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Acanthamoeba is a genus encompassing several species of free-living amoeba. 

These amoeba are most notably associated with Acanthamoeba keratitis, a severe 

corneal infection that can lead to permanent blindness. While drug therapies exist to treat 

Acanthamoeba keratitis, literature reports of recalcitrance and treatment failure are not 

uncommon.  This dissertation compiles my work in drug screening and evaluating 

conazoles as novel treatment options for Acanthamoeba keratitis. 
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Chapter 1. Acanthamoeba encompasses several species of free-living ameba 

encountered commonly throughout the environment. Unfortunately, these species of 

ameba can cause opportunistic infections that result in Acanthamoeba keratitis, 

granulomatous amebic encephalitis, and occasionally systemic infection. 

While several biguanide and diamidine antimicrobial agents are available to 

clinicians to effectively treat Acanthamoeba keratitis, no singular treatment can effectively 

treat every Acanthamoeba keratitis case. Efforts to identify new anti-Acanthamoeba 

agents include trophozoite cell viability assays, which are amenable to high-throughput 

screening. Cysticidal assays remain largely manual and would benefit from further 

automation development. Additionally, the existing literature on the effectiveness of 

various azole antifungal agents for treating Acanthamoeba keratitis is incomplete or 

contradictory, suggesting the need for a systematic review of all azoles against different 

pathogenic Acanthamoeba strains. 

 

Chapter 2. Current treatments for Acanthamoeba keratitis rely on a combination 

of chlorhexidine gluconate, propamidine isethionate, and polyhexamethylene biguanide. 

These disinfectants are nonspecific and inherently toxic, which limits their effectiveness. 

Furthermore, in 10% of cases, recurrent infection ensues due to the difficulty in killing 

both trophozoites and double-walled cysts. Therefore, development of efficient, safe, and 

target-specific drugs which are capable of preventing recurrent Acanthamoeba infection 

is a critical unmet need for averting blindness. Since both trophozoites and cysts contain 

specific sets of membrane sterols, we hypothesized that antifungal drugs targeting sterol 
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14-demethylase (CYP51), known as conazoles, would have deleterious effects on A. 

castellanii trophozoites and cysts. To test this hypothesis, we first performed a systematic 

screen of the FDA-approved conazoles against A. castellanii trophozoites using a 

bioluminescence-based viability assay adapted and optimized for Acanthamoeba. The 

most potent drugs were then evaluated against cysts. Isavuconazole and posaconazole 

demonstrated low nanomolar potency against trophozoites of three clinical strains of A. 

castellanii. Furthermore, isavuconazole killed trophozoites within 24 h and suppressed 

excystment of preformed Acanthamoeba cysts into trophozoites. The rapid action of 

isavuconazole was also evident from the morphological changes at nanomolar drug 

concentrations causing rounding of trophozoites within 24 h of exposure. Given that 

isavuconazole has an excellent safety profile, is well tolerated in humans, and blocks A. 

castellanii excystation, this opens an opportunity for the cost-effective repurposing of 

isavuconazole for the treatment of primary and recurring Acanthamoeba keratitis. 

 

Chapter 3. Cytochromes P450 (P450, CYP) metabolize a wide variety of 

endogenous and exogenous lipophilic molecules, including most drugs. Sterol 14α-

demethylase (CYP51) is a target for antifungal drugs known as conazoles. Using X-ray 

crystallography, we have discovered a domain-swap homodimerization mode in CYP51 

from a human pathogen, Acanthamoeba castellanii CYP51 (AcCYP51). Recombinant 

AcCYP51 with a truncated transmembrane helix was purified as a heterogeneous mixture 

corresponding to the dimer and monomer units. Spectral analyses of these two 

populations have shown that the CO-bound ferrous form of the dimeric protein absorbed 

at 448 nm (catalytically competent form), whereas the monomeric form absorbed at 420 
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nm (catalytically incompetent form). AcCYP51 dimerized head-to-head via N-termini 

swapping, resulting in formation of a nonplanar protein-protein interface exceeding 2000 

Å2 with a total solvation energy gain of -35.4 kcal/mol. In the dimer, the protomers faced 

each other through the F and G α-helices, thus blocking the substrate access channel. In 

the presence of the drugs clotrimazole and isavuconazole, the AcCYP51 drug complexes 

crystallized as monomers. Although clotrimazole-bound AcCYP51 adopted a typical CYP 

monomer structure, isavuconazole-bound AcCYP51 failed to refold 74 N-terminal 

residues. The failure of AcCYP51 to fully refold upon inhibitor binding in vivo would cause 

an irreversible loss of a structurally aberrant enzyme through proteolytic degradation. This 

assumption explains the superior potency of isavuconazole against A. castellanii. The 

dimerization mode observed in this work is compatible with membrane association and 

may be relevant to other members of the CYP family of biologic, medical, and 

pharmacological importance. 

 

Chapter 4. Acanthamoeba species of amebae are often associated with 

Acanthamoeba keratitis, a severe corneal infection. Isavuconazonium sulfate is an FDA-

approved drug for the treatment of invasive as-pergillosis and mucormycosis. This 

prodrug is metabolized into the active isavuconazole moiety. Isavuconazole was 

previously identified to have amebicidal and cysticidal activity against Acanthamoeba T4 

strains, but the activity of its prodrug, isavuconazonium sulfate, against trophozoites and 

cysts remains unknown. Since it is not known if isavuconazonium can be metabolized 

into isavuconazole in the human eye, we evaluated the activities of isavuconazonium 

sulfate against trophozoites and cysts of three T4 genotype strains of Acanthamoeba. 
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Isavuconazonium displayed amebicidal activity at nanomolar concentrations as low as 

1.4 nM and prevented excystation of cysts at concentrations as low as 136 μM. We also 

investigated the cysticidial activity of isavuconazonium sulfate in combination with a 

currently used amebicidal drug polyhexamethylene biguanide (PHMB). Although 

combination of isavuconazonium with PHMB did not elicit an obvious synergistic cysticidal 

activity, the combination did not cause an antagonistic effect on the cysts of 

Acanthaomoeba T4 strains. Collectively, these findings suggest isavuconazonium retains 

potency against Acanthamoeba T4 strains and could be adapted for Acanthamoeba 

keratitis treatment. 

 

Chapter 5. Traditional cysticidal assays for Acanthamoeba species revolve around 

treating cysts with compounds and manually observing the culture for evidence of 

excystation. This method is time-consuming, labor-intensive, and low-throughput. We 

adapted and trained a YOLOv3 machine learning, object-detection neural network to 

recognize A. castellanii trophozoites and cysts in microscopy images to develop an 

automated cysticidal assay. This trained neural network was used to count trophozoites 

in wells treated with marine-derived compounds of interest to determine if a compound 

treatment was cysticidal. We validated this new assay with known cysticidal and non-

cysticidal compounds. In addition, we undertook a large-scale bioluminescence-based 

screen of 9,286 structurally-unique marine microbial metabolites against the trophozoites 

of A. castellanii and identified 29 trophocidal hits. These hits were then subjected to this 

machine learning-based automated cysticidal assay. One marine microbial metabolite 

fraction was identified as both trophocidal and cysticidal.
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Chapter 1: Acanthamoeba Keratitis: An Update on Amebicidal and Cysticidal Drug 

Screening Methodologies and Potential Treatment with Azole Drugs 

 
1.1 Introduction 

Acanthamoeba are several species of ubiquitous free-living ameba found 

throughout the world. While Acanthamoeba spp. are most commonly found in wet 

environments, such as lakes and swimming pools, they can be found in less hospitable 

environments, such as heating, ventilation, and air conditioning vents, and contact lens 

solutions. 

Depending on environmental conditions, Acanthamoeba can exist as a trophozoite 

or cyst (Fig. 1.1A, 1.1B). Trophozoites are the motile, reproductive stage of 

Acanthamoeba. This stage exists in favorable environments with ample nutrients and 

appropriate temperature. Trophozoites can range in size from 25-40 μm in length (1). 

Trophozoites move via pseudopodia and ingest bacteria, yeast, and cell debris through 

phagocytosis or food cup formation (2). Trophozoites utilize pinocytosis to ingest nutrients 

present in the liquid environment (1). 

Cysts are dormant and are composed of a cell within a double cyst wall composed 

of chitin, protein, and cellulose. Cysts walls are rigid and cysts are spherical in shape with 

a size ranging from 13-20 μm in diameter. Cysts are resistant to harsh environmental 

conditions that would be fatal to trophozoites. The outer wall of a cyst contains a high 

amount of cellulose, which results in a high degree of drug resistance (3). This drug 

resistance allows cysts to survive otherwise effective medical therapies for killing the 

parasite (4).  

Acanthamoeba trophozoites reproduce through binary fission. Excystation from a 
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cyst to a trophozoite usually follows after an environment becomes suitable. The 

trophozoite stage of the parasite is considerably less durable than its cyst counterpart, 

and is sensitive to antimicrobial agents (5). 

While Acanthamoeba spp. are typically free-living, they can be opportunistic 

pathogens and produce disease in humans. Trophozoites and cysts are both able to infect 

humans and produce Acanthamoeba keratitis, granulomatous amebic encephalitis, and 

disseminated infections (Fig. 1.1C) (6). 

Acanthamoeba spp. are often associated with Acanthamoeba keratitis, a severe 

corneal infection. This infection typically occurs in contact-lens wearers, but it can also 

occur in patients with recent corneal trauma. Most keratitis infections are caused by the 

T4 genotype. Clinical testing has been performed on strains of this genotype, taken from 

the affected patients (7). While effective therapies, such as topical combinations of 

chlorhexidine gluconate and polyhexamethylene biguanide (PHMB), exist to treat 

Acanthamoeba keratitis, the parasite can encyst in the ocular tissue to resist current 

standard-of-care therapies and lead to recurrent keratitis. As such, discovering and 

identifying therapeutics that are effective against both stages of the parasite would be 

critical to reducing Acanthamoeba keratitis recurrence and improving existing therapies. 

This review will discuss current treatments and advances in screening and identifying 

novel therapeutics for Acanthamoeba keratitis treatment. 

 

1.2 Clinical Symptoms 

 Acanthamoeba keratitis can trigger a number of symptoms in patients. Common 

early symptoms or signs of infection include ocular pain and irritation, excessive tear 
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production, light sensitivity, blurry vision, pseudodendritiformic epitheliopathy, corneal 

opacity, conjunctival hyperemia, multifocal stromal infiltrates, and ring and perineural 

infiltrates (1, 8, 9). While the parasites are largely confined to the cornea and active 

infections typically do not penetrate past the Descemet’s membrane of the cornea, the 

presence of Acanthamoeba parasites in the cornea may trigger further inflammation 

through molecular mimicry or stimulating delayed type hypersensitivity (10–12). In 

advanced cases of Acanthamoeba keratitis, patients can suffer from iris atrophy, 

secondary glaucoma, cataracts, uveitis, scleritis, and chorioretinitis (1, 9, 13, 14). 

 

1.3 Diagnosis 

 Early on, 75 - 90% of Acanthamoeba keratitis are misdiagnosed and 

inappropriately treated as bacterial, mycotic, or viral keratitis (9). Since delays in proper 

treatment can allow the infection to progress and negatively affect patient outcomes, 

proper diagnosis is crucial. To this end, clinicians employ a number of diagnostic 

techniques, including microbial culture, histopathology, confocal microscopy, and PCR 

analysis to identify Acanthamoeba keratitis in patients (1, 9). 

Microbial culture is still one of the primary diagnostic techniques for identifying 

Acanthamoeba keratitis. In microbial culture, samples collected from corneal scrapings, 

biopsies, or contact lens swabs are cultured on E. coli plated non-nutrient agar plates 

(15). The cultures are observed under microscopy to morphologically identify if 

Acanthamoeba trophozoites or cysts are present (9, 15). While Acanthamoeba 

trophozoites can become apparent on the culture medium within several days, this 

diagnostic technique can take up to several weeks to return a definitive diagnosis 
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depending on the initial parasite load (9, 15). 

Histopathological techniques rely upon staining corneal samples with various dyes 

and observing for evidence of Acanthamoeba trophozoites and cysts. Periodic acid Schiff, 

Masson, Gram, Giemsa, Grocott-methenamine-silver, hematoxylin and eosin, or 

calcofluor white stains can all be used to enhance contrast of trophozoites and cysts for 

detection (9, 15–17). Since this diagnostic technique is subjective and dependent on the 

skill of the examiner, diagnostic accuracy can vary significantly. 

In vivo confocal microscopy is another diagnostic technique that allows for rapid 

diagnosis of Acanthamoeba keratitis (18, 19). Care providers will examine the patient’s 

eye using a confocal microscope to try identifying cysts, which appear as hyper-reflective 

circular structures; trophozoites can be more difficult to identify using in vivo confocal 

microscopy as they can resemble leukocytes and keratocytes (9, 15, 19). In vivo confocal 

microscopy can have detection sensitivities as high as 90 - 100%, but diagnostic 

outcomes are highly dependent upon the training and experience of the examiner (9, 19–

21). 

 In PCR analysis, Acanthamoeba-specific 18s rRNA primers, such as Nelson, 

ACARNA, JDP1/JDP2, and Acant, can be used to detect Acanthamoeba parasites to 

inform a diagnosis (22–26). PCR has added advantages of rapid results and the 

sensitivity to detect low numbers of parasites that may be missed by other techniques 

(27). PCR diagnostic results can vary depending on the primers used and assay 

conditions, but diagnostic sensitivities have been reported to be >70% and can be further 

improved by using multiple primers to validate diagnostic assay results (22, 28). While 

PCR can be a useful diagnostic, it is limited by its inability to distinguish between genetic 
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material from viable and nonviable parasites and clinicians should consider this during 

determining a diagnosis (9, 29). 

 

1.4 Current treatments  

Acanthamoeba keratitis is a severe corneal infection that, if left untreated, can 

result in permanent visual impairment or blindness. Acanthamoeba spp. parasites adhere 

to the surface of the corneal epithelium through a mannose-binding protein (30, 31). Once 

adhered, the parasites secrete proteases that kill corneal epithelial cells and allow further 

invasion into the corneal stroma (31). 

 Since untreated Acanthamoeba keratitis can lead to severe and life-altering 

consequences, clinicians have focused on removing infected tissue and killing the 

parasites. A number of chemotherapeutic and surgical interventions have been utilized.  

There are a whole suite of chemotherapeutic agents available to treat 

Acanthamoeba keratitis, including biguanide, diamidine, antiseptic, antiparasitic, 

photodynamic, antibiotic, and antifungal agents (Table 1.1) (1, 16, 32, 33). The most 

commonly used biguanides are chlorhexidine gluconate and polyhexamethylene 

biguanide (PHMB) while diamidines include propamidine isethionate and hexamidine 

isethionate (16). In vitro data suggest antiseptic povidone-iodine can have anti-

Acanthamoeba activity, but these results have not been clinically validated (16, 34, 35). 

Antiparasitic drug miltefosine has also been utilized clinically in managing Acanthamoeba 

keratitis and given orphan drug status by the FDA (16, 36–41). Photodynamic therapy 

utilizes photosensitive agents to kill parasites (42). Antibiotics, such as neomycin and 

polymyxin B, and antifungal agents, including amphotericin B, natamycin, and azoles, 
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have also been clinically utilized to manage and treat Acanthamoeba keratitis (1, 9, 16, 

43).  

While exact treatment regimens can vary among clinical practitioners, 

Acanthamoeba keratitis therapies frequently employ chlorhexidine or PHMB as 

monotherapy or in combination with propamidine isethionate and hexamidine (44, 45). 

Commonly reported combinations include, but are not limited to, PHMB with propamidine, 

chlorhexidine with propamidine, chlorhexidine with PHMB, and PHMB with propamidine 

and neomycin (46). Typically, these therapies are initially administered topically hourly for 

several days. Afterwards, the frequency of dosing is adjusted per patient needs and can 

last up to 6 to 12 months for successful keratitis resolution (32, 44, 47). 

Surgical interventions focus on physically removing corneal tissue to remove the 

nidus of infection or physical methods of killing Acanthamoeba parasites. Debridement 

involves scraping or irritating the cornea using a blade in an effort to surgically remove 

infected tissue (48). Penetrating keratoplasty involves removing infected tissue and 

replacing it with a clean donor cornea (45, 49, 50). It has been shown to resolve cases 

that other methods were unable to (51). Other surgical treatments, such as cryotherapy, 

seek to physically treat the infection by freezing portions of the cornea to directly eradicate 

the parasites (52–54). In advanced cases where surgery and chemotherapies are 

unsuccessful at resolving the infection, clinicians may resort to enucleation of the infected 

eye (1, 49).  

 

Biguanides. Most cases of Acanthamoeba keratitis are treated with a combination 

of biguanides, which is a class of cationic antimicrobial compounds. This class of 
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antimicrobials disrupts negatively charged cell membranes to kill microbes. The two most 

effective and widely used biguanides are polyhexamethylene biguanide (PHMB) and 

chlorhexidine gluconate (45). Initial dosing for Acanthamoeba keratitis treatment typically 

begins at 0.02% for both chlorhexidine and PHMB. In refractory cases, clinicians can 

increase the dosage of PHMB up to 0.06% (47).  

Chlorhexidine gluconate is a broad-spectrum antiseptic effective against bacteria 

and fungi (55). It is commonly found in hygiene products, such as hand-cleaning products 

and oral antiseptics (56). Chlorhexidine is effective against both trophozoites and cysts 

(15). While the mechanism of action for chlorhexidine is to disrupt the cell membrane and 

cause cell lysis, cyst walls can help physically block uptake of chlorhexidine and act as a 

resistance mechanism (55, 56).  

In vitro studies have reported chlorhexidine to be highly potent against both 

trophozoites and cysts. Chlorhexidine has been found to be trophocidal at concentrations 

as low as 8 μg/mL (8 x 10-4 %) (57). Alizadeh et al (2009) identified chlorhexidine to be 

trophocidal at a concentration of 10 μg/mL (1 x 10-3 %) (58). Chlorhexidine has been 

found to be cysticidal at concentrations as low as 1.56 μg/mL (1.56 x 10-4 %) (59). Lee et 

al (2007) reported chlorhexidine to have a minimum cysticidal concentration of 7.02 

μg/mL (7.02 x 10-4 %) (60).  

There has been a limited number of clinical trials evaluating chlorhexidine’s 

effectiveness in treating Acanthamoeba keratitis. Kosrirukvongs et al (1999) treated six 

eyes with 0.006% chlorhexidine and reported curing infection in five of the eyes (61). Lim 

et al (2008) reported chlorhexidine monotherapy administered as 0.02% eye drops 

resolved 85.7% of keratitis cases (62). Additionally, chlorhexidine treatment resulted in 
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greater visual acuity improvement and less corneal scarring than PHMB monotherapy, 

which suggests chlorhexidine may be more tolerable for patients (62). 

PHMB is a wide-spectrum antiseptic utilized in a wide variety of applications, such 

as wound care, cosmetic preservatives, contact lens cleaners, and pool cleaners (63–

65). In Acanthamoeba, PHMB is taken up into the parasite, where it disrupts the cell 

membrane and causes cell death (66).  

PHMB is commonly used in conjunction with other biguanides and diamidines in 

the treatment of Acanthamoeba keratitis (45). In vitro, PHMB has demonstrated excellent 

potency against trophozoites and cysts with reported minimum trophozoite amebicidal 

concentrations as low as 2.5 μg/mL (2.5 x 10-4 %) (57). Heaselgrave et al (2019) reported 

PHMB to be amebicidal against trophozoites at 3.9 μg/mL (35). In terms of cysticidal 

activity, PHMB was found to have a minimum cysticidal concentration of 2.37 μg/mL (2.37 

x 10-4 %) while Narasimhan et al (2002) demonstrated a minimum cysticidal concentration 

of 25 μg/mL (2.5 x 10-3 %) (59, 60).  

Clinically, PHMB has been evaluated as a monotherapy agent for treating 

Acanthamoeba keratitis. Lim et al (2008) reported PHMB monotherapy in 0.02% eye 

drops resolved 78% of keratitis cases and was comparable in efficacy to chlorhexidine-

based monotherapy, but they also cautioned that PHMB appeared to cause more corneal 

scarring, which may limit its utility (62). 

Chlorhexidine and PHMB have been clinically evaluated and reported to be 

efficacious in resolving Acanthamoeba keratitis (61, 62). In vitro, the reported minimum 

trophozoite amebicidal or cysticidal concentrations vary between reports, but the 

independently reported values demonstrate chlorhexidine and PHMB are extremely 
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potent against Acanthamoeba and suggest even the starting clinical dose of 0.02% is 

sufficient to kill Acanthamoeba trophozoites and cysts. Despite this, reports of refractory 

Acanthamoeba keratitis cases following prolonged biguanide treatment and reports 

detailing clinical isolates with high resistance reveal biguanides are not a guaranteed 

panacea (67–69). Furthermore, these antiseptic agents are nonspecific and have 

cytotoxicity against corneal epithelial cells and keratocytes at clinically relevant doses. 

This may limit the maximum tolerable dose (60, 70).  

  

Diamidines. Diamidines are a class of cationic compounds with broad-spectrum 

antimicrobial activity against bacteria, fungi, ameba, and other protozoa (71). Diamidines 

are believed to exert their antimicrobial activity by disrupting cell membranes, denaturing 

cytosolic proteins, and inhibiting DNA synthesis (47, 72). In the treatment of 

Acanthamoeba keratitis, commonly used diamidines include 0.1% propamidine 

isethionate and hexamidine at 0.1% (47). 

Propamidine isethionate is a DNA synthesis inhibitor, and it was one of the first 

agents shown to be effective for treating Acanthamoeba keratitis (32, 72, 73). In a 

retrospective study of 111 cases of Acanthamoeba keratitis, it was used in conjunction 

with PHMB to significantly improve visual acuity of the majority (>79%) of Acanthamoeba 

keratitis cases (74). Propamidine has also been combined with a number of other general 

purpose antimicrobials, such as neomycin, PHMB, chlorhexidine, polymyxin B, and 

gramicidin for Acanthamoeba keratitis treatment (75–77).  

Reports of propamidine’s minimum trophozoite amebicidal concentration range 

from values as low as 15.6 μg/mL (1.56 x 10-3 %) to estimates as high as 1,000 μg/mL (1 
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x 10-1 %) (35, 78). Its minimum cysticidal concentration has also been reported to be as 

low as 250 μg/mL (2.5 x 10-2 %) and as high as 421 μg/mL (4.21 x 10-2 %) (35, 67). 

Clinically, propamidine and neomycin as a combination therapy has been evaluated and 

reported to have high efficacy. Hargrave et al (1999) treated Acanthamoeba keratitis 

patients with 0.1% propamidine solution and neomycin and reported 50 of 60 eyes (83%) 

resolved successfully (76). These clinical and in vitro reports suggest propamidine is 

broadly efficacious against both Acanthamoeba trophozoites and cysts and can be 

utilized to alleviate Acanthamoeba keratitis. 

Hexamidine was originally developed as a trypanocidal agent (79). More recently, 

it is now formulated into a number of over-the-counter medications as an antiseptic and 

antimicrobial agent (80). For Acanthamoeba keratitis treatment, it was first reported by 

Brasseur et al (1994) that topical 0.1% hexamidine successfully cleared a case of 

Acanthamoeba keratitis recalcitrant to propamidine treatment (81). Since then, 

hexamidine has been utilized in conjunction with a number of other antimicrobials, such 

as chlorhexidine, PHMB, and propamidine to successfully treat patients (77). 

In vitro, hexamidine isethionate has been reported to be effective against 

Acanthamoeba cysts and trophozoites (35, 72). Hexamidine’s minimum trophozoite 

amebicidal concentration has been reported to range from 7.5 μg/mL (7.5 x 10-4 %) to 

31.3 μg/mL (3.13 x 10-3 %) (35, 78). It has also been reported to be cysticidal at 

significantly higher concentrations, with reports of cysticidal activity at concentrations of 

222 μg/mL (2.22 x 10-2 %) and 250 μg/mL (2.5 x 10-2 %) (35, 67). 

 Despite various promising reports that chlorhexidine, PHMB, propamidine, and 

hexamidine are effective against A. castellanii trophozoites and cysts, clinical reports of 
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5-10% of cases being refractory even to extended courses of these combination therapies 

suggest the need for compounds with better efficacy and less clinical resistance (32, 67). 

 

Antiseptic Agents. Povidone-iodine is an iodophor that penetrates microorganisms 

and oxidizes cytosolic cell components to cause death (82). It is generally well tolerated 

and is used as a broad-spectrum antiseptic agent for wound care (83). Furthermore, 

povidone-iodine has also been adapted for ophthalmic use in contact lens cleaning and 

care (84–86). 

 In terms of in vitro characterization, povidone-iodine has been found to be 

cysticidal and trophocidal (34, 84–87). Roongruangchai et al (2009) reported povidone-

iodine had a minimum cysticidal concentration of 0.04% and identified structural damage 

to treated cysts, such as the breakdown of cyst walls and the parasite cell membranes 

(88). Sunada et al (2014) demonstrated povidone-iodine was cysticidal against 56 

different Acanthamoeba spp. clinical isolates even at concentrations as low as 0.1% (89). 

Shi et al (2020) reported 0.25% povidone-iodine completely trophocidal and had 

significant cysticidal effects (~80% inhibition) (90). 

However, several in vitro reports suggest povidone-iodine to be ineffective. 

Pelletier et al (2011) reported 0.4% povidone-iodine and 0.1% dexamethasone were not 

cysticidal (91). Lim et al (2000) reported povidone-iodine had poor activity against 

trophozoites with a minimum inhibitory concentration exceeding 100 μg/mL (0.01%) and 

no detectable cysticidal activity against clinical isolates collected in Australia (92). These 

conflicting reports may be due to differences in strain susceptibility and testing conditions. 

While povidone-iodine may be useful for Acanthamoeba keratitis management, its 
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efficacy has yet to be clinically validated and strain susceptibility tests should be 

considered before widespread usage (16). 

 

Antiparasitic Agents. Miltefosine is an alkylphosphocholine antiparasitic agent 

commonly used for treating leishmaniasis and other parasitic infections (93). Miltefosine 

is believed to induce apoptosis in Acanthamoeba through inhibiting proteinase kinase B 

(32). As an anti-Acanthamoeba agent, it is administered orally at 50 mg three times daily, 

and clinical case reports have reported miltefosine treatment successfully resolved 

Acanthamoeba keratitis cases (36–41). 

In vitro, miltefosine has been verified to have trophocidal and cysticidal properties 

(94, 95). Chao et al (2020) reported miltefosine to be cysticidal at 2.42 mM (94). Mrva et 

al (2011) previously reported miltefosine to be weakly active against Acanthamoeba sp. 

and Acanthamoeba lugdunensis clinical isolates with minimum trophocidal 

concentrations of 250 μM and 500 μM, respectively (96). Miltefosine’s dual activity against 

trophozoites and cysts makes it potentially useful for treating recalcitrant Acanthamoeba 

keratitis cases. 

 

Photodynamic Agents. Photodynamic therapy (PDT) is a form of chemotherapy in 

which photosensitive compounds are stimulated by light to kill cells of interest, and this 

therapy can be used to treat a number of diseases (97). A number of in vitro, animal, and 

clinical case studies highlight the potential for applying photosensitive agents, including 

tetracationic phthalocyanine RLP068, hypocrellin B, tin porphyrin, methylene blue, 
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riboflavin, titanium dioxide, chorin derivative TONS504, and rose bengal against 

Acanthamoeba (98–111). 

Most photodynamic therapy studies have been limited to in vitro testing on 

Acanthamoeba isolates. Kassab et al (2003) reported RLP068-PDT caused nuclear 

damage and cell death in A. palestinensis trophozoites (98). Chen et al (2008) found 

hypocrellin B-PDT had a dose-dependent inhibition of trophozoites and cysts, but also 

noted corneal cytotoxicity (99). Siddiqui and Khan (2012) reported tin porphyrin-PDT as 

amoebastatic (100). Mito et al (2012) found methylene blue-PDT to be trophocidal and 

synergized with PHMB and amphotericin B (101). Del Buey et al (2012) evaluated 

riboflavin-PDT on Acanthamoeba isolates and reported a single dose did not completely 

eradicate all parasites (102). Lamy et al (2016) used riboflavin-PDT in doses up to ten 

times higher than recommended for treatment and found it did not enhance the efficacy 

of PHMB or chlorhexidine (103). Gomart et al (2018) evaluated titanium dioxide-PDT and 

found it yielded dual activity against Acanthamoeba trophozoites and cysts (104). Pertiwi 

et al (2019) evaluated chorin-derivative TONS504 and found it to cause necrosis in 

trophozoites and apoptosis in cysts (106). Collectively, these in vitro studies highlight the 

trophocidal and cysticidal potential of photodynamic agents. 

 While several agents have been evaluated in vitro, only a few agents have been 

evaluated in rabbit animal models. Pertiwi et al (2020) evaluated TONS504-PDT in rabbit 

models and reported the treatment resolved 58% of infections (105). Atalay et al (2020) 

evaluated rose bengal-PDT and reported the therapy decreased parasite loads in the 

rabbit corneas (107). 



14 
 

In regards to human clinical data, both riboflavin and rose bengal have been 

reported as effective. Despite equivocal in vitro data, several reports have noted 

Acanthamoeba keratitis resolution following riboflavin-PDT (108–110). Moren et al 

(2010), Khan et al (2011), and Price et al (2012) all reported successfully treating 

Acanthamoeba keratitis patients with riboflavin-PDT (108–110). Naranjo et al (2019) used 

rose bengal-PDT to treat a number of keratitis cases caused by various bacterial, fungal, 

and protozoal agents and reported a 72% case resolution rate (111). Considering several 

reports on riboflavin-PDT have reported successful treatment suggests this agent 

warrants further investigation and attention as a potential Acanthamoeba keratitis 

therapeutic.  

Photodynamic therapy could potentially expand Acanthamoeba keratitis 

management options, but currently existing literature is mostly restricted to in vitro work. 

As such, photodynamic therapy warrants further investigation. Additionally, a significant 

effort should be made to expand the number of randomized clinical trials evaluating 

photodynamic agents. 

 

Antibiotics. Several antibiotics, particularly neomycin and polymyxin-B, have been 

commonly used in Acanthamoeba keratitis management. Neomycin is a broad-spectrum 

aminoglycoside antibiotic that binds the ribosomal subunit to inhibit translation and protein 

synthesis (16). Polymyxin-B binds and disrupts microbial cell membranes (32). Neomycin, 

polymyxin-B, and bacitracin are also combined to form the triple antibiotic (Neosporin), 

which is in common ophthalmic use (43, 112).  
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Clinically, several case reports have detailed usage of neomycin and polymyxin-B 

with propamidine isethionate to resolve Acanthamoeba keratitis (112–116). Most notably, 

Hargrave et al (1999) performed a clinical trial evaluating neomycin-polymyxin B-

gramicidin in conjunction with 0.1% propamidine isethionate and reported favorable 

Acanthamoeba keratitis outcomes (76). As such, while there is only one notable clinical 

trial documenting the usage of neomycin and polymyxin-B, case studies do support 

antibiotics being helpful in Acanthamoeba keratitis management. Furthermore, the use of 

antibiotics in treatment of Acanthamoeba keratitis can be prudent, as infected corneas 

often have co-infection with bacterial organisms as well. 

 

Antifungal Agents. Natamycin is an antifungal agent that binds sterols in fungal cell 

membranes, leading to cell permeabilization and death (117). In vitro, natamycin has 

demonstrated cysticidal effects against Acanthamoeba (89). Clinically, natamycin can be 

used in conjunction with other antimicrobial agents. Kitagawa et al (2003) reported 

applying 1% natamycin ointment six times daily in combination with 0.02% chlorhexidine 

steadily improved cases of Acanthamoeba keratitis over the course of a week (118). The 

report also suggested the combination therapy of chlorhexidine, natamycin, and 

debridement as a useful keratitis management strategy (118). 

Amphotericin B is a polyene antifungal agent that binds ergosterol and causes 

membrane instability and cell death of the pathogen (119). In vitro, Taravaud et al (2017) 

evaluated amphotericin B against A. castellanii and reported A. castellanii gradually 

displayed higher resilience to amphotericin B over time (120). Apart from in vitro data, 

clinical data and case reports on amphotericin B’s use for treating Acanthamoeba keratitis 
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is limited. However, amphotericin B is commonly used to resolve keratitis cases caused 

by other microorganisms. Biser et al (2004) reported 0.5% topical amphotericin B rapidly 

resolved a case of Arthrographis keratitis that mimicked Acanthamoeba keratitis (121). 

0.3 - 0.5% amphotericin B has been considered for fungal keratitis intervention, but its 

utility is limited due to its toxicity (122). Behrens-Baumann et al (1990) evaluated 

amphotericin B in a rabbit Candida keratitis model and recommended a combination of 

amphotericin B and fluconazole for Candida keratitis (123). As such, amphotericin B is a 

commonly used keratitis drug that can be considered as a potential antimicrobial agent 

for Acanthamoeba keratitis management. 

 

1.5 Azoles as Anti-Acanthamoeba Agents 

Azoles are a class of antifungal agents originally developed to target sterol 14a 

demethylase (CYP51) and inhibit ergosterol biosynthesis (124). Since Acanthamoeba 

spp. encode for CYP51 with 31-35% sequence identity to fungal CYP51, antifungal azoles 

have been considered and evaluated for treating Acanthamoeba keratitis (125). Clinically, 

several azoles have been evaluated in very limited clinical cases for treating 

Acanthamoeba keratitis. These include imidazole (clotrimazole, miconazole, and 

ketoconazole) and triazole (itraconazole, fluconazole, and voriconazole) class antifungal 

azoles (Table 1.2). Several azoles have been identified and suggested to have potent 

amebicidal and cysticidal properties against Acanthamoeba spp., suggesting new 

treatments for Acanthamoeba keratitis (126). Azoles are attractive for Acanthamoeba 

keratitis treatment as they are generally well tolerated (125). However, considerations 

into the method of administration, ophthalmic formulation, and adjunctive surgical 



17 
 

preparations have to be made as topically applied imidazoles poorly penetrate the corneal 

epithelium (127–131). 

 

Clotrimazole. Clotrimazole is an antifungal therapy that has proven to be cysticidal 

in vitro against various Acanthamoeba strains (132). As such, clotrimazole is commonly 

used as a primary therapy against Acanthamoeba keratitis in combination with 

propamidine (133).  

Four Acanthamoeba keratitis patients were treated with a combination therapy of 

1% clotrimazole with topical neomycin sulfate-polymyxin B sulfate-gramicidin and 

propamidine isethionate. This therapy was coupled with 0.25% fluorometholone, four 

times a day, and systematic 200 mg of ketoconazole therapy twice daily (132). 1% 

clotrimazole was suspended in artificial tears and found to be well tolerated by patients 

(132).  

In terms of in vitro data, Duma and Finley (1976) reported clotrimazole inhibited 

trophozoite motility at concentrations as low as 50-100 μg/mL at 24 hours and ≥100 μg/mL 

at 48 hours (134). Elder et al (1994) reported low cysticidal activity of clotrimazole with a 

minimum cysticidal concentration >500 μg/mL (4). Despite seemingly contradictory in 

vitro data with clotrimazole alone, a combination therapy with clotrimazole has 

demonstrated clinical efficacy in clearing Acanthamoeba keratitis cases. 

There is no reported data on the corneal penetration of clotrimazole following 

systemic application.  However, topical clotrimazole has been demonstrated to readily 

penetrate the cornea in rabbit models (123). Furthermore, when paired with penetrating 

keratoplasty, 1% clotrimazole suspended in artificial tears successfully controlled 
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recurrent Acanthamoeba keratitis, suggesting adjunctive surgical interventions can 

enhance clotrimazole’s ocular bioavailability (132). 

 

Miconazole. Miconazole is a relatively new antifungal agent, with limited testing 

outside of research settings. Several patients affected with AK were treated with 0.1% 

miconazole and 150 mg of oral itraconazole hourly (135). Ishibashi et al (1990) reported 

the patients showed improvement with the resolution of the Acanthamoeba keratitis 

following treatment with miconazole and itraconazole (135). In this clinical study, the 

patients tolerated the treatment with no adverse effects. 

Miconazole’s effectiveness was tested in comparison to topical neomycin-

polymyxin B-bacitracin (Neosporin). Neosporin, given as four drops hourly was compared 

to Neosporin with 10 mg/mL miconazole, and Sharma et al (1990) reported miconazole 

did not significantly affect patient recovery (43). Ultimately, this study confirmed that 

miconazole did not show promise as a new antifungal therapy in the clinical setting.  

Nagington et al (1976) reported miconazole had a minimum inhibitory 

concentration towards trophozoite ranging from 10-100 μg/mL and a minimum cysticidal 

concentration of 1000 μg/mL in vitro (136). In contrast, Saunders et al (1992) reported 

that 1% miconazole was not cysticidal against Acanthamoeba cysts (137). The mixed 

clinical and in vitro efficacy data on miconazole may be due to varying susceptibility of 

different Acanthamoeba strains. 

Miconazole is not commonly administered orally, so there is little data about its 

circulation following oral administration. In rabbit models, de-epithelializing corneas prior 

to topical miconazole administration significantly improved miconazole’s bioavailability in 
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the aqueous humor (138). Additionally, topical miconazole paired with oral itraconazole 

and debridement has been utilized successfully to resolve Acanthamoeba keratitis (135). 

These reports suggest adjunctive surgical preparations can enhance the bioavailability of 

topically applied miconazole. 

 

Ketoconazole. Ketoconazole has been commonly prescribed as a combination 

therapy for the treatment of Acanthamoeba keratitis. Demirci et al (2006) reported 

ketoconazole administration to a patient affected with Acanthamoeba keratitis (139). 

0.02% chlorhexidine was given hourly along with 50 mg ketoconazole administered orally 

daily (139). This study demonstrated the effectiveness of ketoconazole in eliminating the 

corneal inflammation (139). Wynter-Allison et al (2005) reported that the treatment with 

200 mg oral ketoconazole daily, topical 0.02% chlorhexidine hourly, ciprofloxacin every 

four hours, and 1% atropine twice daily resulted in rapid clearance of the keratitis within 

a week (140). However, recurrent Acanthamoeba keratitis occurred, which suggests 

ketoconazole to be ineffective (140).  

Ketoconazole’s bioavailability has been evaluated in rabbit models. Hemady et al 

(1992) reported detecting high concentrations of ketoconazole in the cornea following 

topical or oral administration and confirmed this could be further enhanced by debriding 

the eyes prior to topical treatment (141). Clinically, systemic administration of 

ketoconazole in combination with topical miconazole has also been used successfully to 

prevent recurrent Acanthamoeba keratitis following penetrating keratoplasty (142).  

Ketoconazole’s contrasting results suggest further characterization of it as 

monotherapy and combination therapy is required to identify if ketoconazole is effective 
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in treating Acanthamoeba keratitis. Furthermore, additional characterization of 

ketoconazole’s ocular bioavailability would help inform clinicians of its treatment potential. 

 

Itraconazole. Itraconazole is a relatively new azole that has demonstrated 

extensive, broad-spectrum antimicrobial activity (143). However, Hernández-Martínez et 

al (2019) reported that A. castellani was minimally sensitive to itraconazole in vitro at a 

concentration of 20.14 ± 4.93 μM (144). After comparing itraconazole to voriconazole, 

they concluded that voriconazole should be used in place of itraconazole since 

voriconazole had more potent cysticidal effects (144). 

Clinically, itraconazole has been used to treat several Acanthamoeba keratitis 

patients. Three patients were administered 150 mg oral itraconazole along with 0.1% 

topical miconazole following debridement, and the patients showed improvement and no 

sign of recurrent infection (135).  

Oral itraconazole was used in combination with topical miconazole and 

debridement and successfully resolved Acanthamoeba keratitis (135). Even though oral 

itraconazole is commonly used for ocular infections, it appears to have poor corneal 

availability. 1% topical itraconazole had poor corneal penetration, suggesting that a 

suitable vehicle to prepare itraconazole may improve corneal penetration (145). 

 

Fluconazole. Fluconazole is a commonly prescribed, readily available oral 

antifungal with broad-spectrum antimicrobial activity (146). Amoils et al (1999) reported 

administering 300 mg of fluconazole orally daily for 8 weeks following cryosurgery and 
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found the Acanthamoeba keratitis resolved in that time (52). 

In vitro, Lamb et al (2015) reported fluconazole as a weak inhibitor (IC50: 30 μM) 

that did not inhibit cell proliferation since its minimum inhibitory concentration toward 

trophozoites exceeded 64 μg/mL(125). Anwar et al (2018) reported that conjugating 

fluconazole to silver nanoparticles did not improve its anti-Acanthamoeba activity (147). 

Interestingly, Anwar et al (2019) reported that conjugating fluconazole to gold 

nanoparticles improved the drug’s inhibition of Acanthamoeba by 11% at 5 μM (148). In 

summary, in vitro data suggests fluconazole has minimal activity against Acanthamoeba, 

but chemical modifications may improve its overall activity. 

In terms of corneal bioavailability, O’day et al (1990) found 20 mg/kg oral 

fluconazole easily reached all ocular tissues in rabbit models (149). Abbasoglu et al also 

reported topical 0.2% fluconazole easily penetrated into the aqueous humor (150). 

Additionally, in case reports, fluconazole was effective when paired with cryosurgery, 

which broke the walls of the cornea, and the infection resolved in eight weeks following 

(52). Collectively, these reports suggest fluconazole can reach sufficiently high 

concentrations in the cornea. 

 

Isavuconazole. Isavuconazole is a relatively new second-generation broad 

spectrum triazole (151). Isavuconazole is a promising antifungal therapy that has 

demonstrated cysticidal activity against A. castellanii, and has proven fast-acting against 

mycotic keratitis in clinic (152, 153). Furthermore, isavuconazole has a favorable safety 

profile and is well tolerated in patients (151, 154).  

 Isavuconazole is well tolerated and has shown success clinically. Mada et al 
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(2018) reported a patient with mycotic keratitis was administered 372 mg of 

isavuconazole daily for six weeks (153). After three months, the patient’s eyes were 

reported to be free of microorganisms (153).  

In vitro, Shing et al (2020) reported isavuconazole as amebicidal and cysticidal 

with an IC50 of 4.65 nM and a minimum cysticidal concentration of 70 μM (152). Shing et 

al (2020) also reported isavuconazole prevented excystation, suggesting isavuconazole 

could potentially be used to resolve recurrent Acanthamoeba keratitis (152). 

Isavuconazole’s amebicidal activity was also confirmed by Rice et al (2020), who reported 

the prodrug isavuconazonium had an IC50 of 0.09 ± 0.02 μM (155). Interestingly, Brunet 

et al (2020) reported isavuconazole to only be mildly amoebostatic with no cysticidal 

activity (156). While isavuconazole has been utilized to treat fungal keratitis and in vitro 

data exists to suggest isavuconazole’s effectiveness against Acanthamoeba, there does 

not appear to be clinical or in vitro data evaluating its corneal penetration or clinical 

efficacy following topical or systemic administration, suggesting the need for further 

evaluation. 

 

Voriconazole. Voriconazole is an antifungal used for treating fungal infections that 

do not respond to other antifungal therapies (157). It has been utilized in a limited number 

of cases of Acanthamoeba keratitis.  

Hou et al (2017) showed that while a topical treatment of 0.02% chlorhexidine and 

1% voriconazole was unsuccessful, an oral administration of 200 mg of voriconazole 

twice daily was successful in resolving a case of Acanthamoeba keratitis (158). Tu et al 

(2010) also demonstrated successful treatment of three Acanthamoeba keratitis patients 
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with oral voriconazole (159). Masselam et al (2008) reported that five patients treated with 

1% voriconazole and 0.02% PHMB showed improvement in Acanthamoeba keratitis 

(160). 

Voriconazole has been reported to have a minimum inhibitory concentration versus 

trophozoites of 1-2 μg/mL (125). Voriconazole’s cysticidal activity has been debated in 

conflicting reports. Iovenio et al (2014) reported voriconazole’s minimum cysticidal 

concentrations to be 33.13 ± 22.83 μg/mL for clinical isolates and 46.25 ± 23.26 μg/mL 

for cell culture strains (161). However, Talbott et al (2019) reported voriconazole was not 

cysticidal and even antagonized chlorhexidine and propamidine activity (162). Gueudry  

et al (2018) could not recapitulate voriconazole’s cysticidal activity even at concentrations 

of 200 μg/mL (163). Since studies of voriconazole convey equivocal findings, further 

characterization is necessary to evaluate voriconazole’s potential clinical efficacy for 

Acanthamoeba keratitis. 

 Voriconazole has demonstrated corneal penetration in rabbit models and patients. 

10 μg/mL topical voriconazole penetrated the cornea in rabbit models, which suggests 

locally applied voriconazole may penetrate the human eye as well (164). This has been 

validated by Lau et al (2008) who found 1% voriconazole eye drops readily penetrated 

the corneal epithelium in humans (165). 

 

Posaconazole. Posaconazole is another broad-spectrum antifungal agent 

commonly used for treating recalcitrant fungal infections (166). Posaconazole has shown 

promise as a potential Acanthamoeba keratitis treatment due to its significant 

Acanthamoeba cysticidal activity (161). After identifying two cases of keratitis resistant to 
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other antifungal treatments, Altun et al (2014) prioritized treating these patients with 

posaconazole (167). 4 mg/mL of topical posaconazole was applied hourly and the 

patients demonstrated significant improvement within 5 days (167).  

In vitro, reports of posaconazole’s IC50
 against trophozoites range from estimates 

as low as 3 nM to as high as 7.50 ± 0.39 μM depending upon strain (152, 168). Iovenio 

et al (2014) reported posaconazole as cysticidal with a minimum cysticidal concentration 

of 43.75 ± 25.04 μg/mL for clinical and 52.5 ± 23.75 μg/mL for cell culture strains (161). 

Sifaoui et al (2019) showed posaconazole’s cysticidal effects against three strains at 

lower concentrations (168). Interestingly, Shing et al (2020) reported not being able to 

recapitulate posaconazole’s cysticidal activity even at 200 μM (152). It is possible that the 

activity of posaconazole against cysts may depend on the use of different Acanthamoeba 

strains.  

Posaconazole has excellent tissue penetration and was successful in resolving 

three cases of keratitis infections (169). Oral posaconazole is preferred for keratitis 

treatment as it has demonstrated excellent ocular availability as compared to relatively 

insoluble topical formulations (170). While in vitro data suggest posaconazole to be highly 

potent against trophozoites and potentially even cysts, there are still no clinical case 

studies into posaconazole’s effectiveness or corneal bioavailability in treating 

Acanthamoeba keratitis. 

 

1.6 Drug Screening Methodologies 

While existing treatments and therapies effectively treat most cases of 

Acanthamoeba keratitis, a small fraction of patients suffer recurrence. Furthermore, 
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current treatments are nonspecific and can result in cytotoxicity to the cornea. Identifying 

new more-targeted agents against Acanthamoeba spp. would yield better treatments. 

 

Amebicidal Screening. Acanthamoeba trophozoites are proliferative and 

metabolically active, which are useful properties to utilize for high-throughput screening. 

Several cell viability assays have commonly been utilized to screen compound libraries 

and identify amebicidal compounds (Fig. 1.2). In particular, trypan blue exclusion staining, 

Alamar Blue, and CellTiter-Glo cell viability assays have been utilized to assay 

trophozoite viability and identify amebicidal compounds. 

In trypan blue exclusion staining, trophozoites treated with compounds of interest 

are stained with trypan blue. Live trophozoites will exclude the dye while dead 

trophozoites will take up the dye. Investigators can then manually determine the cell 

viability percentage as a function of drug concentration and identify if a compound is 

amebicidal. This technique has been utilized by several groups to evaluate the amebicidal 

effects of antimicrobials. For instance, Alizadeh et al (2009) assessed the efficacy of 

Alexidine on trophozoites by counting the number of viable trophozoites after 24 hours of 

Alexidine exposure (58). Padzik et al (2018) treated patient-isolated Acanthamoeba 

parasites with povidone iodine, chlorhexidine, and toyocamycin and counted the viable 

trophozoites over the course of six days (87). 

While manual counting of cells in trypan blue exclusion staining is relatively 

inexpensive and can be easily performed with minimal equipment, it is a labor-intensive 

technique that is not amenable for high-throughput screening. As such, this technique is 
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best reserved for secondary screening on lead compounds that have already been 

identified through other higher-throughput screening techniques. 

In addition to trypan blue exclusion staining, several cell viability assays, such as 

Alamar Blue and CellTiter-Glo cell viability assays have also been utilized to screen 

amebicidal compounds against Acanthamoeba spp. These assays have the benefit of 

being amenable to high-throughput screening. 

The Alamar Blue cell viability assay is a colorimetric and fluorescent method that 

relies upon the reduction of resazurin (171). In this assay, metabolically active 

Acanthamoeba trophozoites reduce resazurin, which is blue and weakly fluorescent, to 

resorufin, which is pink and strongly fluorescent (171). This reduction can be read using 

an automated colorimetric or fluorescence plate reader by measuring absorbance (ƛAbs 

570 nm and 600 nm or 540 nm and 630 nm) or fluorescence (ƛex 530 - 560 nm; ƛEm 590 

nm) (171).  

McBride et al (2005) developed a high-throughput assay by adapting the Alamar 

Blue cell viability assay (172). Since its development, the Alamar Blue assay has been 

utilized routinely to assess the viability of Acanthamoeba trophozoites in primary and 

secondary screens to evaluate potential amebicidal compounds (144, 173–177). While 

the Alamar Blue cell viability assay provides higher-throughput screening than manual 

counting techniques, the time required for cells to reduce resazurin and provide a 

measurable signal can span from several hours to a day (178). This lengthy incubation 

period can decrease the overall throughput of a screen performed using Alamar Blue. 

As an alternative to the Alamar Blue assay, the CellTiter-Glo assay is a 

luminescence-based cell viability assay (179). In this assay, the ATP from lysed live cells 
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is utilized by luciferase to catalyze the conversion of luciferin to oxyluciferin and provide 

a luminescent signal that can be measured by a luminescence plate reader (179). 

Since Acanthamoeba trophozoites are highly metabolically active, measuring ATP 

levels can determine the relative inhibition of proliferation as a function of drug 

concentration. Rice et al (2020) screened the MMV pandemic response box with the 

CellTiter-Glo cell viability assay (Promega) and identified several amebicidal compounds 

against A. castellanii (155). CellTiter-Glo has also been utilized to screen azole and statin 

activity against A. castellanii (152, 180). Since CellTiter-Glo has a significantly shorter 

incubation time than Alamar Blue, utilizing this viability assay in primary screening of a 

compound library can help increase throughput (178, 179). 

 

Cysticidal Screening. Considering that 5 to 10% of Acanthamoeba keratitis 

patients suffer recurrence due to cyst resistance and persistence through therapy, 

identifying drugs that are both highly amebicidal and cysticidal is of the utmost importance 

for improving Acanthamoeba keratitis outcomes (32, 67). 

 Currently, two techniques are commonly used to determine if a drug is cysticidal. 

The first technique revolves around trypan blue exclusion staining of drug-treated cysts 

(94, 174, 181). The second technique involves an excystation assay, where treated cysts 

are manually observed over a time course for evidence of excystation or release of 

trophozoites from cysts and multiplication of metabolically active trophozoites (Fig. 1.3) 

(7, 58, 161). 

 Trypan blue exclusion staining is a cell viability assay where intact, live cells 

exclude the trypan blue dye. In this assay, drug-treated cysts are stained and manually 
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assessed for viability by counting to determine the percentage of viable cysts. This 

technique has been utilized to assay the cysticidal activity of a number of compounds. 

For instance, Mafra et al (2013) utilized trypan blue exclusion staining with an automated 

cell counter to determine the viability of cysts following chlorhexidine and PHMB treatment 

(70). Jha et al (2014) utilized this technique to assay Acanthamoeba cyst viability 

following chloroquine treatment (182). 

In an excystation assay, Acanthamoeba trophozoites are cultured on non-nutrient 

agar plates containing heat-killed Escherichia coli to generate cysts (59). The cysts are 

collected, treated with compounds of interest for 48 hours, plated onto new non-nutrient 

agar plates, and observed daily under a microscope for a week (59). Compounds are 

considered cysticidal if there is no evidence of excystation, such as proliferating 

trophozoites, even after 7 days on the new agar plates (59). This technique has been 

utilized to evaluate numerous potentially cysticidal antimicrobials. Alizadeh et al (2009) 

evaluated Alexidine’s cysticidal activity (58). Iovieno et al (2014) assayed several azole 

and antifungal agents to identify two potentially cysticidal compounds using this technique 

(161).  

 Evaluating the cysticidal effects of antimicrobial compounds can be inherently 

challenging, as manual counting and observation of cysts under a regular microscope is 

labor-intensive, subject to human error, and low-throughput. These limitations prevent 

trypan blue viability and excystation assays from being effectively utilized to screening 

large compound libraries. As such, development of a high-throughput cysticidal assay 

amenable to automation would significantly increase the rate at which anti-Acanthamoeba 
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cysticidal compounds can be identified. 

 

1.7 Conclusions 

 Acanthamoeba keratitis is a relatively rare infection and while biguanide and 

diamidine-based treatments are quite effective at resolving most cases, there are some 

clinical reports of recalcitrance and resistance (32, 67). As such, discovery of new 

chemotherapeutic agents could significantly expand Acanthamoeba keratitis treatment 

options. 

Current efforts to identify new anti-Acanthamoeba compounds rely primarily upon 

trophocidal assays that utilize commercially available cell viability assays while cysticidal 

assays require manual observation of drug-treated cysts for evidence of excystation or 

counting viable cysts through trypan blue cell viability staining (59, 94, 152, 155, 172, 

174). Since no Acanthamoeba keratitis panacea currently exists and cysts likely 

contribute to treatment failure, assays that can identify cysticidal compounds will be 

crucial. Excystation-based assays that measure if cysts can excyst following drug 

treatment provide direct evidence of a drug’s cysticidal potential. As such, any drug leads 

that are identified to be trophocidal should also be screened through cysticidal assays, 

such as excystation assays or trypan blue viability assays, to identify drugs with dual 

activity against trophozoites and cysts. 

Clinical studies and in vitro drug screens on the efficacy of azole antifungal agents 

against Acanthamoeba spp. have yielded varying results with reports suggesting a 

number of azoles are effective against Acanthamoeba spp. Compounds, such as 

posaconazole, isavuconazole, clotrimazole, voriconazole, itraconazole, and miconazole 
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have been reported to be effective against trophozoites (125, 134, 136, 144, 152, 168). 

Posaconazole and isavuconazole have been reported to be cysticidal as well (152, 161). 

Fluconazole and ketoconazole have conflicting reports regarding their activities against 

trophozoites and cysts (125, 140, 148).  

Considering the availability and general tolerability of azole antifungal agents, they 

could be worthwhile additions to the clinical armamentarium against Acanthamoeba 

keratitis if evaluated further. While antifungal azoles are generally believed to not 

penetrate the corneal epithelium well when topically applied, alterations in the method of 

administration, formulation changes, and adjunctive surgical preparations could enhance 

corneal penetration and improve the efficacy of azole antifungal agents. 

 

1.8 Expert Opinion 

Within the next five to ten years, research into screening and identifying new 

compounds effective against Acanthamoeba will likely continue to be driven by academic 

institutions rather than the pharmaceutical or contact lens industries. Since trophozoites 

are less labor-intensive to work with and typically more susceptible to drugs than cysts 

are, the rate of discovery for trophocidal compounds will likely far exceed that of cysticidal 

compounds. Despite this, identifying cysticidal compounds will still be paramount as cysts 

are a likely contributor to recalcitrance and treatment failure in Acanthamoeba keratitis.  

Considering the difficulty and laborious nature of cysticidal assays, this could be a 

key area for research and development. Current cysticidal assays either rely upon trypan 

blue viability staining or manual observation of cysts for evidence of trophozoite 

excystation. Since both of these approaches are manual and low-throughput, any 
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developments in automation and miniaturization could significantly increase the 

throughput of cysticidal drug screens to yield new cysticidal compounds. Developing a 

commercially available biochemical viability assay that is unaffected by the cysts’ 

metabolic dormancy and resilient cyst walls and highly amenable to high-throughput 

screening would also further speed up cysticidal drug discovery. 

Since combination therapies have proven more successful than single-drug 

monotherapies, researchers should strongly consider employing drug combination 

experiments in both trophocidal and cysticidal assays. While combination experiments in 

in vitro trophocidal assays are straightforward and the dose-effect relationships between 

two drugs can be assessed by classical isobolograms, development of a combination 

experiment in the cysticidal assay in vitro may prove challenging due to trypan blue 

staining being low-throughput and excystation-based cysticidal assays revolving on a 

“cysticidal-or-not” basis rather than percentage inhibition. Additionally, testing the efficacy 

of combination therapies in vivo introduces an additional layer of complexity. Despite 

these challenges, it is worthwhile to test compounds in vitro in monotherapy and 

combination therapy during the early stages of drug discovery and development as this 

will provide researchers direction on the selection of compounds that may bring a greater 

chance of success in in vivo efficacy experiments.  

Several hurdles remain in discovering and implementing new anti-Acanthamoeba 

agents clinically. Acanthamoeba keratitis is relatively rare with estimates as low as one 

to two per million contact lens wearers annually developing Acanthamoeba keratitis (183). 

Since there are relatively few Acanthamoeba keratitis patients, there is minimal need and 

financial incentive for the pharmaceutical and contact lens industries to invest in the 
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discovery of new antimicrobial agents. However, considering the rarity of the disease, 

identification of a lead that is efficacious in the animal model of Acanthamoeba keratitis 

also brings an advantage of receiving orphan drug status from the FDA, which may 

encourage more research efforts into identifying anti-Acanthamoeba therapeutics. 

Medical precedence also poses an additional hurdle to implementing any newly 

discovered antimicrobial agents as biguanide and diamidine therapies work well for the 

majority of Acanthamoeba keratitis patients. In spite of these challenges, it is possible 

that the infection is underdiagnosed as a retrospective study from a single center in Iowa 

showed that the average number of new Acanthamoeba keratitis cases per year among 

Iowa residents doubled during 2010-2017 (183). The rapid increase in Acanthamoeba 

keratitis case numbers has led the National Institutes of Health to label Acanthamoeba 

keratitis as an Emerging Infectious Disease. 

Since Acanthamoeba keratitis is an Emerging Infectious Disease, this re-

emphasizes the importance for the discovery of better therapies for its treatment. 

Identifying novel antimicrobial agents with dual activity against Acanthamoeba 

trophozoites and cysts would yield more potential therapy options for clinicians to treat 

Acanthamoeba keratitis and reduce the prevalence of patient relapse and recalcitrant 

infections to improve patient outcomes. 
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1.9 Figures and Tables 

TABLE 1.1 Common Drugs and Concentrations used for Treating Acanthamoeba 
Keratitis. *Treatment dosing not well standardized. 

 

Drug (treatment concentration) Reference 

Chlorhexidine (0.02 - 0.1% topical eye drops) (50) 

PHMB (0.02 - 0.06% topical eye drops) (50) 

Hexamidine (0.1% topical eye drops) (50, 81) 

Propamidine (0.1% topical eye drops) (50) 

Natamycin* (118) 

Amphotericin B* (32) 

Neomycin* (73, 75, 76) 

Polymyxin B* (32) 

Povidone-iodine* (16) 

Miltefosine (50 mg oral) (36, 39, 40) 
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TABLE 1.2 Acanthamoeba Keratitis Experimental Therapies. 

 

Experimental azole-based drug combinations  

0.02% PHMB + 0.1% propamidine (74) 

0.02% chlorhexidine + 0.1% propamidine (77) 

200 mg ketoconazole + 0.2% chlorhexidine + ciprofloxacin + 1% atropine  (140) 

Oral itraconazole + 0.1% topical miconazole + surgical debridement (135) 

0.1% miconazole + 150 mg oral itraconazole  (135) 

0.02% chlorhexidine + 50 mg ketoconazole  (139) 

1% voriconazole + 0.02% PHMB (160) 

Cryosurgery + 300 mg oral fluconazole  (52) 

4 mg/mL topical posaconazole (167) 
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Figure 1.1 Life Cycle and Pathogenesis of A. castellanii. (A) Acanthamoeba spp. 
proliferates via binary fission as motile trophozoites. (B) Under sub-optimal growth 
conditions, Acanthamoeba spp. can encyst to form dormant, double-walled cysts. (C) 
Acanthamoeba spp. trophozoites or cysts can be opportunistic pathogens and infect 
humans through the eyes, nose, or broken skin. Magnification: 200x; Scale bar: 30 μm. 
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Figure 1.2 Current Amebicidal Screening Techniques. (A) Current high-throughput 
amebicidal drug screening techniques incubate trophozoites in multiwell screening plates 
with compounds of interest. (B) The screening plates are then assayed through Alamar 
Blue or CellTiter-Glo cell viability assays to determine cell viability as a function of drug 
concentration. (C) Compounds with potent activity at low drug concentrations are 
considered hits and assessed further to determine the IC50 through secondary screens. 
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Figure 1.3 Traditional Cysticidal Screening Workflow. (A) Cysts are treated and 
incubated with compounds of interest. (B) Treated cysts are transferred to non-nutrient 
agar plates with E. coli. (C) Plates are manually imaged and observed daily for evidence 
of excystation. (D) Observe excystation and proliferation of trophozoites or trails left 
behind in agar media to manually determine if compound of interest was cysticidal. 
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Chapter 2: The Antifungal Drug Isavuconazole is both Amebicidal and Cysticidal 

against Acanthamoeba castellanii 

 

2.1 Introduction 

Acanthamoeba castellanii is a free-living ameba. It has been encountered in and 

isolated from various environmental sources, such as soil, dust, atmosphere, and water 

(184, 185). Its life cycle consists of a motile, feeding, and replicative ameboid stage 

(trophozoite) and a dormant cyst stage that is resistant to suboptimal environmental 

conditions (186). 

A. castellanii may cause skin and brain infections, but is typically associated with 

Acanthamoeba keratitis, a painful, severe infection of the cornea that can result in 

blindness or visual impairment (187). While Acanthamoeba keratitis is rare, it is an 

emerging disease that has steadily increased in incidence over the past several decades 

(188, 189). 

The most common routes of Acanthamoeba infection are through improperly 

cleaned contact lenses or corneal trauma (15). Once the trophozoites enter the eye, they 

invade the corneal epithelium and surrounding stroma (1, 15). The infection causes the 

rapid depletion of corneal keratocytes (1, 190). The infection may then trigger severe 

inflammation of the conjunctiva, cornea, episclera, and sclera (1, 190). In response, 

neutrophils and macrophages will infiltrate the cornea (15, 190). Infiltration of neutrophils 

leads to further necrosis in the cornea (1). 

If the infection is not cleared through medical intervention, the trophozoites can 

spread to the retina and cause chorioretinitis (191–193). The most aggressive and severe 
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cases of Acanthamoeba keratitis require corneal grafts or surgical removal of the eye 

(194). Acanthamoeba keratitis can occur in immunocompetent patients, and clearance of 

the infection does not provide sterilizing immunity (1). 

In the United States, the majority (>80%) of Acanthamoeba keratitis cases involve 

contact lens wearers (195, 196). As of 2017, the contact lens industry generates $11.5 

billion annually and serves approximately 45 million contact lens wearers in the United 

States. Nevertheless, there has been minimal interest in identifying and developing new 

drugs to effectively treat or prevent Acanthamoeba keratitis (32, 197, 198). 

Current Acanthamoeba keratitis treatments rely on diamidines, biguanides, and 

antifungal azole derivatives (conazoles) to kill the trophozoites (15). Treatment typically 

consists of a combination of chlorhexidine gluconate, propamidine isethionate, and 

polyhexamethylene biguanide (PHMB) (189). While PHMB and chlorhexidine are 

effective at killing Acanthamoeba trophozoites, these drugs are aggressive and cannot 

be tolerated at high doses, which limits their effectiveness (60). Antifungal azole 

derivatives, such as clotrimazole, miconazole, ketoconazole, and itraconazole, have also 

been used clinically with limited efficacy to treat Acanthamoeba keratitis (1). Overall, in 

approximately 10% of all Acanthamoeba keratitis cases, recurrent infection ensues due 

to the difficulty of killing both Acanthamoeba trophozoites and cysts (32). 

While A. castellanii has proven to be a difficult pathogen to treat effectively, 

previous work, including clinical studies, has suggested sterol biosynthesis could be 

targeted to inhibit Acanthamoeba trophozoites (125, 199). In Acanthamoeba 

trophozoites, ergosterol is indispensable and the major biosynthetic pathway for 

producing ergosterol is through the conversion of cycloartenol (200, 201). Sterol 14-
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demethylase (CYP51) is an essential enzyme in ergosterol biosynthesis both in fungi and 

protozoa. A. castellanii encodes a CYP51 with sequence identity of 31 to 35% to fungal 

CYP51 (125). Previous studies demonstrated that inhibition of CYP51 led to reduced 

growth of A. castellanii trophozoites and induced encystment that produced nonviable 

cysts (125, 200, 202). 

Antifungal azole derivatives known as conazoles are FDA-approved CYP51 

inhibitors that include itraconazole, voriconazole, posaconazole, fluconazole, 

ketoconazole, clotrimazole, isavuconazole, and miconazole (124, 203). These drugs 

inhibit fungal CYP51 to prevent the conversion of lanosterol to ergosterol, which causes 

the rapid depletion of ergosterol and the accumulation of ergosterol precursors and 

nonphysiological end products (204, 205). Since ergosterol is a major component of 

fungal membranes, depleting this sterol causes leakage of cell membranes, leading to 

cell death (205). While azole derivatives have primarily been approved for treating fungal 

infections, some of these drugs have also been evaluated for treating Acanthamoeba 

keratitis, but with limited success. 

Current methods used for identifying amebicidal compounds against 

Acanthamoeba are labor-intensive and rely upon microscopy and traditional cell-counting 

methods using hemocytometers and staining agents (59, 206–208). Until recently, most 

efforts to identify new anti-Acanthamoeba compounds via whole parasite screening have 

focused on the development of screening methodology and its validation by reference 

drugs, such as chlorhexidine (208). In this study, we optimized a commercially available 

bioluminescence-based viability assay for high-throughput screening of compounds 

against Acanthamoeba trophozoites. Using this assay, we systematically assessed the 
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FDA-approved conazoles and identified isavuconazole as the most potent target- specific 

anti-Acanthamoeba agent. As an added benefit, isavuconazole was effective against both 

A. castellanii trophozoites and cysts. 

 

2.2 Results 

Viability assay for A. castellanii trophozoites. Assays commonly used to assess 

amebicidal activity of compounds against Acanthamoeba are labor-intensive and not 

easily amenable to high-throughput compound screening (59, 206–208). To accelerate 

anti- Acanthamoeba drug discovery, we adopted the CellTiter-Glo luciferase-based assay 

(Promega) that is based on the correlation between the number of live microorganisms 

and the ATP level. In Acanthamoeba, the relationship between the number of 

trophozoites seeded into 96-well plates and luminescence from the CellTiter-Glo assay 

showed a strong linear correlation (R2 0.88) (Fig. 2.1A). A total of 5 x 103 trophozoites per 

well were used in subsequent experiments. When various amounts of dimethyl sulfoxide 

(DMSO) were added to a culture of 5 x 103 trophozoites in the 96-well microtiter plate 

format, trophozoites readily tolerated up to 0.5% (vol/vol) DMSO with no statistically 

significant degradation of growth rate (Fig. 2.1B). At 1% DMSO (vol/vol) treatment, 

trophozoites showed significant growth inhibition (Fig. 2.1B). 

 

In vitro activity of CYP51 inhibitors against A. castellanii trophozoites. Given that 

activity of some azole antifungal drugs against A. castellanii has been demonstrated by 

different laboratories (125, 200, 209), we took advantage of the newly developed 

microtiter plate ATP bioluminescence-based assay to systematically evaluate eight FDA-



43 
 

approved conazoles, including the latest addition to the armamentarium of the antifungal 

drugs, isavuconazole. For the drug screen, we selected the A. castellanii Ma strain, 

representing the T4 genotype, because nearly all reported Acanthamoeba keratitis 

infections are associated with the T4 genotype (210). The drugs demonstrated activity 

against A. castellanii in a range of 3% growth inhibition at 50 μM for fluconazole to a 50% 

effective concentration (EC50) of 5 nM for isavuconazole (Table 1.1). Notably, the in vitro 

potency of isavuconazole, voriconazole, clotrimazole, posaconazole, and ketoconazole 

exceeded that of the current drugs chlorhexidine and PHMB. Isavuconazole, 

posaconazole, clotrimazole, and voriconazole were an order of magnitude more potent 

than chlorhexidine, while ketoconazole was equipotent to chlorhexidine. Since 

isavuconazole and posaconazole demonstrated a low nanomolar potency against the A. 

castellanii Ma strain, their potencies against other A. castellanii clinical strains of T4 

genotype were also evaluated. In the A. castellanii CDC:V240 and A. castellanii MEEI 

0184 strains, the 48-h EC50 values of isavuconazole were determined to be 0.9 nM and 

25.7 nM, respectively (Fig. 2.2B and 2.2C), which are comparable in magnitude to the A. 

castellanii Ma strain’s 48-h EC50 of 4.6 nM (Fig. 2.2A). Posaconazole was also assayed 

against A. castellanii CDC:V240 and A. castellanii MEEI 0184 and the 48-h EC50 values 

were determined to be 65.3 nM and 3.0 nM, respectively (Fig. 2.2E and 2.2F), which are 

comparable to the A. castellanii Ma strain’s 48-h EC50 of 44.5 nM (Fig. 2.2D). These 

growth inhibition curves suggest that the two most potent drugs, isavuconazole and 

posaconazole, are broadly efficacious against A. castellanii trophozoites (Table 2.1). 
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Growth inhibition as a function of time. To assess how quickly isavuconazole and 

posaconazole kill trophozoites, growth inhibition of A. castellanii Ma strain trophozoites 

was measured at 16, 24, 36, and 48 h of drug exposure. Trophozoites were exposed to 

isavuconazole or posaconazole serially diluted from 50 μM to 5.96 pM in DMSO. The 

resulting growth inhibition curves (Fig. 2.3) show that isavuconazole and posaconazole 

have similar inhibitory effects. Both drugs reached 50% inhibition at 24 h of exposure and 

90% at 36 h of exposure. The effect of both drugs maximized at 48 h, when the 

isavuconazole potency (EC50 of 0.005 M) exceeded the posaconazole potency (EC50 of 

0.04 M) by 10-fold (Fig. 2.3). Although chlorhexidine (EC50 of 1.7 M) and PHMB (EC50 of 

7.3 M) were faster-acting drugs than conazoles, with measurable inhibition as early as 16 

h of exposure (Fig. 2.3), target-specific posaconazole and isavuconazole demonstrated 

potency 40-fold and 300-fold, respectively, higher than the current standard- of-care 

chlorhexidine.  

 

Effect of isavuconazole on trophozoite morphology and viability. Since 

isavuconazole was the most potent anti-Acanthamoeba azole identified in this study, we 

assessed the effect of isavuconazole on trophozoite viability and morphology. A. 

castellanii Ma strain trophozoites were treated with 45 nM (~10x EC50 concentration) of 

isavuconazole and the effect elicited by this concentration of isavuconazole was 

compared with the effect elicited by 16.6 μM chlorhexidine (~10x EC50 concentration). 

Trophozoites treated with 0.5% DMSO displayed normal morphology and growth. The 

trophozoites displayed membrane integrity at 24, 36, and 48 h. Each trophozoite 

displayed clearly visible food vacuoles and a large nucleus containing the nucleolus. 
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There was no evidence of DMSO growth inhibition at 24, 36, or 48 h (Fig. 2.4A). 

Treatment with 16.6 μM chlorhexidine led to cell death as early as 24 h postexposure 

(Fig. 2.4B). No cell proliferation was observed from 24 to 48 h. Instead, significant 

amounts of cell debris and membrane components were observed in the medium of 

chlorhexidine- treated trophozoites, which is consistent with cell lysis. Chlorhexidine-

treated trophozoites displayed abnormal morphology characterized by a significant 

increase in cellular granularity and the disappearance of food vacuoles and nucleolus 

structure. Treatment with isavuconazole at 45 nM likewise resulted in significant growth 

inhibition and cell death (Fig. 2.4C). At 24 h, isavuconazole-treated trophozoites began 

showing signs of cellular rounding compared to the DMSO-treated trophozoites. At 36 

and 48 h, the trophozoites completely rounded and detached from the bottom of the 

culture plate. There was also an appreciable increase in cellular granularity and no 

significant cellular proliferation between 36 and 48 h (Fig. 2.4C). Furthermore, the 

medium of isavuconazole-treated trophozoites displayed more cellular debris and 

membrane components than that of 16.6 μM chlorhexidine. 

 

Evaluation of cysticidal activity. The cysticidal activity of isavuconazole and 

posaconazole was evaluated using cysts of the A. castellanii Ma strain. Preformed cysts 

were treated with various concentrations (200, 150, 100, 90, 80, 70, 60, 50, 40, and 30 

μM) of isavuconazole or posaconazole. Chlorhexidine (0.02% [wt/vol], equivalent to 395.7 

μM) and PHMB (equivalent to 1079.5 μM) were used as positive controls, while 0.5% 

DMSO was used as a negative control. Isavuconazole was cysticidal at 70 μM (Fig. 2.5A). 

At isavuconazole concentrations below 70 μM (Fig. S2.1A and S2.1B), various levels of 
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delayed excystation were observed. Excystation was only apparent at day four. Following 

treatment with 30 μM isavuconazole, cultures became confluent with trophozoites by day 

six (Fig. S2.1B). 

Remarkably, treatment with posaconazole did not prevent excystation. The highest 

concentrations of posaconazole tested (200 and 150 M) still showed signs of excystation 

and became confluent with healthy trophozoites by day six (Fig. 2.5B, Fig. S2.1C). 

Treatment with chlorhexidine or PHMB (0.02% [wt/vol]) prevented excystation (Fig. 

2.5C and 2.5D), suggesting that chlorhexidine and PHMB killed the cysts. By day four, 

the DMSO-treated cysts displayed normal excystation (Fig. 2.5E) with no evidence of any 

remaining cysts and became confluent with healthy trophozoites. 

 

2.3 Discussion 

In this study, a luciferase-based viability assay was adopted and optimized for 

Acanthamoeba to accelerate screening for amebicidal compounds. This assay was 

previously used with a number of other pathogens, including trypanosomes, Entamoeba, 

Giardia, and Naegleria (211–217). It represents a clear improvement over current 

Acanthamoeba methods that require a tedious liquid and cell transfer and prolonged read-

outs. It also reduces the cost of reagents and hours of labor required to screen large 

compound libraries. The utility of the newly developed luciferase-based method was 

validated for A. castellanii trophozoites by systematically assessing a set of drugs, known 

as conazoles or antifungal azoles, which target the 14-demethylation step in sterol 

biosynthesis catalyzed by CYP51. 
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Conazoles were developed as antifungal agents, but their therapeutic potential has 

also been demonstrated in kinetoplastids (199) and Naegleria (201). Select azole 

antifungals tested in previous studies against A. castellanii exhibited potencies 

comparable to that of chlorhexidine (125, 144, 200), which encouraged us to 

systematically assess this class of drugs for A. castellanii growth inhibition. We identified 

two azoles, posaconazole and isavuconazole, to be about 40-fold and 300-fold more 

potent against A. castellanii Ma strain than the current standard-of-care chlorhexidine. 

While posaconazole was about 17- to 300-fold more potent than chlorhexidine against 

CDC:V240 and MEEI 0184 strains, isavuconazole exhibited about 40- to 1,000-fold more 

activity than chlorhexidine against MEEI 0184 and CDC:V240 strains. Posaconazole was 

previously reported as amebicidal (177). However, isavuconazole, a newer broad-

spectrum antifungal drug, is demonstrated here to be the most potent amebicidal agent 

among conazoles tested so far. Isavuconazole was approximately 10-fold and 65-fold 

more potent than posaconazole against Ma and CDC:V240 strains, respectively, and 

exhibited low nanomolar potency against three clinical strains of A. castellanii. Both 

isavuconazole and posaconazole were relatively fast-acting against A. castellanii 

trophozoites, with 50% growth inhibition achieved as early as 24 h postexposure. The 

rapid activity of isavuconazole was also evident from morphological studies, where 

nanomolar concentrations of isavuconazole promoted rounding of cells within 24 h of 

treatment and had effects comparable to low micromolar concentrations of chlorhexidine. 

The inhibitory activity of isavuconazole and posaconazole against trophozoites led 

us to test their effectiveness against A. castellanii cysts. A sterol metabolome study of A. 

castellanii revealed that marked changes in sterol composition are associated with ameba 
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differentiation (202). Stage-specific sterol profiling during the growth and encystment 

phases identified metabolic markers for viable and nonviable cysts. This previous 

metabolome study showed that only viable cysts can excyst into trophozoites (202). To 

determine if posaconazole and isavuconazole could suppress excystment of preformed 

Acanthamoeba cysts into trophozoites, we established an Acanthamoeba encystation 

assay in a 96-well format and treated mature cysts with different concentrations of drugs. 

Our microscopy-based assay found that treating mature cysts of the A. castellanii Ma 

strain for 48 h with 70 M (30.6 g/ml) of isavuconazole prevented excystation. Treatment 

of cysts of the same strain with 200 M posaconazole did not prevent excystation. This is 

in contrast to a reported study where the minimal cysticidal concentration of posaconazole 

was found to be 57 μM or 114 μM against two different strains of A. castellanii (161). It is 

not clear if the differences in the cysticidal activity of posaconazole are due to the 

differences in the strains used in the excystation studies or due to the differences in the 

methods used to demonstrate the cysticidal activity of posaconazole. 

Isavuconazonium sulfate, a water-soluble isavuconazole prodrug, is the most 

recently developed antifungal triazole drug, approved in 2015 by the FDA for treating 

adults with invasive aspergillosis or invasive mucormycosis. Isavuconazole is given either 

in an intravenous (IV) or oral formulation at 200 mg once daily, following a loading dose 

of 200 mg every 8 h for the first 48 h (218). The drug is readily absorbed when 

administered orally, with a bioavailability of 98% (219). It has a half-life of 130 h (218) and 

a large volume of distribution (400 to 500 liters) (220). A phase 3 clinical trial that 

assessed the efficacy and safety of isavuconazole and voriconazole in patients with 

invasive aspergillosis found that isavuconazole was well tolerated with significantly fewer 
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drug-related adverse events of the skin, eye, and hepatobiliary systems than voriconazole 

(221). 

Although isavuconazole is only currently available in IV and oral formulations and 

Acanthamoeba keratitis treatment conventionally requires topical administration, CYP51 

inhibitors can meet the demand for development of topical anti-Acanthamoeba keratitis 

agents. Ophthalmic formulation has been developed to topically administer another 

antifungal azole drug, econazole, which has poor aqueous solubility (222). 

An economic model to determine the costs and cost-effectiveness of 

isavuconazole versus voriconazole in hospitalized patients with invasive aspergillosis 

suggested that isavuconazole was a cost-effective option (223). Based on the wholesale 

acquisition costs from ReadyPrice (Thomson), the price of 372 mg of isavuconazonium 

sulfate (equivalent to 200 mg of isavuconazole) was $238.50 and $70.00 for the IV and 

oral formulations, respectively (223). Considering the shorter treatment schedule for 

Acanthamoeba keratitis, treatment with isavuconazole may be cost-effective. 

Future studies will involve the development of an ophthalmic formulation and 

testing the efficacy of isavuconazole in an animal model of Acanthamoeba keratitis. 

Based on its excellent safety profile, isavuconazole presents an opportunity to cost-

effectively repurpose this drug for the treatment of primary and recurring Acanthamoeba 

keratitis. 

 

2.4 Materials and Methods  

A. castellanii strains and cultures. The A. castellanii reference strain Ma was 

acquired from the American Type Culture Collection (number 50370). The A. castellanii 
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CDC:V240 strain of the T4 genotype was acquired from the Centers for Disease Control 

and Prevention (CDC) and the A. castellanii MEEI 0184 strain of the T4 genotype (224) 

was obtained from Tufts University. A. castellanii trophozoites were cultured and 

maintained at 28°C and 5% CO2 in peptone yeast glucose (PYG) medium supplemented 

with 1% penicillin-streptomycin (225, 226). 

 

Cyst generation. A. castellanii (Ma strain) encystment was induced by culturing 

trophozoites in a modified Page’s ameba saline encystation medium (95 mM NaCl; 5 mM 

KCl; 8 mM MgSO4; 0.4 mM CaCl2;1 mM NaHCO3; 20 mM Tris-HCl, pH 9.0) (227). A. 

castellanii trophozoites were collected by centrifugation at 200 g for 5 min. The 

trophozoites were then washed in phosphate-buffered saline (PBS) twice before being 

resuspended in encystation medium. The cells were cultured in the encystation medium 

for at least 48 h to generate cysts prior to any experiments requiring A. castellanii cysts. 

 

Viability assay for A. castellanii trophozoites. The assay was developed in sterile 

96-well microtiter plates with exponentially grown, 48 h-old A. castellanii Ma strain 

trophozoites. ATP is an essential cofactor for biogenesis in A. castellanii, so a luciferase-

based assay was used to validate the correlation between the number of viable 

trophozoites and their ATP levels. Trophozoites were counted and 2.5 x 103, 5 x 103, 10 

x 103, or 20 x 103 trophozoites in 100 μl of PYG medium were seeded into the wells of 

96-well microtiter plates under sterile conditions. Assay plates were incubated for 48 h at 

28°C and 5% CO2. At the end of the incubation, the plates were equilibrated to room 

temperature for 30 min. An aliquot of 25 μl of CellTiter-Glo luminescent cell viability assay 
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solution (Promega) was added to each well. The microplates were shaken on a microplate 

orbital shaker (VWR) at 360 rpm for 10 min to facilitate cell lysis, and the plates were then 

incubated for an additional 10 min to stabilize the luminescent signal. The resulting ATP-

bioluminescence of the trophozoites was measured by an EnVision 2104 Multilabel 

Reader (Perkin Elmer) at room temperature. 

Once the number of viable trophozoites that would be used in the subsequent 

experiments was determined, trophozoites were then treated with various amounts of 

DMSO (ranging from 0% to 1%) to optimize the percentage of DMSO that Acanthamoeba 

could tolerate. Trophozoites were incubated at 28°C and 5% CO2 for 48 h, and the ATP-

bioluminescence was assayed at the end of the incubation. 

 

In vitro activity of CYP51 inhibitors against A. castellanii trophozoites. Azole stocks 

were prepared in DMSO at a concentration of 20 mM, while PHMB and chlorhexidine 

control drugs were dissolved in DMSO at a concentration of 10 mM. The conazoles and 

control drugs were serially diluted one to two parts 24 times in DMSO to generate 

solutions from 10 mM to 1.2 nM. The compounds were then added to 96-well Greiner Bio-

One Cellstar white, flat bottom microplates. Aliquots of 0.5 μl of drugs were added to each 

well. A. castellanii trophozoites were counted, and 5 x 103 trophozoites in 99.5 μl of PYG 

media were added to each well. 

After incubation for 48 h at 28°C and 5% CO2, cell viability measurements were 

taken using the CellTiter-Glo luminescent cell viability assay on the EnVision 2104 

Multilabel Reader. The data were analyzed on GraphPad Prism 6 to determine EC50 

values and 95% confidence intervals. 
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Growth inhibition as a function of time. To determine the rate of killing, growth 

inhibition of the A. castellanii Ma strain trophozoites was measured for isavuconazole, 

posaconazole, chlorhexidine, and PHMB at 16 h, 24 h, 36 h, and 48 h of exposure to 

serially diluted drug concentrations ranging from 50 μM to 5.96 pM. The growth inhibition 

assay was done in triplicate in three independent experiments and the EC50 values of 

isavuconazole and posaconazole were determined at different time points by CellTiter-

Glo luminescent cell viability assay. 

 

Effect of isavuconazole on trophozoite morphology and viability. 5 x 103 

trophozoites in 99.5 μl of PYG medium were plated onto clear 96-well flat bottom 

microplates and the trophozoites were treated with 0.5% DMSO, 16.6 μM of 

chlorhexidine, and/or 45 nM isavuconazole for 48 h. The effect of isavuconazole on 

cellular morphology was determined by imaging the trophozoites at 24, 36, and 48 h and 

compared to the effect of chlorhexidine. Images were acquired using the Molecular 

Devices ImageXpress Micro XLS and adjusted for brightness and contrast in ImageJ. 

 

Evaluation of cysticidal activity. A. castellanii trophozoites were collected by 

centrifugation at 200 g for 5 min. The trophozoites were then washed in PBS three times 

before resuspension in encystation medium. Aliquots of 5 x 103 trophozoites were added 

to each well of a 96-well plate and wells were filled to 100 μl with encystation medium. 

The cells were then incubated for 48 h prior to addition of compounds. 
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After 48 h, the encystation medium in each well was exchanged for encystation 

medium with 200,150, 100, 90, 80, 70, 60, 50, 40, or 30 μM azole (isavuconazole or 

posaconazole). DMSO at 0.5% served as a negative control, while 0.02% (wt/vol) 

chlorhexidine and 0.02% (wt/vol) PHMB served as positive controls. The mature cysts 

were then incubated with compounds for an additional 48 h. At the end of 96 h, the 

encystation medium was washed three times with PBS before addition of 100 μl of PYG 

medium. A. castellanii cysts were then incubated in PYG media and imaged daily on a 

Zeiss Axio Vert.A1 microscope and Molecular Devices ImageXpress Micro XLS. After 

every additional 48 h, the medium was exchanged for 100 μl of fresh PYG medium. 

Images were adjusted for brightness and contrast in ImageJ. 
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2.5 Figures and Tables 

TABLE 2.1 EC50 Screening Values. EC50 values of different azoles, chlorhexidine, and 
PHMB against A. castellanii trophozoites. aFor two azoles, fluconazole and itraconazole, 
the value given is the percentage of growth inhibition at the highest tested concentration, 
as the mean EC50 value was not identified. bCL, confidence limit. 
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Figure 2.1 Viability Assays for A. castellanii Trophozoites. (A) Correlation between 
the number of viable A. castellanii trophozoites and ATP-bioluminescence in a 96-well 
microtiter plate. Values plotted are the means and standard deviations of triplicate wells. 
The line represents a regression curve for plotted data. RLU, relative light unit. (B) 
Tolerability of DMSO by A. castellanii trophozoites. Trophozoites (5 x 103) were either 
treated with different concentrations of DMSO (%) or left untreated in a 96-well plate 
format. ATP-bioluminescence was measured after 48 h. Values plotted are the means 
and standard deviations of triplicate wells. ns, not significant, with P > 0.05 by Student’s 
t-test compared to untreated A. castellanii trophozoites. 
  



56 
 

 

Figure 2.2 Concentration-Dependent Inhibition of Growth of Three Strains of A. 
castellanii Trophozoites by Isavuconazole and Posaconazole. Growth inhibition 
curve comparisons between A. castellanii Ma, A. castellanii CDC:V240, and A. castellanii 
MEEI 0184 strains at 48 h. (A) A. castellanii Ma treated with isavuconazole; (B) A. 
castellanii CDC:V240 treated with isavuconazole; (C) A. castellanii MEEI 0184 treated 
with isavuconazole; (D) A. castellanii Ma treated with posaconazole; (E) A. castellanii 
CDC:V240 treated with posaconazole; and (F) A. castellanii MEEI 0184 treated with 
posaconazole. Data points represent mean percentage growth inhibition and standard 
error of mean (SEM) of different concentrations of isavuconazole and posaconazole. 
EC50 curves were generated from mean values of percentage growth inhibition SEM of 
isavuconazole and posaconazole against A. castellanii. 
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Figure 2.3 Growth Inhibition Curves of A. castellanii Ma Strain at Different Time 
Points. Growth inhibition curves of trophozoites treated with isavuconazole (A), 
posaconazole (B), chlorhexidine (C), and PHMB (D) at 16, 24, 36, and 48 h. Data points 
represent mean percentage growth inhibition and standard error of the mean (SEM) of 
different concentrations of compounds. 
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Figure 2.4 Effect of Isavuconazole and Chlorhexidine on the Morphology and 
Viability of A. castellanii Ma Trophozoites. Trophozoites were treated with 0.5% DMSO 
(A), 16.6 μM chlorhexidine (~10x EC50 value) (B), and 45 nM isavuconazole (~10x EC50 
value) (C). Trophozoites were imaged at 24, 36, and 48 h. Black arrowheads indicate 
healthy and proliferating trophozoites. White arrowheads indicate stressed and rounded 
trophozoites. Black arrows indicate shrunken trophozoites. White arrows indicate lysed 
cells. Magnification, 200x; bars, 50 μm. 
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Figure 2.5 Effect of Isavuconazole on the Morphology of A. castellanii Ma Cysts. 
Cysts were treated with (A) 70 μM isavuconazole (A), 200 μM posaconazole (B), 0.02% 
(wt/vol) chlorhexidine (C), 0.02% (wt/vol) PHMB (D), and 0.5% (vol/vol) DMSO (E) for 48 
h and switched to PYG medium 48 h posttreatment. Cyst morphology and excystation 
were monitored over the course of a week after exchanging the old medium with fresh 
PYG medium. Black arrowheads indicate unviable cysts, white arrowheads indicate 
trophozoites that excysted. Magnification, 200x; bars, 50 μm. 
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Figure S2.1 Effect of Isavuconazole on A. castellanii Ma Cysts. Cysts were treated 
with (A) 50 μM isavuconazole, (B) 30 μM isavuconazole, and (C) 150 μM posaconazole 
for 48 hours and switched to PYG medium 48 hours post-treatment. Cyst morphology 
and excystation were monitored over the course of a week after exchanging the old 
medium with fresh PYG medium. Black arrowheads indicated unviable cysts; white 
arrowheads indicate trophozoites that excysted. Magnification: 200x; Bars: 50 μm. 
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Chapter 3: Domain-Swap Dimerization of Acanthamoeba castellanii CYP51 and a 

Unique Mechanism of Inactivation by Isavuconazole 

 

3.1 Introduction 

Acanthamoeba is a water- and soil-dwelling amoeba and an opportunistic 

pathogen of clinical interest. It is responsible for several diseases in humans, involving 

infections of the eye, brain, and skin (1). Acanthamoeba has two distinct stages: 

trophozoite and cyst (189). Sterol 14a-demethylase (CYP51) in Acanthamoeba castellanii 

is an essential enzyme in the biosynthesis of ergosterol, a functional analog of cholesterol 

in mammalian cells (125, 200). CYP51 is a validated drug target in fungi and emerging 

drug target in the eukaryotic human pathogens, including Trypanosoma cruzi, Naegleria 

fowleri, and Acanthamoeba (152, 199–201, 228–234). Repurposing of the antifungal 

azole drugs targeting CYP51 (known as conazoles) is a promising strategy to combat 

Acanthamoeba infections (152, 200, 234). 

The majority of antifungal conazoles have submicromolar or low micromolar 

potency against Acanthamoeba in cell-based assays (125, 200, 209). However, the 

activity of isavuconazole against proliferating trophozoites is superior to both standard 

anti-Acanthamoeba therapy and other conazole drugs (152). Depending on the A. 

castellanii strain, isavuconazole potency varies in different strains from 26 nM (MEEI 

0184) to 4.6 nM (Ma) to 1 nM (CDC:V240) (152). Against the A. castellanii Ma strain, 

isavuconazole potency (EC50 of 4.6 nM) was one order of magnitude higher than that of 

posaconazole (EC50 of 44.5 nM) or clotrimazole (EC50 of 200 nM) (152). Furthermore, 

isavuconazole at 70 mM completely prevented excystation of viable Acanthamoeba cysts 
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(152). Potency against both trophozoite and cyst makes isavuconazole a promising drug 

candidate to block the propagation of trophozoite–cyst cycling of Acanthamoeba in 

Acanthamoeba keratitis. 

In the context of our drug discovery and drug repurposing efforts, we pursued 

elucidation of the drug-target interactions for inhibitors targeting Acanthamoeba 

castellanii CYP51 (AcCYP51). In the course of these studies, we have observed an 

unusual property of AcCYP51 to form a stable dimer that sustained size-exclusion 

chromatography during purification. As we discovered subsequently, the dimerization 

occurred via a domain-swap mechanism through the exchange of the N-terminal regions 

between two protomers. Domain swapping has not been reported in CYP protein family 

P450 previously. In this article, we use abbreviation CYP to denote a P450 protein family, 

while P450 term is reserved for the ferrous CO-bound form with iron Soret band at ∼450 

nm in order to distinguish it from the P420 form. The recombinant CYP enzymes of 

bacterial origin are monomeric, whereas CYP enzymes of higher eukaryotes, when 

expressed heterologously, tend to form random aggregates in solution, and their 

multimolecular assemblies have been detected in crystal structures (235). 

At physiologic conditions, endoplasmic reticulum (ER)-bound CYP enzymes 

presumably exist as homo- or even hetero- oligomers. The fluorescence resonance 

energy transfer and bimolecular fluorescence complementation in living cells suggest that 

CYP2C2 forms homo-oligomers and that the homo-oligomerization is dependent on the 

signal membrane anchor sequence (236, 237). Homodimerization in intact cellular 

membranes was suggested for the steroidogenic CYP17 and CYP19 by fluorescence 

resonance energy transfer coupled with quartz crystal microbalance and atomic force 
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microscopy (238). Homodimerization for the drug-metabolizing CYP2C8 was 

demonstrated by cysteine-scanning mutagenesis and crosslinking of sulfhydryl groups 

(239). Finally, homo- and hetero-oligomerization in microsomal membranes was 

demonstrated for CYP3A4, CYP3A5, and CYP2E1 by luminescence resonance energy 

transfer (240). Despite these biophysical and biochemical observations, the CYP 

oligomerization mode is unknown. The random intermolecular protein-protein interfaces 

observed crystallographically are heterogeneous and planar and have a relatively small 

interaction area ranging from 290 to 550 Å2 (241–244). 

In this work, we have structurally characterized CYP51 from the lower eukaryote 

A. castellanii strain Neff (AcCYP51), which is expressed with a truncated transmembrane 

helix. We found that only dimeric AcCYP51 had spectral characteristics typical of the 

functionally competent CYP enzymes. By X-ray crystallography, we demonstrated that 

AcCYP51 alone is dimerized via N-termini swapping, resulting in formation of a 2000 Å2 

nonplanar protein-protein interface. When bound to the azole inhibitors clotrimazole and 

isavuconazole, AcCYP51 crystallized in the monomeric form with the 74 N-terminal 

residues disordered in the AcCYP51-isavuconazole complex. The AcCYP51 X-ray 

structures confirmed a novel dimerization mechanism and elucidated differences in the 

clotrimazole- and isavuconazole-binding modes that plausibly explain the superior 

potency of isavuconazole against A. castellanii (152). 

 

3.2 Results 

Oligomerization of AcCYP51 in Solution. An expression construct of AcCYP51 

lacking the transmembrane helix and containing an exogenous 10–amino acid lead 
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sequence at the N terminus and a hexahistidine tag at the C terminus was synthesized 

(Data S3.1). Four chromatographic steps were used to purify AcCYP51: affinity 

chromatography on Ni-NTA resin, ion-exchange chromatography on Q Sepharose, 

hydroxyapatite chromatography, and, finally, size-exclusion chromatography on 

Superdex 200 XK 26 coupled to multi- angle light scattering (SEC-MALS). 

On the size-exclusion column, AcCYP51 migrated in two peaks corresponding to 

molecular masses (MMs) of 100.0 ± 0.1 kDa (major peak, P1) and 57.40 ± 0.06 kDa 

(minor peak, P2) according to a calibration curve (R2 = 0.9999) built using commercial 

MM markers (catalog 1511901; Bio-Rad Laboratories, Hercules, CA) (Fig. 3.1A and 

3.1B). The absolute MM of the P1 fraction determined by MALS constituted 100.0 ± 9.5 

kDa (Fig. 3.1C). On SDS-PAGE, P1 migrated consistent with the MM calculated for one 

polypeptide chain (52.4 kDa) (Fig. 3.1D). These data demonstrated that 1) AcCYP51 

forms a dimer in solution and 2) the dimer is stable enough to undergo size-exclusion 

chromatography. We have not observed any higher oligomers, suggesting that the 

highest oligomeric state of AcCYP51 in solution was a dimer. 

 

UV-Visible Spectroscopic Properties of Recombinant AcCYP51. The dimeric and 

monomeric protein fractions separated by size-exclusion chromatography were 

individually analyzed by UV-visible spectroscopy (Fig. 3.2). The ferric AcCYP51 dimer, 

P1 fraction, had a typical CYP spectrum with the absorbance maxima at 418 nm and the 

ratio of absorbance at λmax of the Soret band, 418 nm, to that at 280 nm of 1.8 to 1.9 (Fig. 

3.2A, solid line). The ferrous-CO complex of the dimeric AcCYP51 had a high content of 

the P450 form (Fig. 3.2A and 3.2B, dashed line). The monomeric AcCYP51, P2 fraction, 



65 
 

was largely P420 (Fig. 3.2C and 3.2D). A trace of P450 absorbance was likely due to 

residual contamination with the P1 fraction. To confirm that the AcCYP51 dimer in the 

crystals remained in the P450 form, we harvested the crystals, dissolved them in assay 

buffer, and recorded the UV-visible difference spectra. Upon sodium dithionite reduction 

and carbon monoxide binding, peak at 448 nm was observed (Fig. 3.2E and 3.2F). 

 

Overall X-Ray Structure of the AcCYP51 Dimer. The dimeric AcCYP51 readily 

crystallized in the absence of added ligands. The crystal structure at 1.8 Å revealed a 

symmetrical head-to-head homodimer with swapped N termini (Fig. 3.3A). The first seven 

amino acids of the lead sequence were disordered and not visible in electron density. The 

next three exogenous residues from the lead sequence (K40-G41-K42, yellow in Fig. 

3.3B) followed by authentic AcCYP51 sequence participated in the N-terminal swapping. 

As shown in Fig. 3.3B, only the main chain of the K40-G41-K42 fragment participates in 

intermolecular protein-protein interactions, whereas the lysine side chains face the bulk 

solvent. 

The overall protein scaffold was similar to that of monomeric CYP enzymes with 

the qualification that the region of K40-P52 containing the first strand of the β-sheet-1 

(β1-1) was swapped between the two protomers and was parallel to the β1-2 of the 

interacting protomer instead of folding with the own polypeptide chain (Fig. 3.3A). 

Because of the swap, the A’ helix (F53-G63) established close intramolecular contacts 

with the F’ helix, blocking access to the active site. This block of access to the active site 

was reinforced by the intermolecular contacts in the dimer interface where the protomers 

faced each other through the A’, F’, F, and G α-helices (Fig. 3.3A). A dimer protein-protein 
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interface of 2000 Å2 was calculated using the Protein Interfaces, Surfaces, and 

Assemblies software (245). Altogether, 16 H-bonds and two salt bridges stabilized the 

protein-protein interface formed by 40 hydrophobic residues provided by each protomer. 

The buried surface constituted 10% of the accessible surface of AcCYP51 and provided 

total solvation energy gain of -35.4 kcal/mol. F84 had the most prominent single residue 

input of -2.1 kcal/mol (Fig. 3.3C). This protein-protein interface was strong enough to 

sustain size-exclusion chromatography and crystallization in up to 1 M urea. Crystals 

obtained in 0.55 M urea diffracted to 1.85 Å and had intact dimeric structure similar to that 

seen in native conditions. 

 

Heme Binding. An unusual feature of the AcCYP51 dimer was heme “wobbling.” 

Despite the multiple H-bonding interactions with Y114, Y127, and Q110 and a salt bridge 

with R368 formed by the heme propionate moieties, two alternative conformations were 

required to approximate the heme position in the ligand-free AcCYP51 (Fig. 3.3D). In 

heme conformers, the Fe-S bond length was refined between 2.33 and 2.41 Å. The 2.41-

Å bond length goes beyond the range reported for other crystallographically resolved 

P450 enzymes (246). Consistent with the ferric resting state, the water molecule was 

modeled in both protomers as a sixth, axial iron ligand at the distances of ≤2.64 Å of the 

heme iron (Fig. 3.3D). 

 

Overall X-Ray Structures of the Inhibitor-Bound AcCYP51. AcCYP51 

cocrystallized with clotrimazole or isavuconazole as a monomer; crystals diffracted to a 

resolution of 2.9 Å. In both structures, the asymmetric unit contained six inhibitor-bound 
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AcCYP51 molecules. In each molecule, electron density for the bound inhibitor was 

unambiguously defined as evidenced by the omit maps in Fig. 3.4A and 3.4B. In 

clotrimazole-bound AcCYP51, the β1-1 region folded back to its own polypeptide chain, 

restoring a typical P450 scaffold. Two consecutive glycine residues in the A-A’ loop, G62-

G63, served as a hinge facilitating swinging of the upstream part (Fig. 3.4C and 3.4D). In 

a remarkable contrast to clotrimazole, 74 N-terminal residues were disordered and 

missing from the electron density of the AcCYP51-isavuconazole complex (Fig. 3.4E). 

From the comparison of three structures (Fig. 3.4C–E), the β1-1 strand and the A’, B’, 

and F’ helices progressively loose the canonical H-bonding patterns from ligand-free 

dimer to clotrimazole complex to isavuconazole complex. In the AcCYP51-isavuconazole 

structure, the β1-1, A’, and A atomic coordinates are not included. 

 

AcCYP51-Clotrimazole Complex in the Crystal. The structure determined in this 

work is the first of the CYP51-clotrimazole complex. Similar to other P450-clotrimazole 

structures [CYP46A1 (PDB ID: 3MDV), P450 BM3 (6H1T), EryK (2XFH), and OleP 

(4XE3)], clotrimazole bound in the active site of AcCYP51 via a coordination bond 

provided to the heme iron by the aromatic nitrogen of the imidazole moiety and via the 

hydrophobic interactions mediated by the phenyl moieties of the drug. The orientation of 

the chlorophenyl moiety in clotrimazole varies between different CYP enzymes. In 

AcCYP51, the short side chain of S117 defines orientation of the chlorophenyl moiety by 

providing space to accommodate a bulky Cl substituent that is within 5.1 Å of the serine 

carboxyl group (Fig. 3.4A). Other contacts within 5 Å of clotrimazole involve Y114, F116, 

S117, F121, V126, T127, L216, A290, F293, A294, H297, L363, and V366. Compared 
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with the inhibitor-free AcCYP51, the first-tier residues in the substrate- binding site are 

shifted away from clotrimazole to accommodate the inhibitor. To compensate for the 

inhibitor-introduced distortions, this trend was propagated to the second and third tier 

residues. From the perspective of drug design, the tight fit in the active site leaves room 

for derivatization of only one phenyl moiety in clotrimazole. 

 

AcCYP51-Isavuconazole Complex in the Crystal. The structure determined in this 

work is the first of the P450- isavuconazole complex. Similar to clotrimazole, 

isavuconazole bound in the heme pocket via coordination to the heme iron and protein-

drug interactions (Fig. 3.4B). In the heme pocket, the set of interacting residues is similar 

to that of clotrimazole excluding L216 and H297. More-elongated isavuconazole molecule 

also makes interactions with F365, M367, and M471 with the thiazolyl benzonitrile moiety 

of the drug. The nitrile group points toward the opening created by disordering of the A’ 

and F’ helices. 

 

Stability of the AcCYP51-Ligand Complexes in Solution. The binding of the 

inhibitors and substrates was assessed by the shift of the Fe Soret band in the UV-visible 

spectra of dimeric AcCYP51 (Fig. 3.5). Type II binding spectra were obtained upon 

clotrimazole and isavuconazole binding (Fig. 3.5A). Type I spectra were obtained upon 

binding sterols lanosterol and 31-norlanosterol, with qualification that 31-norlanosterol 

generated a larger spectral response than lanosterol (Fig. 3.5B). Binding kinetics of 

AcCYP51 at saturating ligand concentrations showed that both isavuconazole and 

clotrimazole reached saturation for <10 minutes, whereas more than 30 minutes were 
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required for 31-norlanosterol to reach the saturation (Fig. 3.5C and 3.5D). Magnitude of 

the spectral changes suggested that only 10%–20% of AcCYP51 resulted in the formation 

of enzyme-ligand complexes (Table 3.2). When AcCYP51 was titrated with clotrimazole, 

a typical binding curve was obtained, and KD of 152.3 ± 10.0 nM was calculated by fitting 

binding data using the Morrison “quadratic” equation (Fig. 3.5E) (247). For isavuconazole, 

the binding plateau could not be reached (Fig. 3.5E). In the context of our structural data, 

isavuconazole may have affected integrity of AcCYP51 and the magnitude of the Soret 

spectral shift by partial protein unfolding. 

 

Modeling AcCYP51 Dimer Interactions with the ER Membrane. To assess 

compatibility of the domain-swap dimerization with membrane binding, we built a 

molecular model of AcCYP51-membrane interactions. The wild-type N-terminal residues 

omitted from the recombinant AcCYP51 were added computationally. The fully 

reconstructed AcCYP51 dimer was embedded into a lipid membrane constituted of 

phospholipids, POPC/POPE, and cholesterol found in the membranes of higher 

eukaryotes. Cholesterol was used in MD simulations to optimize conformation of the TM 

helix (residues 10–30) and its flanking regions because the Amber force field does not 

have the parameter for ergosterol found in the membranes of lower eukaryotes. 

The model demonstrated that the dimerization mode observed in the crystal 

structure is compatible with the membrane association (Fig. 3.6A). The TM helices are 

separated in space and run virtually orthogonal to the lipid bilayer, which is consistent 

with the relatively short TM helix in AcCYP51. The region connecting the TM helix with 

the globular CYP domain is predicted to be a flexible loop up to the downstream segment 
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44–51, which adopts a β-strand structure (β1-1) running parallel to β1-2 of the interacting 

protomer. 

In addition to the TM helix, protein-lipid interactions occur through the regions 

corresponding to residues 31–43 (Fig. 3.6B). This fragment has several charged amino 

acids (i.e., K31, R33, E34, R36 and K37), which interact with the zwitterionic heads of 

POPC and POPE phospholipids. On the other hand, the presence of hydrophobic 

residues, such as V32 and L43, enables the nonpolar interactions between the linker 

regions and lipid tails (Fig. 3.6B). Finally, W35, Y38, and Y41 act as anchoring residues, 

which are usually located between the polar group and the hydrophobic core of the lipid 

bilayer in the glycerol region of the membrane (248). 

The β5-β6 segment (residues 372–380) also faces the membrane in our model 

and is partially immersed in its hydrophobic environment. Finally, in one of the monomers, 

residues R273, G274, and E275 tend to associate with lipid heads (Fig. 3.6B). The 

electrostatic potential density at the surface of AcCYP51 dimer shows that the membrane-

associated protein surface comprises charged patches, thus supporting the reliability of 

our membrane-insertion model (Fig. 3.6C). 

 

3.3 Discussion 

CYP enzymes are a superfamily of b-type heme-containing monooxygenases 

descended from a single common ancestor (249). They share structural features, such 

as a common protein scaffold, the similarity in positioning of the heme group, and the 

access/egress pathways for substrates and products (250). The heme group is bound via 

a thiolate sulfur bond donated by the universally conserved “proximal” cysteine residue 
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at the fifth, axial coordination of the heme iron. The heme iron binds molecular oxygen, 

O2, as a sixth ligand in the “distal” pocket, which also serves as a site for substrate binding. 

CO resembles O2 in size and heme- binding properties. By replacing O2, CO blocks the 

enzymatic turnover of the CYP enzymes. CO is used as a sensitive probe of local 

conformation and dynamics in the active site of heme-thiolate proteins. Absorption 

spectra of the CO-bound ferrous CYP enzymes (Fe2+–CO) often display two Soret bands 

in the blue region of the visible range, which are denoted P420 and P450. The 420- and 

450-nm bands are arguably assigned to CYP species having, respectively, a protonated 

(thiol) and deprotonated (thiolate) cysteine side chain as axial iron ligands (251–254). 

Alternatively, recruitment of a histidine residue to replace the native cysteine thiolate 

ligand has been suggested (255, 256). Finally, theoretical calculations indicate that 

stretching the Fe-S bond by only 0.2 Å could induce the spectral transition of ferrous CO 

P450 to P420 (257). A variety of extreme conditions, such as heating, hydrostatic 

pressure, organic solvents, and denaturants, were used to convert P450 to P420 (255, 

258–260). On a few occasions, P420 could be converted back to P450 (252, 261). 

The mechanistic knowledge accumulated in the field supports the assumption that 

a CYP monomer is sufficient for catalytic function, and CYP dimerization is not required 

for the act of catalysis. At the same time, there are reports of CYP-CYP interactions both 

in microsomal membranes and in recombinant CYP proteins (235–240, 262–271). CYP-

CYP interactions are suggested to play regulatory rather than catalytic role (244). Despite 

biophysical and biochemical evidence, details of CYP-CYP interaction mode(s) remain 

obscure. The protein-protein interfaces reported in the crystal structures of the 

multimolecular complexes of eukaryotic CYP enzymes are random and have small 
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interaction areas (244). These considerations encouraged us to determine the first X-ray 

structure of a sustainable CYP51 dimer. This in turn led to discovery of the domain-swap 

dimerization mode. 

The P450 character of the AcCYP51 dimer contrasts with the P420 character of 

the AcCYP51 monomer. The propensity of AcCYP51 to convert into a P420 form even in 

mild purification conditions was consistent with the flexibility of the heme pocket 

manifested by heme wobbling and lengthening of the Fe-S bond as observed in the crystal 

structure. We speculate that dimerization in AcCYP51 plays a stabilizing role to maintain 

the functional status of the heme. 

The modifications introduced at the N terminus of AcCYP51 to enable expression 

in the bacterial host may potentially affect the behavior of the recombinant protein. 

However, truncation of the TM helix and insertion of an exogenous lead sequence is a 

commonly used practice to express microsomal CYP enzymes, but CYP dimerization via 

N-termini swap has not been reported. Furthermore, exogenous residues in the lead 

sequence are not involved in the dimer interface, making N-termini swapping an 

interesting paradigm of CYP dimerization. The interactions between CYP enzymes and 

cell membranes are crucial for establishing protein orientation in the membrane, which is 

described as a dynamic process (272). The membrane positioning is recognized as an 

essential factor facilitating substrate/product channeling to the active site and interactions 

with the redox partners (272). Our modeling studies demonstrated that N-termini swap 

dimerization is compatible with membrane topology both spatially and electronically. It 

also does not contradict experimental data obtained elsewhere by different biophysical 

and biochemical methods. A model of the Saccharomyces cerevisiae CYP51 monomer 



73 
 

embedded in phospholipid bilayer serves as a current paradigm of CYP-membrane 

interactions (273). The F-G loop region involved in protein-protein interactions in 

AcCYP51 dimer is predicted to be embedded in the lipid bilayer in S. cerevisiae CYP51 

(273). Hypothetically, transition between the two membrane-association modes would 

depend on the flexibility of the hinge region (two consecutive glycine residues, G62-G63, 

in the A-A’ loop of AcCYP51). A flexible hinge would facilitate dissociation of globular 

domain from the lipid bilayer and association into a homodimer. 

We inspected the glycine-rich and highly variable A-A’ loop in human CYP 

enzymes. Two consecutive glycine residues are especially prominent in human CYP46A. 

This is an important central nervous system enzyme that converts cholesterol to 24S-

hydroxycholesterol, thereby initiating the major pathway of cholesterol removal from the 

brain (274). Multiple X-ray structures of CYP46A1 in complex with a variety of drugs 

(antidepressants, anticonvulsants, and antifungals) are available in the PDB. Remark- 

ably, in all these entries, CYP46A1 is missing 50 N-terminal residues and is therefore 

truncated shortly upstream of the G-G motif. This observation supports our hypothesis 

that the CYP globular domain may be loosely associated with the N terminus and has 

freedom to dimerize on the membrane surface. 

Based on the structural insights obtained from AcCYP51 alone and the AcCYP51-

inhibitor complexes, the superior potency of isavuconazole against A. castellanii may be 

explained by partial denaturing of the AcCYP51 target. Given that access to the AcCYP51 

active site is blocked by dimerization, to bind an inhibitor or substrate the dimer has to 

dissociate. This assumption is consistent with the slow rate of ligand binding (10 minutes 

for clotrimazole and isavuconazole and 30 minutes for 31-norlanosterol), low drug-target 
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complex fraction (10%–20%), and the monomeric form of the AcCYP51- clotrimazole and 

AcCYP51-isavuconazole complexes observed in the crystals. Partial denaturing of 

AcCYP51 in response to inhibitor binding (74 disordered N-terminal residues in the 

AcCYP51-isavuconazole complex) suggests a mechanism of action fundamentally 

different from conventional enzyme inhibition by blocking the active site. In living cells, 

structurally aberrant AcCYP51 may undergo further denaturation and be permanently 

deactivated by proteolytic degradation. In the context of the superior activity of 

isavuconazole, this phenomenon can be exploited for designing other AcCYP51 inhibitors 

that target the dimerization interface. 

 

3.4 Materials and Methods 

AcCYP51 Expression and Purification. AcCYP51, which is codon-optimized for 

bacterial expression, had a coding sequence with 42 N-terminal membrane-anchoring 

residues replaced with the MAKKTSSKGK. A hexahistidine tag was added at the C 

terminus to increase protein yield and recovery during purification (see Data S3.1). This 

construct was generated synthetically (GenScript, Piscataway, NJ) and cloned into the 

pCW-LIC expression vector obtained from the nonprofit plasmid repository (Addgene, 

Cambridge, MA). 

To improve the P450/P420 ratio, the original protocol used to isolate recombinant 

N. fowleri CYP51 was modified (see Data S3.2) (201). Briefly, the modifications included 

a switch to the HMS174 Escherichia coli strain, coexpression of chaperones, omitting 

detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) used 

initially to facilitate protein release from the membrane, and replacement of imidazole with 
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histidine during elution from the Ni-NTA column. Exposure to imidazole led to quick loss 

of the 450-nm band in the absorbance spectra of the CO-bound ferrous AcCYP51. Finally, 

additional purification step of size-exclusion chromatography (SEC) on a Superdex 200 

XK 26 column coupled to MALS (SEC-MALS) was used to separate P450 form, which 

was eluted as a dimer, from P420 form, which was eluted as a monomer. Collectively, 

after four chromatographic steps, including Ni-NTA affinity chromatography, Q-

Sepharose ion-exchange chromatography, hydroxy- apatite chromatography, and size-

exclusion chromatography, fractions containing AcCYP51 with ∼80% P450 content were 

pooled, concentrated to ∼1 mM, aliquoted, and frozen at -80°C. 

 

SEC-MALS. SEC-MALS experiments were performed using in-line multiangle light 

scattering (MALS) detector (miniDAWN; Wyatt Technology, Santa Barbara, CA) at 7°C. 

Two-milliliter protein sample was injected onto pre-equilibrated Superdex 200 XK26 

column using 2-mL sample loop at a flow rate of 0.5 mL/min. The composition of the 

equilibration and sample buffer used was 50 mM potassium phosphate, pH 8.0, and 5% 

glycerol. Data of SEC-MALS thus obtained were analyzed by ASTRA 6.1 software 

provided by the instrument manufacturer. 

 

UV-Visible Analysis of AcCYP51. The spectra were recorded using a Thermo 

Scientific Multiscan Go UV-visible spectrophotometer. Protein samples were diluted in 

assay buffer (50 mM potassium phosphate, pH 8.0, and 10% glycerol) and allowed to 

equilibrate to room temperature for 10 minutes prior to readings. Spectra were recorded 

from 250 to 700 nm for the ferric and dithionite-reduced ferrous AcCYP51 in assay 
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cuvette. Baseline was established using buffer alone and was subtracted from the sample 

signal prior to analysis using SkanIt software provided by the manufacturer. The CO 

difference spectrum was recorded by placing dithionite-reduced ferrous AcCYP51 into 

the sample cuvettes and recording the baseline. Then CO was bubbled into the same 

cuvette, and the difference spectrum was recorded. The concentration of AcCYP51 was 

approximated from the absorption peak at 450 nm using the extinction coefficient ε450 = 

91 mM-1cm-1 (275). 

To assess the spectral properties of the crystallized AcCYP51 dimer, crystals were 

harvested individually; each crystal was washed thoroughly in a well solution and then 

dissolved in 50 mL of assay buffer. The number of crystals required for a single analysis 

varied from 10 to 20 depending on the crystal size. The UV-visible spectra of the dissolved 

crystals were recorded at ambient temperature in 50-mL cuvette (952010077; 

Eppendorf). To generate ferrous-CO spectra, a few crystals of sodium dithionite were 

added to the CO-bubbled ferric protein sample. 

 

Inhibitor Binding by UV-Visible Spectroscopy. 

Type I and Type II Binding. To determine binding modes of different ligands used 

in the study, 20-mM ligand stock solutions were prepared in corresponding solvents. 

Isavuconazole and clotrimazole were prepared in DMSO, and 31-norlenosterol was 

dissolved in isopropanol. Prior to analysis, 5 μM AcCYP51 in assay buffer was mixed with 

20 μM ligand. After 30 minutes of incubation at room temperature, absorbance spectra 

were recorded from 300 to 500 nm. To determine difference spectra, blank readings were 
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taken for protein alone in assay buffer with respective ligand vehicle under given 

experimental conditions. 

 

Binding Kinetics. To determine binding kinetics of the ligands, 5 μM AcCYP51 in 

assay buffer was mixed with 20 μM ligand. After mixing, spectra from 300 to 500 nm were 

recorded every 5 minutes of incubation. Blank readings were determined from incubation 

of protein alone with respective ligand vehicle under given experimental conditions. 

AcCYP51 stock concentration was determined by absorbance of the CO-bound ferrous 

form at 450 nm (ε450 = 91 mM-1cm-1) (275). Concentration of the AcCYP51-norlanosterol 

complex was determined using the peak-to-trough extinction coefficient, ε390-420 ≈ 100 

mM-1cm-1) (276). Concentration of the AcCYP51-inhibitor complex was estimated using 

the peak-to- trough extinction coefficient, ε430-411 ≈ 110 mM-1cm-1) (277). The experiment 

was conducted with two replicates. 

 

Binding Isotherms. The DMSO stock solutions for clotrimazole and isavuconazole 

were freshly prepared at concentrations of 0.2 and 0.4 mM. The AcCYP51 stock was 

diluted to 1 μM in assay buffer. Two milliliters of the AcCYP51 solution was split evenly 

into a reference and a sample cuvette [1-cm polymethyl methacrylate cuvette (cat. no. 

759150; BrandTech Scientific, Essex, CT)]. The AcCYP51 solution was allowed to 

equilibrate for 30 minutes to room temperature prior to absorption readings. The 

absorption readings were performed at 20°C on a Cary 1E Dual Beam UV-visible 

spectrophotometer (Varian). The experiment was conducted with two replicates. 
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In the course of titration, 1 μl of DMSO was added to the reference cuvette, 

whereas 1 μl of inhibitor dissolved in DMSO was added to the sample cuvette in 200- 

(data points 1–4) and 400-nM (data points 5–10) increments. The cuvette content was 

mixed with a transfer pipette prior to each reading. Absorbance readings were taken from 

350 to 500 nm, and the binding isotherm was generated by plotting the differences 

between the absorbance minimum at 410 nm and absorbance maximum at 430 nm as a 

function of added drug concentration. The data were analyzed in GraphPad Prism 6.07 

with the rearrangement of the Morrison binding equation to determine the dissociation 

constants: 

∆𝐴 = (
∆𝐴𝑚𝑎𝑥

2[𝐸]
)((𝐾𝐷 + [𝐿] + [𝐸]) − ((𝐾𝐷 + [𝐸] + [𝐿])2 − 4[𝐸][𝐿])0.5) 

in which ΔA is the difference between absorbance maximum and minimum, ΔAmax is the 

extrapolated maximum absorbance difference, [L] is the ligand concentration, and [E] is 

the enzyme concentration (247). 

 

Crystallization and Structure Determination. Prior to crystallization, AcCYP51 

stored at -80°C in 50 mM potassium phosphate, pH 8.0, and 5% glycerol was diluted 2-

fold to 0.5 mM with water or buffer containing a ligand at 1.2 molar access. Screening of 

crystallization conditions was performed using commercial high-throughput screening kits 

available in deep-well format from Hampton Research (Aliso Viejo, CA) or Qiagen 

(Germantown, MD), a nanoliter drop-setting Mosquito robot (TTP LabTech, Melbourn, 

UK) operating with 96-well plates, and a hanging drop crystallization protocol. For 

diffraction quality, crystals were further optimized in 96-well plates configured using the 

Dragonfly robot (TTP LabTech) and the Designer software (TTP LabTech). All crystals 
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were obtained at 23°C. Clotrimazole and isavuconazole stock solutions were prepared 

fresh in DMSO. The 1:1.2 molar ratio protein-inhibitor mix was incubated for 30 minutes 

on ice prior to mixing with the well solutions. Optimized crystallization conditions are 

provided in Table 3.1. 

Diffraction data were collected remotely at beamline 8.3.1, Advanced Light Source, 

Lawrence Berkeley National Laboratory. Data indexing, integration, and scaling were 

conducted using XDS (278). T. cruzi CYP51 structure [sequence identity 38%, Protein 

Data Bank (PDB): 4C27] was used as a molecular replacement model. The initial 

AcCYP51 model was built and refined using the BUCCANEER and REFMAC5 modules 

of the CCP4 software suite (Collaborative Computational Project, Number 4, 1994) and 

COOT software (279). Data collection and refinement statistics are shown in Table 3.1. 

 

Molecular Modeling and Simulation. A full-length AcCYP51 homodimer was 

constructed computationally by modeling the transmembrane (TM) helix and its flanking 

regions into the AcCYP51 structure using the Rosetta MP package v3.0 (280). The TM 

helix (residues 10–30) was modeled ab initio using the helix_from_sequence program 

(280). The TM helices of each monomer were positioned diagonally opposite one another 

in agreement with the position of the N termini in the crystal structure. The flexible linker 

region (residues 31–52) and the N terminus were built for each protomer using the 

mp_domain_assembly program (281). Five hundred models were generated, and the 

structure with the lowest value of the Rosetta energy function was selected for further 

analysis. The energy minimization of the full-length dimer was performed to optimize 

interatomic distances and angles. Then, the 50-nanosecond molecular dynamics (MD) 
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simulations were conducted to refine the structure of the linker regions and to obtain the 

proper arrangement of them in respect to the rest of the dimer. In the course of the 

simulation, the flexible linkers and the N termini were allowed to move freely, whereas 

harmonic restraints were applied to the backbone atoms of the rest of the protein. 

The fully assembled AcCYP51 dimer was embedded into a 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE)/cholesterol lipid bilayer composed of 75% POPC, 18% 

POPE, and 6% cholesterol, corresponding to the abundance of these lipids in the ER 

(272). Cholesterol is the closest analog of ergosterol and ergosterol-like lipids in A. 

castellanii membranes available in Amber data base and widely used in Amber force-field 

simulations. The protein-membrane model was constructed using CHARMM-GUI (282). 

The simulation was conducted in a box containing protein, lipid membrane, water 

molecules, and ions. The AMBER14SB and LIPID17 force fields were used for protein 

and lipids, respectively, whereas the heme group parameters were taken from Rydberg 

et al. (2007) (283–285). Protonation states of the amino acid residues were determined 

at physiologic pH (pH = 7.14) using the PDB2PQR server (286). Systems setup was per- 

formed with tleap program of Amber18 (284). The system was solvated with explicit 

transferable intermolecular potential with 3 points (TIP3P) water molecules (Jorgensen 

and Jenson, 1998) in a cubic box extending at least 10 Å from the solute surface treated 

with periodic boundary conditions. Net charges were neutralized by replacing water 

molecules with Na+ and Cl- ions. 

All MD simulations were conducted using NAMD v.2.13 program (287). The 50,000 

steps of energy minimization were performed to eliminate the atomic clashes. The lipid 
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bilayer equilibration procedure was performed at constant pressure (1 atm) and constant 

temperature (298 K), for 150 nanoseconds with 1 kcal×mol-1×Å-2 harmonic position 

restraints applied to the protein backbone and heme. Further equilibration of the systems 

was performed at 1 atm and 298 K for 15 nanoseconds with all atoms unrestrained. 

Conventional MD simulation was performed for 250 nanoseconds at 1 atm and 298 K 

with a constant ratio constraint applied to the lipid bilayer in the X‐Y plane. 

 

Acknowledgments 

We thank Michael K. Gilson and Jeffry Setiadi, Skaggs School of Pharmacy and 

Pharmaceutical Sciences University of California San Diego (SSPPS-UCSD), for 

providing access to the computational resources; James McKerrow for valuable 

discussions and support of this project; and the Advanced Light Source (ALS) beamline 

8.3.1 personnel James Holton, George Meigs, and Jane Tanamachi for assistance with 

the data collection. 

Chapter 3, in full, is republished with permission of American Society For 

Pharmacology and Experimental Therapeutics, from the material Domain-Swap 

Dimerization of Acanthamoeba castellanii CYP51 and a Unique Mechanism of 

Inactivation by Isavuconazole, Vandna Sharma, Brian Shing, Lilian Hernandez-Alvarez, 

Anjan Debnath, and Larissa M. Podust, 98, and ©2020; permission conveyed through 

Copyright Clearance Center, Inc. The dissertation author was a second author and an 

essential contributor on this manuscript. 

  



82 
 

3.5 Figures and Tables 
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TABLE 3.1 AcCYP51 Structures Data Collection and Refinement Statistics 
aAsymmetric unit; bData for the highest resolution shell are shown in parentheses; 
cPolyethylene glycol; dTemperature factor; eNot applicable; fRoot-mean-square 
 

Inhibitor (ID) 
Oligomerization PDB 
identification 

None 
Dimer 
6Q2C 

Clotrimazole (CL6) 
Monomer 

6UW2 

Isavuconazole 
(QKM) 

Monomer 
6UX0 

Data collection 
     Space group 

 
P212121 

 
P212121 

 
P1 

Cell dimensions 
     a, b, c (Å) 
     α, β, γ (0) 

 
100.4, 101.6, 123.7 

90.0, 90.0, 90.0 

 
117.9, 117.2, 181.5 

90.0, 90.0, 90.0 

 
99.5, 99.1, 108.7 
92.6, 96.2, 120.1 

Molecules in AUa 2 6 6 

Wavelength 1.11587 1.11587 1.11587 
Resolution range (Å) 1.80—78.50 2.92—127.13 2.93—107.35 
Highest shell (Å) 1.80—1.85 2.92—3.00 2.93—3.01 
Unique reflections 115,584 (7204)b 83.269 (6049) 74,605 (5556) 

Rsym or Rmerge (%) 5.9 (286.0) 40.0 (469.4) 19.3 (342.7) 

I/σI 17.7 (0.5) 7.1 (0.6) 5.3 (0.3) 

Completeness (%) 98.2 (83.9) 100.0 (99.9) 97.9 (97.9) 

Redundancy 11.4 (5.4) 13.5 (13.6) 3.4 (3.5) 

Crystallization conditions 15% PEGc 3350, 
200 mM sodium-

malate, pH 6.8—7.2 

0.1 M Na-cacodylate, 
2% Jeffamine M-600, 

pH 7.0; 0.12 M 
guanidinium chloride 

0.1 M sodium 
citrate, pH 5.6; 
12% PEG 3350 

Refinement statistics 
     No. refelctions 
     Rwork/Rfree (%) 

 
109,450 

18.5/22.7 
(45.9/45.8) 

 
79,148 

20.9/29/1 (38.9/38.8) 

 
67,944 

21.4/30.8 
(42.2/49.0) 

No. atoms 
     Protein 
     Heme 
     Inhibitor 
     Solvent 
     Wilson plot Bd 
     Mean B value 

 
7184 
172 

None 
510 
44.6 
49.7 

 
21,135 

258 
150 
46 

70.6 
79.0 

 
19,552 

258 
186 
1 

83.1 
98.9 

B factors 
     Protein 
     Heme 
     Inhibitor 
     Solvent 

 
50.2 
35.5 
N/Ae 
54.0 

 
81.0 
60.6 
70.2 
45.6 

 
101.9 
67.1 
79.5 
41.4 

R.m.sf deviations 
     Bond lengths (Å) 

 
0.019 

 
0.01 

 
0.012 

Bond angles (0) 1.974 1.577 1.643 

Ramachandran statistics 
     Preferred (%) 
     Allowed (%) 
     Outliers (%) 

 
97.14 
2.29 
0.57 

 
88.25 
7.48 
4.26 

 
83.76 
10.25 
5.99 
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TABLE 3.2 UV-Visible Quantification of the AcCYP51 Ligand-Bound Fractiona,b 
aExperiments were performed in duplicates. Values for the replicates n1 and n2 are 
shown separately. bConcentrations are in μM 
 

Ligand [Ligand] [AcCYP51] [AcCYP51 
ligand] 

 Ligand-bound 
AcCYP51 % 

 

   n1 n2 n1 n2 

Clotrimazole 20.0 5.0 0.81 0.66 16.2 13.0 
Isavuconazole 20.0 5.0 0.47 0.38 9.4 7.6 
31-Norlanosterol 20.0 5.0 0.90 1.00 18.0 20.0 
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Figure 3.1 Size-Exclusion Chromatography and SDS-PAGE of Recombinant 
AcCYP51. (A) Size-exclusion chromatography profile of the heterogenous mixture of 
recombinant AcCYP51 on the Superdex 200 XK 26 column. (B) Molecular mass (MM) 
estimation of the P1 and P2 fractions. y-Axis represents log of MM in kilodaltons; x-axis 
represents ratio of elution volume (Ve) and void volume (Vo). Black dots (•) represent MM 
of the gel-filtration standards from the commercial calibration kit. Blue and red lines 
orthogonal to the axes correspond to different AcCYP51 populations: P1 with MM of 100.0 
kDa and P2 with MM of 57.4 kDa. (C) SEC-MALS analysis of P1 peak showing 
experimental MM of the P1 fraction of 100.0 kDa (red line). (D) SDS-PAGE analysis of 
the purified P1 fraction.  
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Figure 3.2 UV-Visible Spectroscopy Analysis of AcCYP51. (A) Absolute UV-visible 
spectra of the purified P1 fraction of AcCYP51 showing characteristic peaks at 280, 360, 
418, 536, and 568 nm; ferric Fe3+, solid line. Sodium dithionite–reduced CO-bound 
ferrous-Fe2+ form shows peaks at 420 and 450 nm, dashed line. (B) CO-bound difference 
spectra of the sodium dithionite–reduced dimeric fraction, P1. (C) Absolute spectra of the 
monomeric fraction, P2; ferric Fe3+, solid line; CO-bubbled sodium dithionite–reduced 
ferrous Fe2+, dashed line. (D) CO-bound difference spectra of the sodium dithionite–
reduced monomeric fraction, P2. (E) Absolute spectra of the AcCYP51 recovered from 
the dimer crystals; ferric Fe3+, solid line; CO-bubbled sodium dithionite–reduced ferrous 
Fe2+, dashed line. High absorbance <300 nm is an artifact of measurements in plastic 
cuvette. (F) CO-bound difference spectra of the sodium dithionite–reduced AcCYP51 
recovered from the dimer crystals. 
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Figure 3.3 X-Ray Structure of the AcCYP51 Dimer. (A) Head-to-head dimer is shown 
in ribbon representation. The protomers are in blue and green. The heme prosthetic group 
is in pink Van der Waals spheres; oxygen atoms of the heme propionate moieties are in 
red. Interfacing secondary structure elements are shaded in yellow. (B) Interactions of the 
swapped fragment (blue) with adjacent protomer (green). A fragment of the exogenous 
leading sequence is shown in yellow. Authentic AcCYP51 sequence is in blue. (C) A 
fragment of the 2Fo-Fc electron density map contoured at 1.2 σ (blue and green mesh) 
shows interactions of F84, a residue at the dimer interface with the most prominent 
solvation energy gain. (D) Heme in two alternative conformations is shown in black lines. 
Heme propionate groups interactions with the amino acid residues within 3.2 Å are 
indicated by the dashed lines. Coordination bonds to the heme axial ligands C434 and 
water molecule (red sphere) are shown. 
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Figure 3.4 AcCYP51-Inhibitor Complexes. (A) Clotrimazole bound in the active site. (B) 
Isavuconazole bound in the active site. In (A and B), inhibitors are shown in yellow, heme 
is shown in pink, and amino acid side chains within 5 Å are shown in gray. The fragments 
of the 2Fo-Fc electron density omit map (blue and gray mesh) are countered at 1.0 σ. 
Chemical structures of the inhibitors are shown as two-dimensional diagrams. (C–E) 
Ribbon representations of the superimposed AcCYP51 from the inhibitor-free (dimeric) 
and inhibitor-bound (monomeric) structures. The equivalent positions corresponding to 
the N terminus, the β1-1 strand, the A’, B’, and F’ helices are colored in green and to the 
αA helix in blue. Heme is in pink Van der Waals spheres; clotrimazole and isavuconazole 
are yellow in stick mode. Nitrogen atoms are in blue, oxygen in red, chlorine in green, and 
fluorine in cyan. 
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Figure 3.5 Ligand-Binding Properties of the AcCYP51 Dimer. (A) Type II difference 
binding spectra of 20 μM isavuconazole (dashed line) and 20 μM clotrimazole (solid line) 
to 5 μM AcCYP51. (B) Type I difference binding spectra of 20 μM 31-norlanosterol to 5 
mM AcCYP51. (C) Binding kinetics of 20 μM isavuconazole (open squares) and 
clotrimazole (open circles) to 5 μM AcCYP51 at 430 (red curves) and 411 nm (black 
curves). (D) Binding kinetics of 20 μM 31-norlanosterol to 5 μM AcCYP51 at 388 (red 
curve) and 418 nm (black curve). Experiments in (C and D) were performed twice. A 
representative time course is shown for each ligand. Percentage of the ligand-bound 
fraction in Table 3.2 is calculated based on duplicates. (E) Binding isotherms of 
isavuconazole and clotrimazole; Amax is absorbance at 430, and Amin is absorbance at 
410 nm. AcCYP51 concentration is 1 μM. S.D. are shown in red. For most data points, 
deviations are smaller than the size of the symbols. 
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Figure 3.6 Molecular Model of the AcCYP51 Dimer in a Phospholipid Bilayer. (A) 
The full-length AcCYP51 dimer with the reconstituted TM helix is colored in blue and 
green. The F and G helices are highlighted in magenta, the I helix is in yellow, and heme 
is in pink Van der Waals spheres. Membrane lipids are in gray lines; phosphorous atoms 
of phospholipids are in black spheres. The dimer interface is displayed in the right panel, 
wherein the main interacting residues are depicted as sticks and surfaces. (B) 
Semitransparent surface representation of AcCYP51 dimer and a zoom in on protein-lipid 
interactions outside of the TM helices. The right panel zooms in on the protein-lipid 
interactions. The participating residues are labeled. (C) Electrostatic potential surface 
calculated for AcCYP51 dimer. The blue bead layer indicates the cytoplasmic side, and 
the red bead layer indicates the luminal side of the ER membrane. 
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Data S3.1 Recombinant AcCYP51.  

Recombinant AcCYp51 amino acid sequence 

MAKKTSSKGKLPPVVSSLIPFVGSGLSFAGGPLQYTTDAYKKYGDIFTMKVFGQRLTFL
VGPDAHVPFFSQGDAELSQDEPYQFSVPIFGPNVVYGADLAHRNQQLKFIAASLSTKA
LQSYVPLIVKEAEDFFAKWDKSGTVDIRDALAELIILTASRCLMGKEIRENLFTEVAKLYQ
TLDEGLLPISVFFPYLPIPAHKRRDEARLAMVRMFKKIIDERRANPEVKHNDCLQVFMD
ARYRGEEQALNDEEITGLMIALLFAGQHTSSVTGSWTGLLLFEANNKKKFLPGVLEEQ
EEIRKEFGDELTMEALNKMDKLHRCVKEALRMYPPLLFVMRKVIKPFSYKDYYVPEGD
TVFVSPALSMRVEEVFPNADQYNPERFVEEDKQAQKYRFVGFGAGRHGCMGENFAY
LQIKTIWSVLLRNFDIELVGELPKPDYTAMVVGPAHPCLLRYTRKHHHHHH 
 
Codon-optimized DNA sequence 

ATGGCCAAAAAGACGTCTTCAAAGGGTAAATTACCACCGGTTGTGAGCAGTTTGAT
TCCATTTGTGGGTAGCGGCCTGAGTTTCGCAGGTGGTCCGTTGCAATACACCACT
GATGCATACAAAAAGTACGGCGACATCTTTACGATGAAAGTTTTCGGCCAAAGATT
AACCTTTTTGGTCGGTCCAGATGCCCATGTACCGTTTTTCTCTCAGGGCGATGCGG
AACTGTCACAAGACGAACCTTATCAGTTTTCCGTTCCGATTTTCGGCCCTAATGTCG
TATACGGTGCTGATTTGGCACACCGCAACCAACAGCTGAAGTTTATTGCTGCATCT
CTGTCAACTAAAGCGTTACAATCGTACGTCCCACTGATCGTAAAAGAAGCCGAAGA
TTTCTTTGCGAAGTGGGACAAAAGCGGCACTGTGGATATTCGTGACGCCCTGGCG
GAATTAATTATCTTGACAGCCAGTCGTTGTTTGATGGGCAAGGAAATCAGAGAAAA
CCTGTTTACCGAAGTTGCGAAACTGTATCAGACATTAGATGAAGGTCTGTTGCCTA
TTTCTGTATTTTTCCCATACTTACCGATCCCTGCTCATAAACGTAGAGATGAAGCCC
GCCTGGCGATGGTTCGTATGTTCAAAAAGATTATCGATGAACGCCGTGCAAATCCG
GAAGTTAAACACAACGATTGCCTGCAAGTGTTCATGGACGCCCGTTATCGTGGTGA
AGAACAGGCGTTAAATGATGAAGAAATTACAGGCTTGATGATCGCTTTGCTGTTTG
CAGGTCAACATACATCCTCGGTTACGGGCAGTTGGACCGGTTTGTTGCTGTTCGAA
GCTAACAACAAAAAGAAATTCTTGCCAGGCGTGCTGGAAGAACAGGAAGAAATTCG
TAAAGAATTTGGCGATGAATTGACTATGGAAGCTCTGAACAAGATGGACAAACTGC
ATAGATGTGTCAAAGAAGCATTACGCATGTATCCTCCATTATTGTTCGTTATGAGAA
AAGTTATTAAACCATTCTCTTACAAAGATTATTACGTTCCGGAAGGTGACACAGTCT
TTGTATCCCCTGCCCTGTCGATGAGAGTTGAAGAAGTGTTTCCGAATGCGGATCAA
TATAACCCTGAACGCTTCGTTGAAGAAGACAAGCAAGCTCAGAAATACCGCTTTGT
GGGTTTCGGCGCAGGTCGTCATGGCTGTATGGGTGAAAATTTTGCTTATCTGCAGA
TTAAGACCATCTGGTCTGTCCTGTTACGCAACTTCGATATTGAATTAGTAGGCGAAT
TGCCAAAACCGGACTATACGGCTATGGTTGTGGGTCCTGCACACCCATGCTTGCT
GCGTTACACCAGAAAACATCACCATCACCATCACTAA 
 
The codon-optimized cDNA sequence of AcCYP51 (NCBI Reference: XP_004334294.1) 
was generated synthetically (GenScript, Piscataway, New Jersey). The 42 N-terminal 
residues were replaced with the MAKKTSSKGK lead sequence and the 6xHis tag is 
added at the C-terminus. The synthetic DNA construct was cloned between the NdeI and 
HindIII restriction sites into the pCW-LIC expression vector obtained from the non-profit 
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plasmid repository (Addgene, Cambridge, MA). Engineered sequences are shaded in 
cyan and region involved in the domain swap interactions is underlined. 
 
  



93 
 

Data S3.2 - AcCYP51 expression and purification protocols. 
 
Expression: Fresh transformants containing the pCW-AcCYP51 vector were obtained 
after transforming ~ 50 ng of vector DNA into HMS 174 E.coli cells pre-transformed with 
pGro7 plasmid (Takara) carrying GroEL/ES chaperones. After overnight incubation at 37 
°C on an LB agar plate supplemented with 50 g/mL ampicillin and 20g/mL 
chloramphenicol, a selected single colony was used to set up a primary culture in LB 
media supplemented with 50 g/mL ampicillin and 20 g/mL chloramphenicol. Primary 
culture was incubated overnight at 37 °C, 250 rpm. 10 mL of the primary culture were 
used to set up secondary culture in 1 liter of Terrific Broth media supplemented with 1 
mM Thiamine, 50 g/mL ampicillin, 20 g/mL chloramphenicol, 1X rare salt solution (Table 
S3.1). After inoculation, the culture was incubated for 5 h at 37 °C with constant stirring 
at 200 rpm. When OD 600 reached approximately 0.4-0.5 a.u., the incubation 
temperature was reduced to 25 °C and stirring was reduced to 145 rpm. Growth continued 
until OD 600 reached 0.6-0.8 a.u., then AcCYP51 expression was induced with 0.25 mM 
isopropyl-ß-D-thiogalactopyranoside (IPTG). Simultaneously, arabinose was added to 
0.5 mg/mL to induce chaperone expression. Finally, the media was also supplemented 
with a heme precursor - 1 mM delta-aminolevulinic acid - and incubated for 45-48 h at 25 
°C, 145 rpm. After incubation, the culture was harvested at 6000 g, 4 °C for 15 min and 
the cell pellet was suspended evenly in 10-15 mL of lysis buffer (Table S3.2) and 25 l of 
lysozyme (from 50 mg/mL stock) was added per liter of culture. Cell suspension was 
stored at -80 °C. 
 
Purification: Cells were disrupted using a fluid processor Microfluidics M-110P 
(Microfluidics Inc.) and cell debris were removed by centrifuging at 4 °C, for 30 min. at 
15000 rpm. The supernatant thus obtained was loaded onto a pre-equilibrated Ni-NTA 
column. Following loading, the column was washed with 10 column volumes (CV) of wash 
buffer I (refer Table S3.3 for buffer compositions) followed by 10 CV of wash buffer II. 
Finally, column-bound His-tagged protein was eluted under a linear gradient of 0-100 mM 
L-histidine (Sigma).  
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Table S3.1 Composition of 4000X Rare Salt Solution 

FeCl3.6H2O 2.7g 

ZnCl2.4H2O 0.2g 

CoCl2.6H2O 0.2g 

Na2MoO4.2H2O 0.2g 

CaCl2.2H2O 0.1g 

CuSO4.5H2O 0.186g 

H3BO3 0.05g 

Add HCl until salts dissolve  

Deionized water Make up to 100 mL 
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Table S3.2 Composition of lysis buffer 
 

Reagents Working concentration 

Glycerol 5% 

K-Phosphate, pH-8.0 50 mM 

EDTA 0.5 mM 

NaCl 300 mM 

PMSF 0.5 mM 

DTT 1 mM 
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Table S3.3 Composition of Purification Buffers 
 

Component Reagent Working concentration 

Ni-NTA   

Equilibration buffer K-phosphate, pH 8.0 
NaCl 
Glycerol 

50 mM 
300 mM 
10% 

Wash buffer I Same as equilibration buffer  

Wash buffer II K-phosphate, pH 8.0 
Glycerol 

50 mM 
10% 

Elution buffer K-phosphate, pH 8.0 
Glycerol 
L-Histidine 

50 mM 
10% 
0 – 100 mM 

Q-Sepharose   

Equilibration and running 
buffer 

K-phosphate, pH 8.0 
Glycerol 

50 mM 
10% 

HAP   

Equilibration buffer K-Phosphate, pH 8.0 
Glycerol 

50 mM 
10% 

Elution buffer K-Phosphate, pH 8.0 
Glycerol 
EDTA 

0.05 – 1 M 
10% 
0.5 mM 

Superdex 200 XK 26   

Equilibration and running 
buffer 

K-Phosphate, pH 8.0 
Glycerol 

50 mM 
5% 
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Chapter 4: Evaluation of Amebicidal and Cysticidal Activities of Antifungal Drug 

Isavuconazonium Sulfate against Acanthamoeba T4 Strains 

 
4.1 Introduction 

Acanthamoeba castellanii is a causative agent of Acanthamoeba keratitis (AK). It 

is a serious infection of the eye that causes inflammation in the cornea and can result in 

permanent visual impairment or blindness. Acanthamoeba is common in nature and can 

be found in soil, air and water, including insufficiently chlorinated pools, hot tubs, tap and 

shower water. In unfavorable environments, the ameboid form of the organism called a 

‘trophozoite’ transforms into a drug-resistant double-walled cyst. Cyst resistance to 

therapeutic agents, and recurrence of infection due to Acanthamoeba excystment, remain 

challenges for disease prevention and cures. Infection recurrence occurs in 

approximately 10% of cases (32) , due possibly to excystment. No single drug has yet 

been shown effective at therapeutic concentrations against both the trophozoite and cyst 

stages of Acanthamoeba. Current treatment of AK involves an aggressive disinfectant 

chlorhexidine, in combination with diamidines, polyhexamethylene biguanide (PHMB) 

and neomycin. Combination therapies have proven more successful than monotherapies 

(288–290). The most aggressive and severe cases of AK require corneal grafts or surgical 

removal of the eye (291). Despite advances in combination therapies and surgery, the 

resistance of cysts to therapeutic agents poses challenges that are yet to be addressed 

(292). Therefore, discovering and identifying therapeutics that are effective against both 

stages of the parasite would be critical to reducing AK recurrence and improving existing 

therapies. 
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 Earlier, we identified isavuconazole as amebicidal and cysticidal (152), but 

clinically the prodrug isavuconazonium sulfate is administered orally or intravenously for 

the treatment of fungal infections. Isavuconazonium sulfate is metabolized by plasma 

esterase enzymes, specifically butyrylcholinesterase, into isavuconazole (293). However, 

it is unknown if isavuconazonium can be metabolized into isavuconazole in the human 

eye. As such, we evaluated the activity of isavuconazonium sulfate activity against the 

trophozoites and cysts of three separate T4 genotype strains of Acanthamoeba. 

 

4.2 Results 

 Determination of Amebicidal Activity. The amebicidal activity of isavuconazonium 

sulfate was tested against three T4 genotype strains of Acanthamoeba (strains Ma, 

CDC:V240, and MEEI 0184). The trophozoites were exposed to serial dilutions of 

isavuconazonium sulfate with final concentrations ranging from 50 µM to 0.006 nM. All 

three strains of Acanthamoeba trophozoite appeared to be highly susceptible to 

isavuconazonium sulfate. Isavuconazonium displayed an EC50 of 0.001 µM against 

Acanthamoeba strain Ma (Fig. 4.1A), which was about 1700- to 5000-fold more potent 

than the current standards of care chlorhexidine and PHMB. The EC50 of 

isavuconazonium against Acanthamoeba strain CDC:V240 was 0.037 µM (Fig. 4.1B), 

which was about 30- to 300-fold more potent than chlorhexidine and PHMB, respectively. 

Isavuconazonium exhibited an EC50 of 0.024 µM against clinical strain MEEI 0184 (Fig. 

4.1C). This EC50 was about 1.5-fold better than the EC50 demonstrated against the 

CDC:V240 strain (Table 4.1). Overall, these nanomolar potencies demonstrate that 

isavuconazonium retains its potency against trophozoites of Acanthamoeba T4 strains. 
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Determination of Cysticidal Activity. Acanthamoeba T4 cysts are also clinically 

relevant, as they are often more difficult to treat than trophozoites and require higher 

concentrations of antimicrobial compounds for efficacy. In order to determine the activity 

of isavuconazonium sulfate against cysts of Acanthamoeba T4 strains, cysts from all 

three strains were tested against higher concentrations of isavuconazonium sulfate than 

for evaluating trophozoites. Final concentrations of isavuconazonium ranged from 200 

μM to 100 μM in increments of 10 μM, and a treatment was considered to be cysticidal if 

there was no evidence of trophozoite proliferation or excystation by day 7, which is a 

commonly used end point for cysticidal assays (35, 60, 103, 161, 162). 

Acanthamoeba T4 cysts were treated with isavuconazonium and allowed to 

recover in PYG growth media for 7 days and evaluated for cysticidal activity. 

Isavuconazonium displayed cysticidal activity against all three tested strains, as no 

excystation was observed at day 7 (Fig. 4.2A, D, G). Isavuconazonium exhibited an 

average minimum cysticidal concentration (MCC) of 167.1 ± 23.6 μM against 

Acanthamoeba Ma strain. Acanthamoeba strain CDC:V240 had an average MCC of 

136.0 ± 11.4 µM. Acanthamoeba strain MEEI 0184 displayed an average MCC of 187.5 

± 5.0 µM. 

 

Effect of Combination of Isavuconazonium and PHMB on Cysts. While 

isavuconazonium has low nanomolar potency against trophozoites, it appears to display 

cysticidal activity only at high micromolar concentrations. Since cysts require higher 

isavuconazonium concentrations to prevent excystation, we wanted to evaluate if 
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isavuconazonium in combination with other currently used drugs can display synergy to 

reduce the isavuconazonium concentration required to treat cysts. 

Isavuconazonium was combined with PHMB and qualitatively assessed for 

excystation after 7 days of incubation in growth media (Fig. 4.3). Isavuconazonium 

displayed an MCC of 167.1 μM. Combined with 40.41 μM PHMB, isavuconazonium was 

able to be lowered to 20.52 μM and still have minimal excystation (Fig. 4.4A). 

Monotherapy of 20.52 μM isavuconazonium was confluent with trophozoites by day 7 

(Fig. 4.4B). Monotherapy of 40.41 μM PHMB had minimal to no excystation (Fig. 4.4C). 

Since the combination of 20.52 µM of isavuconazonium with 40.41 µM of PHMB elicited 

a similar effect to what was caused by 40.41 µM of PHMB alone, it is apparent that the 

combination of two compounds did not have a synergistic effect able to suppress 

excystation or kill cysts. It was clear that the combination of these two compounds at this 

concentration did not cause an antagonistic effect on the cysts of Ma strain of 

Acanthamoeba. 

 

4.3 Discussion 

Isavuconazole has previously been evaluated and demonstrated potent 

amebicidal and cysticidal activity (152). Since isavuconazole is typically administered as 

the prodrug isavuconazonium sulfate, there is a possibility that it may not be metabolized 

in the human eye and that Acanthamoeba T4 strains would not be susceptible to 

isavuconazole. Previously, isavuconazonium was identified as effective against 

Acanthamoeba T4 trophozoites (155), but its effect was not investigated against multiple 

strains and, more importantly, on the cysts of Acanthamoeba T4 strains. In this work, we 
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evaluated the amebicidal and cysticidal activity of isavuconazonium against multiple 

strains of Acanthamoeba T4, and also explored the possibility of combining 

isavuconazonium with PHMB against the cysts of Acanthamoeba. 

Isavuconazonium had mean EC50 values against trophozoites ranging from 0.001 

µM (strain Ma) to 0.037 µM (strain CDC:V240) (Table 4.1). Our reported values are lower 

than those reported by Rice et al. against Acanthamoeba strain Ma (EC50 of 0.09 ± 0.02 

µM (155). This could be due to the differences in experimental conditions. We also 

previously evaluated the active drug isavuconazole against trophozoites and reported an 

EC50 of <0.001 µM (strain CDC:V240), 0.005 µM (strain Ma), and 0.026 µM (strain MEEI 

0184) (152). The EC50 values of isavuconazonium for strains Ma and MEEI 0184 are 

comparable to those previously reported values for isavuconazole. Interestingly, the EC50 

of isavuconazonium against CDC:V240 was approximately 40× higher than that of the 

previously reported isavuconazole EC50 value. Taken together, this suggests 

Acanthamoeba T4 trophozoites are still susceptible to the prodrug isavuconazonium. 

To our knowledge, this is the first reported evaluation of the cysticidal activity of 

isavuconazonium sulfate against Acanthamoeba T4 strains. We previously reported that 

isavuconazole, the active form of isavuconazonium, displayed cysticidal activity against 

Acanthamoeba Ma at 70 μM (152). In this work, we determined the MCC of 

isavuconazonium against various Acanthamoeba T4 strains. The MCC of 

isavuconazonium varies from 1.9× (CDC:V240) to 2.6× (MEEI 0184) higher than 

previously reported about isavuconazole (152). Since isavuconazonium is a prodrug that 

must be metabolized to active isavuconazole, it is possible that higher concentrations of 
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the prodrug are required as not all of the isavuconazonium is metabolized into 

isavuconazole. 

AK therapies frequently rely on chlorhexidine or PHMB as monotherapy, or in 

combination with propamidine isethionate and hexamidine(44, 45). Commonly used 

combinations include PHMB with propamidine, chlorhexidine with propamidine, 

chlorhexidine with PHMB, and PHMB with propamidine and neomycin (46). Since 

combination therapies were found to be more successful than monotherapies, we 

investigated the effect of the combination of isavuconazonium and PHMB on cysts of an 

Acanthamoeba T4 strain. In spite of the challenges associated with the excystation-based 

cysticidal assay that depends on a “cysticidal-or-not” readout rather than percentage 

inhibition (294), we identified that the combination of isavuconazonium and PHMB did not 

cause antagonistic or synergistic cysticidal effects on the cysts of the Ma strain of 

Acanthamoeba. Future studies will require confirmation of the effect of the combination 

of isavuconazonium and PHMB on trophozoites and cysts of different strains. Whether 

isavuconazonium can be combined with other commonly used drugs will require further 

investigation. 

Isavuconazoium sulfate is FDA-approved for the treatment of invasive 

aspergillosis and mucormycosis (295) . In terms of fungal infections, isavuconazonium 

sulfate inhibits lanosterol 14α-demethylase (293), which prevents the biosynthesis of 

ergosterol and results in its eventual depletion. It is available in both oral and intravenous 

formulations and following administration, it is rapidly cleaved to the active isavuconazole. 

Tissue distribution of isavuconazole was evaluated in animals after oral and intravenous 

administrations of isavuconazonium sulfate, and a low concentration of isavuconazole 
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was detected in the eye lens (295, 296). This low concentration of isavuconazole may not 

be sufficient to kill Acanthamoeba T4 cysts if the drug is administered orally or 

intravenously. The preferable route of administration of drugs for the treatment of AK is 

topical, but distribution of isavuconazole in eye has not been evaluated when 

administered topically. Therefore, it was important to determine the effect of the prodrug 

isavuconazonium sulfate in case topical administration of prodrug isavuconazonium 

sulfate does not lead to the formation of active isavuconazole in human eyes. The potent 

amebicidal and cysticidal activities of the prodrug isavuconazonium sulfate against 

multiple T4 strains of Acanthamoeba provide confidence that the FDA-approved 

isavuconazonium sulfate is a promising lead for the treatment of AK. 

 

4.4 Conclusion 

In this work, we tested isavuconazonium sulfate against Acanthamoeba T4 

trophozoites and cysts to evaluate its potential as an anti-Acanthamoeba treatment. We 

found multiple T4 strains of Acanthamoeba to be susceptible to isavuconazonium, with 

appreciable activity against trophozoites even at low nanomolar concentrations. Cysts 

required significantly higher micromolar concentrations to prevent excystation. These 

findings suggest isavuconazonium to be potentially useful for clinical treatment of 

Acanthamoeba keratitis. Future studies should focus on in vivo animal models to validate 

isavuconazonium as a treatment option. 
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4.5 Materials and Methods 

Cell Culture. Acanthamoeba strains Ma (American Type Culture Collection 

#50370, Manassas, VA, USA), CDC:V240 (CDC, Atlanta, GA, USA), and MEEI 0184 

(Tufts University, Medford, MA, USA), belonging to T4 genotype, were cultured as 

described by Shing et al. (152). Trophozoites were cultured at 28°C and 5% CO2 in 

peptone yeast glucose (PYG) medium supplemented with 100 U/mL penicillin and 100 

μg/mL streptomycin. 

 

Determination of Amebicidal Activity. Stock 10 mM isavuconazonium sulfate 

(Cayman Chemical, Ann Arbor, MI, USA) and 10 mM chlorhexidine were prepared in 

DMSO. Isavuconazonium sulfate was serially diluted two-fold to generate solutions 

ranging in concentration from 10 mM to 1.2 nM. Next, 0.5 μL of each of these 

isavuconazonium sulfate dilutions was added to 96-well white, flat bottom microplates 

(Greiner Bio-One, Kremsmünster, Austria). This was followed by the addition of 5 × 103 

trophozoites in 99.5 μL of PYG media to each well, giving final isavuconazonium sulfate 
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concentrations ranging from 50 μM to 5.96 pM. Additionally, 0.5 μL of DMSO was added 

as a negative control (0.5% (v/v) DMSO), while 0.5 μL of chlorhexidine (50 μM) was added 

as a positive control. The plates were incubated for 48 h at 28 °C and 5% CO2. At 48 h, 

viability measurements were taken using the CellTiter-Glo luminescent cell viability assay 

(Promega, Madison, WI, USA) (152). For the measurements, 25 μL of CellTiter-Glo was 

added to each well and shaken on an orbital shaker at 360 RPM for 10 min prior to 

luminescence readings on an EnVision 2104 Multilabel Reader (PerkinElmer, Waltham, 

MA, USA). Data from a minimum of three independent experiments (biological replicates) 

conducted in triplicate were analyzed on GraphPad Prism 6 to determine EC50 values. 

 

Cyst Generation. Encystment of Acanthamoeba T4 strains was induced by 

culturing trophozoites in an encystation media (95 mM NaCl; 5 mM KCl; 8 mM MgSO4; 

0.4 mM CaCl2; 1 mM NaHCO3; 20 mM Tris-HCl, pH 9.0) (227). The trophozoite 

harvesting and encystation protocol were conducted as previously described by Shing et 

al. (152). Briefly, trophozoites of Acanthamoeba T4 strains were centrifuged at 200x g for 

5 minutes and washed in phosphate-buffered saline (PBS) three times prior to 

resuspension in encystation media. Then, 5 × 103 cells in 99.5 µL were added to each 

well of a 96 well clear-bottom plate (Corning, Corning, NY, USA). The cells were 

incubated in encystation media to facilitate the encystation of trophozoites into cysts for 

48 h prior to any cysticidal or combination experiments. 

 

Determination of Cysticidal Activity. Cyst plate generation was conducted as 

previously described in section “Cyst Generation” (152). After 48 h, 0.5 μL of 
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isavuconazonium sulfate solution was added to a final concentration of 200, 190, 180, 

170, 160, 150, 140, 130, 120, 110, or 100 μM. To serve as negative and positive controls, 

0.5% (v/v) DMSO and 461.85 μM PHMB were used, respectively. The cysts were 

incubated for 48 h. Afterwards, the wells were washed four times with 100 μL of PBS 

before the addition of 100 μL of PYG medium. The cysts were then incubated for one 

week and imaged by an ImageXpress Micro XLS (Molecular Devices, San Jose, CA, 

USA) at 200× magnification. The PYG growth media were exchanged for fresh media on 

day 3 and day 5. The images were manually reviewed for excysted trophozoites, and 

cysticidal activity was defined as having no trophozoites by day 7. Image brightness and 

contrast were adjusted by ImageJ. All experiments were conducted in triplicate and 

images were analyzed from a minimum of four independent experiments. 

 

Effect of Combination of Isavuconazonium and PHMB on Cysts. Isavuconazonium 

was evaluated in combination with PHMB to assess potential synergy. After generating a 

plate of cysts using the methods described in section “Cyst Generation”, the cysts were 

treated with a checkerboard dilution scheme.  

Isavuconazonium sulfate was serially diluted two-fold to generate solutions 

ranging in concentration from 65.7 mM to 512 μM. PHMB was serially diluted two-fold to 

generate solutions ranging in concentration from 64.7 mM to 504 μM. Then, 0.25 μL of 

each of the isavuconazonium sulfate and PHMB dilutions were added to each well of the 

plate to generate various concentration combinations. Isavuconazonium’s dilution 

gradient varied horizontally across the plate to give final concentrations ranging from 

164.14 to 1.28 μM. PHMB’s dilution gradient varied vertically across the plate to give final 
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concentrations ranging from 161.15 to 1.26 μM. As a negative control, 0.5% (v/v) DMSO 

was used, while 461.85 μM PHMB served as a positive control. Additionally, 

isavuconazonium sulfate and PHMB were also tested in monotherapy using the same 

final concentrations (164.14 to 1.28 μM and 161.15 to 1.26 μM, respectively) in separate 

columns. 

After treatment for 48 h, the plate was washed with PBS and imaged for one week 

on the ImageXpress Micro XLS as described in section “Determination of Cysticidal 

Activity”. Images from three independent experiments were manually reviewed for 

excystation.  
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4.6 Figures and Tables 

 

TABLE 4.1 EC50 Values of Isavuconazonium Sulfate against Trophozoites of 
Acanthamoeba T4 Strains. aCL, confidence limit 
 

Inhibitor Strain Mean 
(µM) 

95% lower CL 
(µM)a 

95% upper CL 
(µM)a 

Isavuconazonium 
sulfate 

Ma 0.001 0.001 0.002 

 CDC:V240 0.037 0.027 0.049 
 MEEI 0184 0.024 0.021 0.027 

Standards of care     

Chlorhexidine (152) Ma 1.7 1.4 1.9 
 CDC:V240 1.1 1.0 1.2 
 MEEI 0184 1 0.9 1.1 
PHMB (152) Ma 7.2 6.6 8.0 
 CDC:V240 11.8 10.5 13.4 
 MEEI 0184 4.6 3.0 7.1 
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Figure 4.1 Concentration—Dependent Inhibition of Growth of Acanthamoeba 
Trophozoites by Isavuconazonium Sulfate. Different concentrations of 
isavuconazonium were tested in triplicate for activity against trophozoites of 
Acanthamoeba T4 strains. The data points represent mean percentage growth inhibition 
of (A) Ma strain, (B) CDC:V240, and (C) MEEI 0184 of different concentrations of 
isavuconazonium. EC50 curves were generated from mean values of percentage growth 
inhibition of isavuconazonium against Acanthamoeba. 
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Figure 4.2 Effect of Isavuconazonium Sulfate on the Morphology of Acanthamoeba 
Ma, CDC:V240, and MEEI 0184 Cysts. Ma cysts were treated with (A) 170 μM 
isavuconazonium, (B) 461.85 μM PHMB, (C) 0.5% (v/v) DMSO. CDC:V240 strain cysts 
were treated with (D) 140 μM isavuconazonium, (E) 461.85 μM PHMB, (F) 0.5% (v/v) 
DMSO. MEEI 0184 strain cysts were treated with (G) 190 μM isavuconazonium, (H) 
461.85 μM PHMB, (I) 0.5% (v/v) DMSO. Morphology and excystation of Acanthamoeba 
T4 cysts after 7 days of incubation in PYG growth media are displayed. Black arrowheads: 
cysts. White arrowheads: trophozoites. Magnification: 200x. Scale bar: 50 μm. 
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Figure 4.3 Isavuconazonium-PHMB Combination Excystation Heatmap. Heatmap 
displaying qualitative scoring of excystation for different isavuconazonium sulfate (IS)–
PHMB combination treatments. Top number in grids represents PHMB concentration in 
μM, bottom number in grids represents isavuconazonium sulfate concentration in μM. 
Green: 0% trophozoite plate coverage; yellow: 0 - 1% trophozoite plate coverage; orange: 
50 - 80% trophozoite plate coverage; red: 100% trophozoite plate coverage. 
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Figure 4.4 Effect of Combination of Isavuconazonium Sulfate and PHMB on the 
Morphology of Acanthamoeba Ma Cysts. Ma cysts were treated with (A) 20.52 μM 
isavuconazonium and 40.41 μM PHMB, (B) 20.52 μM isavuconazonium monotherapy, 
(C) 40.41 μM PHMB monotherapy, (D) 0.5% (v/v) DMSO, (E) 461.85 μM PHMB. 
Morphology and excystation of Acanthamoeba cysts were evaluated after 7 days of 
incubation in PYG growth media. Black arrowheads: cysts. White arrowheads: 
trophozoites. Magnification: 200x. Scale bar: 50 μm. 
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Chapter 5: Development of a Machine Learning-based Cysticidal Assay and 

Identification of an Amebicidal and Cysticidal Marine Microbial Metabolite against 

Acanthamoeba 

 

5.1 Introduction 

Acanthamoeba spp. are free-living amoebae that can be opportunistic and non-

opportunistic pathogens commonly associated with Acanthamoeba keratitis, a severe 

corneal infection (1). Current Acanthamoeba keratitis treatment relies upon a combination 

of antimicrobials, but despite aggressive treatment, 10% of patients suffer recurrent 

Acanthamoeba keratitis (32). This recurrence has been suggested to be due to the 

resilience of cysts to antimicrobials, which allows viable cysts to persist through treatment 

to excyst at a later date (15, 297). 

Currently, there is a lack of interest by the pharmaceutical industry to identify 

compounds with activity against Acanthamoeba. As such, there is a lack of innovation in 

cysticidal compound discovery. The current standard for screening compounds for 

cysticidal activity is to treat Acanthamoeba cysts with a compound of interest and 

manually observe for evidence of excystation, such as proliferating trophozoites or 

distinctive trails left in agar media by trophozoites (70, 161). These cysticidal screening 

techniques are labor-intensive and low-throughput, which limits their utility and efficiency. 

Improving automation for cysticidal assays could significantly enhance current 

screening capabilities for Acanthamoeba and accelerate the rate of discovering cysticidal 

compounds. Recent advances in machine learning and object-detection algorithms 

present a unique asset to be leveraged for automating cysticidal assays. Convolution 
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neural network object-detection algorithms, such as R-CNN, SSD, and YOLOv3, allow 

computers to locate and classify objects within an image (298). Coupling automated high-

content imaging systems with these machine learning object-detection algorithms could 

allow for novel automated cysticidal assays. Microscopy images could be analyzed 

through these object-detection algorithms to determine the change in trophozoite number 

over a period of time and identify if a compound is cysticidal. To demonstrate the utility of 

our cysticidal assay, we performed screening of a marine microbial natural products 

library to identify marine metabolites that are both trophocidal and cysticidal. 

 

5.2 Results 

Trophozoite Counting Algorithm Machine Learning Training. A google colaboratory 

environment was created to train a YOLOv3 object detection algorithm.  The algorithm 

was trained for 1000 epochs on manually labeled images of cysts and trophozoites. Over 

the course of the training, the algorithm gradually improved identification of cysts and 

trophozoites within microscopy images. The precision, recall, F1, and mAP@0.5 

increased monotonically and plateaued around 800 training epochs (Fig. 5.1G - J), 

indicating additional training past epoch 800 would not significantly improve the model’s 

performance. The final model (1000 epochs) used for inference mode to count the cysts 

and trophozoites had a precision of 0.563, recall of 0.821, F1 score of 0.665, and 

mAP@0.5 of 0.721 (Fig. 5.1G - J). Sample bounding boxes labeling trophozoites and 

cysts qualitatively demonstrate the object detection algorithm was able to identify cysts 

and trophozoites (Fig. 5.2A).  
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The counts of trophozoites as determined by the YOLOv3 algorithm were 

compared to manual counting techniques to determine if these techniques provided 

comparable cell counts. A. castellanii trophozoites were seeded at serially diluted 

concentrations ranging from 4.0 x 104 to 625 trophozoites/100 μL. These trophozoites 

were imaged one hour after seeding to minimize the effect of proliferation on cell numbers 

and accurately reflect the starting number of cells. Equivalence between the YOLOv3 

algorithm and manual counting techniques was confirmed by linear correlation between 

trophozoites manually counted by light microscopy and YOLOv3 algorithm-derived 

counts (Fig. 5.2B).    

  

Cysticidal Assay Validation. A cysticidal compound would result in non-viable 

cysts, which should not result in an increase in trophozoites even with incubation in growth 

media. A non-cysticidal compound should have excystation and trophozoite proliferation 

after incubation in growth media. The trained YOLOv3 algorithm was utilized to count the 

number of trophozoites on days 0 and 3 following removal of compounds and exchange 

with PYG growth media. These counts were analyzed to determine if a well of the plate 

displayed evidence of excystation and trophozoite proliferation. 

This novel phenotypic screen was first validated on reference compounds. A. 

castellanii cysts were treated with literature-relevant dilutions of reference compounds 

chlorhexidine, alexidine, caspofungin, amphotericin B, corifungin, and fluconazole and 

imaged. The change in number of trophozoites from day 0 to day 3 was determined for 

each well, and a logistic regression for each plate was calibrated using wells treated with 

461.85 μM polyhexamethylene biguanide (PHMB) as positive controls (cysticidal hits) and 
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0.5% (v/v) DMSO as negative controls (non-cysticidal). Wells with a probability of being 

cysticidal > 0.9 as determined by the logistic regression were considered to be cysticidal. 

 

Each reference compound was serially diluted two-fold at concentrations relevant 

to previously reported literature values to assess their minimum cysticidal concentrations 

(Table 5.1). 

Alexidine has been classically reported to be cysticidal at 100 μg/mL (equivalent 

171.91 μM) (58). Manual observation determined all dilutions of alexidine were cysticidal, 

which suggests a minimum cysticidal concentration <10.74 μM. The YOLOv3 algorithm 

successfully predicted the same minimum cysticidal concentration as the manual 

observation. While the minimum cysticidal concentration as determined by manual 

observation and YOLOv3 are lower than literature reported values, this could be due to 

these results being taken at day 3 as opposed to a later time point. 

Chlorhexidine has been previously reported to have mean minimum cysticidal 

concentration of 7.02 μg/mL (equivalent 13.89 μM) with a minimum cysticidal 

concentration ranging from 13.52 – 3.12  μg/mL (equivalent 26.75 – 6.17 μM) (60). In this 

validation, chlorhexidine was manually verified to have a minimum cysticidal 

concentration between 13.89 and 6.94 μM.  In contrast, the YOLOv3 predictions 

suggested a minimum cysticidal concentration between 6.94 and 3.47 μM. 

Amphotericin B, caspofungin, fluconazole, and corifungin were not detected as 

cysticidal at any of the tested concentrations by both the YOLOv3 and manual 

observation. These findings are consistent with previous reports of amphotericin B, 

caspofungin, and fluconazole being non-cysticidal (161). 
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Interestingly, corifungin was not cysticidal at any of the concentrations tested. The 

YOLOv3 predictions were consistent with manual observations that none of the tested 

concentrations proved to be cysticidal. These findings seem to contrast previously 

reported observations of subcellular damage in A. castellanii cysts treated with high 

concentrations of corifungin (299). It is not clear whether this is due to the degradation of 

the stock compound or due to the use of a different strain. 

While there were some variations in the minimum cysticidal concentration 

predicted by the YOLOv3 algorithm and manual observation for Chlorhexidine, a closer 

analysis of the YOLOv3 predictions against the manual observations reveal this assay 

has a high accuracy and specificity in predicting cysticidal and non-cysticidal compounds 

at day 3. 

The predictions from the YOLOv3 algorithm were compared against manual 

observations for excystation in each well on day 3. The YOLOv3 algorithm had an overall 

accuracy of 0.97. The algorithm also displayed a recall of 1, specificity of 0.96, and 

precision of 0.90 (Table 5.2). The high specificity of this assay suggests it can accurately 

identify non-cysticidal compounds. 

 

Screening of Marine Natural Products Library. 

 Amebicidal Assay. A library of 9,286 unique marine natural products fractions were 

screened for activity against A. castellanii trophozoites at 60 µg/mL. 29 fractions displayed 

>90% inhibition and were selected for further secondary screening on cysts (Fig. 5.3). 
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Cysticidal Assay. The 29 fractions identified in the primary screen were then 

evaluated against cysts at 120 μg/mL. Images from the fractions were processed through 

the YOLOv3 machine learning algorithm to determine the counts of trophozoites on days 

0 and 3. After analyzing the change in trophozoites, fraction 12FP47A9 was identified as 

potentially cysticidial (Fig. 5.4A). This potentially cysticidal well was manually evaluated. 

At day 3, fraction 12FP47A9 displayed minimal amount of excystation (Fig. 5.4B) while 

all other fractions and the negative control (Fig. 5.4D) were confluent by day 3. 

 

EC50 Determination. The top 10 fractions displaying the highest inhibition against 

trophozoites were assessed to determine their EC50 values. The fractions had EC50 

values ranging from 0.4 to >60 μg/mL (Table 5.3). Interestingly, these EC50 values had 

little to no correlation with the probability of the compound being cysticidal, suggesting 

amebicidal activity is not a good predictor of cysticidal activity. Fraction 12FP47A9, which 

was the strongest candidate for being cysticidal, did not appear to have the strongest 

amebicidal activity of these fractions. Fractions with significantly lower EC50 values 

against trophozoites, such as 12FP15E5, were completely non-cysticidal. 

 

Determination of Minimum Cysticidal Concentration of 12FP47A9. Since fraction 

12FP47A9 demonstrated cysticidal activity, it was evaluated manually to determine its 

minimum cysticidal concentration. Cysts were treated with final concentrations of 

12FP47A9 ranging from 480 to 3.75 μg/mL and evaluated for excystation and trophozoite 

growth up to 7 days. Fraction 12FP47A9 demonstrated minimal to no excystation at 480 

μg/mL (Fig. 5.5A). Lower concentration of 12FP47A9 (240 μg/mL) resulted in moderate 
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excystation and trophozoite proliferation (Fig. 5.5B), suggesting a minimum cysticidal 

concentration between 480 and 240 μg/mL. These findings suggest fraction 12FP47A9 

may provide promising anti-Acanthamoeba drug-like molecule candidates for further 

study. 

 

5.3 Discussion 

Current screening techniques for identifying cysticidal compounds against 

Acanthamoeba largely rely upon manual observation. Unfortunately, the manual nature 

of these assays can be a bottleneck that hampers the rate of cysticidal drug discovery. 

Machine learning, object-detection algorithms are relatively new, albeit promising, 

technologies since these algorithms could be adapted to recognize specific cell types and 

take over the role of manual observation to significantly improve the rate of cysticidal drug 

discovery.  

This novel cysticidal assay screens for cysticidal compounds under axenic cell 

culture conditions. For the purposes of screening, potential cysticidal compounds were 

defined as having minimal to no excystation by day 3. Day 3 was considered to be the 

end point since cysts in wells treated with DMSO (negative control) excysted out and 

became confluent with trophozoites by day 3. These wells became over confluent and 

individual trophozoites were difficult to distinguish past day 3.  

This assay was validated against known cysticidal and non-cysticidal compounds. 

These compounds were diluted serially and were screened by this assay. Predictions of 

the minimum cysticidal concentration of each compound by machine learning algorithm 

were compared to manual observations. Notably, the assay’s prediction of minimum 
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cysticidal concentration of chlorhexidine was lower than what was manually observed by 

a factor of 2, suggesting the rare possibility for false positives (i.e. predicting a treatment 

to be cysticidal when it is not). However, this assay displayed very high specificity and 

correctly identified all non-cysticidal wells, suggesting it can accurately screen out non-

cysticidal compounds. This still provides major utility as this assay is amenable to high-

throughput screening and could be used to screen out non-cysticidal compounds in large 

compound libraries, leaving only a small amount of potentially cysticidal compounds for 

further manual evaluation. 

Although natural products have been used for the treatment of parasitic diseases, 

none of them came from marine sources (300, 301). Drug discovery research for 

Acanthamoeba keratitis with marine natural products was only limited to a marine alga 

Laurencia sp. (302, 303). In order to identify novel marine metabolites with anti-

Acanthamoeba activity, a marine natural products fraction library was evaluated to 

demonstrate the utility of this novel cysticidal assay. Since compounds useful for 

Acanthamoeba keratitis treatment should have dual activity against the trophozoite and 

cyst stages, these fractions were first screened against trophozoites of Acanthamoeba. 

Any compound that is not amebicidal would not be worth further consideration for 

investigation as trophozoites play an active role in Acanthamoeba keratitis. 

The primary screen identified 29 fractions with high inhibition (>90%) against 

trophozoites. These fractions were then screened through this novel cysticidal assay, 

which identified fraction 12FP47A9 as potentially cysticidal (Fig. 5.6). At 120 μg/mL, 

fraction 12FP47A9 displayed minimal to no excystation by day 3, suggesting its potential 

as a cysticidal compound. This was followed with further manual evaluation, and 480 
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μg/mL displayed minimal to no excystation by day 7. This new cysticidal assay helped 

identify a new potentially cysticidal fraction, which was subsequently verified by manual 

observation, demonstrating its utility as a cysticidal screen. Furthermore, this assay is 

also useful since it can weed out non-cysticidal treatments and is amenable to high-

throughput screening. The lack of correlation between EC50 (amebicidal) and cysticidal 

data further demonstrates the need for cysticidal assays as amebicidal compounds are 

not necessarily cysticidal. While this particular assay utilized YOLOv3 for classifying, 

identifying, and counting trophozoites and cysts, machine learning, object-detection 

algorithms are highly flexible and adaptable platforms that could be used to automate cell 

counting and identification for other phenotypically distinct cells to improve any 

morphological cell studies. 

Taken together, our machine learning-based cysticidal assay and screening of 

marine microbial metabolites identified an amebicidal and cysticidal fraction 12FP47A9. 

This fraction may harbor anti-Acanthamoeba molecules that would serve as attractive 

drug development lead molecules. Future studies will involve isolation of pure 

compounds, testing of compounds to identify the actives and comprehensive assignment 

of structure. 
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5.4 Methods and Materials 

A. castellanii Cell Culture. A. castellanii strain Ma trophozoites from the American 

Type Culture Collection (#50370) were cultured and maintained at 28°C and 5% CO2 in 

Peptone Yeast Glucose (PYG) medium supplemented with 100 U/mL penicillin and 100 

μg/mL streptomycin (225).  

 

Cyst Microplate Preparation. Cysts were prepared by culturing trophozoites in an 

encystation media (95 mM NaCl, 5 mM KCl, 8 mM MgSO4, 0.4 mM CaCl2, 1 mM NaHCO3, 

20 mM Tris-HCl, pH 9.0) (227). Trophozoites were collected by centrifugation at 200 g for 

five minutes and washed in PBS three times before resuspension in encystation media. 

5 x 103 trophozoites in 99.5 µL of encystation media were seeded into each well of a 96-

well microplate for 48 hours to promote encystation. After 48 hours, the cysts were treated 

with 0.5 μL of compounds of interest dissolved in DMSO in triplicate wells. 0.5% (v/v) 

DMSO served as negative controls while 468.15 μM PHMB served as positive controls. 

The cysts were incubated for 48 hours with compounds of interest. Afterwards, the 

encystation medium was removed and the wells were washed four times with PBS before 
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addition of 100 µL of PYG medium. A. castellanii cysts were incubated in PYG media to 

promote excystation. 

 

Trophozoite Counting Algorithm Machine-Learning Training. A google 

colaboratory notebook environment was created for the ultralytics YOLOv3 object-

detection algorithm implementation downloaded from 

https://github.com/ultralytics/yolov3.  

A. castellanii trophozoites were encysted as previously described and allowed to 

excyst for 24 hours in PYG growth media. These cells were imaged, and the .tiff 

microscopy images were converted in batches to .jpg file format using a custom python 

script. The trophozoites and cysts in these images were hand-labeled and annotated 

using labelImg.  The training set consisted of 58 images with 3598 trophozoites and 3937 

cysts labeled. The test set consisted of 20 images with 2127 trophozoites and 2099 cysts 

labeled. The validation set consisted of 10 images with 814 trophozoites and 785 cysts 

labeled. These datasets were utilized to train a custom model. Setup was as per ultralytics 

YOLOv3 instructions for training on custom data within a google colaboratory 

environment (304). The training was conducted in a Python 3 runtime environment with 

GPU acceleration and utilizing the provided yolov3-tiny.cfg configuration file. The model 

was trained for 1,000 epochs, and the last epoch model was utilized for object detection. 

To determine equivalence between manual and the machine learning derived 

counts, trophozoites were serially diluted two-fold from 4.0 x 104 to 625 trophozoites and 

seeded into microplate wells in 100 μL of PYG growth media and allowed to attach for an 

hour. The wells were then imaged by an ImageXpress Micro XLS (Molecular Devices). 
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The images were inputted into the trained YOLOv3 model to count the number of 

trophozoites in each image. These counts were compared to the number of trophozoites 

in each image as determined by manual counting to assess equivalency. 

 

Cysticidal Assay Validation. A microplate of cysts was generated following the 

microplate preparation method previously described. A. castellanii cysts were treated with 

serial two-fold dilutions of compounds reported to be cysticidal or non-cysticidal at 

concentrations relevant to previously reported literature. 

Chlorhexidine gluconate (Acros Organics) was tested from 111.11 to 0.86 μM. 

Alexidine dihydrochloride (Sigma Aldrich) was tested from 1,375.26 to 10.74 μM. 

Corifungin (Dalton Chemicals) was tested from 1,600 to 12.5 μM. Amphotericin B (Gold 

Bio) was tested from 138.52 to 1.08 μM. Caspofungin diacetate (Sigma Aldrich) was 

tested from 105.49 to 0.82 μM. Fluconazole (Fluka Analytical) was tested from to 6,686.91 

to 52.24 μM. 

Each well of the microplate was imaged on the ImageXpress Micro XLS on day 0 

and day 3 following removal of encystation media with compounds and addition of PYG 

media. The images were run through the YOLOv3 algorithm to count the number of 

trophozoites and determine the change in trophozoite number from day 0 to day 3. The 

Realstatistics Excel plugin was used to run logistic regressions with the change in 

trophozoites for 0.5% (v/v) DMSO serving as negative controls while change in 

trophozoite count for 461.85 μM PHMB served as positive controls. Wells with a 

probability of being cysticidal > 0.9 were defined as hits. Images were also viewed 

manually for evidence of excystation at day 3 manually and compared to the YOLOv3 
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predictions to generate a confusion matrix for assessing the accuracy, precision, recall, 

and specificity of the assay. 

 

Screening of Marine Natural Products Library. 

Marine Natural Products Library Composition. The test samples in this study were 

derived from the collection, cultivation and extraction of marine bacteria cultures. These 

bacteria, which are mainly members of the Actinomycetales, were collected from 

numerous locations world-wide. The samples are test fractions derived from the 

chromatographic purification of 5 L culture whole ethyl acetate extracts. The test samples 

vary containing 5-8 polar to nonpolar materials in each.  

Amebicidal Assay. A marine natural products library of 9,286 unique fractions was 

assayed for anti-Acanthamoeba activity on trophozoites. A BioSero ATS (EDC 

Biosystems) was used to transfer 0.25 μL of each marine natural product fraction (12 

mg/mL stock) or control into each well of Greiner Bio-One Cellstar white, flat bottom 

microplates. 0.5% (v/v) DMSO and 461.85 μM PHMB served as negative and positive 

controls, respectively. The fractions were tested in duplicate. Afterwards, a Multidrop 

Combi liquid handler (Thermo Fisher) was used to transfer 50 μL of cell solution 

containing 5 x 103 trophozoites into each well. 

The plates were incubated at 28°C and 5% CO2 for 48 hours prior to luminescence 

readings. 25 μL of CellTiter-Glo luminescence cell viability assay (Promega) was added 

to each well using the Multidrop Combi liquid handler. The plates were shaken on an 

orbital microplate shaker (VWR) at 360 rpm for 10 minutes, and then they were left for an 

additional 10 minutes prior to luminescence measurements on an EnVision 2104 
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Multilabel Reader (Perkin Elmer). The luminescence reading data was processed through 

excel to determine growth inhibition percentages. 

 

Cysticidal Assay. 29 fractions displaying >90% inhibition were selected for 

screening against cysts. 5 x 103 trophozoites were seeded in 99 μL of encystation media 

into a 96 well black, clear bottom microplate (Corning 3603) and incubated for 48 hours 

to encyst the cells.  

Afterwards, 1 μL of each fraction or control was added to the cysts in duplicate.  

1% (v/v) DMSO and 923.71 μM PHMB served as negative and positive controls, 

respectively. After 48 hours of incubation at 28°C and 5% CO2, the media was removed 

and washed four times with 100 μL PBS. Each well was then replaced with 100 μL of 

PYG growth media and incubated for imaging. 

After 3 days of incubation, each well of the plate was imaged on the ImageXpress 

Micro XLS. The images were converted from .tiff to .jpg images with a custom python 

script and run through the YOLOv3 algorithm to determine the counts of trophozoites on 

images taken 0 days and 3 days after switching to PYG growth media. The trophozoite 

counts from the positive and negative control wells were used to generate a logistic 

regression, which was used to determine the cysticidal likelihood of each fraction. 

Duplicate wells displaying an average probability >0.9 of being cysticidal were considered 

hits. Additionally, the day 3 images were also manually verified to determine if the 

predictions were accurate. Since this was used as a filtering method to identify if a 

treatment was cysticidal or not, it was only performed once with technical replicates. 
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EC50 Determination. The top 10 trophocidal compounds identified previously in the 

primary amebicidal screen were evaluated for their EC50 values. These fractions were 

serially diluted two-fold (60 μg/mL - 468.75 ng/mL) using the BioSero ATS and 0.5 μL of 

each fraction was added to a Greiner Bio-One Cellstar white, flat bottom microplate. 

Afterwards, 100 μL of PYG growth media containing 5 x 103 trophozoites was added via 

the Multidrop Combi liquid handler. 

 These plates were allowed to incubate for 48 hours prior to CellTiter-Glo 

luminescence readings on the EnVision 2104 Multilabel Reader. Data from a minimum of 

three independent experiments (biological replicates) conducted in triplicate were 

analyzed on GraphPad Prism 6 to determine EC50 values. 

 

Determination of Minimum Cysticial Concentration of 12FP47A9. Fraction 

12FP47A9 was evaluated for a minimum cysticidal concentration. A plate of A. castellanii 

cysts was prepared following methods described in previous sections with minor 

alterations. To evaluate higher concentrations of 12FP47A9, 5 x 103 trophozoites were 

encysted in 96, 98, and 99 μL of media to achieve final concentrations ranging from 480 

to 120 μg/mL. Additionally, 5 x 103 trophozoites were also encysted in 99.5 μL of media 

to achieve final concentrations ranging from 60 to 3.75 μg/mL. 4% (v/v) DMSO and 

3,694.8 μM PHMB served as negative and positive controls, respectively. The experiment 

was repeated three times with biological and technical replicates on different days. Mature 

cysts were incubated with fraction 12FP47A9 for 48 hours prior to exchange with PYG 

growth media. Once in PYG media, the cysts were imaged by on the ImageXpress Micro 

XLS and images were manually evaluated for excystation at 7 days.  
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5.5 Figures and Tables 

 
TABLE 5.1 Comparison of YOLOv3 and Manual Determination of Minimum 
Cysticidal Concentrations. MCC—Minimum cysticidal concentration; concentrations 
are in μM. 
 
 YOLOv3 MCC Manual MCC 

Chlorhexidine 6.94 – 3.47 13.89 – 6.94 

Alexidine < 10.74 < 10.74 

Corifungin >1,600 >1,600 

Amphotericin B >138.52 >138.52 

Caspofungin >105.49 >105.49 

Fluconazole >6,686.91 >6,686.91 
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Table 5.2 Confusion Matrix and Statistics on Evaluation of Validation Screen. 

Recall =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
  Precison =

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒
 

Specificity =
𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒
 

Accuracy =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
 

 
 Predict cysticidal Predict non-cysticidal Total 

Observed cysticidal 109 0 109 

Observed non-cysticidal 12 311 323 

Total 121 311 432 

 

Accuracy 0.97 

Recall 1 

Specificity 0.96 

Precision 0.90 
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Table 5.3 Sources and EC50 Concentrations of Top 10 Trophocidal Fractions. 
Sources and EC50 concentrations (μg/mL) of the top 10 fractions displaying most 
inhibition against trophozoites. P(cysticidal)—probability a fraction is cysticidal as 
determined by cysticidal assay; CL—confidence limit. 
 
Fraction Source/S

train No. 
Location/date EC50  95% 

Lower CL 
95% 
Upper CL 

P (cysticidal) 

12FP15E5 TAA522 Coarse sand, 
Channel 
Islands, 2012 

0.4 0.1 2.2 0.00 

12FP15E6 TAA522 Coarse sand, 
Channel 
Islands, 2012 

1.9 0.8 4.4 0.00 

12FP15E4 TAA522 Coarse sand, 
Channel 
Islands, 2012 

3.0 1.3 6.6 0.00 

12FP15E7 TAA522 Coarse sand, 
Channel 
Islands, 2012 

4.9 2.5 9.4 0.00 

SIOFP89H4 CNT714 Sand, San 
Diego Bay, 
2008 

6.4 6.0 6.7 0.00 

12FP25A7 TAA584 Coarse Sand, 
Channel 
Islands, 2012 

6.8 3.6 12.8 0.00 

12FP47A9 TAA844 Sand, 
Marianas 
Islands, 2012 

20.3 19.7 21.0 1.00 

12FP42B3 TAA734 Sand, 
Marianas 
Islands, 2012 

21.2 15.3 29.3 0.00 

SIOFP68D6 CNT284 Sponge, 
Bahamas, 
2007 

55.9 32.4 96.2 0.00 

SIOFP70C6 CNT292 Sponge, 
Bahamas, 
2007 

>60   0.00 
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Figure 5.1 Training and Validation Metrics. Training and validation metrics provided by 
YOLOv3 as a function of training epoch. (A) Generalized intersection over union (GIoU) 
is a measure of the smallest box that encompasses both the predicted bounding boxes 
and actual ground truth boxes. (B) Objectness is the confidence a bounding box contains 
an object. (C) Classification is measure of the accuracy of classifying objects in an image. 
(D) Validation GIoU is the GIoU for the validation set of images. (E) Validation objectness 
is the objectness score for the validation set (F) Validation classification is the 

classification score for the validation set. (G) Precison =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒
. 

(H)Recall =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
. (I) Mean average precision (mAP) for predictions 

with intersection of union (IoU) > 0.5 is the average of average precision for all classes 

(area under precision-recall curves for each class averaged). (J) F1 =
2∗(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛∗𝑅𝑒𝑐𝑎𝑙𝑙)

(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛+𝑅𝑒𝑐𝑎𝑙𝑙)
. 
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Figure 5.2 Evaluation of Trophozoite and Cyst Cell Count Predictions. (A) Sample 
predictions of trophozoites and cysts one day after switching to PYG growth media from 
encystation media. Black boxes—detected trophozoites; white boxes—detected cysts. 
Magnification: 200x; Scale bar: 50 μm. (B) Linear correlation between manual (x-axis) 
and machine learning (y-axis) counts of seeded trophozoites; R2: 0.9984; n = 4. 
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Figure 5.3 Normalized Growth Inhibition of Marine Fractions. 9,286 unique marine 
microbial natural products test fractions were screened against A. castellanii trophozoites 
at 60 µg/mL. Black—fractions displaying <90% inhibition against A. castellanii 
trophozoites. Red—fractions displaying >90% inhbition against trophozoites.  
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Figure 5.4 Cysticidal Screen. 29 fractions identified as having trophocidal activity were 
screened against A. castellanii cysts. (A) The probability of a treatment being cysticidal 
(y-axis) is plotted as a function of the fraction’s location on a plate (x-axis). Red—
trophocidal hit 12FP47A9 flagged as cysticidal fraction; black—trophocidal hits that were 
not cysticidal. Microscopy images taken on day 3 of incubation in PYG growth media. 
Wells were treated with: (B) 120 μg/mL fraction 12FP47A9; (C) 923.71 μM (0.04% (w/v)) 
polyhexamethylene biguanide (positive control); (D) 1% (v/v) DMSO (negative control). 
Black arrowhead—cyst; white arrowhead—trophozoite; 200x magnification; scale bar: 50 
μm.  
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Figure 5.5 12FP47A9 Minimum Cysticidal Concentration Determination. Microscopy 
taken on day 7 of incubation in PYG growth media. Wells are treated with: (A) 480 μg/mL 
12FP47A9; (B) 240 μg/mL 12FP47A9; (C) 4% (v/v) DMSO (negative control); (D) 0.16% 
(w/v) PHMB (positive control). Black arrowhead—cyst; white arrowhead—trophozoite; 
200x magnification; scale bar: 50 μm.  
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Figure 5.6 Screening Summary. Overview of marine natural product library screen. 
9,286 unique test fractions were screened against trophozoites. 29 fractions displaying 
>90% inhibition against trophozoites were screened against cysts, and fraction(s) with 
>90% probability of being cysticidal were considered potentially cysticidal compounds.  
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Chapter 6: Conclusions and Future Directions 

 

6.1: Preface 

Acanthamoeba consists of several species of free-living amoeba that can be the 

causative agents of keratitis. While topical drugs, such as biguanide and diamidine 

agents, are commonly used for treating Acanthamoeba keratitis, these medications are 

not panaceas. Acanthamoeba is a relatively neglected disease, so screening and 

repurposing existing drugs presents an attractive avenue for improving Acanthamoeba 

keratitis treatments.  

This dissertation presents four research projects into characterizing anti-fungal 

conazoles as anti-Acanthamoeba agents and developing research techniques for 

identifying new potential drugs for Acanthamoeba keratitis treatment. 

 

6.2: Isavuconazole is Amebicidal and Cysticidal against A. castellanii 

In chapter 2, a systematic screen of anti-fungal conazoles identified isavuconazole 

as having potent activity against A. castellanii. Isavuconazole displayed EC50 values 

ranging from 0.9 to 4.6 nM against several strains of A. castellanii (152). 70 μM 

isavuconazole also prevented excystation, suggesting it has activity against cysts (152). 

Considering the amebicidal activity of isavuconazole at such low concentrations and its 

demonstration of cysticidal activity, isavuconazole appears to be an attractive drug 

candidate for repurposing. 
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6.3: Structural Insights into A. castellanii CYP51 (AcCYP51) and Isavuconazole 

Mechanism of Inhibition 

In chapter 3, A. castellanii CYP51, the putative target of anti-fungal conazoles, was 

expressed, purified, and structurally characterized. Crystal structures and spectroscopy 

revealed AcCYP51 homodimerizes through N-terminal domain-swap (305). The 

conazoles clotrimazole and isavuconazole both were able to bind AcCYP51 and prevent 

the enzyme from dimerizing. While clotrimazole-bound AcCYP51 displayed a canonical 

CYP structure, isavuconazole-bound AcCYP51 failed to properly refold 74 residues at the 

N-terminus (305). This unique mechanism has never been previously reported with the 

CYP family of enzymes and suggests a potential mechanism to explain isavuconazole’s 

potency against A. castellanii. 

 

6.4: Evaluation of Amebicidal and Cysticidal Activities of Antifungal Drug 

Isavuconazonium Sulfate against Acanthamoeba T4 Strains 

Isavuconazole is clinically administered as the prodrug isavuconazonium sulfate. 

While we previously demonstrated significant amebicidal and cysticidal activity of 

isavuconazole against A. castellanii (152), it was unclear if isavuconazonium retained 

such activity. As such, chapter 4 evaluates isavuconazonium’s efficacy against multiple 

T4 genotype Acanthamoeba strains.  

Isavuconazonium had potent activity against Acanthamoeba trophozoites at 

nanomolar concentrations, displaying EC50 values ranging from 1.4 to 37 nM (306). These 

EC50 values are comparable to previously reported values for isavuconazole, suggesting 

Acanthamoeba trophozoites are also susceptible to isavuconazonium.  Isavuconazonium 
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was also evaluated against cysts, and concentrations ranging from 136 to 187.5 μM 

prevented excystation up to seven days (306). While higher concentrations of 

isavuconazonium were required to prevent excystation, it appears the prodrug still has 

strong potential for killing Acanthamoeba trophozoites and cysts. 

 

6.5: Development of a Machine Learning-based Cysticidal Assay and Identification 

of an Amebicidal and Cysticidal Marine Microbial Metabolite against 

Acanthamoeba 

A systematic screen of conazoles identified isavuconazole as having potent activity 

against A. castellanii. While several cell viability assays can be used for high-throughput 

screening of amebicidal compounds, cysticidal screening techniques largely rely upon 

manual microscopy observation. 

Chapter 5 discusses the development and validation of a novel cysticidal assay 

amenable to high-throughput compound screening. Briefly, a YOLOv3 machine-learning 

object-detection algorithm is trained on A. castellanii trophozoites and cysts to develop 

an automated cell counter for screening cysticidal compounds. This novel cysticidal assay 

was validated on a small set of literature-reported cysticidal and non-cysticidal 

compounds and compared to manual observations. When compared to manual 

observations, this automated assay displayed a high specificity of 0.96, suggesting its 

effectiveness at accurately identifying non-cysticidal compounds (Manuscript in 

preparation). 

Additionally, the utility of this high-throughput cysticidal assay was demonstrated 

to identify the cysticidal activity of a set of marine natural product fractions that displayed 
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>90% inhibition of trophozoites. The assay identified one fraction as both trophocidal and 

cysticidal, which upon further examination, was found to prevent excystation at 480 

μg/mL, suggesting a minimum cysticidal concentration between 480 μg/mL and 240 

μg/mL (Manuscript in preparation). Since this novel assay is amenable to medium- and 

high-throughput screening, it can help significantly improve cysticidal screening studies 

and be utilized to screen out non-cysticidal compounds.  

 

6.6: Future Directions 

This dissertation explores several projects into evaluating anti-fungal conazoles as 

potential treatments for Acanthamoeba keratitis. While isavuconazonium is already 

clinically used for treating fungal infections, our in vitro studies, for the first time, 

demonstrate potent activities of both the prodrug isavuconazonium and the active moiety 

isavuconazole against T4 strains of Acanthamoeba. Further in vivo validation of 

isavuconazonoium sulfate in animal models of Acanthamoeba keratitis would be prudent. 

Currently, mouse keratitis models adapted from fungal keratitis can be used to 

evaluate the efficacy of isavuconazole (307). A mouse keratitis model would allow for 

critical studies. In particular, an animal model would evaluate if administration of 

isavuconazole or isavuconazonium would successfully resolve an active infection and 

prevent recurrent Acanthamoeba keratitis. Additionally, an animal model would also be 

crucial for determining other data, such as the penetration and bioavailability of 

isavuconazole in the cornea, which would inform dosing decisions and provide further 

support for the use of isavuconazole as a treatment for Acanthamoeba keratitis. 
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This dissertation also discussed the development and validation of a novel 

machine-learning, object-detection algorithm for a cysticidal assay. Since current 

cysticidal screening techniques are largely manual and not amenable to high-throughput 

screening, cysticidal compounds are relatively unexplored. This newly developed 

cysticidal assay should be combined with the already available high-throughput 

trophocidal assay to screen large compound libraries to identify new classes of 

compounds possessing dual activity against trophozoites and cysts. Overall, this has the 

potential to improve the treatment of Acanthamoeba keratitis. 
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