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Painful blinding keratitis and fatal granulomatous amebic encephalitis are caused by the free-living amebae Acanthamoeba
spp. Several prescription eye medications are used to treat Acanthamoeba keratitis, but the infection can be difficult to
control because of recurrence of infection. For the treatment of encephalitis, no single drug was found useful, and in spite of the
use of a combination of multiple drugs, the mortality rate remains high. Therefore, efficient, novel drugs are urgently needed for
the treatment of amebic keratitis and granulomatous amebic encephalitis. In this study, we identified corifungin, a water-soluble
polyene macrolide, as amebicidal. In vitro, it was effective against both the trophozoites and the cysts. Transmission electron
microscopy of Acanthamoeba castellanii incubated with corifungin showed the presence of swollen mitochondria, electron-
dense granules, degeneration of cytoplasm architecture, and loss of nuclear chromatin structure. These changes were followed
by lysis of amebae. Corifungin also induced the encystment process of A. castellanii. There were alterations in the cyst cell wall
followed by lysis of the cysts. Corifungin is a promising therapeutic option for keratitis and granulomatous amebic encephalitis.

Free-living Acanthamoeba spp. cause keratitis, a serious eye
infection that can occur in healthy individuals wearing contact

lenses, as well as chronic granulomatous amebic encephalitis
(GAE) leading to death in immunocompromised persons. Acan-
thamoeba has a worldwide distribution and is the most common
ameba found in the environment. Coincident with the number of
Acanthamoeba keratitis cases in the United States has been an
increase in developing countries. Wearing of contact lenses is now
recognized as the leading risk factor for keratitis (1–3). In the
United States, the estimated number of keratitis cases is 1.36 per
million contact lens wearers (4, 5). GAE is a relatively rare disease.
Approximately 150 cases have been reported worldwide (5). GAE
results from inhalation of amebae through the nasal cavities and
lungs, or introduction through skin lesions followed by access to
the central nervous system by hematogenous spread or through
the olfactory neuroepithelium (6). Clinical manifestations include
headache, fever, nausea, vomiting, behavioral changes, stiff neck,
lethargy, increased intracranial pressure, and, in the later stage,
loss of consciousness, seizures, coma, and death (7–9).

The drugs recommended for the treatment of Acanthamoeba
keratitis include polyhexamethylene biguanide (0.02%) or chlo-
rhexidine (0.02%) along with a diamidine (either 0.1% propami-
dine or 0.1% hexamidine) (10). Corticosteroids are applied topi-
cally to control corneal inflammation, pain, and scleritis,
particularly following keratoplasty (11). While this antimicrobial
treatment can kill the trophozoites, the resistance of Acanth-
amoeba cysts to antimicrobials can lead to the recurrence of ker-
atitis. For GAE, combination therapies were found more success-
ful than single-drug therapies, and therefore, current therapeutic
agents include a combination of ketoconazole, fluconazole, itra-
conazole, pentamidine isethionate, sulfadiazine, amphotericin B,
azithromycin, rifampin, voriconazole, and miltefosine (12–15).
Because of the lack of optimal antimicrobial therapy, GAE is often
fatal, and fewer than 10 GAE patients have been successfully
treated with multidrug regimens (16). Therefore, more effective
drugs are urgently needed.

In this study, we first showed that the water-soluble macrolide

corifungin produced in vitro trophozoite growth inhibition. Be-
cause of its efficacy against Acanthamoeba trophozoites, we also
confirmed its cysticidal effect.

MATERIALS AND METHODS

Maintenance of Acanthamoeba castellanii. A. castellanii trophozoites
isolated from human cases of amebic keratitis were kindly provided by
Simon Kilvington (Public Health Laboratory, Bath, England). They were
cultured at 30°C in Chang’s liquid medium supplemented with 10% (vol/
vol) fetal bovine serum (Equitech-Bio, Kerrville, TX) according to a mod-
ified technique (17). Trophozoites were harvested in logarithmic growth
phase, usually 48 h after subculture, by chilling at 4°C and concentrated by
centrifugation for 5 min at 300 � g.

In vitro studies of corifungin against A. castellanii trophozoites. To
determine the effect of corifungin on the growth of A. castellanii tropho-
zoites, 5 � 105 amebae were incubated with 25 �M, 100 �M, and 200 �M
corifungin for 24, 48, 72, 96, and 120 h. Control trophozoites were incu-
bated with fresh medium only. Cell numbers were calculated by hemocy-
tometer at the end of incubation. The percentage of viable trophozoites
following exposure to different concentrations of corifungin was deter-
mined by the trypan blue exclusion method. Cells stained blue were con-
sidered nonviable while live cells were unstained. Data were presented as
the mean and standard deviation of at least three independent experi-
ments, each performed in duplicate.

To determine if corifungin induced cyst formation and to determine
the effect of corifungin on cysts, 5 � 105 trophozoites were incubated with
200 �M corifungin for 24 to 120 h and the cell viability was evaluated
using trypan blue staining.
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Light microscopy. Trophozoites (5 � 105) were incubated with 200
�M corifungin for 24, 48, 72, 96, and 120 h. At the end of each incubation
period, samples were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer and postfixed with 1% (wt/vol) osmium tetroxide for 1 h. After

being dehydrated with ethanol, samples were embedded in epoxy resin.
Semithin sections stained with toluidine blue were examined with a light
microscope (Optiphot; Nikon, Japan).

TEM. For ultrastructural analysis, A. castellanii trophozoites were
incubated with 200 �M corifungin for 24, 48, 72, 96, and 120 h and then
fixed with a solution of 2.5% glutaraldehyde in 0.1 M cacodylate buffer.
Samples were postfixed with 1% (wt/vol) osmium tetroxide, dehydrated
with ethanol and propylene oxide, and embedded in epoxy resin. Thin
sections (60 to 90 nm) were contrast stained with uranyl acetate and lead
citrate and observed under a Zeiss EM-910 transmission electron micro-
scope (TEM) (Carl Zeiss, Germany). To understand the effect of the in-
duction of encystment of A. castellanii by corifungin, we also analyzed by
TEM the ultrastructure of the cysts, after incubation of amebae with 200
�M corifungin until 120 h. The ultrastructural analysis of cysts was done
by TEM according to the same protocol as that detailed above.

RESULTS
Effect of corifungin against A. castellanii in vitro. Corifungin
did not inhibit A. castellanii trophozoite growth at 25 �M (Fig. 1).
At 100 �M, there was 73% growth inhibition after 120 h of incu-
bation (Fig. 1). At 200 �M corifungin, there was 80% growth

FIG 1 Effect of corifungin on A. castellanii growth. Trophozoites were incu-
bated with 25, 100, and 200 �M corifungin for 24, 48, 72, 96, and 120 h, and
viable trophozoites were calculated as the percentage of trophozoites com-
pared with the means of controls (as 100%). Values plotted are means and
standard deviations for three independent experiments.

FIG 2 A. castellanii viability determination by trypan blue exclusion method. Trophozoites were incubated with 200 �M corifungin for different time periods.
(A) Amebae with fresh medium only. (B) Amebae incubated with corifungin for 24 h. (C) Amebae incubated with corifungin for 48 h. (D) Amebae incubated
with corifungin for 72 h. (E) Amebae incubated with corifungin for 96 h. (F) Amebae incubated with corifungin for 120 h. Cells stained blue were considered
nonviable (arrowheads). Magnification, �60.
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inhibition after 120 h of incubation (Fig. 1). Based on this growth
inhibition study, the 50% effective concentration (EC50) of
corifungin, defined as that concentration of compound necessary
to reduce the culture density to 50% of that of a vehicle-treated
culture, was approximately 63 �M. A. castellanii trophozoites
were next incubated with 200 �M corifungin for 24, 48, 72, 96,
and 120 h, and the viability of A. castellanii was determined by the
trypan blue exclusion method (Fig. 2).

Corifungin induced encystation of A. castellanii. Since
corifungin showed 80% growth inhibition of trophozoites at 200

�M, this concentration was used for induction of the encystation
process. Although corifungin induced encystment of trophozoites
(Table 1), it also damaged and killed the cysts (Fig. 3).

Light microscopy. Examination of semithin sections of tro-
phozoites incubated in the absence of corifungin showed the ex-
pected morphology (Fig. 3A). There was significant cellular dam-
age to the trophozoites following incubation with corifungin. This
was particularly evident at 48, 96, and 120 h (Fig. 3B to F).

Transmission electron microscopy. Transmission electron
microscopy was also used to assess subcellular damage to A. cas-
tellanii induced by 200 �M corifungin at 24, 48, 72, 96, and 120 h
(Fig. 4A to F). Ultrastructural analysis showed damage to the
plasma membranes of trophozoites at 24 h. At 24 to 48 h, electron-
dense granules appeared in the cytoplasm and overall cytoplasmic
integrity and organelle structure were lost (Fig. 4B and C). At 72
and 96 h, electron-dense granules increased in number, cytoplas-
mic integrity was even more compromised, and the nuclear chro-
matin pattern was also altered (Fig. 4D and E). At 120 h, tropho-
zoites began to lyse (Fig. 4F).

TABLE 1 Encystment of A. castellanii at different time points in the
presence of 200 �M corifungin

Time point (h) Cyst formation (%)

24 7
48 20
72 35
96 48
120 54

FIG 3 Light microscopy of epoxy-embedded semithin sections, stained with toluidine blue, of A. castellanii trophozoites incubated in the presence and absence
of corifungin. Trophozoites were incubated with 200 �M corifungin for different time periods. (A) Amebae (arrows) with fresh medium only. (B) Amebae
incubated with 200 �M corifungin for 24 h. Arrows indicate trophozoites, and the arrowhead indicates a cyst. (C) Amebae incubated with 200 �M corifungin
for 48 h. The damage in the trophozoites (arrows) is evident, and there was an increase in the number of the cysts (arrowheads). (D) Amebae incubated with 200
�M corifungin for 72 h. More damage is seen in the trophozoites (arrows), and damage is also found in the cysts (arrowheads). (E and F) Amebae incubated with
200 �M corifungin for 96 to 120 h. Cell remains of trophozoites (arrows) and more damage in the cysts (arrowheads) are seen. Magnification, �60.
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Exposure of cysts to corifungin produced many of the same
effects on cytoplasmic integrity as those seen in trophozoites as
well as alterations and swelling of the cyst wall (Fig. 5).

DISCUSSION

While a wide range of antiparasitic, antimicrobial, and other phar-
macologic agents has been tested against Acanthamoeba, these
agents have shown limited activity and reports of successful treat-
ment have been few (18–22). The current drugs of choice in treat-
ing Acanthamoeba keratitis are two biguanides and two diami-
dines. This treatment can be toxic and painful, and the topical
application of corticosteroids to relieve pain may exacerbate dis-
ease (10, 23). Moreover, antimicrobial resistance and recurrent
infections have prompted the search for new therapeutic agents
for the treatment of Acanthamoeba keratitis.

Treatment of systemic infections, especially GAE, with multi-

drug regimens has also given mixed results because many of the
drugs do not cross the blood-brain barrier. No single drug has
been found effective against both the trophozoite and the cyst
stages of Acanthamoeba. Therefore, a drug that would be amebi-
cidal and cysticidal and that could cross the blood-brain barrier
would be optimal for the treatment of Acanthamoeba infection.

We evaluated the polyene macrolide corifungin versus Acan-
thamoeba because an earlier study showed that it effectively killed
another free-living ameba, Naegleria fowleri, with better efficacy
than amphotericin B (24). Previous studies reported that a com-
bination of amphotericin B and a second drug was effective in
eradicating a skin infection and GAE caused by Acanthamoeba
(25, 26). Amphotericin B has significant toxicity and is a hydro-
phobic molecule with negligible solubility in aqueous solution
(27). Use of amphotericin B often resulted in renal toxicity, man-
ifested as azotemia and hypokalemia (10). Amphotericin B also

FIG 4 Transmission electron microscopy of A. castellanii trophozoites incubated with 200 �M corifungin for different time periods. (A) Trophozoites treated
with only fresh medium. (B) Trophozoites treated with corifungin for 24 h. The alteration of the plasma membrane is evident (arrowheads), and electron-dense
granules (eg) appeared in the degenerated cytoplasm. (C) Trophozoites treated with corifungin for 48 h. Mitochondria (arrows) showed damage, and glycogen
(*) was present. (D) Trophozoites treated with corifungin for 72 h. Mitochondria (arrows) are dilated, and the nucleus (N) shows alterations. (E) Trophozoites
treated with corifungin for 96 h. The edematous mitochondria (arrows) and damaged nucleus (N) are evident. The inset image is the higher magnification of
mitochondria. (F) Trophozoites treated with corifungin for 120 h. The ameba shows vacuolization, the electron-dense granules (eg) increase in number, and cell
membrane damage is evident (arrowheads). Bars, 2 �m.

Debnath et al.

1526 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


may cause anemia, and many patients experience chills, fever,
nausea, vomiting, and headache (28, 29). Given the mortality of
GAE patients infected by A. castellanii, an efficient, water-soluble,
nontoxic drug remains a highly desirable alternative to the con-
ventional treatment. Corifungin, as a sodium salt of amphotericin
B, is water soluble (�100 mg/ml) and is well tolerated in animals
with minimal toxicity. In rats, it is safe up to a level of 250 mg/kg of
body weight/day when administered by oral gavage for 28 days
(pre-investigational new drug [pre-IND] document submitted to
the U.S. Food and Drug Administration).

We have now shown that, in vitro, corifungin effectively kills
the trophozoites of A. castellanii at 100 and 200 �M. The growth
inhibition persisted throughout 120 h of incubation. Corifungin
also induced the encystation process of A. castellanii. Current
treatment failures are usually attributed to the ability of amebae to
convert to cyst forms that are resistant to the currently employed
drugs. Ultrastructural analysis showed that corifungin damaged
the cyst wall and ultimately produced cyst lysis (Fig. 5).

Amphotericin B is a membrane-active drug that likely forms
channel-like structures (pores) spanning the lipid bilayer (30–32).
The transmission electron microscopy study results are consistent
with a similar mechanism of action for corifungin. Corifungin
damaged the plasma membrane of trophozoites as well as cyto-
plasmic organelle membranes. There was loss of the inner wall of
cysts (Fig. 4 and 5). Corifungin targets mitochondria more effec-
tively than amphotericin B in Aspergillus terreus (J. Tunac, unpub-
lished observations) (24).

In GAE, Acanthamoeba enters into the central nervous system
via the circulatory system, and many of the currently used drugs
cannot cross the blood-brain barrier, leading to fatal conse-
quences within days or weeks. In a previous study, we also con-
firmed the absence of detectable amebae in the brain of a corifun-
gin-treated mouse model of primary amebic meningoencephalitis

(24). This suggests that corifungin may have the ability to cross the
blood-brain barrier because of enhanced solubility.

In conclusion, we identified corifungin as amebicidal and cys-
ticidal for A. castellanii. Considering its earlier efficacy against
another free-living ameba, N. fowleri, and its orphan-drug desig-
nation in the treatment of primary amebic meningoencephalitis,
corifungin now represents a promising therapeutic option for
Acanthamoeba infection.
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