 

ml of anti-MIP-133 IgY (50 mg IgY/ml) in PBS and 10 ml of pre-immunized IgY (10 

mg/ml) in PBS. 

IgY ELISA AND WESTERN BLOT 

http://www.aveslabs.com/
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A conventional ELISA was used to demonstrate the specificity of the chicken 

anti-MIP-133 antibody.  Briefly, 96-well plates were coated with 50 µg of MIP-133 

and incubated overnight at 37° C in carbonate buffer.  Plates were washed four times 

with PBS containing 0.05% Tween-20 (wash buffer; Sigma), then blocked with 0.5% 

BSA in PBS for 1 hour at room temperature.  All subsequent antisera were diluted 

with blocking buffer and incubated at room temperature.  Chicken anti-MIP-133 

antiserum (Aves Labs, Inc.) was added at either a 1:50, 1:75, or 1:100 dilution for one 

hour at 4° C and washed three times in PBS.  HRP conjugated goat anti-chicken IgY 

(Aves Labs, Inc.) was added at a dilution of 1:10,000 and incubated for 1 hour at 37° 

C.  Plates were developed by adding 1.0 mM 2,2’-azinobis(3-ethyl-benzthiazoline-6-

sulfonic acid) (Sigma) containing 0.003% H2O2 and incubated for 30 minutes at room 

temperature.  After development, 100 µl of 10% SDS (Sigma) were added per well 

prior to reading on a microplate reader at 405 nm. 

Western blot analysis was carried out using conventional techniques.  Briefly, 

30 µg of 10-fold concentrated crude supernatant taken from A. castellanii 

trophozoites grown in mannose were resolved using 4-25% ready gels.  Gels were 

transferred to Trans-Immun-Blot PVDF membranes (Bio-Rad, Hercules, CA) using a 

Bio-Rad minitransfer apparatus.  Blots were blocked in 5% dry milk in PBS (blocking 

buffer) overnight at 4° C prior to addition of 1:200 chicken anti-MIP-133 antiserum 

for one hour at room temperature.  After one hour, membranes were washed in PBS 

and incubated in 1:2,000 rabbit anti-chicken IgG that was conjugated with alkaline 
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phosphatase (Sigma).  After one hour, the membrane was washed three times in PBS 

and developed using NBT/BCIP stock solution (Roche, Mannheim, Germany) as 

recommended by the manufacturer.     

 

ASSAY FOR CYTOPATHIC EFFECT (CPE) 

 

The MIP-133 protein was added at 1.5, 7.8, and 15.6 µg of protein (in 25 µl 

PBS) to 96-well plates with confluent monolayers of the respective target cells (see 

Table 1 above) and incubated for 18 hours at 35°C.  Each well contained 200 µl of 

the respective required growth medium.  Inhibition experiments involved incubating 

the protein samples with either a 1:75 dilution of chicken anti-MIP-133 antiserum or 

chicken preimmune control serum, 1:50 dilution of pooled enteric washes from orally 

immunized Chinese hamsters (described below in the Collection of Chinese Hamster 

Antibodies section) or from control (PBS) immunized hamsters, or 1:50 and 1:100 

dilutions of serum samples from intramuscularly immunized Chinese hamsters 

(described below in the Collection of Chinese Hamster Antibodies section).  

Additional control wells consisted of untreated target cells. Following incubation, all 

wells were washed three times with their respective growth medium and stained with 

Giemsa stain (Shandon, Inc., Pittsburgh, PA). After staining, the wells were washed 

three times with PBS (pH 7.2) and solubilized in 0.1 ml of 5% lauryl sulfate(SDS) in 

PBS.  Solubilized cells were transferred to a new 96-well plate, and the optical 

density (OD) was read at 590 nm in a Molecular Devices Microplate Reader.  Percent 

cytopathic effect (CPE) was calculated according to the following formula: % CPE = 
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100 - [(OD of experimental well - OD of supernatant alone/OD of control cells alone) 

× 100].  Assays were performed in triplicate.   

 

PROTEIN INHIBITION AND DEGRADATION 

 

Inhibition of the CPE was determined by incubating the purified protein test 

sample (15.6 µg in 25 µl PBS) in either 0.1 mM  or 1.0 mM of phenylmethylsulfonyl 

fluoride (PMSF) (Sigma), 1 mM 1, 10-phenanthroline (Sigma),  or 1 µM  or 10 µM 

of cystatin (Sigma) for 30 minutes prior to use in CPE assays using Chinese hamster 

epithelial cells as target cells.  Controls included ten-fold concentrated PYG 

containing 100 mM methyl-α-D-mannopyranoside or the untreated protein test 

sample.  All assays were performed in triplicate.  

 To confirm that the MIP-133 cytolytic activity was due to the protein itself, 

protein degradation was performed by incubating the protein test samples with either 

pepsin (5mg/ml, Sigma) or proteinase K (5mg/ml, Sigma) for 4 hours at 37° C, or 

incubating the protein test samples at 100° C for 30 minutes. Control treatments 

included PBS (pH 7.2), 37° C for 4 hours, and pepsin or proteinase K alone applied 

directly to target cells.  All treated samples were immediately used in CPE assays 

with HCORN target cells.  All assays were performed in triplicate.   

 To confirm that MIP-133 had been effectively degraded by both pepsin and 

proteinase K, additional samples of MIP-133 were incubated with pepsin, proteinase 

K, and PBS for 18 hours before being added to a 96-well plate.  These samples were 
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dried overnight and tested for detectable MIP-133 by ELISA using the IgY ELISA 

protocol mentioned above.  

 

ZYMOGRAPHY 

 

It is often useful to test for proteolytic activity when characterizing proteins. 

Among the possible methods, zymogram gels are a popular approach. The gels are 

cast with gelatin and serve as substrates for assessing protease activity. A positive 

result following renaturation and staining is distinguished by a clear band in a darkly 

stained gel. 

Zymography overlays consisted of running the purified protein test sample 

(15.6 µg) on 4-15% SDS/PAGE ready gels at 4° C, and then soaking the gels in 1x 

zymogram renaturation (Bio-Rad) buffer at room temperature for 30 minutes.  Protein 

test samples were either run untreated, or pretreated with with 1 mM PMSF or 10 µM 

cystatin for 30 minutes prior to loading.  After 30 minutes, the gel was overlayed on 

top of a 10% gelatin zymogram gel (Bio-Rad) and incubated for two hours at 35° C.  

After incubation, gels were stained with bio-safe Coomassie G250 stain (Bio-Rad).   

Dot zymography was performed by cutting holes in 10% gelatin zymogram 

gels with a 3 mm trephine.  Test samples included 1.5 and 7.8 µg (in 10 µl) of MIP-

133.  Protease inhibition included pretreatment of 7.8 µg of MIP-133 with 1 mM 

PMSF or 10 µM cystatin for 30 minutes prior to addition to the zymogel.  Proteolytic  

activity was determined by comparison with a standard curve generated by using 
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serial dilutions of collagenase (Sigma).  Additional controls included undiluted PYG 

and PBS.  All samples were in 10 µl volumes.  Samples were applied in the 3 mm 

wells and incubated for 18 hours at 35° C. After incubation, gels were stained with 

bio-safe Coomassie G250 stain.   

 

CONTACT LENS PREPARATION 

 

Contact lenses were prepared from Spectra/Por dialysis membrane tubing 

(Spectrum Medical Industries, Los Angeles, CA) using a 3-mm trephine prior to heat 

sterilization. Lenses were placed in sterile 96-well microtiter plates (Costar, 

Cambridge, MA.) and incubated with 4x105 (total volume in each well was 200 µl) A. 

castellanii trophozoites at 35°C for 24 hours. Attachment of amoebae to the lenses 

was verified microscopically before infection. 

 

IN VIVO CORNEAL INFECTIONS 

 

Acanthamoeba keratitis was induced as described previously (74, 105, 198). 

Briefly, Chinese hamsters were anesthetized with ketamine (100 mg/kg) (Fort Dodge 

Laboratories, Fort Dodge, IA) injected peritoneally. Prior to manipulation, the 

corneas were anesthetized by topical application of Alcain (Alcon Laboratories, Fort 

Worth, TX).  Approximately 25 percent of the cornea was abraded using a sterile 

cotton applicator before placing the amoebae-laden lens onto the center of the cornea. 
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The eyelids were then closed by tarsorrhaphy using 6-0 Ethilon sutures (Ethicon, 

Somerville, NJ). The contact lenses were removed three to four days post infection 

and the corneas were visually inspected by microscopy for severity of disease. Visual 

inspections were recorded daily during the times indicated. The infections were 

scored on a scale of 0-5 based on the following parameters: corneal infiltration, 

corneal neovascularization, and corneal ulceration. The pathology was recorded as 

follows: 0 = no pathology, 1 = ≤ 10% of the cornea involved, 2 = 10-25%, 3 = 25-

50%, 4 = 50-75%, and 5 = 75-100% as described previously (Fig. 5) (105). Any 

animals receiving a score of at least 1.0 for any parameter were scored as infected.  In 

Chinese hamsters, Acanthamoeba keratitis resolves at approximately three weeks.  At 

this time, there is a conspicuous absence of corneal opacity, edema, epithelial defects, 

and stromal necrosis and inflammation.  Whole eye photos were taken by camera-

enhanced light microscopy (Stemi 2000-C; Carl Zeiss MicroImaging, Thornwood, 

NY). 

HISTOLOGICAL EXAMINATION 

 

 Infected eyes were removed and fixed in 10% Carson’s formalin for 24 hours.  

Specimens were then embedded in paraffin, cut into 4 µm sections using a Reichert 

Histostat Rotary microtome (Reichert Scientific Instruments, Buffalo, NY) and 

placed on polysine hydrobromide precoated slides (Polysciences, Warrington, PA). 

Sections were stained with hematoxylin and eosin, covered with a coverslip and  
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Figure 5.  Clinical photos and histology of Chinese hamsters infected with 

Acanthamoeba castellanii.  Digital whole eye photos (left) were taken at 10X.  

Histological specimens were embedded in paraffin, cut into 4 mm sections, and 

stained with hematoxylin and eosin.  Sections were photographed at 20 X.  Note 

increased stromal edema and increased inflammation as clinical scores increase.  Bar 

= 70 µm.   
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examined by light microscopy. Pictures were taken by camera-enhanced light 

microscopy (Fig.5) (BX50; Olympus Optical, Tokyo, Japan). 

 

EXAMINATION OF CYTOPATHIC MECHANISMS BY FLOW 

CYTOMETRY 

 

A flow cytometric assay was used to detect and quantify apoptosis induced by 

MIP-133.  The experiment was carried out by using TACSTMAnnexin V–FITC kit 

(R&D systems) following the manufacturer’s instruction. Briefly, HCE cells were 

grown to ~90% confluency in 24 well plates.  The cells were then incubated with 

either 1.7 µg MIP-133 alone, or in combination with 20 uM Z-DEVD-FMK caspase-

3 inhibitor (BD Pharmingen, San Diego, CA), caspase-9 inhibitor Z-LEHD-FMK 

(BD Pharmingin), caspase-10 inhibitor Z-AEVD-FMK (Pharmingin), the control 

inhibitor Z-FA-FMK, or staurosporine (Positive control for apoptosis; 3ug/ml; Sigma) 

for 18 hours.  Cells were trypsinized, washed twice with PBS, stained with annexin-V 

(1µL) and PI (10µL) for 15 minutes, and apoptosis was quantified by flow cytometry 

at 488nm wavelength.  The Annexin V apoptotic detection kit relies on the specific 

staining of both annexin V and propidium iodide.  During apoptosis, the cell 

membrane's phospholipid asymmetry changes;  phosphatidylserine (PS) is exposed on 

the outer membrane while membrane integrity is maintained. Annexin V specifically 

binds PS. Apoptotic cells stain with annexin V that has been conjugated to 

fluorescein; necrotic cells stain with annexin V and propidium iodide (PI), and live 

cells stain with neither.  Cells that stain with PI were gated out.  For each sample, 
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10,000 ungated events were acquired and the results were analyzed with CellQuest 

software (BD Biosciences, Franklin Lakes, NJ).  The results are expressed as percent 

apoptosis. 

 

PREPARATION OF CLODRONATE AND CARBOXYFLUORESCEIN 

LIPOSOMES 

 

Multilamellar liposomes were prepared as described earlier (199, 200).  

Briefly, 8 mg cholesterol and 86 mg phosphatidylcholine (Lipoid GmbH, 

Ludwigshafen, Germany) were dissolved in 10 ml of chloroform in a round-bottomed 

flask.  After low-vacuum rotary evaporation at 37° C, a thin film was then dispersed 

by gentle rotation for 10 minutes in PBS for the preparation of PBS-containing 

liposomes.  Liposomes were washed twice by centrifugation in PBS at 100,000 x g 

for 30 minutes and resuspended in 4 ml of PBS that containing either 20 mg of 

clodronate (199)(Roche Diagnostics, Mannheim, Germany) or 2 ml of 70 mM 

carboxyfluorescein (10, 45, 191)(CF; Sigma) in 10mM Tris, pH 7.35.  Untrapped 

clodronate or CF was removed by centrifugation of the liposome suspension in PBS.  

All liposomes were stored at 4° C and used within 7 days of preparation.  Clodronate 

liposomes were tested for in vitro toxicity against macrophages prior to use.  

Additionally, clodronate liposomes were tested for toxicity to Langerhan’s cells in 

vitro, and were found to have no affect on Langerhan’s cell viability (data not 

shown).  All liposomes, regardless of their components, ranged in size from 100 nm 

to 3 µm. 
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EXAMINATION OF CYTOPATHIC MECHANISMS BY LIPOSOME 

PERFORATION 

 

The ability of MIP-133 to permeabilize liposomes was assayed by measuring 

the release of trapped CF (10, 191).  1.5, 7.8, or 15.6 µg of MIP-133 (in 25 µl PBS) 

was incubated with 100 µl of the CF-encapsulated liposome suspension (described 

above) at 37°C for 18 hours.  The total volume of the suspension was increased to 2 

ml by adding 140 mM NaCl-10mM Tris-HCl buffer (pH 7.2).  After 18 hours, the 

suspensions were mixed by inversion and released CF was measured at 520 nm using 

a Beckman DU-64 spectrophotometer (Beckman Instruments, Fullerton, CA).  At the 

conclusion of the experiment, maximum release was determined by sonicating the 

liposomes three times for 1 minute with a Fisher model 300 sonic dismembrator 

(Fisher, Farmingdale, New York) set at 40%. 

 

 

MIGRATION ASSAY 

 

An in vitro migration assay was utilized to determine the contribution of MIP-

133 in the invasion of extracellular matrices by Acanthamoebae trophozoites.  The 

assays were performed in 24-well transwells (6.5-mm diameter, 3.0 µm pore size, 

Costar, Corning Inc., Corning, NY). The top and bottom chambers were separated by 

a membrane that was coated with 100 µl Matrigel (Collaborative Biomedical 
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Products, Bedford, MA) that was diluted 1:3 in HBSS.  Excess Matrigel was removed 

after 10 minutes, and the membranes were allowed to dry at room temperature.  1 x 

105 Acanthamoeba trophozoites were placed in the top chamber in 100 µl PYG.  

Plates were incubated at 37° C for two hours, and Acanthamoebae were then counted 

in the bottom chamber by light microscopy (100 x).  Inhibition assays involved 

incubating A. castellanii with either 1:75 or 1:100 dilutions of chicken anti-MIP-133 

antiserum, chicken pre-immune serum, 1.0 mM of phenylmethylsulfonyl fluoride 

(PMSF; Sigma), or 10 µM of cystatin (Sigma) for 30 minutes prior to addition to the 

upper chambers.  All experiments were performed in triplicate. 

 

 

COLLAGEN DIGESTION ASSAY 

 

Collagen digestion assays were performed in 96-well microtiter plates as a 

means of determining the capacity of MIP-133 to degrade types I and IV collagen, the 

predominant collagen species found in the human cornea.  Microtiter plates were 

coated with either 10 µg of human collagen type I (Sigma) or type IV (US Biological, 

Swampscott, MA) in 50 µl PBS (64).  Plates were incubated at 37° C overnight to 

dry.  After drying, plates were washed three times with PBS and then incubated with 

either 15.6 µg (in 25 µl PBS) of MIP-133, PBS, or 0.1 mg (in 25 µl PBS) of 

Clostridium histolyticum collagenase (Sigma) for 24 or 72 hours at 37° C.  Well 

volumes were increased to 100 µl by adding PBS.  Wells were then washed three 
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times with PBS, incubated with either 1:500 mouse anti-collagen type IV IgG or 

1:2000 mouse anti-collagen type I IgG (Sigma) as the primary antibody for one hour.  

Plates were then washed three times in PBS and incubated with 1:20,000 goat anti-

mouse IgG conjugated with horseradish peroxidase (HRP) (Southern Biotechnology 

Associates, INC., Birmingham, AL) for one hour.  Plates were washed three times in 

PBS and read at OD 405 nm in a Molecular Devices Microplate Reader (Menlo Park, 

CA).  Inhibition studies involved coincubating MIP-133 with the chicken anti-MIP-

133 antiserum diluted 1:75 or control antiserum diluted 1:75.  All experiments were 

performed in triplicate. 

 

 

IMMUNIZATIONS 

 

For oral immunizations, Chinese hamsters received one ml of 0.1 M sodium 

carbonate (pH 9.6, Sigma) by gavage tube prior to administration of either 100 µg of 

MIP-133 (in 100 µl of PBS) plus 10 µg of neutralized cholera toxin (Sigma), 200 µg 

of MIP-133 plus 20 µg of neutralized cholera toxin, or 400 µg of MIP-133 plus 40 µg 

of neutralized cholera toxin (105).  Immunizations were administered once a week for 

four weeks prior to infection with A. castellanii.  Control groups included animals 

immunized with equivalent doses of neutralized cholera toxin alone or untreated prior 

to infection. 
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Intramuscularly immunized animals received either 100 µg, 200 µg, or 400 µg 

of MIP-133 (in 50 µl of PBS) mixed in 50 µl Freund’s complete adjuvant for the 

initial immunization.  Subsequent immunizations were performed using Freund’s 

incomplete adjuvant.  Immunizations were administered once a week for four weeks 

prior to infection with A. castellanii.  Control groups included animals immunized 

with equivalent doses of PBS or untreated prior to infection. 

 

 

COLLECTION OF CHINESE HAMSTER ANTIBODIES 

 

Oral immunization is an effective method for inducing IgA antibodies that are 

expressed in mucosal secretions including the tears, saliva, and enteric mucosa (105, 

107).  The volume of tears produced by Chinese hamsters is infinitesimal.  However, 

significant quantities of IgA antibodies can be isolated from enteric washes from 

orally immunized hamsters (107).  Accordingly, enteric washes were assessed for the 

presence of anti-MIP-133 IgA antibodies following oral immunization.  Enteric 

washes were collected as stated previously (106).  Briefly, the enteric washes were 

collected from Chinese hamsters after being anesthetized with ketamine and 

euthanized by cervical dislocation.  Approximately 20 cm of the small intestine were 

removed and 10 ml of PBS were injected through the intestinal lumen using an 18-

gauge needle.  The enteric washes were collected and centrifuged at 700 x g to 

remove sediments.  Protease inhibitor cocktail tablets (Boehringer-Mannheim, 
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Indianapolis, IN) were added to the pooled enteric washes at one tablet per 10 ml.  

The enteric washes were stored at -80° C until used. 

Serum samples from intramuscularly immunized Chinese hamsters were 

collected via cardiac puncture.  Sera was isolated and immediately used for detection 

of MIP-133 specific IgG.  

 

 

ANTIBODY TITRATIONS FOR IMMUNIZED ANIMALS 

 

A conventional ELISA was used to titrate anti-MIP-133 antibodies in 

immunized animals.  96-well assay plates were coated with 50 µg of MIP-133 

overnight at 37° C in carbonate buffer.  Plates were washed four times with PBS 

containing 0.05% Tween-20 (wash buffer; Sigma), then blocked with 0.5% BSA in 

PBS for one hour at room temperature.  Serum samples and enteric washes were 

diluted in blocking buffer and incubated in MIP-133 coated plates (50 µg; as 

mentioned in the IgY ELISA section) at room temperature.  For IgA detection, enteric 

washes were added at a dilution of 1:2 for one hour and then washed three times in 

PBS.  Rabbit anti-Chinese hamster IgA hyperimmune serum (107) was then added at 

a dilution of 1:2 and incubated for two hours at 37° C.  Plates were washed three 

times in PBS, and 50 µl of 1:1000 goat anti-rabbit IgG conjugated with HRP (Santa 

Cruz Biotechnology) was added to each well.  For IgG detection, the serum samples 

were diluted 1:100 for one hour prior to incubation at 37°C.  Plates were then washed 
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three times in PBS and hamster IgG was detected by goat anti-hamster IgG 

conjugated to HRP (1:10,000; Accurate).                  

Plates were developed by adding 1.0 mM 2,2’-azinobis(3-ethyl-

benzthiazoline-6-sulfonic acid) (Sigma) containing 0.003% H2O2 and incubating for 

30 minutes at room temperature.  After development, 100 µl of 10% SDS (Sigma) 

were added per well prior to reading on a microplate reader at 405 nm.  

 

 

IN VIVO LIPOSOME TREATMENT 

 

Both clodronate and PBS containing liposomes were administered via 

subconjunctival injection on days -8, -6, -4, and -2 of infection.  50 µl of the liposome 

preparation were injected in four quadrants of the eye encircling the entire 

conjunctiva.  Our laboratory has previously shown that this protocol depletes virtually 

all of the conjunctival macrophages in the Chinese hamster (199).  Acanthamoeba 

infections were produced via contact lens placement one day after the final injection 

of liposomes. 

 Clodronate liposome treated animals were orally immunized on days 5, 12, 

19, and 26 days post infection using 400 µg of the MIP-133 protein as described 

above. 
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CHAPTER THREE 
Results 

  

EFFECTS OF MANNOSE BINDING ON ACANTHAMOEBA 

TROPHOZOITES 

 

Effects of Mannose on Trophozoite Proliferation, Cyst  Development and Excystment   

 

Before examining the effects that mannose has on A. castellanii’s pathogenic 

cascade, it was important to determine how it might affect the growth of the 

organism.   

A. castellanii cultures grown in medium that contained mannose consistently 

produced approximately 50% fewer trophozoites than cultures not containing 

mannose (Fig. 6A, B).  Trophozoites grown in 100 mM galactose or 100 mM lactose 

were not significantly different from amoebae grown in PYG alone (Fig. 6A).  

Stationary phases were reached at the same time in both groups (~125 hours).   

Upon reaching stationary phase, cultures stimulated with mannose produced 

nearly 3-fold more cysts (Fig. 6B).  This increase was sustained during the remaining 

times that were monitored.  Moreover, the mannose cultures produced cysts 

approximately 24 hours earlier than cultures grown without mannose.  The results 

indicate that mannose induced encystment. 
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Figure. 6. Effects of mannose on A. castellanii proliferation, encystment and 

excystment.  (A) Trophozoites grown in PYG, PYG with 100 mM methyl-α-D-

mannopyranoside (Man), lactose (Lac), or galactose (Gal). Samples were examined 

spectrophotometrically at optical density 480.  (B) Trophozoites grown in PYG or 

PYG with 100 mM methyl-α-D-mannopyranoside. Samples were examined for 

trophozoites (Trophs) and cysts by compound microscopy.  (C) Cysts were incubated 

in PYG, PYG with 100 mM methyl-α-D-mannopyranoside, PBS, and examined by 

compound microscopy.  The results shown are representative of three separate 

experiments. 
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Figure 6 
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To assess whether the presence of mannose affected excystment, cultures 

containing 100% cysts were placed in PYG, PYG with 100 mM methyl-α-D-

mannopyranoside, or PBS (Fig. 6C).  Acanthamoeba cysts in PYG displayed a 

consistent reduction in the number of cysts until approximately day 7, when they 

became too few to count, while the numbers of trophozoites increased 

proportionately.  By contrast, cysts incubated in PYG with mannose exhibited a 

slower rate of excystment, and by day 10, approximately 50% of the cysts had 

excysted.  Cyst populations in PBS remained constant throughout the times 

monitored. 

 

Isolation of Mannose-Induced Cytolytic Factor 

 

  Crude supernatants from A. castellanii trophozoites that had been stimulated 

with 100 mM methyl-α-D-mannopyranoside for 48 hours produced 95% cytolysis to 

human corneal epithelial cells (HCE) as measured by 51Cr release (fig 7).  This was a 

40% increase in cytolytic activity when compared to supernatants from trophozoite 

cultures not stimulated with mannose.  Moreover, in agreement with a previous report 

(108), trophozoites treated with an unrelated sugar, lactose, did not demonstrate 

increased cytopathic activity against either human or Chinese hamster corneal 

epithelial cells (data not shown).  It is noteworthy that human small intestinal 

epithelial cells (Fhs-74) cells were not susceptible to any of the supernatants tested 

(data not shown).   
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Figure 7.  Chromium release assay of supernatants from mannose-stimulated 

Acanthamoeba castellanii trophozoites against human corneal epithelial cells.  2 x 106 

51Cr-labeled human corneal epithelial cells were plated into 96-well flat-bottomed 

microtiter plates.  Plates were centrifuged at 700 x g for five minutes and washed with 

complete KGM medium three times.  Then 200 µl of 0.22 µm filter-sterilized 

supernatant from A. castellanii stimulated with 100 mM mannose for 48 hours were 

added to each well for 18 hours at 35° C.  After 18 hours, plates were centrifuged at 

700 x g for five minutes and the supernatants were removed from each well and 

counted on a gamma counter.  Controls included KGM medium, PYG alone, PYG 

with 100 mM mannose, and supernatant from A. castellanii trophozoites grown in 

PYG for 48 hours.  Total release was determined by solubilizing the cells with 

detergent.  All experiments were performed in triplicate.   
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Figure 7 
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 Size fractionated supernatants displayed killing of the HCE and HCORN cells 

in both upper fractions from the 50 and 100 kDa membrane concentrators (Fig. 8A, 

B).  Unfractionated 10x concentrated supernatants from mannose-stimulated 

trophozoites displayed approximately 90% CPE, while 10x concentrated PYG 

supplemented with mannose did not produce cell death.  In contrast, small intestinal 

epithelial cells (Fhs-74) cells were not killed by either the upper or lower fractions 

tested (Fig. 8C).   

Initial examination involved SDS/PAGE analysis of concentrated 

supernatants.  Mannose-stimulated supernatants contained two new bands at 

approximately 133 kDa and 70 kDa (Fig. 9).  Both the 133 kDa and 70 kDa bands 

appeared under non-reducing and reducing conditions.  Supernatants from A. 

castellanii grown without mannose did not produce the two bands (Fig. 9).  Lane A 

reflects the large amount of proteins from the proteose peptone and yeast extracts that 

are present in PYG medium.  Notice how the Acanthamoebae effectively utilize the 

medium proteins after 48 hour (Fig 9; Lanes B and C).   

 Initial purification of the 133 kDa mannose-induced protein (MIP-133) via 

Superdex 200 size-exclusion FPLC chromatography generated high yields of the 

protein as seen by SDS/PAGE analysis (Fig. 10A).  Further separation via DEAE 

ionic exchange produced a single band between a 15-30% elution gradient (Fig. 10B; 

Lanes 3-8).  Fractions collected between 0–14% (Fig. 10B; Lanes 1-2) and 31–100% 

(data not shown) did not contain the 133 kDa protein. 

 

 

Comment:  
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Figure. 8.  Molecular weight estimation of cytopathic factors in supernatants derived 

from A. castellanii trophozoites stimulated with 100 mM methyl-α-D-

mannopyranoside.  Supernatants were collected at mid-log phase as described in the 

Materials and Methods section, and size fractionated with centrifuge concentrators 

having a molecular mass cut-off of either 50 or 100 kDa.  Fractions were added to 

human corneal epithelial (HCE) cells (A), hamster corneal epithelial (HCORN) cells 

(B), or human small intestine epithelial (Fhs-74) cells (C) for 18 hours and CPE was 

assessed spectrophotometrically.  Each bar shows the mean ± SE of triplicate counts. 
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Figure 8 
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Figure. 9.  Protein analysis of Acanthamoeba supernatants.  Lanes: L = MW ladder: A 

= PYG concentrated ten-fold: B = supernatants from trophozoites grown in PYG 

alone and concentrated ten-fold: C = supernatants from trophozoites grown in PYG 

supplemented with 100 mM methyl-α-D-mannopyranoside and concentrated ten-fold.  

Supernatants were collected at mid-log phase. 
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Figure 9 
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Figure. 10.  Purification of the 133 kDa protein.  Supernatants from trophozoite 

cultures were grown in 100 mM methyl-α-D-mannopyranoside and isolated by size 

over Superdex 200 columns, pooled, and separated by DEAE ion exchange as 

described in the Materials and Methods section.  A) MW ladder (Lane L), 

supernatant concentrated 10x (Lane 1), unconcentrated supernatant (Lane 2),  single 

fraction of 133 kDa protein from Superdex 200 column (lane 3), and pooled fractions 

of 133 kDa protein from superdex200 column (lane 4).  B)  MW ladder (lane L), 

individual fractions eluted from DEAE resin representing the 15% clearance step 

(lanes 1-2), and fractions eluted by 15-30% gradient at 0.1 ml/min (lanes 3-8). 
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Figure 10 
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In vitro CPE Analysis of the Purified 133 kDa Protein  

 

 To test the cytopathic activity of the purified protein, samples were adjusted to 

1.5, 7.8, and 15.6 µg of protein in 25 µl of PBS (pH 7.2).    

 The human corneal epithelial cells were killed by the 133 kDa protein in a 

dose-dependent manner (Fig. 11A).  The lowest concentration tested (1.5 µg) killed 

approximately 20% of the corneal cells, while the higher concentrtion (15.6 µg) killed 

approximately 90% of the target cells.  Microscopic examination revealed piecemeal 

death of individual corneal cells, as opposed to entire layers of cells lifting up off the 

bottom of the wells (Fig. 12, Column A).  In contrast to the human corneal epithelial 

cells (HCE), hamster corneal epithelial cells (HCORN) were extensively killed by all 

three concentrations of the protein tested (Fig. 11B and Fig. 12, Column B).   As 

before, the human intestinal epithelial cells (Fhs-74) were not susceptible to any of 

the protein samples tested (Fig. 11C and Fig. 12, Column C).  Fractions collected by 

DEAE ionic exchange and eluted between 0-14% and 31-100%, did not induce 

significant CPE (data not shown).  In all three treatment groups, the PBS control did 

not kill any of the cell lines tested. 
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Figure. 11.  CPE assays using the purified 133 kDa mannose-induced protein.  Test 

samples were adjusted to 1.5, 7.8, and 15.6 µg of protein in 25 µl of PBS before 

addition to HCE (A), HCORN (B), or Fhs-74 (C) cells in 96 well microtiter plates.  

Plates were incubated at 37° C for 18 hours.  CPE was assessed 

spectrophotometrically.  Each bar shows the mean ± SE of triplicate counts. ** and 

***, significantly different from untreated controls (P < 0.01 and P < 0.001, 

respectively). 
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Figure 11 
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Figure. 12.  Light microscopy photographs of target cells incubated with the purified 

MIP-133.  Target cells examined were HCE (Column A), HCORN (Column B) and 

Fhs-74 cells (column C).  Cell were then treated with either PBS (Con Row) or 1.5 µg 

(Row 1), 7.8 µg (Row 2), or 15.6 µg (Row 3) of MIP-133 at 37° C for 18 hours.  

Photographs were taken at 10x magnification.   Photos are representatives of triplicate 

experiments. 
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Figure 12 
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Previous studies in our lab have shown that the CPE produced by crude 

mannose-stimulated supernatants of A. castellanii could be inhibited by the serine 

protease inhibitor PMSF (108).  Figure 13A shows that the 0.1 mM PMSF treatment 

inhibited the cytolytic function of the 133 kDa protein by 20%, while the higher dose 

(1 mM) inhibited CPE by approximately 60%.  Treatment with 1 mM 1, 10-

phenanthroline inhibited CPE of Chinese hamster corneal epithelial cells (HCORN) 

by 70%, and in combination with 1 mM PMSF, completely inhibited CPE.  PMSF 

and 1, 10-phenanthroline alone did not affect the viability of the HCORN cells (data 

not shown).  In contrast, cystatin did not inhibit the cytolytic activity of MIP-133 

(Fig. 13B).    

 To determine whether proteases could reduce the CPE of MIP-133, the test 

samples were digested with either pepsin or proteinase K.  Figure 13C shows that 

both pepsin and proteinase K significantly (P<0.001) reduced the CPE of HCORN 

cells by 80% and 70% respectively.  Proteinase K and pepsin alone did not affect cell 

viability (data not shown).  The cytolytic activity of the samples incubated at 100° C 

for 30 minutes was reduced by approximately 90%.  PBS treatment did not 

significantly reduce the cytolytic activity of the protein as compared to the untreated 

control. 
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Figure. 13.  Effects of protease inhibitors and protease degradation on CPE produced 

by MIP-133.  A) Serine protease inhibition.  Purified MIP-133 was pretreated with 

either 0.1 mM or 1 mM PMSF, 1 mM 1, 10-phenanthroline (1, 10-P), or 1 mM PMSF 

and 1 mM 1, 10-phenanthroline combined, for 30 minutes prior to addition to 

HCORN cells.  B) Cysteine protease inhibition.  Purified MIP-133 was pretreated 

with 1 µM or 10 µM cystatin for 30 minutes prior to addition to HCORN cells.  C) 

Protein degradation was assessed by incubating MIP-133 with either 10 µg pepsin or 

10 µg proteinase K at 37° C for 4 hours prior to addition to HCORN cells.  As an 

additional control, MIP-133 was heated at 100° C for 30 minutes prior to addition to 

HCORN cells.  CPE was assessed spectrophotometrically as mentioned in Materials 

and Methods.  Each bar shows the mean ± SE of triplicate counts. * and ***, 

significantly different from treatments with protein test samples (P < 0.05 and P < 

0.001, respectively). 
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Figure 13 
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CYTOPATHIC MECHANISM AND IMMUNOGENICITY OF MIP-133 

 

Mechanism of cell death in vitro    

 

MIP-133 has been shown to be very effective at killing both human and 

hamster corneal epithelial cells in vitro, the first mechanistic barrier that the amoebae 

must surpass.  Although MIP-133 can be effectively blocked by serine protease 

inhibitors, it is unknown how the protein kills corneal epithelial cells. 

 Other pathogenic amoebae, such as Entamoeba histolytica, kill target cells by 

elaborating protein molecules, called amoebapores, that disrupt mammalian cell 

membranes culminating in osmotic lysis (109, 110).  Accordingly, experiments were 

performed to determine if MIP-133 produced similar lysis of the cell membrane.  

Other investigators have used liposomes loaded with carboxyfluorescein as a model 

of detecting protein-mediated cell lysis (10, 45, 191).  Carboxyfluorescein 

encapsulated liposomes were incubated with 1.5, 7.8, or 15.6 µg of MIP-133 for 18 

hours at 37° C.  The quantity of released carboxyfluorescein was assessed 

spectrophotometrically as a measure of membrane disruption.  The results indicated 

that none of the three concentrations of MIP-133 induced significant release of 

carboxyfluorescein (Fig 14).   
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Figure. 14.  Lipid perforation assay.  Carboxyfluorescein-encapsulated liposomes 

were prepared as described in the Materials and Methods.  Untrapped 

carboxyfluorescein (CF) was removed by centrifugation of the liposome suspension 

in PBS.  1.5, 7.8, or 15.6 µg (in 25 µl PBS) of MIP-133 was incubated with 100 µl of 

the carboxyfluorescein encapsulated liposomes at 37° C for 18 hours.  The total 

volume of the suspension was increased to 2 ml by adding 140 mM NaCl-10mM 

Tris-HCl buffer (pH 7.2).  After 18 hours, liposome perforation was assessed 

spectrophotometrically.  Maximum fluorescein release was produced by sonication.  

Each bar shows the mean ± SE of triplicate counts. 
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Figure 14 
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Our lab has previously demonstrated that Acanthamoeba trophozoites induce 

apoptosis of various mammalian cells (8).  Therefore, it was important to determine if 

MIP-133 killed corneal epithelial cells by an apoptotic mechanism.  Human corneal 

epithelial cells (HCE) were incubated with of MIP-133 (1.7 µg/200 µl culture 

medium) at 37° C for 18 hours and tested for apoptosis using the Annexin V flow 

cytometry assay.   HCE cells treated with MIP-133 displayed a 3-fold increase in 

apoptosis over untreated cells (Fig. 15).  Incubation with a caspase-3 inhibitor (Z-

DEVD-FMK) completely abrogated MIP-133-mediated apoptosis.  By contrast, the 

control inhibitor did not affect apoptosis.  Moreover, incubation of HCE cells with the 

caspase-9 (Z-LEHD-FMK) and -10 inhibitors (Z-AEVD-FMK) significantly reduced 

MIP-133-mediated apoptosis (Fig. 16).  The caspase-9 inhibitor reduced apoptosis by 

approximately 45%, while the caspase-10 inhibitor nearly abrogated apoptosis.  The 

control inhibitor did not reduce apoptosis. 
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Figure. 15.  Effects of caspase-3 inhibition on MIP-133-mediated apoptosis.  Human 

corneal epithelial cells (HCE) were treated with 1.7 µg MIP-133 either alone, or with 

20 µM of the caspase-3 inhibitor Z-DEVD-FMK (cas-3 Inh), or the control inhibitor 

Z-FA-FMK (con Inh).  HCE cells were examined by Annexin V flow cytometry as 

described in the Materials and Methods section.  Additional controls included 

untreated cells and cells treated with 3 µg/ml staurosporine (STS) as a positive 

control.  Bars represent the means ± SE of triplicate experiments.  *** = significantly 

different from untreated controls (P < 0.001). 
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Figure 15 
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Figure. 16.  Effects of caspase-9 and caspase-10 inhibition of MIP-133-mediated 

apoptosis.  Human corneal epithelial cells (HCE) were treated with 1.7 µg MIP-133 

either alone, or with 20 µM of the caspase-9 inhibitor Z-LEHD-FMK (cas-9 Inh), 

caspase-10 inhibitor Z-AEVD-FMK (cas-10 Inh), or the control inhibitor Z-FA-FMK 

(con Inh).  HCE cells were examined by Annexin V flow cytometry as described in 

the Materials and Methods section.  Additional controls included untreated cells and 

cells treated with 3 µg/ml staurosporine (STS) as a positive control.  Bars represent 

the means ± SE of triplicate experiments.  *** = significantly different from untreated 

controls (P < 0.001). 
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Figure 16 
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Correlation of MIP-133 Production with Pathogenic and Non-Pathogenic Strains of 

Acanthamoeba   

 

Acanthamoeba spp. can exist in a wide range of habitats as free-living 

amoebae or as facultative pathogens.  The A. castellanii used in the present studies 

was an ocular isolate from a diseased eye (ATCC 30868).  Therefore, it was 

important to determine if MIP-133 production was restricted to pathogenic strains of 

Acanthamoeba spp. and correlated with pathogenic potential, or if it was also 

produced by non-pathogenic environmental isolates of Acanthamoeba spp.   

 None of the Acanthamoeba soil isolates grown in the presence of mannose 

produced MIP-133 as detected by SDS/PAGE (Fig 17A).  A. castellanii, the positive 

control, produced significant amounts of the MIP-133.  Moreover, all three of the soil 

isolates produced either no disease, or significantly less disease as compared to the 

standard ocular isolate of A. castellanii (Fig. 17B).  Both A. astronyxis and A. 

castellanii neff produced symptoms similar to the sterile contact lens control.  

However, A. hatchetti did produce a significant infection, even though this strain did 

not produce detectable MIP-133 protein. 

 By contrast, the clinical isolates of Acanthamoeba produced the MIP-133 

protein when grown in mannose (Fig. 18A).  All three clinical isolates tested 

produced similar levels as compared to A. castellanii (Fig. 18B).  Additionally, when 

tested in vivo, the clinical isolates produced severe Acanthamoeba keratitis.  A. 

culbertsoni produced clinical symptoms more severe than A. castellanii. 
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Figure. 17.  Correlation between MIP-133 production and ability of Acanthamoeba 

soil isolates to cause keratitis.  A)  Acanthamoeba spp. were grown for 48 hours at 

35° C in PYG containing 100 mM methyl-α-D-mannopyranoside.  Supernatants were 

collected, filter sterilized, concentrated 10-fold, and analyzed by SDS/PAGE.  Lanes:  

L = MW ladder;  1 = A. hatchetti (soil isolate);  2 = A. astronyxis (soil isolate);  3 = A. 

castellanii neff (soil isolate); 4 = A. castellanii (clinical isolate).  The arrow points at 

~133 kDa.  B)  Ability of Acanthamoeba spp. to cause keratitis in Chinese hamsters.  

Animals were infected with Acanthamoeba-laden lenses as described in the Materials 

and Methods section.  The results are representative of three separate experiments 

(N=8 each group). 
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Figure 17 
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Figure. 18.  Correlation between MIP-133 production and ability of clinical isolates 

of Acanthamoeba to cause keratitis.  A)  Acanthamoeba spp. were grown for 48 hours 

at 35° C in PYG containing 100 mM methyl-α-D-mannopyranoside.  Supernatants 

were collected, filter sterilized, concentrated 10-fold, and analyzed by SDS/PAGE.  

Lanes:  L = MW ladder;  1 = A. culbertsoni;  2 = A. polyphaga;  3 = A. rhysodes;  4 = 

A. castellanii.  The arrow points at ~133 kDa.  B)  Ability of Acanthamoeba spp. to 

cause keratitis in Chinese hamsters.  Animals were infected with Acanthamoeba laden 

lenses as described in the Materials and Methods section.  The results are 

representative of three separate experiments (N=8 each group). 
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Figure 18 
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The in vitro characterization of MIP-133 indicated that it is a serine protease.  

Other serine proteases, such as urokinase-type plasminogen activator and tissue-type 

plasminogen activator, are known to facilitate tumor cell invasion of basement 

membranes and extracellular matrices (65, 97, 155).  Therefore, experiments were 

performed to determine if MIP-133 secretion correlated with trophozoite invasiveness 

through an artificial extracellular matrix (Matrigel).  All three of the soil isolates 

tested were ineffectual in migrating through the collagenous Matrigel (Fig. 19A).  By 

contrast, all of the clinical isolates were capable of migrating through the Matrigel at 

approximately equal levels as compared to the original standard ocular isolate of A. 

castellanii (Fig. 19B). 

 An antibody was generated in chickens to confirm the role of MIP-133 in the 

pathogenesis of Acanthamoeba keratitis.  The specificity of the chicken anti-MIP-133 

was confirmed by western blot (Fig. 20A).  Preimmune serum did not bind to the 

mannose-stimulated protein (data not shown).  The strength of the anti-MIP-133 

antiserum was confirmed by ELISA and showed reactivity of the anti-MIP-133 

antiserum to MIP-133 at 1:50, 1:75, and 1:100 dilutions (Fig. 20B).  As with the 

western blot, the preimmune serum did not react with MIP-133 in the ELISA.  

Furthermore, ELISA analysis of MIP-133 after pepsin and proteinase K digestion 

confirmed that most of the MIP-133 reactivity with the chicken anti-MIP-133 

antiserum was degraded after 18 hours of incubation with these enzymes (Fig. 21). 

None of the soil isolates produced MIP-133 either constitutively or after 

cultivation in 100 mM mannose (Fig. 22A).  By contrast, all of the clinical isolates of  
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Figure. 19.  Invasiveness of soil and clinical isolates of Acanthamoeba through a 

collagenous matrix.  1 x 105 Acanthamoeba trophozoites from either soil (A) or 

clinical isolates (B) were placed in the upper chambers of 3.0 µm pore size transwells 

coated with Matrigel.  After 2 hours, trophozoites were counted in the bottom 

chamber.  Bars indicate means ± SE of 10 random high powered fields (100X).   
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Figure 19 
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Figure. 20.  Specific binding of the chicken anti-MIP-133 antiserum.  A) Western 

Blot.  Crude supernatants taken from A. castellanii trophozoites grown in 100 mM 

mannose for 48 hours at 35° C were resolved by SDS/PAGE and transferred to PVDF 

membranes.  Membranes were first incubated with chicken anti-MIP-133 antiserum, 

followed by rabbit anti-chicken IgG-alkaline phosphatase as described in the 

Materials and Methods section.  The membranes were then washed and developed 

using NBT/BCIP stock solution.  Arrow indicates the 133 kDa band.  B)  ELISA.  96-

well plates were coated with 50 µg of MIP-133 and allowed to dry.  After drying, 

wells were blocked and incubated with 1:50, 1:75, or 1:100 of either the chicken anti-

MIP-133 antiserum or pre-immune chicken serum.  Wells were then washed and 

incubated with goat anti-chicken IgY-horse radish peroxidase.  ELISA plates were 

developed and read at 405 nm.  Bars represent the means ± SE of triplicate 

experiments.   *** = significantly different from pre-immune serum of same dilution 

(P < 0.001). 
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Figure 20 
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Figure 21.  Detection of MIP-133 after pepsin and proteinase K digestion.  Protein 

degradation was assessed by incubating 15.6 µg of MIP-133 with either 10 µg pepsin 

or 10 µg proteinase K at 35° C for 18 hours prior to addition to a 96-well plate.  

Control samples were incubated with PBS.   Plates were allowed to dry overnight and 

were analysed by ELISA.  Each bar shows the mean ± SE of triplicate counts. * and 

*** significantly different from treatments with protein test samples(P < 0.05 and P < 

0.001, respectively). 
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Figure 21 
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Figure. 22.  Production of MIP-133 as a result of mannose stimulation.    

Acanthamoeba spp. were grown in PYG containing 100 mM methyl-α-D-

mannopyranoside.  Supernatants were collected at mid-log phase, filter sterilized, 

concentrated 10-fold, and analyzed by ELISA.  A)   The results of 3 soil isolates (A. 

hatchet, A. astronyxis, and A. castellanii neff) and one clinical isolate (A. castellanii).   

B)   The results of 4 clinical isolates (A. culbertsoni, A. polyphaga, A. rhysodes, and 

A. castellanii).  Each bar shows the mean ± SE of triplicate counts. 
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Figure 22 
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Acanthamoeba produced MIP-133 after mannose stimulation, but not when cultured 

in the absence of mannose (Fig. 22B). 

 

THE ROLE OF MIP-133 IN THE SUBSEQUENT STEPS OF THE 

PATHOGENIC CASCADE OF ACANTHAMOEBA KERATITIS 

 

MIP-133 Effectively Degrades the Collagen Matrixes that Comprise Bowman’s 

Membrane and the Stroma 

 

The pathogenesis of Acanthamoeba keratitis begins with the trophozoites 

binding to the mannose on the corneal epithelium surface via a mannose-binding 

receptor (217).  This is a critical step in the initiation of keratitis, that is followed by 

the rapid destruction of the corneal epithelial cell layer.  Immediately after destroying 

the corneal epithelial cells, trophozoites penetrate Bowman’s membrane and invade 

the stroma.  MIP-133 was shown to effectively kill corneal cells, and we 

hypothesized that MIP-133 also played an important role in facilitating the invasion 

of the trophozoites into the stroma.  Therefore, experiments were performed to 

investigate whether MIP-133 had proteolytic activity against the types of collagen 

that comprise the matrices of the cornea.   

MIP-133 was incubated with zymography gels impregnated with gelatin to 

test for proteolytic activity.  The zymography overlay using 15.6 µg of MIP-133 (in 

25 µl PBS) displayed lytic ability against the gelatin in the zymogels (Fig. 23A).  

Within two hours, lytic zones could be readily visualized. Dot zymography using 1.5 
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and 7.8 µg of MIP-133 (both in 10 µl PBS) displayed 7 mm and 10 mm lysis 

diameters respectively (Fig. 23B).  Proteolytic activity was comparable to 0.1 mg (in 

10 µl PBS) of collagenase (approximately 41 units) under the conditions tested (data 

not shown).  All samples pretreated with PMSF displayed 100% inhibition of lysis.  

Samples pretreated with cystatin produced the same lysis as the untreated protein 

samples on the overlay and the dot zymography (10 mm).  Neither the PYG nor the 

PBS control was found to degrade gelatin. 

Bowman’s membrane and the corneal stroma are comprised almost entirely of 

collagen (Types IV and I respectively).  To determine the effect of MIP-133 on these 

corneal components, we performed experiments to ascertain the ability of MIP-133 to 

specifically degrade types IV and I collagen.    

MIP-133 was efficient at degrading both human types I and IV collagen (Fig. 

24).  At 24 hours, type IV collagen was more efficiently degraded compared to type I.  

However, by 72 hours, both forms of collagen were nearly completely degraded.  

Degradation of collagen was similar to the collagenase control at both the 24 and 72 

hour time points tested.  The PBS control did not show lytic activity against either 

collagen. 
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Figure. 23.  Proteolytic activity of MIP-133.  A) 15.6 µg (in 25 µl PBS) of MIP-133 

was electrophoresed in 4-15% SDS/PAGE ready gels and then overlaid onto 10% 

gelatin zymogels for 2 hours. Lanes: 1 = untreated protein sample; 2 =, pretreatment 

with 10 µM cystatin; 3 = pretreatment with 1 mM PMSF. B) 10% gelatin zymogels, 

with 3 mm cut-outs were incubated with 1.5 and 7.8 µg (in 10 µl PBS ) of the purified 

protein.  Some samples were pretreated with 1 mM PMSF or 1 µM cystatin for 30 

minutes prior to addition.  Additional controls included straight PYG and PBS. 
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Figure 23 
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Figure. 24.  Collagenolytic activity of MIP-133.  10 µg of human collagen types I and 

IV were incubated and dried onto 96-well plates.  Wells were treated with either 15.6 

µg (in 25 µl PBS) of MIP-133, PBS, or 0.1 mg (in 25 µl PBS) of collagenase (Col) 

for 24 hours (A) and 72 hours (B).  Well volumes were increased to 100 µl with the 

addition of PBS.  Sample wells were then washed 3 times with PBS, incubated with 

mouse anti-collagen type IV IgG or mouse anti-collagen type I IgG as the primary, 

followed by goat anti-mouse IgG-HRP as described in the Materials and Methods 

section.  Plates were developed and read at OD 405 nm.  Bars represent the means ± 

SE of triplicate experiments.  *, ** and ***, significantly different from PBS treated 

controls (P < 0.05, P < 0.01 and P < 0.001, respectively). 
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Figure 24 
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Specificity of MIP-133 Induced CPE Against Ocular Derived Cell 

 

MIP-133 kills corneal epithelial cells from both human and Chinese hamsters, 

two mammalian species that are susceptible to Acanthamoeba keratitis.  Following 

the destruction of the corneal epithelial layer, MIP-133 degrades collagen types IV 

and I that comprise the bulk of Bowman’s membrane and the corneal stroma.  Even 

though the corneal epithelial cells were destroyed, our experiments demonstrated that 

human small intestinal cells were resistant to MIP-133-mediated killing.  These 

results suggested that MIP-133-mediated killing might be specific to corneal cells.  

To investigate this hypothesis, we performed experiments to ascertain the specificity 

of MIP-133 killing to corneal cells.  

All of the human corneal cells in the pathogenic cascade of Acanthamoeba 

keratitis (corneal epithelium, stromal keratocytes, and corneal endothelium) were 

killed by MIP-133 (Table 2).  Additionally, rabbit stromal cells and Chinese hamster 

corneal epithelial cells were also susceptible to MIP-133-mediated killing (Table 2). 

The capacity of MIP-133 to kill corneal endothelial cells was a surprise.  We have 

shown that Acanthamoeba trophozoites are attracted to corneal endothelial cells 

components, however, there is no compelling evidence that trophozoites ever 

penetrate this layer and invade the eye (197).  The possibility that trophozoites might 

be capable of invading beyond the cornea was intriguing, therefore we performed 

experiments to determine whether MIP-133 had any effect on intraocular cell lines.  

The results demonstrated that MIP-133 was capable of killing both human ciliary  



109  

 

Table. 2.   MIP-133-induced CPE assays on corneal and intraocular cell lines.  Test 

samples were adjusted to 1.5, 7.8, and 15.6 µg of protein in 25 µl of PBS before 

addition to corneal epithelial cells (HCE and HCORN), stromal cells (NHK and 

TRK), corneal  endothelial cells (HCN), iris ciliary body cells (ICB), and retinal 

pigmented epithelial cells (RPE).  Cells were incubated in 96 well microtiter plates 

for 18 hours at 35° C.  CPE was assessed spectrophotometrically and percent death 

was calculated as described in the Materials and Methods section.  Each numerical 

value represents the mean of triplicate counts.  
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Table 2 

 

rneal Cells 1.5 µg 7.8 µg 15.6 µg
E 25 61 93
K 70 98 99
N 55 82 81
ORN 98 99 99
K 85 96 97

Intraocular Cells 1.5 µg 7.8 µg 15.6 µg
17 57 77
6 57 82

ICB
RPE

% MIP-133-Mediated Cell Death

Co
HC
NH
HC
HC
TR
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body cells and retinal pigmented epithelial cells (Table 2).  However, both cell lines 

displayed reduced susceptibility to MIP-133-mediated killing as compared to the 

corneal cells lines mentioned above.    

 Since MIP-133 kills corneal cells and intraocular cells, we hypothesized that 

other mammalian cells might also be susceptible to MIP-133.  Therefore we 

performed experiments to ascertain whether MIP-133 would kill non-ocular cells.  

The results showed that human small intestine cells (FHs-74), liver cells (Chang 

cells), and smooth muscle cells (T/G HA-VSMC) were all resistant to MIP-133-

mediated cell death (Table 3).  These data are not surprising, as Acanthamoeba 

trophozoites are not known to cause disease in the liver, muscles, or small intestines.  

The mechanism for this apparent cell specificity, and thus, resistance to MIP-133 

induced apoptosis, is unclear.    

 Earlier experiments showed that MIP-133 killed corneal epithelial cells via 

apoptosis in a caspase-dependent pathway.  Inhibition of caspase-10 abrogated 

apoptosis by over 90%.  The caspase-10 apoptotic cascade is induced by the 

activation of cell surface “death receptors” such as Fas, tumor necrosis factor-related 

apoptosis-inducing ligand-receptor (TRAIL), and tumor necrosis factor (TNF)-

mediated apoptosis in a FADD dependent manner (148, 207).  Therefore, cytotoxicity 

experiments were performed to determine whether MIP-133 interacted with any of 

these receptors.  Ocular melanoma cells were chosen as a means of investigating the 

role of the TRAIL receptor.  Cell lines with high (MEL 270) or low (OCM 1 and 

OCM 8) TRAIL receptor surface expression were susceptible to MIP-133-mediated 

killing (Table 4).  Furthermore, two cell lines resistant to TRAIL-induced apoptosis 
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Table. 3.   MIP-133-induced CPE assays on liver, smooth muscle, and small intestinal 

epithelial cells.  Test samples were adjusted to 1.5, 7.8, and 15.6 µg of protein in 25 

µl of PBS before addition to liver cells (CHANG), small intestinal epithelial cells 

(FHs), and smooth muscle cells (T/G HA-VSMC).  Cells were incubated in 96 well 

microtiter plates for 18 hours at 35° C.  CPE was assessed spectrophotometrically and 

percent death was calculated as described in the Materials and Methods section.  

Each numerical value represents the mean of triplicate counts. 
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Table 3 

 

t. Cell Lines 1.5 µg 7.8 µg 15.6 µg
g 0 0 0

0 0 0
 HA-VSMC 0 10 11

% MIP-133-Mediated Cell Death

Resis
Chan
Fhs
T/G
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Table. 4.   MIP-133-induced CPE of ocular melanoma cells, splenocytes, mesenteric 

lymph node cells, and T-cells.  Test samples were adjusted to 1.5, 7.8, and 15.6 µg of 

protein in 25 µl of PBS before addition to the cell lines indicated.  Cells were 

incubated in 96-well microtiter plates for 18 hours at 35° C.  CPE was assessed 

spectrophotometrically and percent death was calculated as described in the Materials 

and Methods section.  Each numerical value represents the mean of triplicate counts. 
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Table 4 

 

ell Lines 1.5 mg 7.8 mg 15.6 mg Target Cell Properties
OM 431 10 93 93 Resistance  to TRAIL-induced Apoptosis

MEL 202 44 72 79 "
MEL 270 20 75 91 TRAIL receptor +

OCM 1 95 96 95 TRAIL receptor -

OCM 8 2 90 88 "       "    
OMM-1 58 89 82 "       "    
OMM-1.5 31 66 88 "       "    
92-1 76 84 86 "       "    
Mel-290 5 82 90 "       "    

B6 Splenocytes 0 10 47 TNFR -

B6 Mesenteric 0 23 23 "       "    
  Lymph node Cells

urkat 20 7 30 Fas +J

% MIP-133-Mediated Cell Death

C
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were also susceptible.  A total of nine ocular melanoma cell lines were examined, and 

all were killed by MIP-133.  To examine the role of TNFR2, CPE experiments were 

performed using spleen and mesenteric lymph node cells from TNFR2 knockout 

mice.  Both cell preparations were susceptible to MIP-133-mediated killing.  

However, both were less susceptible than ocular melanoma cells.  Finally, Fas-

positive Jurkat cells actually displayed partial protection from MIP-133 mediated 

killing.     

 

ANTIBODY-MEDIATED NEUTRALIZATION OF MIP-133 REDUCES 

PATHOGENIC PROPERTIES IN VITRO AND 

IN VIVO 

 

In vitro inhibition of MIP-133    

 

MIP-133 has been shown to be highly cytotoxic for human corneal epithelial 

cells in vitro.  Degradation (via proteases) and inhibition (via serine protease 

inhibitors) of MIP-133 effectively eliminated in vitro CPE activity.  However, to 

further characterize the role of MIP-133 in vivo, it is important to investigate the 

effects of mucosal immunity on MIP-133.  Therefore, we performed experiments to 

ascertain whether anti-MIP-133 antibodies neutralized MIP-133 activity.   

 Figure 25 shows that the anti-MIP-133 antiserum was effective at blocking the 

cytotoxic activity of the MIP-133 protein.  The cytotoxic effect of the 1.5 µg (in 25 µl 

culture medium) dose was completely abrogated, while the 7.8 µg  (in 25 µl culture 
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Figure. 25.  Inhibition of MIP-133-mediated CPE against HCE cells.  MIP-133 

samples were adjusted to 1.5, 7.8, and 15.6 µg of protein in 25 µl of PBS before 

addition to HCE cells in 96-well microtiter plates for 18 hours at 35° C.  Protein 

samples were either used alone, or co-incubated with 1:75 chicken anti-MIP-133 

antiserum (ImS) or the normal serum control (NS).  All final volumes were 200 µl.  

CPE was assessed spectrophotometrically.  Each bar shows the mean ± SE of 

triplicate counts. * and ***, significantly different from untreated controls (P < 0.05 

and P < 0.001, respectively). 
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Figure 25 
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medium) dose was blocked by approximately 25%.  However, the higher dosage 

(15.6 µg in 25 µl culture medium) was not inhibited by the antiserum.  The 

preimmune serum control did not significantly reduce the cytolytic ability of the 

protein at any of the three doses tested.   

After killing corneal epithelial cells, Acanthamoeba trophozoites penetrate 

Bowman’s membrane and invade the corneal stroma.  As anti-MIP-133 antiserum 

effectively neutralized the cytolytic activity of MIP-133 to corneal epithelial cells 

above, we suspected that the anti-MIP-133 antiserum might neutralize the 

collagenolytic activity of MIP-133.  Therefore, we performed experiments to 

determine whether the anti-MIP-133 antiserum would impede trophozoite migration 

through a synthetic basement membrane (i.e., Matrigel) and prevent collagen 

degradation. 

 A. castellanii trophozoites incubated with the anti-MIP-133 antiserum 

displayed a significant decrease in their ability to migrate through the Matrigel matrix 

(Fig. 26).  Trophozoites incubated with the serine protease inhibitor PMSF displayed 

similar reductions in the ability of the amoebae to migrate through the Matrigel. 

However, trophozoites incubated with the cysteine protease inhibitor cystatin did not 

show reduced migration.  These results hinted at the possibility that the anti-MIP-133 

antiserum was effective at neutralizing the collagenolytic activity of MIP-133. 

Accordingly, we tested the ability of anti-MIP-133 antiserum to neutralize the 

collagenolytic activity of MIP-133.  Incubating MIP-133 with the anti-MIP-133 

antiserum completely (100%) abrogated the collagenolytic activity of MIP-133 at 24 

hours (Fig. 27A).  After 72 hours, anti-MIP-133 antiserum inhibited the  
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Figure. 26.  Migration assay.  1 x 105 A. castellanii trophozoites were placed in the 

upper chambers of 3.0 µm pore size transwells coated with Matrigel.  Trophozoites 

were treated with either 1:75 and 1:100 of either anti-MIP-133 antiserum (ImS) or the 

pre-immune normal serum control (NS).  Additional controls included 1.0 mM 

phenylmethylsulfonyl fluoride (PMSF) and 10 µM cystatin (Cystat).  After 2 hours, 

trophozoites were counted in the bottom chamber.  Bars indicate means ± SE of 10 

random high powered fields (100X).   *** = significantly different from Medium 

control or normal serum control (P < 0.001). 
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Figure 26 
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Figure. 27.  Anti-MIP-133 inhibition of MIP-133 collagenolytic activity and 

trophozoite migration.  ELISA of 10 µg of human collagen types I and IV were 

incubated and dried onto 96-well plates.  Wells were treated with either 15.6 µg of 

MIP-133, 15.6 µg of MIP-133 co-incubated with 1:75 chicken anti-MIP-133 

antiserum (ImS), PBS, or 0.1 mg of collagenase (Col) for 24 hours (A) and 72 hours 

(B).  Sample wells were then washed three times, incubated with mouse anti-collagen 

type IV IgG or mouse anti-collagen type I IgG as the primary, followed by goat anti-

mouse IgG-HRP as described in the Materials and Methods section.  Plates were then 

read at OD 405 nm.  ***, significantly different from MIP-133 treatments (P < 

0.001).   
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Figure 27 
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collagenolytic activity of MIP-133 on type I and type IV by 75% and 80% 

respectively (Fig. 27B).  The collagenase control was not significantly different from 

the MIP-133 treatments. 

 

Oral Immunizations against MIP-133 Provides Protection against Acanthamoeba 

Keratitis 

 

Our laboratory has previously shown that oral immunization with antigens 

conjugated to neutralized cholera toxin is an effective method of inducing mucosal 

antibody responses, with the appearance of IgA antibodies in the tears and enteric 

washes of Chinese hamsters (105, 107).  Furthermore, our lab has shown that 

protection against Acanthamoeba keratitis can be generated in both Chinese hamsters 

and pigs by oral immunization with Acanthamoeba surface antigens (6, 107, 198).  

We hypothesized that oral immunization with a protein that killed corneal epithelial 

cells, degraded Bowman’s membrane, and dissolved the stroma, would also affect 

disease.  Therefore, we performed experiments to immunize Chinese hamsters with 

MIP-133.  Chinese hamsters were immunized either orally or intramuscularly with 

100 µg, 200 µg, or 400 µg of MIP-133 once a week for four weeks prior to infection 

with Acanthamoeba trophozoites.  The first intramuscular immunizations were 

administered with Freunds complete adjuvant, and the following three were with 

Freund’s incomplete adjuvant.  Oral immunizations were with neutralized cholera 

toxin.  The results of a typical experiment are shown in Figure 28, and demonstrate 

that oral immunization with 400 µg of MIP-133 reduced the severity of corneal 
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infection by 30%, and shortened the duration of the disease by five days (P < 0.01).  

Immunization with lower doses of MIP-133 or with cholera toxin alone did not 

significantly affect the course of disease.  Intramuscularly immunized animals 

displayed no significant difference in disease severity or duration from controls at any 

of the three immunization doses (data not shown). 

 Oral immunization is an effective method for inducing the production of 

secretory IgA antibody in a variety of mucosal secretions, including tears (107).  The 

amount of IgA that can be collected from Chinese hamster tears is infinitesimal.  

However, significant quantities of IgA antibodies can be isolated from enteric washes 

from orally immunized hamsters (107).  Accordingly, enteric washes were assessed 

for the presence of anti-MIP-133 IgA antibodies following oral immunization.  

Enteric washes from orally immunized Chinese hamsters and serum samples from 

intramuscularly immunized Chinese hamsters were tested by ELISA for the presence 

of mucosal IgA and serum IgG antibodies specific for MIP-133.  Figure 29A shows 

that enteric washes from the orally immunized hamsters recognized MIP-133.  By 

contrast, enteric washes taken from the PBS-treated animals did not specifically bind 

to MIP-133.    IgG from serum samples also bound with high affinity to MIP-133 

(Fig. 29B).  PBS immunized animals did not display binding to the MIP-133 protein.   

 The anti-MIP-133 antibodies from immunized animals were tested for their 

ability to neutralize the cytopathic effects of MIP-133 in vitro.   The enteric washes 

from immunized animals significantly inhibited the cytopathic activity of MIP-133 

(Fig 30).  Enteric washes from either PBS treated Chinese hamsters or 
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Figure. 28.  Effect of oral immunization with MIP-133 on Acanthamoeba keratitis.  

Chinese hamsters were orally immunized with either 100 µg (A), 200 µg (B), or 400 

µg (C) of MIP-133 with neutralized cholera toxin, or with cholera toxin alone, once a 

week for four weeks prior to infection with A. castellanii laden lenses as described in 

the Materials and Methods section.  Lenses were removed four days post infection 

and corneas were evaluated for severity of keratitis at the times indicated.  All of the 

animals orally immunized with 400 µg MIP-133 (C) displayed significantly milder 

disease than the cholera toxin and PBS control groups (P < 0.01).  The results shown 

are representative of three separate experiments for each treatment (N=8 in each 

group for each experiment).   
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Figure 28 
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Figure. 29.  Detection of IgA and IgG in Chinese hamsters immunized orally with 

MIP-133 conjugated to neutralized cholera toxin.  A)  IgA ELISA.  96-well plates 

were coated with 50 µg of MIP-133 and allowed to dry in carbonate buffer.  After 

drying, wells were treated with blocking buffer and incubated with 1:2 pooled enteric 

wash from orally immunized hamsters.  Wells were then washed and incubated with 

1:2 rabbit anti-Chinese hamster IgA hyperimmune serum, washed three times in PBS, 

and incubated with 1:1,000 goat anti-rabbit IgG-horse radish peroxidase.  ELISA 

plates were developed and read at 405 nm.   Bars represent individual hamsters.  B)  

IgG ELISA.  96-well plates were coated with 50 µg of MIP-133 and allowed to dry in 

carbonate buffer.  After drying, wells were treated with blocking buffer and incubated 

with a 1:100 dilution of serum from orally immunized Chinese hamsters.  Wells were 

then washed and incubated with goat anti-hamster IgG-HRP.  Bars represent 

individual hamsters.  ELISA plates were developed and read at 405 nm.   
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Figure 29 
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Figure. 30.  Inhibition of CPE by enteric washes from Chinese hamsters immunized 

orally with MIP-133.  MIP-133 protein samples were adjusted to 1.5, 7.8, and 15.6 µg 

of protein in 25 µl of PBS before addition to HCE cells in 96-well microtiter plates 

for 18 hours at 35° C.  Protein samples were either tested alone, co-incubated with 

1:50 pooled enteric washes from Chinese hamsters orally immunized with MIP-133 

(ImEW), or enteric wash from PBS immunized animals (CEW).  All final volumes 

were 200 µl.  CPE was assessed spectrophotometrically.  Each bar shows the mean ± 

SE of triplicate counts.   * and **, significantly different from untreated controls (P < 

0.05 and P < 0.01, respectively). 
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Figure 30 
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intramuscularly immunized Chinese hamsters (Fig. 31) did not inhibit cytopathic 

activity of MIP-133 at any of the doses tested.    

Acanthamoeba keratitis is a self-limiting acute infection in Chinese hamsters 

due to the rapid and effective response of the innate immune system, especially the 

conjunctival macrophages (64, 199).  However, subconjunctival injection of 

liposomes containing the macrophagicidal drug, clodronate, removes periocular 

macrophages and results in a chronic infection that resembles the clinical course of 

Acanthamoeba keratitis in humans.  Accordingly, we wished to determine if mucosal 

immunization with MIP-133 would affect a form of Acanthamoeba keratitis that 

mimicked the human counterpart in terms of its severity, persistence, and chronicity.  

This was tested by injecting either clodronate-containing liposomes, or PBS-

containing liposomes, into the conjunctivae of Chinese hamsters.  Animals were 

infected with parasite-laden contact lenses immediately after clodronate treatment.  

Oral immunizations were started 5 days after infecting with Acanthamoebae laden 

lenses.  Oral immunization with MIP-133 produced a remarkable mitigation in 

corneal disease (Fig. 32).  By contrast, infected animals treated with clodronate-

containing liposomes and orally immunized with cholera toxin alone displayed 

clinical disease that was not significantly different from animals treated with 

clodronate-containing liposomes (data not shown). 
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Figure. 31.  Inhibition of CPE by serum samples from Chinese hamsters immunized 

intramuscularly with MIP-133.  MIP-133 protein samples were adjusted to 1.5, 7.8, 

and 15.6 µg of protein in 25 µl of PBS before addition to HCE cells in 96-well 

microtiter plates for 18 hours at 35° C.  Protein samples were either tested alone or 

co-incubated with 1:50 or 1:100 serum sample from Chinese hamsters 

intramuscularly immunized with MIP-133 (SS).  All final volumes were 200 µl.  CPE 

was assessed spectrophotometrically.  Each bar shows the mean ± SE of triplicate 

counts.   * and **, significantly different from untreated controls (P < 0.05 and P < 

0.01, respectively). 
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Figure 31 
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Figure. 32.  Effects of oral immunization with MIP-133 on chronic, progressive 

Acanthamoeba keratitis.  Chinese hamsters were treated with clodronate encapsulated 

liposomes administered via subconjunctival injection on days -8, -6, -4, and -2 prior 

to infection with A. castellanii infected lenses on day 0.  Chinese hamsters were then 

either untreated or orally immunized with 400 µg of MIP-133 on days 5, 12, 19, and 

26 post infection.  Lenses were removed five days post infection and corneas were 

evaluated for clinical severity of Acanthamoeba keratitis at the times indicated.  The 

clinical severity for the orally immunized animals was significantly less than the 

control animals at all time points tested (P<0.001).  The results shown are 

representative of two separate experiments for each treatment (N=8 in each group).   
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Figure 32 
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CHAPTER FOUR 
Discussion 

 

THE EFFECTS OF MANNOSE ON ACANTHAMOEBA TROPHOZOITES 

 

 It has been reported that A. castellanii is induced to secrete cytolytic factor(s) 

when grown in the presence of free mannose (108).  Although free mannose 

prevented the binding of Acanthamoeba trophozoites to hamster epithelial cells in 

vitro, it did not inhibit the organism’s ability to lyse the cells.  Under these conditions, 

free mannose inhibited contact-dependent cytolysis of corneal epithelial cells. 

However, Leher et al.’s results suggested that prolonged exposure to free mannose 

induced the release of cytolytic molecules that produced contact-independent 

cytolysis (108). It is now known that Acanthamoeba trophozoites bind preferentially 

to mannosylated glycoproteins, and that corneal epithelial cells upregulate mannose 

glycoproteins as part of the wound healing process (78, 143, 217).  Moreover, 

induction of Acanthamoeba keratitis in experimental animals requires corneal 

abrasion prior to exposure to infectious trophozoites (74, 153, 196).  Therefore, it is 

believed that pre-existing trauma to the cornea is a prerequisite for acquiring 

Acanthamoeba keratitis.  These reports suggest that Acanthamoeba trophozoites not 

only utilize the mannosylated ligands for binding, but also use these ligands to induce 

the Acanthamoebae trophozoites to undergo changes that induce a more pathogenic 

state.   Our laboratory has shown that mannose inhibits the binding of trophozoites to 

corneal epithelial cells, but it is unclear how the mannose affects the amoebae (108).  
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The purpose of this work was to examine how mannose affects Acanthamoeba 

trophozoites. 

 The first specific aim examined the response generated by Acanthamoeba 

trophozoites after binding to the mannosylated glycoproteins on a traumatized cornea.  

As mannose can represent a food source for the amoeba, it was unclear if the 

glycoproteins were inducing the amoebae to proliferate after binding to the 

traumatized eye.  However, our data show that Acanthamoeba trophozoites incubated 

with mannose were not induced to proliferate.  In fact, the presence of mannose 

reduced amoeba proliferation in culture by nearly 50%.  These data suggest that the 

increased cytopathogenicity of mannose-treated trophozoites can not be attributed to 

greater numbers of amoebae being generated after binding to the mannose ligands.  

To examine the effects of mannose on both encystment and excystment, trophozoites 

and cysts were individually incubated in medium containing mannose.  After six days 

of incubation, the Acanthamoeba cultures displayed three times more cysts when 

incubated with mannose.  Additionally, whole cysts incubated with mannose also 

displayed a two-fold reduction in the conversion of cysts to trophozoites.  These 

results suggest that binding to mannose causes a shift in Acanthamoeba biology that 

increases cytopathogenicity, while simultaneously slowing down proliferation.  A 

major concern for patients requiring corneal transplants after Acanthamoeba keratitis 

is the reinfection of the transplant by excysting Acanthamoebae.  Why the mannose 

induces greater numbers of cysts is unclear, yet this phenomenon may help explain 

how the cysts come to be located in the stroma and limbus. 
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 The increased cytopathogenicic effects elicited by mannose were not due to 

mannose inducing trophozoite proliferation, and thus, increased numbers of 

trophozoites available to attack the corneal epithelial cells.  Rather, it appears that 

mannose stimulates the release of one or more cytolytic molecules (75, 108).  

Supernatants isolated from A. castellanii trophozoites that were incubated with 

mannose displayed a 40% greater cytolytic ability against corneal cells in vitro.   

Molecular weight separation showed that the cytolytic activity was almost entirely 

limited to the fraction above 100 kDa.  Subsequent SDS/PAGE analysis of the 

supernatants revealed a new 133 kDa protein that was not present in the supernatants 

that were grown without mannose.  Precedence for pathogenicity as a result of 

amoeba-glycoprotein binding has been clearly defined for Entamoeba hisolytica.  E. 

histolytica also expresses glycoprotein receptor ligands that facilitate adherence to the 

gastrointestinal epithelium (28, 132, 164).  After binding to galactose residues found 

on the intestinal epithelium, E. histolytica secrete pore-forming molecules 

(amoebapores) that contribute to disease (109, 132, 201).  However, soluble galactose 

inhibits the secretion of these molecules (28).  Our data indicate that binding of A. 

castellanii trophozoites to corneal epithelial cell was inhibited by free mannose, but 

this inhibition did not mitigate the trophozoite’s capacity to kill corneal epithelial 

cells.    

 Using FPLC and DEAE ion exchange chromatography, we were able to 

isolate the mannose-induced protein (MIP-133) and examine it’s effects on corneal 

epithelial cells.  It is reasonable to assume that after the amoebae bind to the 

mannosylated glycoproteins, secreted factors induced by this interaction would first 
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come in contact with the corneal epithelium.  Human corneal epithelial cells were 

killed in a dose-dependent manner by MIP-133.  All three doses (1.5, 7.8, and 15.6 µg 

total protein/200µl) of MIP-133 killed 100% of the Chinese hamster corneal epithelial 

cells in vitro.  Further examination revealed that the Chinese hamster epithelial cells 

remained susceptible to MIP-133 at doses as low as 300 ng (300 ng/200µl). 

 Interestingly, human intestinal epithelial cells were not killed by any of the 

preparations of MIP-133 tested.  It is unknown why MIP-133 was unable to kill the 

human intestinal cells.  Acanthamoeba spp. are ubiquitously distributed in virtually 

every environmental habitat and have been isolated from foodstuffs including fresh 

vegetables and mushrooms (169).  Environmental exposure to Acanthamoeba spp. is 

commonplace, as 50 – 100% of the normal adult population possess serum antibodies 

specific for Acanthamoeba antigens (5, 27, 39).  It seems reasonable to assume that 

Acanthamoeba spp. are routinely ingested, yet they are not known to cause intestinal 

infections.  The apparent resistance of human intestinal epithelium to the cytotoxic 

actions of Acanthamoeba trophozoites and MIP-133 may explain the absence of 

intestinal acanthamoebiasis in the human population. 

  Incubation of MIP-133 with serine protease inhibitors reduced cytotoxicity 

against the highly susceptible hamster corneal epithelial cells by 60 – 80%.  No 

reduction of the cytopathic effect was seen when MIP-133 was incubated with a 

cysteine protease inhibitor.  These data suggest that mannose-binding induces the 

secretion of a new 133 kDa serine protease that is responsible for killing corneal 

epithelial cells.  As binding of the trophozoites to the mannosylated glycoproteins is 

the essential first step in generating the disease, it is likely that this interaction is also 
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responsible for the secretion of molecules that are needed for the amoebae to 

penetrate the epithelial cell layer. 

  

MIP-133 AS A VIRULENCE FACTOR 
 

 Acanthamoeba keratitis is a very destructive disease that can lead to the loss 

of the infected eye if untreated.  Destruction of the corneal surface can be both quick 

and complete.  The next specific aims examined the mechanism behind how MIP-133 

kills corneal cells, the correlation between production of the protein and ability to 

generate disease, and the role of the protein in the subsequent pathogenic cascade.   

 Smaller ligand-induced molecules from E. histolytica have been shown to 

adhere to the epithelial surface of the human intestine and form pore-forming 

complexes that lyse intestinal cells (109, 110).  These 5 and 14-kDa protein 

complexes, called amoebapores, form ion channels that promote the osmotic lysis of 

eukaryotic cells (43).  MIP-133 did not display pore-forming capabilities on 

carboxyfluorescein encapsulated liposomes.  This is not surprising, as the 133 kDa 

protein would likely be too large to form pore-forming complexes.  However, MIP-

133 treatment of corneal cells produced an almost three-fold increase in apoptosis.  

Pretreatment with a caspase-3 inhibitor abrogated nearly 100% of the MIP-133-

mediated cell death.   As most pathways in the caspase cascades are routed through 

caspase-3, our data suggest that MIP-133 kills corneal cells through a caspase-

mediated pathway (149).  Inhibition of caspase-3 effectively blocks most caspase-

mediated apoptosis as caspase-3 is responsible for the cleavage of the key cellular 
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proteins that leads to the typical morphological changes observed in cells undergoing 

apoptosis (149, 190, 215).  However, inhibition of caspase-3 does not affect the initial 

start site of the cascade.  Pretreatment with caspase-9 and caspase-10 inhibitors 

reduced MIP-133 mediated apoptosis by 50% and 90% respectively.  Combined use 

of the inhibitors did not further increase this reduction beyond the 90% inhibition 

seen with the caspase-10 inhibitor alone.  The caspase-9 pathway is a mitochondrial-

dependent pathway that is initiated after the mitochondria experience significant 

damage (69).  Mitochondrial damage can be produced from a number of internal and 

external sources, and may have a synergistic effect on other apoptotic cascades.  

More important were the data suggesting that caspase-10 may be responsible for the 

initial generation of the caspase-mediated apoptotic cascade.  Caspase-10 is triggered 

by the “death receptors” such as Fas, tumor necrosis factor-related apoptosis-inducing 

ligand-receptor (TRAIL), and tumor necrosis factor (TNF)-mediated apoptosis in a 

Fas-Associated Death Domain protein (FADD) dependent manner (148, 207).  In this 

model, engagement of TNF, Fas, or TRAIL at the cell surface recruits FADD to the 

plasma membrane (33).  FADD binds directly to Fas, while binding to TNF and 

TRIAL is mediated via the TNF Associated Death Domain (TRADD) docking 

protein (33, 73). After binding to either Fas or TRADD, FADD recruits caspase-10, 

effectively activating the caspase-mediated apoptosis pathway.  The inhibition of 

MIP-133-mediated apoptosis by caspase-10 inhibitor strongly suggested that MIP-

133 might be interacting with one of the three surface ligands known to recruit 

FADD.   
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 The data above suggest that MIP-133 may bind to one of the three surface 

receptors known to recruit caspase-10.  Therefore, cytotoxicity experiments were 

performed to determine which surface receptor MIP-133 may interact with, and thus, 

induce apoptosis.  Cell lines were chosen based on their different expression of their 

cell-surface death-receptors.  Melanoma cells with either high (MEL270) or low 

(OCM1 and OCM8) surface expression of TRAIL receptors were both effectively 

killed by MIP-133 in vitro.  Moreover, OM431, a melanoma cell line resistant to 

TRAIL-mediated apoptosis, was not protected against MIP-133 killing.  Spleen cells 

from TNFR2 knockout mice were also killed by MIP-133, indicating that the lack of 

TNF-receptor did not offer protection.   Finally, Fas-positive Jurkat cells actually 

displayed partial protection from MIP-133 mediated killing.  In summary, no 

evidence of a pattern was generated that would  establish either Fas, TRAIL, or TNF 

as the receptor for MIP-133-mediated apoptosis.  One possible explanation for this 

would be that MIP-133 binds to a surface receptor that has not been described.   

 The genus Acanthamoeba includes at least 24 species, which are ubiquitously 

distributed in nature.  To date, only 8 species have been shown to cause corneal 

disease (172).  Although the official classification of the strains is still unresolved, it 

is important to identify molecules that differentiate pathogenic from non-pathogenic 

strains.  None of the three soil isolates examined produced MIP-133.  Moreover, 

when tested in vivo, all three of the soil isolates produced either no disease, or 

significantly less disease as compared to the standard ocular isolate of A. castellanii.  

The soil isolate A. hatchetti did produce mild keratitis, even though it did not secrete 

detectable quantities of MIP-133.  It is possible that A. hatchetti produces one or more 
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proteases that can substitute for MIP-133 in the development of Acanthamoeba 

keratitis.  By contrast, all of the clinical isolates of Acanthamoeba spp. elaborated 

MIP-133 and produced disease in vivo.  Thus, there is a strong correlation between 

the production of MIP-133 and the severity of Acanthamoeba keratitis. 

 The pathogenic cascade of Acanthamoeba keratitis begins with trophozoites 

binding to and killing corneal epithelial cells.  This step is followed by trophozoite 

invasion of the basement membrane and the underlying collagenous stroma.  The role 

of MIP-133 in these steps of the pathogenic cascade was examined next.  All seven of 

the Acanthamoeba spp. were examined for their ability to migrate through a 

collagenous matrix (i.e., Matrigel).  Matrigel is considered a representative basement 

membrane, as it contains not only basement membrane components (collagens, 

laminin, and proteoglycans), but also matrix degrading enzymes, their inhibitors, and 

growth factors. Invasion of tumor cells into Matrigel has been used to characterize 

involvement of extracellular matrix receptors and matrix degrading enzymes, which 

play roles in tumor progression (93).  As expected from the in vivo data, none of the 

soil isolates was effective in migrating through the Matrigel matrix.  By contrast, all 

of the clinical isolates migrated through the Matrigel matrix at approximately equal 

levels.  The correlation between migration through Matrigel and the ability to produce 

disease in vivo was not surprising.  After the amoebae destroy the outer corneal 

epithelial cells, they must penetrate Bowman’s membrane, and gain entry into the 

stroma.  Both of these layers are primarily comprised of collagen.   

 To confirm the detection of MIP-133, and aid in future studies, a 

chicken anti-MIP-133 antiserum was produced.  Chickens produce a robust IgY 
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response to small amounts of antigen (53, 58, 103).  IgY has the same general 

structure as an IgG, with 2 heavy chains ("nu" chains, ~67-70 kDa) and 2 light chains 

(22-30 kDa), and is the lower vertebrate equivalent to IgG (209).  The chicken 

antiserum bound to MIP-133 with high affinity, as detected by western blot and 

ELISA analysis.  By contrast, the chicken preimmune serum did not bind to MIP-133.  

The antiserum did not detect MIP-133 after incubation of the protein with either 

pepsin or proteinase K.   This confirmed that the proteases effectively degraded MIP-

133.  Furthermore, the antiserum was useful in confirming that the Acanthamoeba 

spp. soil isolates did not produce MIP-133, either constitutively or after incubation 

with mannose.   

   After penetrating Bowman’s membrane, trophozoites enter and degrade the 

collagenous stroma.  The role of MIP-133 in this step of the pathogenic cascade of 

Acanthamoeba keratitis was examined next.  Gel lysis assays were used to determine 

if MIP-133 was capable of degrading collagen.  MIP-133 produced extensive lysis of 

gelatin matrixes in a dose dependent fashion.  Gelatin lysis was completely abrogated 

when MIP-133 was pretreated with a serine protease inhibitor PMSF, and not the 

cysteine protease inhibitor, cystatin.  These results are consistent with the findings of 

He et al. (64), who showed that supernatants from A. castellanii trophozoite cultures 

contain collagenolytic factors that dissolve collagen shields in vitro and produce 

corneal lesions that mimic Acanthamoeba keratitis when injected into the corneas of 

rodents.  The corneal lesions produced by the Acanthamoeba culture supernatants 

resembled Acanthamoeba keratitis lesions in several important ways including:  

edema, corneal opacity, neutrophilic infiltration, ring-like infiltrate, stromal 



146  

 

disintegration, and keratocyte necrosis (64).  Thus, Acanthamoeba trophozoites 

elaborate one or more soluble factors that are capable of degrading the collagenous 

matrix of the cornea and producing the pathological sequelae that are characteristic of 

Acanthamoeba keratitis.  

 The data reported above strongly suggest that MIP-133 may play an important 

role in the degradation of the collagen that comprises the bulk of the corneal stroma.  

After eliminating the corneal epithelial cells, the amoebae must perforate Bowman’s 

membrane, and enter the stroma.  Both Bowman’s membrane and the stroma are 

comprised almost entirely of collagen (Types IV and I respectively).  A battery of 

tests demonstrated that MIP-133 was efficient at degrading both human types I and 

IV collagen.  At 24 hours, type IV collagen was more efficiently degraded when 

compared to type I.  However, by 72 hours, both forms of collagen were nearly 

completely degraded by MIP-133.  These data suggest that MIP-133 may play an 

important role in facilitating trophozoite invasion and degradation of the stroma.  

Thus, the production of MIP-133 is instrumental in yet one more phase of the 

pathogenic cascade of Acanthamoeba keratitis.   

 After entering the corneal stroma, trophozoites are believed to kill the 

keratocytes that secrete the collagenous matrix.  Therefore, experiments were 

performed to determine if MIP-133 was toxic to keratocytes.  The results of several in 

vitro assays demonstrated that MIP-133 kills cells from all three layers of the human 

cornea:  corneal epithelial cells, stromal keratocytes, and corneal endothelial cells.  

The capacity of MIP-133 to kill corneal endothelial cells is intriguing as there is no 
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compelling evidence that trophozoites ever penetrate Descemet’s membrane and 

encounter the underlying corneal epithelium.   

 With the exception of three isolated cases, Acanthamoeba trophozoites have 

not been shown to produce intraocular infections or inflammation within the eye (80, 

144).  It is not believed that Acanthamoeba trophozoites go beyond the corneal 

endothelium, however, our data above showed that MIP-133 is effective at killing this 

single cell layer.  It is reasonable to assume that killing of the corneal endothelial cells 

would facilitate invasion of the eye.  Therefore, experiments were performed to 

determine if MIP-133 was toxic to iris ciliary body cells and retinal pigmented 

epithelial cells.  The results of several in vitro assays demonstrated that MIP-133 was 

effective at killing both intraocular cell lines.  However, the ability to kill intraocular 

cells in vitro does not necessarily translate to ability to produce disease in vivo.  In 

fact, intraocular injection of as many as one million A. castellanii trophozoites failed 

to produce disease in Chinese hamsters (Daniel Clarke; unpublished).  Although MIP-

133 is toxic to intraocular cells in vitro, intraocular disease produced by 

Acanthamoeba trophozoites almost never occurs. 

 In summary, MIP-133 plays a crucial role in many steps of the pathogenic 

cascade of Acanthamoeba keratitis (Fig. 33).  MIP-133 is induced by the interaction 

of the trophozoites with mannosylated glycoproteins on the corneal epithelium.  The 

strong correlation between the ability to produce MIP-133 and generate disease 

suggests that MIP-133 is critical for initiating the pathogenic cascade of 

Acanthamoeba keratitis.  Soil isolates of Acanthamoebae were unable to produce the 

protein, and thus, were not able to elicit substantial disease.  After binding to the 
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mannosylated glycoproteins on the corneal epithelial cells, the secreted MIP-133 kills 

the corneal epithelial cells and exposes Bowman’s membrane.  Subsequently, MIP-

133 degrades Bowman’s membrane (via degradation of type IV collagen) and 

facilitates invasion of the trophozoites into the stroma.  Once in the stroma, MIP-133 

helps facilitate the destruction of the stroma by degrading type I collagen and by 

killing the resident keratocytes that maintain the collagen matrix.  Furthermore, A. 

castellanii has also been shown to elaborate other enzymes and low molecular weight 

metabolites that can degrade the collagen of the stroma and kill epithelial cells 

respectively (64, 126).  In summary, pathogenic Acanthamoebae are induced by 

mannose to secrete a novel serine protease, MIP-133, that is critical for many steps of 

the pathogenic cascade of Acanthamoeba keratitis.   
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Figure. 33.  Schematic showing the role of MIP-133 in the pathogenic cascade of 

Acanthamoeba keratitis.   
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Figure 33 
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ANTIBODY NEUTRALIZATION OF MIP-133 IN VITRO AND USE AS AN 

IMMUNOGEN AGAINST DISEASE IN VIVO 

 

 The role of MIP-133 in multiple phases of the pathogenic cascade of 

Acanthamoeba keratitis suggests that neutralizing this molecule might prove 

beneficial.  This hypothesis was tested by incubating MIP-133 with  chicken anti-

MIP-133 antiserum.  The antiserum against MIP-133 blocked the ability of the 

protein to degrade both types I and IV collagen.  Inhibition was 100% after 24 hours, 

and inhibition remained greater then 75% after 72 hours.  Furthermore, the antiserum 

blocked the ability of MIP-133 to kill human corneal epithelial cells.  These data 

suggest that the antiserum is effective at blocking the cytolytic activity of MIP-133.  

The anti-MIP-133 antiserum also effectively inhibited trophozoite migration through 

Matrigel matrixes.  Inhibition of migration was greater with the antiserum than with 

the serine protease inhibitor.  These results indicate that neutralizing antibodies can 

block crucial functions of this protein that contribute to the pathogenesis of 

Acanthamoeba keratitis  

Based on these in vitro findings, we surmised that the MIP-133 protein might 

be used as an effective immunogen in vivo.  This hypothesis was tested by 

immunizing Chinese hamsters both orally and intramuscularly with MIP-133 prior to 

infection with A. castellanii trophozoites.  Chinese hamsters, immunized orally with 

400 µg of MIP-133, displayed a significant reduction in both disease severity and 

duration.  However, protection was not significant when lower doses of the protein 

were used in the oral immunizations, or if MIP-133 was administered 
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intramuscularly.  Oral immunization is an effective method for inducing the 

production of secretory IgA antibody in a variety of mucosal secretions, including 

tears (107).  In fact, tears have been shown to contain high quantities of secretory 

IgA, which is produced locally by plasma cells in the lacrimal glands (55, 89, 159).  

Induction of mucosal protection through oral immunizations has been shown to be 

effective against a variety of pathogens, including amoebae, bacteria and viruses, as 

well as toxic molecules (17, 32, 83, 95, 113, 174).  Furthermore, our lab has shown 

that protection against Acanthamoeba keratitis can be generated in both Chinese 

hamsters and pigs by oral immunization with Acanthamoeba surface antigens (6, 107, 

198).   This protection was generated through the production of secretory IgA that 

bound to the surface of Acanthamoeba trophozoites and prevented their binding to the 

corneal surface (107).  It is not surprising that intramuscular immunizations, and thus 

the generation of antigen-specific IgG, did not protect against disease.  High titers of 

circulating Acanthamoeba-specific IgG have been shown have no effect on the 

severity or duration of Acanthamoeba keratitis (6, 198).   

To confirm that both anti-MIP-133 IgG and IgA were generated, serum 

samples and mucosal secretions were collected for analysis.  Both the serum samples 

and mucosal secretions produced detectable anti-MIP–133 IgG and IgA respectively.  

The intramuscularly immunized animals produced a robust IgG response, far 

surpassing the IgA response seen from the orally immunized animals.  Naïve animals 

did not possess antibodies to MIP-133.  Furthermore, enteric wash preparations from 

orally immunized animals protected human corneal cells from MIP-133-mediated 

killing in vitro.  Serum samples from MIP-133 immunized Chinese hamsters did not 
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protect under similar conditions.  The data strongly suggest that oral immunization 

with MIP-133 before challenge with Acanthamoebae stimulates a mucosal immune 

response that protects against corneal disease.   

The importance of secretory IgA antibodies in resistance to Acanthamoeba 

keratitis is supported by recent findings indicating that patients with Acanthamoeba 

keratitis possess lower levels of anti-Acanthamoeba-specific IgA antibodies in their 

tears compared to non-infected, normal individuals (5).   It is unclear whether the 

lower titer of IgA was due to ocular infection, or an inherent deficiency in overall IgA 

production.  However, 100% of the adult individuals tested (n=48) possessed anti-

Acanthamoeba-specific IgA in their tears.  This high prevalence of anti-

Acanthamoeba-specific IgA is believed to arise from routine environmental exposure 

to Acanthamoeba spp.  In fact, Acanthamoeba spp. have been isolated from 

nasopharyngeal regions of healthy individuals that displayed no symptoms of 

Acanthamoeba keratitis (27, 208).  Of interest, the levels of circulating serum IgG 

were actually higher in patients with Acanthamoeba keratitis than in non-infected, 

normal controls (5).  These data further support the notion that mucosally-derived 

antigen-specific IgA can protect against Acanthamoeba keratitis, yet high titers of 

circulating Acanthamoeba-specific IgG antibodies fail to protect against ocular 

challenge with Acanthamoeba trophozoites. 

Although oral immunization prior to corneal exposure to Acanthamoeba 

trophozoites is effective in reducing disease, it is not a realistic paradigm for 

managing patients.  Therefore, we employed a more relevant model in which we 

tested the efficacy of oral immunization with MIP-133 administered after the corneal 
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infections had been established.  The primary difference between Acanthamoeba 

keratitis in Chinese hamsters and humans is that Chinese hamsters develop an acute, 

self-limiting disease.  Humans typically generate a more severe, chronic infection that 

can result in the loss of the eye if left untreated.  In order to produce a severe chronic 

form of Acanthamoeba keratitis in Chinese hamsters, it is necessary to deplete the 

conjunctival macrophage population with a macrophagicidal drug, clodronate (199).   

Clodronate belongs to the family of bisphosphonates (BPs), bone-seeking agents that 

are potent inhibitors of osteoclasts. Like other BPs, clodronate has poor cell 

membrane permeability (168). Liposomes are readily taken up by cells of the 

reticuloendothelial system, in particular macrophages. Liposome-mediated delivery of 

clodronate inactivates and kills macrophages after effective phagocytosis but is not 

toxic to non-phagocytic cells (173, 200).  The clodronate-treated animals developed a 

chronic form of Acanthamoeba keratitis.  However, repeated oral immunizations with 

MIP-133 after infection produced a dramatic mitigation in corneal lesions and an 

eventual resolution of the disease.  A dramatic reduction in disease severity was 

evident two days after the initial immunization.  Immunized animals cleared the 

disease at approximately day 33, while non-immunized clodronate treated animals 

continued to display severe keratitis beyond the 55 day observation period.    

 These results offer glimmers of hope for immunotherapy for persistent, drug 

resistant Acanthamoeba keratitis.  It will be important to enhance the immunogenicity 

of MIP-133 and to optimize the oral immunization protocol to obtain higher mucosal 

antibody titers.  It may also be possible to directly apply anti-MIP-133 monoclonal 
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antibodies to the corneas of Acanthamoeba keratitis patients as a means of 

neutralizing the pathogenic protein and thereby mitigate corneal disease. 

 

FUTURE RESEARCH 
 

These studies have demonstrated that mannose stimulates pathogenic species 

of Acanthamoeba trophozoites to produce a novel 133 kDa protein that plays an 

important role in most of the steps of the pathogenic cascade of Acanthamoeba 

keratitis.  MIP-133 is produced shortly after binding to mannose, and aids the 

amoebae in gaining entry into the stroma.  However, as Acanthamoeba spp. are 

ubiquitously distributed in the environment, it is unknown what role MIP-133 might 

have in nature.  The present results describe well-defined functions of MIP-133 in the 

development of Acanthamoeba keratitis.  However, Acanthamoeba spp. are free-

living amoebae that normally do not produce disease.  The preservation of the MIP-

133 gene suggests that this protein serves an important function in the day-to-day 

existence of free-living Acanthamoeba spp.  Identifying the function of this ligand-

induced protein secretion would help to further understand the biology of the 

organism.  Acanthamoebea are voracious predators of bacteria, and it is plausible to 

assume that mannose recognition may play a role in identification and capture of 

bacteria.  An alternative hypothesis is that Acanthamoeba  trophozoites use a 

mannose receptor/MIP-133 system to recognize and kill other organisms in their 

environmental niche that compete with them for predation of limited bacterial 

foodstuffs.  Protection of the amoeba may be another other role of MIP-133. 
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The differentiation of MIP-133 production among non-pathogenic and 

pathogenic strains of Acanthamoeba strains could be examined at the genomic level.  

We are currently attempting to sequence MIP-133 in an effort to clone the gene.  

Such information would give more detailed insights as to why the non-pathogenic 

strains do not secrete this protein.  One possibility is that non-pathogenic strains of 

Acanthamoeba lack the gene to produce MIP-133.  Another hypothesis suggests that 

non-pathogenic strains of Acanthamoeba exercise more stringent regulation on MIP-

133 production.   Further understanding of the differences between the non-

pathogenic and pathogenic strains may aid in finding ways to neutralize the protein, 

and thereby mitigate Acanthamoeba keratitis.   

Acanthamoeba keratitis is a relatively rare disease.  It is possible that this 

pathogenic mechanism, and similar inducible pathogenic  proteases, are utilized by 

other pathogens that infect the cornea.  The mechanism of MIP-133 secretion may 

give insights into more fundamental pathogenic mechanisms, and may provide 

information on how pathogens can undermine mucosal immunity.  It is plausible that 

other amoebae may use a similar glycoprotein-ligand mechanism to generate disease.  

It has been well characterized that E. histolytica uses such an approach to secrete 

small molecular weight proteins, called amoebapores, that facilitate the destruction of 

intestinal epithelial cells (110, 132, 201).  However, other life-threatening amoebae, 

such as Balamuthia mandrillaris, have been poorly studied.  B. mandrillaris causes a 

fatal meningitis, yet it is not known how it enters the body, or the pathogenic 

mechanisms that it invokes (119, 121, 165).  As more evidence of glycoprotein-ligand 

interactions is described for pathogenic amoebae, it is likely that this pathogenic 
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mechanism may be a common theme for medically relevant amoebae.  Furthermore, 

it is possible that other eye pathogens may secrete similar proteins that contribute to 

ocular disease.  For example, other ocular pathogens such as Pseudomonas 

aeruginosa, Chlamydia trachomatis, or Onchocerca volvulus may also secrete a 

serine protease that shares epitopes with MIP-133.  Anti-MIP-133 

antiserum/antibodies may cross-react with secreted proteins from these pathogens.  

As serine proteases are commonly produced by pathogens, it is possible that MIP-

133-like proteins may be secreted by other ocular pathogens as well.  

These results indicate MIP-133 is very effective at killing ocular derived 

melanoma cells.  An interesting extension of this research would be to further 

characterize the ability of MIP-133 to eliminate melanoma cells in vivo.   We initiated 

such a study and found that intratumoral injections of MIP-133 in mice possessing 

aggressive subcutaneous B16 melanomas gave very promising results.  Tumors 

displayed significant reduction in size after only 24 hours.  Tumor growth was 

suppressed in all (n=20) of the MIP-133 treated animals.  Cursory examination of the 

tissues adjacent to the tumors did not reveal significant damage that could be 

attributed to MIP-133.  However, since MIP-133 kills a wide variety of cells, closer 

histopathological examination of the surrounding tissues would have to be performed.  

Although the tumors were visually smaller, accurate means to measure the mass of 

the existing tumors proved to be problematic.  Careful reexamination of this work 

with more sophisticated tumor measuring techniques may provide a possible role of 

MIP-133 as an anti-tumor agent.   
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Another avenue of investigation may consider the question of why 

Acanthamoeba trophozoites have not been reported to enter the eye and produce 

endophthalmitis.  Results reported here indicate that MIP-133 effectively kills the 

corneal endothelial cells.  However, the absence of Acanthamoeba trophozoites 

within the anterior chamber, or in the retina, implies that some form of protection 

prevents fulminant intraocular infections by Acanthamoeba trophozoites.  One 

hypothesis proposes that aqueous humor may be toxic to the trophozoites.  This 

would explain the paucity of reports of intraocular infections in the literature (80, 

144).    

A final avenue of investigation is the topical use of anti-MIP-133-specific IgA 

antibodies, both prior to and after development of Acanthamoeba keratitis.  The 

immunization data indicate that significant protection against disease can be produced 

even after the disease is manifested.  This hypothesis proposes that topical application 

of anti-MIP-133-specific IgA might mitigate disease severity and duration.  Secretory 

IgA protects against the disease and topical applications of IgA might offer 

immediate relief.  As Acanthamoeba keratitis is a rare disease, it is not cost effective 

to preimmunize individuals against MIP-133.  However, topical applications of MIP-

133-specific IgA may offer a potential therapy for Acanthamoeba patients 

immediately after displaying symptoms.     

 In the final analysis, it is not uncommon for specific glycoprotein-binding to 

induce the secretion of biologically important molecules.  The cornea provides a very 

formidable barrier for foreign invaders, and pathogenic organisms would have to 

produce specific molecules/strategies against these defenses to be successful.  The 
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mannose receptor/MIP-133 system is an elegant strategy for circumventing the 

corneal barrier and may be a paradigm for understanding the pathogenesis of 

infections that begin at the epithelial/environmental interface.  
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