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Acanthamoeba Keratitis is a vision-threatening infection caused by pathogenic species of the genus Acantha-
moeba. Although not all Acanthamoeba spp. can cause Keratitis, it is important to differentiate pathogenic
species and isolates from nonpathogens. Since extracellular proteases may play a role in ocular pathology, we
used colorimetric, cytopathic, and zymographic assays to assess extracellular protease activity in pathogenic
and nonpathogenic Acanthamoeba. Colorimetric assays, using azo-linked protein as a substrate, showed extra-
cellular protease activity in Acanthamoeba-conditioned medium and differentiated pathogenic and nonpatho-
genic Acanthamoeba. Monolayers of immortalized corneal epithelial cells in four-well plates were used for
cytopathic effect (CPE) assays. Pathogenic Acanthamoeba isolates exhibited marked CPE on immortalized cor-
neal epithelial cells, while nonpathogenic isolates did not exhibit CPE. Protease zymography was performed
with Acanthamoeba-conditioned medium as well as with Acanthamoeba- plus epithelial-cell-conditioned medium.
The zymographic protease assays showed various banding patterns for different strains of Acanthamoeba. In
pathogenic Acanthamoeba isolates, all protease bands were inhibited by phenylmethylsulfonyl fluoride (PMSF),
suggesting serine type proteases, while in nonpathogenic strains only partial inhibition was observed by using
PMSF. The pathogenic Acanthamoeba strains grown under typical laboratory conditions without epithelial cells
exhibited one overexpressed protease band of 107 kDa in common; this protease was not observed in non-

pathogenic Acanthamoeba strains. The 107-kDa protease exhibited activity over a pH range of 5 to 9.5.

Acanthamoeba spp. are a group of free-living amoebae
which are widely distributed in soil, fresh water, marine envi-
ronments, swimming pools, heating and cooling ducts, water
supplies, and even eye wash stations (1). These amoebae can
survive adverse conditions by forming resistant cysts which are
impervious to inorganic chlorine up to 50 ppm (14). Tropho-
zoites (vegetative cells) are sensitive to chlorine at 2 ppm, but
even this concentration is well in excess of that achieved in
public water supplies (<1 ppm) (14). Given access, many
Acanthamoeba species will colonize human tissue. Most cases
of acanthamoebiasis are associated with eye keratitis princi-
pally related to contact lens wear through application of lenses
contaminated with Acanthamoeba (7, 10). Acanthamoeba in-
fections are relatively infrequent; over the past 15 years an
increase in the number of Acanthamoeba infections has been
observed. This likely reflects the increased use of contact
lenses (16, 17); estimates suggest that there are over 25,000,000
contact lens wearers in the United States alone (15).

A classification of Acanthamoeba based on morphological
characteristics is still in use (16). Attempts to correlate patho-
genicity with species by using this scheme have proven difficult
and thus presents a problem for clinical diagnosis. For this
reason, there is a need to develop assays that can be used to
differentiate between pathogenic and nonpathogenic isolates
of Acanthamoeba.

Intracellular and extracellular proteases have been reported
from a number of other protozoa (8). Amoebic proteases are
important in tissue invasion, migration, and host pathology (9,
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10). Extracellular proteases from trophozoites of Acanthamoe-
ba induced damage to collagen shields in an in vitro and an in
vivo rat cornea model (5).

In this study, we have attempted to show that extracellular
proteases of Acanthamoeba are markers for differentiating
pathogenic from nonpathogenic organisms.

MATERIALS AND METHODS

Culture of amoeba. All reagents were obtained from Sigma (St. Louis, Mo.).
All species and isolates of Acanthamoeba (Table 1) were grown axenically in
PYG medium (Proteose Peptone, 0.75% [wt/vol]; yeast extract, 0.75% [wt/vol];
glucose, 1.5% [wt/vol]) at 30°C without shaking. Immortalized corneal epithelial
cells, kindly provided by D. Walton (Department of Medicine, University of
Hull, Hull, HU6 7RX, United Kingdom), were grown in minimum essential
medium (MEM; Sigma catalog no. M3786) without serum at 37°C in 5% CO,.

For the assays of extracellular protease activity, cytopathic effect (CPE), and
zymography, Acanthamoeba organisms (10°) were incubated in MEM without
serum at 37°C in a 5% CO, incubator for 24 h. Acanthamoeba organisms were
removed from the medium by centrifugation (100 X g for 5 min), and the
supernatant, termed Acanthamoeba-conditioned medium (ACM), was used for
the assays. UV-killed Acanthamoeba organisms (Acanthamoeba organisms
treated with UV for 1 h) were used to determine if internal proteases were
released from cells during the centrifugation process. The viability of UV-killed
Acanthamoeba organisms was assayed by culturing them in PYG medium.

Protease assays. Protease activity in conditioned medium was determined by
a colorimetric method (13). Briefly, 200 ul of 1-mg ml~! azocasein or azoalbu-
min was incubated with 100 pl of ACM for 60 min. Reactions were stopped by
adding 10% trichloroacetic acid (TCA) and shaking, mixtures were left for 15
min and then centrifuged, and finally, 1 ml of supernatant was added to 1 ml of
1 M NaOH. Absorbance of this solution was determined at 440 nm and then
converted to units of protease activity by the equation (absorbance/extinction
coefficient) X 10° = micromoles of dye, and micromoles of dye are converted to
units of enzyme by the equation 1 U of enzyme activity = 1 wmol of substrate
converted per min. In negative controls, ACM was added immediately prior to
the addition of TCA.

CPE assays. The pathogenicity of intact Acanthamoeba cells was assayed by
observing degradation of epithelial-cell monolayers essentially as described else-
where (3). Briefly, epithelial cells were grown to a monolayer in 4-well plates
using MEM without serum. Either pathogenic or nonpathogenic intact Acantha-
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TABLE 1. Acanthamoeba strains tested in the present study

Designation Species Strain® Source® Pat]il;%:e;}i; i;)slsgssted
Spl Acanthamoeba sp. PHLS Keratitis, U.K. Pathogen
Sp2 Acanthamoeba sp. PHLS Keratitis, U.K. Pathogen
Sp3 A. castellanii ATCC 30234 Fresh water, U.S. Pathogen
Sp4 Acanthamoeba sp. PHLS Keratitis, U.K. Pathogen
Sp5 A. palestinensis CCAP 15471 Soil, Israel (1933) Nonpathogen
Sp6 A. astronyxis CCAP 1534/1 Fresh water, U.S. (1944) Nonpathogen
Sp7 A. polyphaga CCAP 1501/3C Fresh water, U.S. (1967) Nonpathogen
Sp8 A. royreba CCAP 1501/7 BeWo tissue culture, U.S. (1977) Nonpathogen
Sp9 A. griffini ATCC 30731 Marine, U.S. Unknown

“ PHLS, Public Health Laboratory Services, Leicester, United Kingdom; CCAP, Culture Collection of Algae and Protozoa, Ambleside, Cumbria, United Kingdom;

UK. ATCC, American Type Culture Collection, Manassas, Va.
> U.K., United Kingdom; U.S., United States.

moeba cells (10°) or ACM (10% or 30%) was added to these monolayers, and the
plates were incubated at 37°C in a 5% CO, incubator for 12 to 24 h. Monolayer
CPE was assessed visually after eosin staining or by a cytotoxicity assay deter-
mined by using a cytotoxicity detection kit (lactate dehydrogenase [LDH]; cat-
alog no. 1644793; Bochringer Mannheim, Indianapolis, Ind.) based on the mea-
surement of LDH activity released from damaged cells using the 96-well plates.
Briefly, cell supernatant containing LDH catalyzes the conversion of lactate
(solution from kit) to pyruvate, generating NADH and H™. In the second step,
the catalyst (diaphorase, solution from kit) transfers H and H* from NADH and
H™ to the tetrazolium salt p-iodo-nitrotetrazolium violet (INT), which is reduced
to formazon (dye), and absorbance is read at 492 nm. For the cytotoxicity assay,
hydrogen peroxide-treated epithelial-cell monolayers were used to give 100%
cell death (high control). A control with untreated epithelial cells alone was used
to give the zero value. Absorbance was converted to percent cytotoxicity as
follows: (experimental absorbance/high-control absorbance) X 100 = percent
cytotoxicity.

Zymography. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels containing gelatin (2 mg ml~!) were used for zymography of
ACM from pathogenic and nonpathogenic species as well as from Acanthamoeba
with epithelial-cell-conditioned medium essentially as described previously (3).
Briefly, 5 ul of ACM was diluted (1:1) with electrophoresis sample loading buffer
and then applied to the gels. After electrophoresis, gels were soaked in 2.5%
Triton X-100 (wt/vol) solution for 60 min, incubated in a developing buffer (50
mM Tris-HCL, pH 7.5, containing 10 mM CaCl,) at 37°C overnight, rinsed, and
stained with Coomassie brilliant blue. Areas of gelatin digestion were visualized
as nonstaining regions in the gel. In some experiments, samples were pretreated
with phenylmethylsulfonyl fluoride (PMSF, an inhibitor of serine protease; 1
mM), aprotonin (a serine protease inhibitor; 5 U/ml), and iodoacetamide (a
cysteine protease inhibitor; 1 mM) for 30 min prior to electrophoresis, or 1,10-
phenanthroline (a metalloprotease inhibitor; 1 mM) in the developing buffer.
For pH profile studies, gels were incubated at different pH values using different
buffers. The following developing buffers were used to assess the effect of pH on
the protease: citrate-phosphate buffer (pH 4 to 5.5), N-(2-morpholino)ethane-
sulfonic acid (MES) (pH 5.5 to 6.7) and bis-Tris propane (pH 6.3 to 9.5).
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FIG. 1. Extracellular protease activities of pathogenic and nonpathogenic
isolates of Acanthamoeba obtained by colorimetric assay. Sp1, Acanthamoeba sp.;
Sp2, Acanthamoeba sp.; Sp3, A. castellanii; Sp4, Acanthamoeba sp.; Sp9, A. grif-
fini; SpS, A. palestinensis; Sp6, A. astronyxis. Error bar, standard deviation of the
mean. One unit of enzyme activity is 1 wmol of substrate converted per min.

RESULTS

Protease assays. A clear distinction can be seen between
protease (ACM) activity in pathogenic and nonpathogenic spe-
cies of Acanthamoeba (Fig. 1). All pathogenic isolates (Spl,
Sp2, Sp3, Sp4) exhibited significantly higher protease activity
than the nonpathogenic isolates (Sp5, Sp6) (P < 0.01; ¢-statis-
tic, 13.0826, calculated using unpaired t-test using SlideWrite
Plus, version 3 for Windows, for pathogenic and nonpatho-
genic isolates except for A. griffini (Sp9), which exhibited ac-
tivity intermediate between the two groups. UV-killed Acan-
thamoeba organisms exhibited no extracellular protease
activity and did not show any growth in the viability assays.

CPE assays. Results of the LDH assays showed (Table 2)
that pathogenic species of Acanthamoeba produced marked
cytotoxicity in epithelial cells after incubation for 24 h. No
epithelial-cell cytotoxicity was detected in incubations with
nonpathogenic amoebae or ACM. Staining the cell monolayers
revealed that only intact pathogenic species of Acanthamoeba
(Fig. 2A) and ACM from pathogenic amoebae (Fig. 2B) dis-
rupted epithelial-cell monolayers after 12 h. These results were
observed in all Acanthamoeba isolates tested. Although no
epithelial-cell damage can be seen with the naked eye in the
well with 10% ACM from pathogenic Acanthamoeba (Fig. 2B),
small holes were observed microscopically which were not
present in the well with 10% ACM from nonpathogenic Acan-
thamoeba strains. This CPE becomes apparent after 24 h.
However, holes can be clearly observed in the well with 30%
ACM from pathogenic Acanthamoeba isolates (Fig. 2B). This
suggests that extracellular proteases in Acanthamoeba isolates
play some role in epithelial-cell disaggregation.

Zymography. ACM from all Acanthamoeba strains tested
showed different protease banding patterns on gelatin gels
(Fig. 3), and these were unchanged when Acanthamoeba or-

TABLE 2. Cytotoxicity of Acanthamoeba organisms on
immortalized corneal epithelial cells

Sample® % Cytotoxicity
H,0, treated epithelial cells 100
Acanthamoeba sp. (Spl) (P) 99
Acanthamoeba sp. (Sp2) (P) 95
A. palestinensis (Sp5) (NP) 0
A. astronyxis (Sp6) (NP) 0
30% (vol/vol) ACM from Acanthamoeba sp. (Spl) (CO,). 0
30% (volvol) ACM from Acanthamoeba sp. (Spl) (O,) 0
Epithelial cells alone 0

“ P, pathogenic species; NP, nonpathogenic species.
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FIG. 2. (A) Representative effects of intact Acanthamoeba cells on immor-
talized corneal epithelial cells after 12 h. P represents pathogenic and NP rep-
resents nonpathogenic species or strains. (B) Epithelial-cell monolayer disrup-
tion after 24 h using 10 or 30% ACM from Sp1 (P) or Sp6 (NP). Wells containing
30% ACM are indicated by arrows.

ganisms were incubated with epithelial cells. Only one strain is
shown as a representative (Fig. 4, lanes 1 and 2). ACM from
UV-killed amoebae did not exhibit any protease activity in
zymography assays (data not shown). However, ACM from
pathogenic species, incubated in 5% CO, or in an atmospheric
concentration of CO, (Fig. 4) showed a marked change. One
protease becomes predominant when cells are incubated at
atmospheric concentrations of CO,. This protease has a mo-
lecular mass of 107 kDa (Fig. 5) and was inhibited by either
1 mM aprotonin or 1 mM PMSF (Fig. 4, lane 4), suggesting
that this may be a serine protease. The pH profile reveals that
this protease is active in all strains between pH 5 and 9.5 (data
not shown). Interestingly, this protease showed overexpression
only in pathogenic species of Acanthamoeba (Fig. 5).

DISCUSSION

This study has shown that pathogenic and nonpathogenic
Acanthamoeba strains can be differentiated on the basis of
extracellular protease activity using a colorimetric assay. Also,
cytotoxicity assays showed that pathogenic species produced
significant levels of cytotoxicity, thus confirming the results
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FIG. 3. Different Acanthamoeba isolates exhibit different protease banding
patterns. Acanthamoeba organisms (10°) were incubated in 1 ml of MEM with-
out serum at 37°C in a 5% CO, incubator for 24 h. The parasites were removed
from the medium by centrifugation (100 X g for 5 min). Five microliters of the
supernatant was diluted (1:1) in sample buffer, loaded onto an SDS-PAGE gel,
and electrophoresed. Following this, SDS was removed by washing in 2.5%
Triton, and the gel was incubated overnight in developing buffer (pH 7.5) con-
taining 10 mM CaCl,. Note that different isolates of Acanthamoeba exhibit
different banding patterns. Lane 1, Acanthamoeba sp. (Sp2); lane 2, Acantha-
moeba sp. (Sp1); lane 3, Acanthamoeba sp. (Sp4); lane 4, A. castellanii (Sp3); lane
5, Acanthamoeba sp. (Sp5); lane 6, A. polyphaga (Sp7); lane 7, A. astronyxis (Sp6);
lane 8, A. palestinensis (Sp5).

shown by Cao et al. (3). However, it is interesting that dis-
aggregation of epithelial cells occurred when ACM from
pathogenic Acanthamoeba strains was added to immortalized
corneal epithelial-cell monolayers. Although disaggregation
of epithelial cells can be observed, no cytotoxicity was detected
in these wells by using LDH assays. These data suggest that
extracellular proteases may well be involved in separating the
cells or breaking the epithelial-cell layer in in vivo infections.
Interestingly, monolayers incubated with ACM treated with 1
mM PMSF did not exhibit CPE, suggesting the importance of
total protease activity in comparison to any individual pro-
tease.

While no inducible protease was observed in this study, all
tested Acanthamoeba isolates showed different protease band-

107KD

FIG. 4. Different culture conditions alter the protease banding patterns. Acan-
thamoeba organisms (Sp4; 10°) were incubated in 1 ml of MEM without serum
under different culture conditions. Lane 1, conditioned medium from Acantha-
moeba organisms incubated with epithelial cells at 37°C in a 5% CO, incubator;
lane 2, Acanthamoeba organisms incubated without epithelial cells (ACM) at
37°Cin a 5% CO, incubator; lane 3, Acanthamoeba organisms incubated without
epithelial cells (ACM) at 37°C in an atmospheric concentration of CO,; lane 4,
conditioned medium from Acanthamoeba sp. (Sp4; pathogenic) treated with 1
mM PMSF, showing complete inhibition; lane 5, ACM from A. astronyxis (non-
pathogenic [Sp6]); lane 6, ACM from A. astronyxis treated with 1 mM PMSF,
showing partial inhibition. Note the change in the protease banding pattern with
different culture conditions. Five microliters of ACM was used per lane.
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FIG. 5. Overexpression of a 107-kDa protease in pathogenic isolates of Acan-
thamoeba only. Acanthamoeba parasites (10°) were incubated in 1 ml of MEM
without serum at 37°C at an atmospheric concentration of CO, for 24 h. The
parasites were removed from the media by centrifugation (100 X g for 5 min).
Five microliters of the supernatant was diluted (1:1) in sample buffer, loaded
onto an SDS-PAGE gel, and electrophoresed. Following this, SDS was removed
by washing in 2.5% Triton, and the gel was incubated overnight in developing
buffer (pH 7.5) containing 10 mM CaCl,. Note that the 107-kDa protease is
overexpressed only in pathogenic Acanthamoeba strains. Lane 1, A. astronyxis
(Sp6); lane 2, A. palestinensis (Sp5); lane 3, A. polyphaga (Sp7); lane 4, Acantha-
moeba sp. (Sp4); lane 5, Acanthamoeba sp. (Sp9); lane 6, A. castellanii (Sp3); lane
7, Acanthamoeba sp. (Sp2); lane 8, Acanthamoeba sp. (Spl).

ing patterns in zymography. Extracellular proteases from all
pathogenic Acanthamoeba isolates tested could be inhibited by
PMSF and aprotonin, suggesting serine type proteases. Other
protease inhibitors tested at 1 mM did not inhibit extracellular
proteases from pathogenic Acanthamoeba isolates. Pathogenic
Acanthamoeba isolates showed higher protease activity in col-
orimetric assays than nonpathogenic Acanthamoeba isolates,
suggesting the role of proteases in pathogenicity.

The mechanisms of Acanthamoeba-induced CPEs are not
known, but the data presented here suggest that higher quan-
tities of extracellular proteases from pathogenic compared to
nonpathogenic strains may well be responsible for epithelial-
cell destruction to some extent. Protease activity has already
been reported for a number of protozoan parasites, including
Entamoeba histolytica (6, 12), Giardia lamblia (4), Leishmania
amazonensis (11), and Trypanosoma cruzi (2), and may well be
involved in pathogenicity.

In summary, our data show higher extracellular protease
activities in pathogens compared to nonpathogens, which
could be used as a marker in the differentiation of Acantha-
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moeba spp. Moreover, overexpression of the 107-kDa protease
in pathogenic Acanthamoeba isolates could be of diagnostic
use in differentiation.
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