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<«4Fig. 2 Efficacy of commercial soft contact lens disinfectant solutions

against 1-week-old Acanthamoeba cysts (ATCC 50514). Eight types
of multipurpose solution (MPS; n = 4), two types of hydrogen
peroxide solution (n = 3), and one povidone—iodine solution (n = 3)
were examined to determine their efficacy against 1-week-old
Acanthamoeba cysts. 1/4 Ringer’s solution was used as the control
(n = 7). White bar 2-h treatment; gray bar 4-h treatment; hatched bar
8-h treatment; black bar 24-h treatment. The decrease in the number
of surviving organisms in each solution was expressed logarithmically
(log reduction value). The error bars indicate SEM. The log reduction
value for each solution was compared with that for the control
(*P value 0.01-0.05; **P value 0.001-0.01; ***P value <0.001)

iodine solution yielded more than a 3 log reduction in
1-week-old cysts, significantly greater than that produced
by the control (P < 0.001) (Fig. 2).

Efficacy of soft contact lens disinfectant solutions
against 2-week-old cysts

The MPS examined in this study were less effective against
2-week-old cysts than against trophozoites or 1-week-old
cysts (Fig. 3). When the 2-week-old cysts were treated with
any of the eight MPS for the manufacturer’s recommended
disinfection time (10 min—4 h), no statistically significant
differences were observed between the log reduction val-
ues for the MPS and the control (1/4 Ringer’s solution).
Compared with all other MPS tested in this study, MPS 7
and 8 (PHMB 1.0 ppm) were more effective against
2-week-old cysts, producing a 1.4-1.8 log reduction after
treatment for 24 h, significantly greater than that produced
by the control (P = 0.03 and 0.004 for MPS 7 and 8,
respectively).

In contrast with the results for trophozoites and 1-week
old cysts, the hydrogen peroxide solutions were ineffective
against 2-week-old cysts (Fig. 3). When the 2-week old
cysts were treated for 2, 4, 8, or 24 h with either hydrogen
peroxide solution, no statistically significant differences
were observed between the log reduction values for the
hydrogen peroxide solutions and the control (1/4 Ringer’s
solution).

The povidone-iodine solution had greater disinfectant
efficacy against the 2-week-old cysts than the MPS and the
hydrogen peroxide solutions.

When the 2-week-old cysts were treated with povidone—
iodine solution for 4 h, a 2.6 log reduction was achieved,
significantly greater than that produced by the control
(P < 0.001) (Fig. 3).

Verification of the log reduction method

Table 3 shows the efficacy of disinfectant solutions against
Acanthamoeba trophozoites as measured by inoculating
agar plates coated with E. coli with the treated samples.
The results show that MPS 6 and povidone—iodine solution
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were effective against Acanthamoeba trophozoites whereas
MPS 1 and 5 had no observable effect. When tested against
2-week old Acanthamoeba cysts, MPS 1, 5 and 6 were
ineffective, whereas povidone—iodine solution was effec-
tive. These results are consistent with those obtained using

<« Fig. 3 Efficacy of commercial soft contact lens disinfectant solutions

against 2-week-old Acanthamoeba cysts (ATCC 50514). Eight types
of multipurpose solution (MPS; n = 3), two types of hydrogen
peroxide solution (n = 3), and one povidone—iodine solution (n = 3)
were examined to determine their efficacy against 2-week-old
Acanthamoeba cysts. 1/4 Ringer’s solution was used as the control
(n = 6). White bar 2-h treatment; gray bar 4-h treatment; hatched bar
8-h treatment; black bar 24-h treatment. The decrease in the number
of surviving organisms in each solution was expressed logarithmically
(log reduction value). The error bars indicate SEM. The log reduction
value for each solution was compared with that for the control
(*P value 0.01-0.05; **P value 0.001-0.01; ***P value <0.001)

the log reduction method, and suggest that the log reduc-
tion method is a reliable means of evaluating disinfectant
efficacy (Table 4).

Evaluation of disinfectant solution efficacy against
A. castellanii (ATCC 50370)

Figure 4 shows the efficacy of selected disinfectant solu-
tions against A. castellanii (ATCC 50370) as measured by
the log reduction method. MPS 1 and 5 were not statisti-
cally different from the control (1/4 Ringer’s solution),
whereas MPS 6 and povidone—iodine solution had high
biocidal activity against trophozoites; these solutions pro-
duced a 2.2-3.4 log reduction, significantly higher than that
found for the control (P < 0.001). When 2-week-old cysts
were treated with povidone-iodine solution, a 1.1 log
reduction was achieved, significantly greater than that
produced by the control (P < 0.001). However, no statis-
tically significant differences were observed between the
log reduction values for MPS 1, 5, or 6 and the control (1/4
Ringer’s solution) (Fig. 4). These results are similar to the
results obtained for A. castellanii (ATCC 50514), and
suggest that the two strains respond similarly to the dis-
infectant solutions tested in this study.

Discussion

This study investigated the efficacy of commercially mar-
keted SCL disinfectant solutions against Acanthamoeba
trophozoites and cysts. MPS had widely variable effects on
the organisms, despite the fact that all solutions except for
MPS 5 use PHMB as the disinfecting agent. Most MPS
currently marketed in Japan contain 1 ppm PHMB, which is
within the range of the minimum trophozoite amoebicidal
concentration for PHMB (0.87-1.3 ppm; minimum con-
centration required for complete destruction of trophozoites
in 24-48 h), but lower than the established minimum cys-
ticidal concentration (2.11-3 ppm; minimum concentration
required to prevent excystment and trophozoite replication)
[24-26]. This may explain why the MPS tested in this study
were ineffective against 2-week-old cysts.
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Table 3 Efficacy of
commercial soft contact lens
disinfectant solutions against
Acanthamoeba trophozoites

Number of plates positive for A. castellanii (%)

Experiment 1

Experiment 2

Experiment 3

(ATCC 50514) tested by 1/4 Ringer’s solution

culturing samples on agar plates MPS 1
coated with E. coli MPS 5
MPS 6

Povidone-lodine Solution 1

3/3 (100) 3/3 (100) 3/3 (100)
3/3 (100) 3/3 (100) 3/3 (100)
3/3 (100) 3/3 (100) 3/3 (100)
073 (0) 0/3 (0) 073 (0)
0/3 (0) 0/3 (0) 0/3 (0)

- Table 4 Efficacy of

commercial soft contact lens
disinfectant solutions against
Acanthamoeba cysts (ATCC

Number of plates positive for A. castellanii (%)

Experiment 1 Experiment 2 Experiment 3

50514) tested by culturing 1/4 Ringer’s solution 3/3 (100) 3/3 (100) 3/3 (100)
Sa}‘;lpgfs 02_*’%“ plates coated MPS 1 3/3 (100) 3/3 (100) 3/3 (100)
with 5. con MPS 5 3/3 (100) 3/3 (100) 3/3 (100)
MPS 6 3/3 (100) 3/3 (100) 3/3 (100)
Povidone-Iodine Solution 1 3/3 (100) 1/3 (33.3) 1/3 (33.3)
a Log reduction b Log reduction
0 1 2 3 4 0 1 2 3 4
1/4 Ringer’s 1/4 Ringer’s B
Solution Solution
MPS1 | MPS1
MPSS MPS5
MPS6 MPS6
Povidone-lodine Povidone-lodine
Solution 1 Solution 1

Fig. 4 Efficacy of commercial soft contact lens disinfectant solutions
against Acanthamoeba trophozoites and cysts (ATCC 50370). Three
types of multipurpose solution (MPS; n = 4) and one povidone—
iodine solution (n = 4) were examined to determine their efficacy
against A. castellanii ATCC 50370 trophozoites (a) and cysts (b). 1/4
Ringer’s solution was used as the control (n = 4). The decrease in the

With regard to MPS activity against trophozoites, our
study found that many types of MPS are ineffective,
although MPS 6 and MPS 7 had strong biocidal activity
similar to that of hydrogen peroxide or povidone—iodine
solutions (>3 log reduction after 4 h). Numerous previous
studies suggest that the effect of PHMB may be altered by
inactive ingredients included in the commercially marketed
contact lens disinfectant solutions. Beattie et al. [10]
evaluated the efficacy of six different types of MPS con-
taining either PHMB or Polyquad against Acanthamoeba,
and reported that even MPS which contained the same
concentration of the disinfectant had different disinfectant

@ Springer

number of surviving organisms in each solution was expressed
logarithmically (log reduction value). The error bars indicate SEM.
The log reduction value for each solution was compared with that for
the control (*P value 0.01-0.05; **P value 0.001-0.01; ***P value
<0.001)

efficacy. Similar phenomena were reported for the effects
of different formulations of disinfectants against bacteria
and fungi [27]. These differences were attributed to inac-
tive ingredients in MPS, for example buffering agents,
stabilizing agents, isotonizing agents and surfactants,
which may interfere with the mechanism of PHMB. PHMB
contains biguanide, a cation which enables it to adhere to
the negatively charged surface of microorganisms. Upon
adhering to phosphate-containing compounds, PHMB
induces changes in cell membrane permeability leading
to potassium efflux and eventual loss of membrane func-
tion and cell death [23]. Therefore, negatively charged
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ingredients are particularly likely to interact electrostati-
cally with PHMB and interfere with its ability to adhere to
cell membranes and compromise their integrity [27].

Several types of inactive ingredient found in the products
tested in this study may affect their efficacy. Buffering
agents ensure that the pH of the MPS is similar to that of
tears, and are necessary to minimize discomfort during lens
wear. Most MPS contain phosphate, borate, or citrate buf-
fers (Table 2). Of these, citrate has been found to attenuate
the effect of PHMB against bacteria and fungi [28], possibly
because citrate contains a negatively charged carboxyl

“group which interacts electrostatically with positively
charged PHMB. Most stabilizing agents (EDTA and poly-
lysine) and isotonizing agents (NaCl, KCl, amino acids)
used in MPS are also ionic compounds (Table 2). Some of
these ingredients, for example EDTA, have intrinsic disin-
fectant effects, but these ingredients also have the capacity
to interact electrostatically with positively charged PHMB.
One study found that EDTA can actually attenuate the
effect of PHMB on Acanthamoeba [30]; it is, therefore, still
unclear whether it is beneficial to include EDTA in MPS.

MPS also contain several types of surfactant, which are
included to remove protein residues from lenses and to
improve comfort during lens wear. Most surfactants found
in MPS are nonionic compounds (poloxamer, poloxamine,
propylene glycol), and are not likely to directly affect the
activity of PHMB. However, these ingredients are reported
to contribute to the survival of Acanthamoeba, because of
their tendency to protect microorganisms by aiding biofilm
formation and inducing amoebal encystment [31, 32].
Nevertheless, much about the individual and collective
effects of these compounds on the disinfectant efficacy of
PHMB remains unclear, and further studies are necessary
to clarify these matters.

The hydrogen peroxide and povidone-iodine solutions
used in this study were effective against Acanthamoeba
trophozoites, but less effective against 2-week-old cysts,
especially hydrogen peroxide. All of these solutions were
the one-step type, meaning that neutralization was initiated
concurrently with the start of disinfection. Therefore, dur-
ing the 4 h allowed for disinfection, it is possible that the
neutralization tablets or platinum disks may have neutral-
ized the active ingredients (hydrogen peroxide or povi-
done—iodine) such that the concentration of active
disinfectant prematurely fell below that needed for ade-
quate disinfection. This theory is supported by the fact that
both the hydrogen peroxide and povidone—iodine solutions
caused a decrease in the number of surviving organisms
during the first 4 h of treatment, but no further significant
decrease in surviving organisms was observed during 20
subsequent hours. In addition, previous studies show that
two-step hydrogen peroxide solutions, which enable neu-
tralization to be carried out after disinfection, are more

effective than one-step solutions against Acanthamoeba
[33, 34]. If adequate disinfection is the top priority, two-
step solutions may be ideal. However, as these solutions
are more complicated, and are associated with the risk of
forgetting to neutralize the solution, further discussion is
necessary to determine how best to resolve this dilemma.
One possible solution may be to improve the efficacy of
one-step solutions by making adjustments to the formula-
tion that delay the onset of neutralization.

Acanthamoeba cysts are highly resistant to many forms
of environmental stress, including desiccation, ultraviolet
light, and extreme cold or heat, and can, therefore, survive
in a variety of different environments [29, 35]. Encystment
also enables organisms to gain increased resistance to
chemical stresses such as disinfectants [10, 14]. MPS and
hydrogen peroxide solutions tested in this study were less
effective against 2-week-old cysts than against trophozo-
ites. All the MPS tested failed to significantly reduce
numbers of 2-week-old cysts compared with the control
(1/4 Ringer’s solution) within the manufacturer’s recom-
mended disinfection time (4 h). In addition, consistent with
previous reports [14, 17, 35], this study found that both
types of hydrogen peroxide solution were also relatively
ineffective against 2-week-old cysts. These results suggest
that MPS and hydrogen peroxide solutions do not provide
adequate protection against mature cysts. In contrast,
treatment with the povidone—iodine solution led to an
approximately 2.5 log reduction in 2-week-old cysts within
the manufacturer’s recommended disinfection time (4 h),
efficacy superior to that of all the other solutions tested.

When the effects of disinfectant solutions against 1 and
2-week-old cysts were compared in this study, 2-week-old
cysts were found to be highly resistant to all solutions,
whereas 1-week-old cysts were either equally or slightly
more susceptible to the solutions than trophozoites. Pre-
vious investigations of cyst sensitivity to disinfectants have
been carried out at different times after inducing encyst-
ment. However, the results of this study suggest that cyst
maturity should be considered more carefully when car-
rying out studies of disinfectant efficacy. In the past, cyst
maturity was thought to be affected by the method used to
induce encystment. However, subsequent studies have
shown that cysts respond similarly to PHMB irrespective of
whether encystment is induced by culture in Neff’s con-
stant-pH encystment medium or non-nutrient agar [36, 37].
On the other hand, when Kilvington and Anger [37]
examined the sensitivity to MPS of comparatively imma-
ture cysts (0.5-7 days from the onset of encystment), they
discovered that cysts become progressively less sensitive to
the solutions as they mature. Our results and Kilvington
and Anger’s findings both suggest that cysts remain sen-
sitive to PHMB even after incubation in an encystment
medium for 1 week, and only gain resistance to the
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disinfectant after undergoing further maturation. Because
the maturity of the cysts seems to have a strong effect on
their sensitivity to disinfectants, it is necessary to adopt
standardized methods of inducing encystment and evalu-
ating cyst maturity when conducting comparative investi-
gations of disinfectant solutions.

The results of this study confirm that many SCL disin-
fectant solutions commercially marketed in Japan are not
adequately effective against Acanthamoeba, and cannot be
expected to completely disinfect SCL. These findings
highlight the importance of waming SCL users about the

"risks of AK, and thorough education about correct lens care
practices. Previous studies indicate that topping up old
disinfectant solution, inadequate lens case hygiene, failure
to wash the hands before handling SCL, and elimination of
rubbing and rinsing steps are risk factors for AK. In par-
ticular, rubbing and rinsing should be emphasized to SCL
wearers because it can prevent Acanthamoeba from
adhering to SCL [38]. In addition, further investigation of
the inactive ingredients in disinfectant solutions is war-
ranted in order to maximize the efficacy of disinfectants in
future products. Objective standards for evaluating disin-
fectant efficacy against Acanthamoeba have not yet been
established. However, the log reduction method used in
this study yields objective and quantitative results, and
should be regarded as a simple and reliable way of eval-
uating the biocidal activity of disinfectant solutions against
Acanthamoeba.

Acknowledgments This study was a collaborative effort made
possible by assistance from the National Consumer Affairs Center of
Japan and the Japan Contact Lens Society. The authors would like to
thank Ai Onodera, Satoshi Fuknyama, Kazumi Hishida, Saori Sourin,
and Tetsuo Yanagihashi of the National Consumer Affairs Center of
Japan Product Testing Department for their contributions to this
study. The authors would also like to thank Dr Yasuhisa Ishibashi for
his critical suggestions.

References

1. Radford CF, Lehmann OJ, Dart JK. Acanthamoeba keratitis:
multicentre survey in England 1992-6. National Acanthamoeba
Keratitis Study Group. Br J Ophthalmol. 1998;82:1387-92.

2. Seal DV. Acanthamoeba keratitis update-incidence, molecular
epidemiology and new drugs for treatment. Eye (London). 2003;
17:893-905.

3. Thebpatiphat N, Hammersmith KM, Rocha FN, Rapuano CIJ,
Ayres BD, Laibson PR, et al. Acanthamoeba keratitis: a parasite
on the rise. Cornea. 2007;26:701-6.

4. National Surveillance of Infectious Keratitis in Japan—current
status of isolates, patient background, and treatment. Nippon
Ganka Gakkai Zasshi. 2006;110:961-72.

S. Gray TB, Cursons RT, Sherwan JF, Rose PR. Acanthamoeba,
bacterial, and fungal contamination of contact lens storage cases.
Br J Ophthalmol. 1995;79:601-5.

6. Mlingworth CD, Cook SD. Acanthamoeba keratitis. Surv Oph-
thalmol. 1998;42:493-508.

) Springer

10.

11

12.

13.

14.

15.

16.

17.

18.

20.

21

22.

23.

24.

25.

27.

. Kilvington S, Gray T, Dart J, Morlet N, Beeching JR, Frazer DG,

et al. Acanthamoeba keratitis: the role of domestic tap water
contamination in the United Kingdom. Invest Ophthalmol Vis
Sci. 2004;45:165-9.

. Larkin DF, Kilvington S, Easty DL. Contamination of contact

lens storage cases by Acanthamoeba and bacteria. Br J Oph-
thalmol. 1990;74:133-5.

. Acanthamoeba keratitis multiple states, 2005-2007. MMWR

Morb Mortal Wkly Rep. 2007;56:532-4.

Beattie TK, Seal DV, Tomlinson A, McFadyen AK, Grimason
AM. Determination of amoebicidal activities of multipurpose
contact lens solutions by using a most probable number enumer-
ation technique. J Clin Microbiol. 2003;41:2992-3000.
Borazjani RN, Kilvington S. Efficacy of multipurpose solutions
against Acanthamoeba species. Contact Lens Anterior Eye.
2005;28:169-75.

Lonnen J, Heaselgrave W, Nomachi M, Mori O, Santodomingo-
Rubido J. Disinfection efficacy and encystment rate of soft con-
tact lens multipurpose solutions against Acanthamoeba. Eye
Contact Lens. 2010;36:26-32.

Kilvington S, Anthony Y, Davies DJ, Meakin BJ. Effect of
contact lens disinfectants against Acanthamoeba cysts. Rev Infect
Dis. 1991;13(Suppl 5):S414-5.

Mowrey-McKee M, George M. Contact lens solution efficacy
against Acanthamoeba castellani. Eye Contact Lens. 2007;33:
211-5.

Nauheim RC, Brockman RJ, Stopak SS, Turgeon PW, Keleti G,
Roat MI, et al. Survival of Acanthamoeba in contact lens rinse
solutions. Cornea. 1990;9:290-3.

Silvany RE, Dougherty JM, McCulley JP. Effect of contact lens
preservatives on Acanthamoeba. Ophthalmology. 1991;98:854-7.
Silvany RE, Dougherty JM, McCulley JP, Wood TS, Bowman
RW, Moore MB. The effect of currently available contact lens
disinfection systems on Acanthamoeba castellanii and Acantha-
moeba polyphaga. Ophthalmology. 1990;97:286-90.

Kilvington S, Heaselgrave W, Lally M, Ambrus K, Powell H.
Encystment of Acanthamoeba during incubation in multipurpose
contact lens disinfectant solutions and experimental formulations.
Eye Contact Lens. 2008;34:133-9.

. Niederkorn JY, Ubelaker JE, McCulley JP, Stewart GL, Meyer

DR, Mellon JA, et al. Susceptibility of corneas from various animal
species to in vitro binding and invasion by Acanthamoeba castel-
lanii [corrected]. Invest Ophthalmol Vis Sci. 1992;33:104-12.
Neff R, Ray S, Benton W, Wilborn M. Induction of synchronous
encystment (differentiation) in Acanthamoeba sp. Methods Cell
Physiol. 1964;1:55-83.

Hamilton M, Russo R, Thurston R. Trimmed Spearman-Karber
method for estimating median lethal concentrations in toxicity
bioassays. Environ Sci Technol. 1977;11:714-9.

Johnston SP, Sriram R, Qvarnstrom Y, Roy S, Verani J, Yoder J,
et al. Resistance of Acanthamoeba cysts to disinfection in mul-
tiple contact lens solutions. J Clin Microbiol. 2009;47:2040-5.
McDonnell G, Russell AD. Antiseptics and disinfectants: activity,
action, and resistance. Clin Microbiol Rev. 1999;12:147-79.
Elder MJ, Kilvington S, Dart JK. A clinicopathologic study of in
vitro sensitivity testing and Acanthamoeba keratitis. Invest
Ophthalmol Vis Sci. 1994;35:1059-64.

Hay J, Kirkness CM, Seal DV, Wright P. Drug resistance and
Acanthamoeba keratitis: the quest for alternative antiprotozoal
chemotherapy. Eye (London). 1994;8(Pt 5):555-63.

. Larkin DF, Kilvington S, Dart JK. Treatment of Acanthamoeba

keratitis with polyhexamethylene biguanide. Ophthalmology.
1992;99:185-91.

Yanai R, Ueda K, Nishida T, Mori O. Comparison of antimi-
crobial activity and cytotoxicity of commercial multipurpose
solution. J Jpn CL Soc. 2007;49:S13-8.



Disinfectant against Acanthamoeba

557

28.

29.

30.

31

32.

33.

Yanai R, Ueda K, Nishida T, Mori O, Toyohara M. Influence of
buffering agents on anti-microbial efficacy of polyhexamethylene
biguanide. J Jpn CL Soc. 2008;50:234-7.

Shiraishi A. Current issue of multipurpose contact lens solutions.
Nihonno Gannka. 2008;79:727-32.

Khunkitti W, Lloyd D, Furr JR, Russell AD. The lethal effects of
biguanides on cysts and trophozoites of Acanthamoeba castella-
nii. J Appl Bacteriol. 1996;81:73-7.

Imayasu M, Uno T, Ohashi Y, Cavanagh HD. Effects of multi-
purpose contact lens care solutions on the adhesiveness of
Acanthamoeba to corneal epithelial cells. Eye Contact Lens.
2009;35:246-50.

Zhang S, Ahearn DG, Noble-Wang JA, Stulting RD, Schwam
BL, Simmons RB, et al. Growth and survival of Fusarium solani-
F. oxysporum complex on stressed multipurpose contact lens care
solution films on plastic surfaces in situ and in vitro. Cornea.
2006;25:1210-6.

Hiti K, Walochnik J, Haller-Schober EM, Faschinger C, Aspock
H. Viability of Acanthamoeba after exposure to a multipurpose

34.

35.

36.

37.

38.

disinfecting contact lens solution and two hydrogen peroxide
systems. Br J Ophthalmol. 2002;86:144-6.

Hughes R, Kilvington S. Comparison of hydrogen peroxide contact
lens disinfection systems and solutions against Acanthamoeba po-
lyphaga. Antimicrob Agents Chemother. 2001;45:2038-43.
Aksozek A, McClellan K, Howard K, Niederkorn JY, Alizadeh H.
Resistance of Acanthamoeba castellanii cysts to physical, chemical,
and radiological conditions. J Parasitol. 2002;88:621-3.

Hughes R, Heaselgrave W, Kilvington S. Acanthamoeba po-
lyphaga strain age and method of cyst production influence the
observed efficacy of therapeutic agents and contact lens disin-
fectants. Antimicrob Agents Chemother. 2003;47:3080-4.
Kilvington S, Anger C. A comparison of cyst age and assay
method of the efficacy of contact lens disinfectants against
Acanthamoeba. Br J Ophthalmol. 2001;85:336-40.

Butcko V, McMahon TT, Joslin CE, Jones L. Microbial keratitis
and the role.of rub and rinsing. Eye Contact Lens. 2007;33:421--3
(discussion 4--5).

@ Springer



Assessment of Real-Time Polymerase Chain
Reaction Detection of Acanthamoeba and
Prognosis Determinants of Acanthamoeba
Keratitis
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Objective: To evaluate the diagnostic value of real-time polymerase chain reaction (PCR) for detecting
Acanthamoeba in eyes diagnosed with Acanthamoeba keratitis (AK) by conventional tests. In addition, to
determine the preoperative prognosis-determining factors in eyes. with AK.

Design: Retrospective, cross-sectional study.

Participants: A total of 104 eyes of 103 patients who were diagnosed with AK or with bacterial or
bacteria-associated keratitis (BK) by conventional tests.

Methods: Twenty-nine eyes with AK and 75 eyes with BK were evaluated for Acanthamoeba and bacterial
DNA by real-time PCR. The Acanthamoeba copy numbers, bacterial load, and clinical parameters in the patients
with AK were assessed for those significantly associated with poor outcome, that is, final visual acuity of <20/50
or requiring keratoplasty, by logistic regression analysis.

Main Outcome Measures: Acanthamoeba DNA copy number, bacterial DNA copy number, and odds ratio
(OR) for poor prognosis.

Results: The detection of amoebic DNA was 50 times more sensitive by real-time PCR than by conventional
cyst counting. The Acanthamoeba copy numbers at the first visit (mean: 4.7x10°+3.2x10° copies) were
significantly correlated with the AK stage, and both were significant risk factors for a poor outcome. The
Acanthamoeba DNA copy numbers at the first visit and AK stage had a significantly high risk for poor outcome
(OR of Acanthamoeba DNA copy per logarithm of copy numbers: 3.48, 95% confidence interval [CI], 1.04—-
111.63, P<0.05; OR of AK stage: 2.8 per stage increase, 95% CI, 1.07-7.30, P<0.05, after adjustment of age).
In the AK cases with poor outcome, the amoebic DNA was not reduced by more than 90% after 1 month of
treatment. The weak amoebic reduction was significantly associated with advanced AK stages or previous use
of steroids. Bacterial 16S rDNA was detected in 53.6% of the eyes with AK, but it was not associated with any

risk for refractoriness.
Conclusions:

Real-time PCR was effective in detecting and managing AK. The Acanthamoeba copy number

and AK stage at the first visit were significantly associated with poor outcome.
Financial Disclosure(s): The author(s) have no proprietary or commercial interest in any materials discussed
in this article. Ophthalmology 2012;xx:xxx © 2012 by the American Academy of Ophthalmology.

Acanthamoeba keratitis (AK) is a destructive discasc pro-
cess with significant visual morbidity, and prompt diagnosis
is important for good visual outcome. However, the avail-
able Acanthamoeba tests are generally not sensitive enough
for precise diagnosis. At present, staining corneal smears
with Calcofluor and Fungiflora Y is probably the most
effective method of diagnosing AK.' However, false nega-
tives can occur, which cause a delay of treatment leading to
poor visual outcomes.

Another difficulty with AK is in cvaluating the effective-
ness of a treatment protocol because of the absence of reliable
and quantitative methods of determining the Acanthamoeba
copy numbers. In refractory cases, the immunologic responses

© 2012 by the American Academy of Ophthalmology
Published by Elsevier Inc.

can worsen even after weeks of intensive treatment, and dense
nfiltrations can then develop in the lesion. Under these con-
ditions, qualitative tests (e.g., culturing and smear staining) do
not provide sufficient information on whether the treatment has
reduced the Acanthamoeba copy numbers. Thus, tests that are
more sensitive and provide quantitative values of the Acan-
thamoeba copy numbers will be helpful.

Acanthamoeba is innocuous unless embedded in a dis-
eased cornea or central nervous system. In addition, Acan-
thamoeba can be an opportunistic pathogen in immune-
compromised hosts.? Free-living Acanthamoeba ingest
mainly bacteria, and AK can develop in eyes with bacterial
keratitis and bacteria-associated keratitis (BK).

ISSN 0161-6420/12/S-sec front matter I
doi:10.1016/j.0phtha.2011.12.023
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There is also a possibility that AK can develop in eyes
with advanced BK, but because of the lack of sensitive and
quantitative tests for Acanthamoeba, little information is
available on whether such a cause is possible. To evaluate
such cases, it would be valuable to determine the level of the
Acanthamoeba copy numbers relative to the bacterial load
in the lesion.

Polymerase chain reaction (PCR) measurements are
known to have high sensitivity in detecting amoebic
DNA.*~° Real-time PCR has high sensitivity and the ability
to obtain quantitative values of the degree of AK.

Thus, this study determines the sensitivity and specificity
of real-time PCR in detecting Acanthamoeba DNA in cyes
with AK and with BK. In addition, we determined whether

_the copy numbers of Acanthamoeba were correlated with

the bacterial load in eyes diagnosed with AK and BK by
standard clinical tests. We also used logistic analysis to
determine the clinical parameters that were significantly
associated with poor outcomes. We shall show that the stage
of the AK and the Acanthamoeba copy numbers at the
initial examination are significantly associated with poor
visual outcomes.

Materials and Methods

Diagnosis of Acanthamoeba Keratitis and
Treatment

A total of 104 eyes of 103 patients with suspected infectious
keratitis including AK and BK were studied between January 2006
and December 2010. Of these 103 patients, 49 were men and 54
were women, with a mean age of 48.2+2.2 years. Twenty-nine
eyes of 28 patients were diagnosed with AK. Eleven were men and
17 were women, with a mean age of 26.4*+1.7 years. Twenty-
seven of the patients with AK (96.4%) were contact lens wearers.

Seventeen healthy subjects (9 male and 8 female) with a mean
age of 36.4+1.4 years, who were not contact lens wearers, were
enrolled for examination of their conjunctival scraping by real-
time PCR as normal controls.

The diagnosis of AK was based on a modification of a
described method.** A definitive diagnosis of AK was based on
the clinical characteristics and identification of one or more of
the following findings in the laboratory tests:'~* (1) identifica-
tion of trophozoites or cysts in corneal scrapings stained with
Fungiflora Y,' (2) positive Acanthamoeba cultures, (3) patho-
logic identification of Acanthamoeba cysts on keratoplasty
specimens, and (4) identification of Acanthamoeba genome
from corneal scrapings by PCR.

To collect tissues for staining or culture, the lesions were
scraped or ablated to obtain a sufficient amount of tissue to
maximize the amount of Acanthamoeba trophozoites or cysts.
After this, the corneal bed was swiped, and the swab was pro-
cessed for Acanthamoeba DNA.

The stage of the AK was determined at the first visit and based
on the clinical findings observed by slit-lamp biomicroscopy.*
Briefly, AK was divided into 5 stages of disease severity: 1 =
epitheliitis, 2 = epitheliitis with radial neuritis, 3 = anterior
stromal disease, 4 = deep stromal Keratitis, and 5 = ring infiltrate
or extra corneal inflammation.

After a definitive diagnosis of AK, most of the patients were
treated with hourly instillations of 0.2% f{luconazole, 1% voricona-
zole, 0.02% polyhexamethylene biguanide, 0.02% chlorhexidine
gluconate, and 200 mg of oral itraconazole. The corneas were

debrided to reduce the Acanthamoeba load and facilitate drug
penetration.

The diagnosis of BK was based on positive microbial identifi-
cation in smear staining or culturing. Cases with positive micro-
biological results and responsive to appropriate antibiotics were
defined as BK. Other cases that did not meet any of the criteria
were classified as BK.

The study protocol was approved by the Tottori University
Ethics Committee, and the procedures used conformed to the
tenets of the Declaration of Helsinki. An informed consent was
obtained from all of the participants after an explanation of the
procedures to be used.

Real-Time Polymerase Chain Reaction

DNA was extracted from the scrapings of the corneal lesions with
the QIAamp DNA mini kit (Qiagen, Hilden, Germany).® The 18S
rDNA of Acanthamoeba, which distinguishes it from other amoeba
genera (Hartmannella, Naegleria, Balamuthia, Nuclearia, and
Vahlkampfia), was amplified using reported primers and probe
sets.”

Forward: 5°-CGACCAGCGATTAGGAGACG-3’

Reverse: 5’-CCGACGCCAAGGACGAC-3’

TagMan Probe: 5-FAM-TGAATACAAAACACCACCATCG-
GCGC-BHQ

Real-time PCR was performed and analyzed using the Light-
Cycler (Roche, Basel, Switzerland) under the following condi-
tions: 95°C for 15 minutes, followed by 50 cycles at 95°C for O
seconds, and 60°C for 1 minute.

A standard curve was created using a dilution series with
known amounts of genomic DNA from Acanthamoeba castellanii
ATCC30010D. A detection of more than 1 copy was classified as
Acanthamoeba DNA positive.

The total bacterial load was determined by real-time PCR using
a broad-range (universal) probe and primers sets that detect the
16S rDNA from the domain Bacteria.’

Forward: 5°- TCCTACGGGAGGCAGCAGT-3’

Reverse: 5'- GGACTACCAGGGTATCTAATCCTGTT-3’

TagMan Probe: 5-FAM- CGTATTACCGCGGCTGCTG-
GCAC-BHQ

The bacterial copy number (i.e., the total bacterial load) was
calculated by a standard curve generated by using defined numbers
of cloned templates.

Statistical Analyses

Data are presented as the mean =+ standard error of the means. To
evaluate the significance of the differences between groups, un-
paired ¢ tests or Mann—Whitney U tests were used. Spearman
correlation analysis was used to determine the coefficients of
correlation (p) between factors. Chi-square and Fisher exact tests
were used to test the significance of the associations between the
2 kinds of classification. Multivariate logistic regression analysis
was carried out to compute the odds ratios (ORs) and the 95%
confidence intervals (CIs). In bilateral AK cases, the visually
poorer eye was used for the statistical analyses. P<<0.05 was
considered significant.

Results

Sensitivity of Real-Time Polymerase Chain
Reaction in Detecting Acanthamoeba

Although the detection of microbes by real-time PCR is known to
be sensitive, the degree of sensitivity for Acanthamoeba has not
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Figure 1. Evaluation of Acanthamoeba DNA detection in cultured Acanthamoeba cysts and trophozoites. Different strains of Acanthamoebae were cultured,
and their cysts or trophozoites were diluted to 10 000 counts/ml. The extracted DNA was assessed for the Acanthamoeba DNA copy numbers. Acanthamocba
DNA detection by real-time polymerase chain reaction had better sensitivity for detecting both cysts and trophozoites. ATCC = American Type Culture

Collection.

been determined. Generally, conventional microbiological tests
rely on counting the number of amoebic bodies visually. There-
fore, we first assessed how many copies of amoebic DNA can
be detected for a known number of Acanthamoeba trophozoites
or cysts (Fig 1). Clinical isolates and American Type Culture
Collection strains were used as reference Acanthamoeba, and
the trophozoites or cysts were diluted to 10 000 counts/ml in
suspension.

Amoebic DNA was extracted from the suspension and assessed
for the copy numbers using real-time PCR. Our results showed that
the copy number detected by real-time PCR had approximately
300 times more sensitivity than visually counting trophozoites and
50 times more sensitivity than counting cysts (Fig [).

To evaluate the specificity of Acanthamoeba real-time PCR
in normal eyes, we also examined conjunctival scraping from
17 normal healthy subjects who were not contact lens wearers.
No Acanthamoeba DNA (<1 copy) was detected in any of the
scrapings.

Diagnostic Value of Acanthamoeba Real-Time
Polymerase Chain Reaction

Acanthamoeba DNA was detected in 25 of the 29 AK eyes
(86.2 %) by real-time PCR. The mean Acanthamoeba copy
number was 4.7X10°+3.2X10° copies. The rate of detecting
Acanthamoeba by smear staining with Fungiflora Y, which we
have reported to be sensitive for detecting Acanthamoeba, was

examined.! Among the 29 AK eyes, 26 underwent a Fungiflora
test on diagnosis, and 22 eye samples were cultured. With
Fungiflora Y staining, Acanthamoeba cysts were detected in 20
of 26 eyes (76.9%). In contrast, cultures of corneal specimens
were positive in 12 eyes of 22 AK eyes (54.5%).

Acanthamoeba Keratitis is generally associated with bacterial
infection, but the specificity of identifying Acanthamoeba by real-
time PCR has not been thoroughly evaluated in corneas diagnosed
with BK. Therefore, we determined whether Acanthamoeba can be
detected in BK cases using real-time PCR and Fungiflora Y
staining. In 75 BK cases, none of the eyes was positive for
Acanthamoeba DNA. Thus, the specificity of misdiagnosing AK
by real-time PCR in eyes with BK was 100%.

When Fungiflora Y staining was assessed for specificity using
39 cases of BK, Acanthamoeba cyst-like staining was detected in
1 of 39 of the eyes with BK. This positive case was a contact lens
user with Pseudomonas aeruginosa keratitis. Thus, the specificity
of Fungiflora staining for diagnosing AK and not BK was 97.5%.

Evaluation of Bacterial Load by Real-Time
Polymerase Chain Reaction

We next evaluated the bacterial load in the corneal lesions of eyes
diagnosed as BK at their first visit or as a referral to Tottori
University Hospital. For this, we used universal primers and real-
time PCR for quantification of the bacterial DNA load. Bacterial
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Figure 2. Evaluation of Acanthamoeba DNA copy number in Acantham-
ocba keratitis determined by real-time polymerase chain reaction in rela-
tion to bacterial load. Acanthamoeba DNA copy number at first visit is not
significantly correlated with the bacterial load in the lesion.

DNA was detected in 55 of 75 eyes (73.3%), and the mean
bacterial DNA load was 8.8%X10*+4.0X10* copies.

In the AK cases, 53.6% (15/28 eyes) were positive for bacterial
DNA. The mean bacterial DNA copy number was 5.8X10%+4.0X
10? copies. As expected, this was significantly lower than that in the
BK eyes (P<0.005) by 10*-fold.

To determine whether the development of AK was significantly
associated with the bacterial load, we used Spearman correlation
analysis to determine the relationship between the amoebic DNA
copy number and the bacterial load in eyes with AK at the first
visit. Amoebic DNA appeared inversely correlated with bacterial
load (Fig 2); however, this was not statistically significant (Fig 2).

Correlation of Acanthamoeba DNA Copy Number
and Stage of Acanthamoeba keratitis and Visual
Acuity at First Visit

We next determined whether the stage of the AK was significantly
associated with the copy number of Acanthamoeba. The Acan-
thamoeba copy number in the corneal specimens at the first visit
was classified into 5 groups: 0 = not detected, 1 ==1000,
2 =>1000 but =10000, 3 =>10000 but =100000, and
4 =>100 000 copies. The relationship between the copy numbers
of Acanthamoeba for each corneal specimen at the first visit to the
stage of the AK was determined by Spearman correlation analysis.
The stage of the AK was significantly correlated with the Acan-
thamoeba copy number (p=0.53, P<<0.05; Fig 3A). In addition,
the Acanthamoeba copy number was significantly correlated with
the visual acuity in logarithm of the minimum angle of resolution
units at the first visit (p=0.37, P<<0.05; Fig 3B).

Next, the bacterial load was divided into 5 groups (0 = not
detected, 1 ==10, 2 =>10 but =100, 3 =>100 but =1000,
4 =>1000 but =10 000, and 5 =>10 000 copies). Acanthamoeba
keratitis cases in the early stages were not significantly associated
with the bacterial load (Fig 3C), and the correlation between the
visual acuity and the bacterial load was not significant (Fig 3D).
Thus, the Acanthamoeba copy number but not bacterial load was
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significantly associated with the disease severity and visual acuity
before treatment.

We also determined whether the Acanthamoeba copy numbers
at the first visit were significantly associated with the use of steroid
or contact lens use. No significant associations were found (Mann—
Whitney U test).

Parameters Associated with Poor Visual Qutcome

We sought to determine factors that were significantly associated
with poorer visual outcome in the AK cases after treatment of
more than 2 months. A poor outcome was defined as a visual
acuity <20/50 at the last visit or a requirement of keratoplasty. In
AK cases with poor outcome, the Acanthamoeba copy numbers
were 20 times higher than AK cases with good outcomes (P<<0.05,
Fig 4A). All of the cases with poor outcome had >10 000 copies
of Acanthamoeba. When we evaluated the differences of the
bacterial load between the AK cases with poor and good outcome,
no significant difference was observed (Fig 4B). Thus, high Acan-
thamoeba DNA copy numbers at the first visit were associated
with poor outcome.

We next evaluated the pretreatment parameters of the AK eyes
that were significantly associated with poorer visual outcomes. By
using logistic regression analysis, we calculated the risk of AK
stage, Acanthamoeba DNA copy number at the first visit, bacterial
load, previous use of steroids, and contact lens use (Table 1). We
found that the Acanthamoeba DNA copy number and the stage of
the AK at the first visit were the highest risk factors. The Acan-
thamoeba DNA copy numbers at the first visit had the highest risk
for poor outcome (OR per category, 3.48; 95% CI, 1.04-111.63,
P<0.05, after adjustment of age; Table 1). The AK stage had the
second highest OR of 2.8 per stage increase (95% CI, 1.07-7.30,
P<0.05, after adjustment of age). The previous use of steroids was
not a significant risk (OR 8.84) for poor outcome (P=0.07). Other
factors, including bacterial load and contact lens use, were not
significant risk factors.

Parameters Associated with Unresponsive
Reduction of Acanthamoeba Copy Numbers

Our findings indicate that the Acanthamoeba DNA copy number was
significantly associated with the visual outcome. When we examined
the Acanthamoeba copy number, all favorable outcome cases had a
reduction in the copy number by >90% after 1 month of treatment
(Fig 5A). In the cases with poor outcome, only 28.6% responded
favorably to the treatment, and poor outcome was significantly asso-
ciated with unresponsive reduction in the copy number.

To understand the cause of the outcome-related factors, an Acan-
thamoeba copy reduction was defined as a >90% reduction of Acan-
thamoeba copy numbers within 1 month of treatment. When the stage
of the AK was compared between the responsive and unresponsive
cases for Acanthamoeba copy reduction, the stage before the treat-
ment of the unresponsive cases was significantly more advanced
(Mann—Whitney U test, P<<0.01, Fig 5B). The unresponsive Acan-
thamoeba copy reduction and previous steroid use were significantly
associated (P<<0.05, Fisher exact test). Five of the 23 unresponsive
AK cases were previous steroid users, and the bacterial load in the
unresponsive cases was not significantly associated with a decrease of
Acanthamoeba copy numbers (unresponsive: 9944 copies, respon-
sive: 223183 copies).

Finally, we determined which factors (e.g., the AK stage,
amoebic DNA copy number, and bacterial load at the first visit)
were significantly associated with an unresponsive DNA reduc-
tion. Logistic regression analysis was used to calculate the risks
(Table 2). The AK stage was significantly associated with the
DNA reduction with an OR of 8.00 per stage (95% CI, 1.06—
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Figure 3. Significant correlation of Acanthamoeba DNA copy number with stage of Acanthamoeba keratitis (AK) and visual acuity. Acanthamoeba DNA
copy number at first visit was significantly correlated with AK stage (p=0.53) (A) and logarithm of the minimum angle of resolution visual acuity
(pI=0.37) (B) by Spearman correlation analysis (P<<0.05). Bacterial load in the lesion is not significantly correlated with the AK stage (C) or visual acuity

(D). logMAR = logarithm of the minimum angle of resolution.

58.82, P<<0.05, after adjustment of age). The amoebic DNA
copy number at the first visit also had a similar risk. The
bacterial load at the first visit was not significantly associated
with the DNA reduction.

Discussion

Acanthamoeba keratitis is a persistent infection and gen-
erally requires prolonged intensive treatment. However,
our understanding of how to treat this disease remains
undetermined. Presumably, the clinical presentation of

AK (i.e., the stage of the AK) reflects the Acanthamoeba
load, and the immunologic responses significantly affect
its prognosis. Culturing, smear staining, and confocal
microscopy are widely used for diagnosing AK. How-
cver, their qualitative nature and low sensitivity limit the
amount of information that can be obtained to determine
the cause of the AK. Thus, our initial aim was to deter-
mine how real-time PCR can be used for the diagnosis
and management of AK.

Earlier studies with multivariate analysis of AK classi-
fied AK into 5 stages according to the corneal depth of the
lesion and the severity of the corneal involvement as as-
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Figure 4. Elevation of Acanthamoeba DNA copy number in Acanthamoeba keracitis (AK) cases with poor outcomes. The AK cases with poor outcome, defined
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sessed by slit-lamp examinations.* The disease staging at
presentation was predictive of worse outcomes and shown
to help identify patients who might benefit from more
aggressive therapy. Of note, advanced-stage AK with deep
stromal involvement and ring infiltrates was associated with
worse outcomes.**?

Then, the important question arose on how much
Acanthamoeba load is present at each stage. Our results
showed that there was a strong and positive correlation of
each stage with the Acanthamoeba DNA copy number,
that is, more advanced stages of AK had higher Acan-
thamoeba DNA copy numbers. This explains why more
advanced stages of AK were so refractory to treatment.

Although the living amoebic bodies were fewer (Fig 1),
this means that destroyed amoeba-derived DNA is abun-
dant. Thus, the strong immunologic responses of the host
to Acanthamoeba, manifested as ring infiltrate, are still
not effective in eliminating the high Acanthamoeba copy
numbers.

The most obvious advantage of real-ime PCR is its high
sensitivity.*!™!! Real-time PCR for Acanthamoeba genomic
DNA will detect both live and destroyed amoeba. This was
shown in our analysis of cultured Acanthamoeba cysts or
trophozoites (Fig 1). Cultured Acanthamoeba samples gener-
ally are accompanied by fragments of the dead bodies and
DNA. Real-time PCR attains its greater sensitivity in detecting

Table 1. Parameters Associated with Poor Outcome of Acanthamoeba Keratitis by Logistic Regression Analysis

QOdds Ratio
Lowest Second P
Category Category 95% CI Highest Category 95% CI Value
Acanthamoeba DNA copy number 1.0 =1000:3.48 1.04-111.63 >100 000:147.39 1.18-18281.3 0.04*
at the first visit

AKX stage 1.0 Stage 2:2.8 1.07-7.30 Stage 5:61.56 1.31-2838.69 0.04*
Bacterial load at the first visit 1.0 =10:0.88 0.47-1.64 >10000:0.53 0.02-11.86 0.69
Previous use of steroids (-):1 8.84 0.852-91.68 0.07
Contact lens use (-):1 0.996

AK = Acanthamoeba keratitis.
*P=0.05.
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Figure 5. Association of poor outcomes with unresponsive Acanthamoeba copy reduction after treatment. Ratio of Acanthamoeba keratitis (AK) cases with
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Acanthamoeba because it does not rely on the functional
integrity of the amoeba as do the conventional methods. The
high sensitivity of the real-time PCR is also derived from the
specificity of the TaqMan probe method® and the precise
regression to the predetermined amount of amoebic DNA
standards.

Even though Acanthamoeba is environmentally ubiqui-
tous, our real-time PCR did not detect amoebic DNA in
conjunctival smears from normal subjects. Although the
number of subjects tested was limited, our findings indicate
that amoebic trace is most likely absent in healthy eyes.

Acanthamoeba preys mainly on bacteria but also on
fungi and other protozoans. Thus, Acanthamoeba might be
observed as coinfectants in infectious keratitis cases. When
we determined the specificity of Acanthamoeba PCR in BK
cases, Acanthamoeba DNA was not detected in any of the
BK cases, but 53.6% of the AK cases had low levels of
bacterial DNA. This supports the concept of a bacterial
involvement in the cause of AK, although the stage of the
AK was not significantly correlated with the bacterial load
(Fig 3). Thus, once AK is established, the bacterial load
probably plays a limited role in its progression.

Table 2. Parameters Associated with Unresponsive Acanthamoeba DNA Reduction after 1 Month by Logistic Regression Analysis

Odds Ratio
Lowest Second P
Category Category 95% ClI Highest Category 95% CI Value
AK stage 1.0 Stage 2:8.00 1.06-58.82 Stage 5:4096 1.28-11 973 037 0.04*
Acanthamoeba DNA copy number 1.0 =1000:2.79 0.98-8 >100 000:60.88 0.92-4096 0.055
at the first visit
Bacterial load at the first visit 1.0 =10:1.30 0.60-2.85 >10000:6.52 2.99-14.25 0.51

AK = Acanthamoeba keratitis.
*P=0.05.
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In the course of lengthy treatments for AK, clinicians are
often frustrated when a chosen treatment regimen is ineffec-
tive. In refractory cases, Acanthamoeba is sometimes resistant
to antifungal drugs or antiseptic drugs. Indeed, in our case
series, multidrug-resistant Acanthamoeba were detected espe-
cially in the refractory cases. Moreover, drug-sensitivity testing
of Acanthamoeba in vitro takes weeks for completion and does
not necessarily mirror the sensitivity to the drugs in vivo,
especially in refractory cases.'? This suggests that the prolif-
eration of Acanthamoeba seems to depend on both an impaired
immune response of the host and the virulence of the Acan-
thamoeba. Consistent with this, the AK outcome was signifi-
cantly correlated with an unresponsive reduction of amoeba
copy numbers after anti-amoeba treatment.

Previous multivariate analysis of AK showed that the duration
of the symptoms before diagnosis was a risk factor for a more
advanced stage of the disease, and the more advanced stage at
presentation was a risk factor for worse outcome.* Consistent with
these findings, advanced disease stage was one of the significant
risk factors for poor outcomes. Furthermore, we found that the
detected Acanthamoeba copy numbers at the first visit were an-
other risk factor. Advanced AK stage was also a risk factor for
unresponsive reduction of amoebic DNA.

Our findings should help clinicians make earlier deci-
sions on when to switch to surgical intervention after treat-
ment. Of note, risk assessments for poor outcomes do not
necessarily require real-time amoebic PCR. We suggest that
conventional PCR or even smear staining would be suffi-
cient for this purpose. For example, careful sampling of AK
lesions during the course of treatment and evaluations by
conventional Calcofluor or Fungiflora Y staining will deter-
mine whether more than 90% of amoebic bodies have been
cleared after 1 month of treatment.

The sensitivity of real-time PCR in patients with AK did not
reach the theoretic 100% sensitivity that real-time PCR should
have achieved, perhaps because the sampled amount was not
sufficient and the sampled location was not correct. The stain-
ing of comeal lesions usually requires more tissues, and there-
fore staining samples were collected before sampling for PCR.
When AK is at an early stage and has low amoebic numbers,
the sampling may remove even trace amounts of Acantham-
oeba. In this case, smear staining would be positive but PCR
would be negative. The location or depth of the lesion may also
affect its outcome. For example, when samples are obtained
from inflammatory-prone lesions at the early stage, but without
amocba, real-time PCR would be negative.

The strong immune responses of the host also affect the
amoebic DNA load. Aggressive AK treatment or presum-
ably host factors would exacerbate the Acanthamoeba copy
numbers. This can present as densc inflammatory opacities
that are difficult to differentiate from AK with high levels of
Acanthamoeba. Indeed, we had a case with low visual
acuity due to severe corneal and anterior chamber inflam-
mation, in which the small amount of amoebic DNA was
readily eradicated after a few weeks of treatment, and treat-
ment was successfully switched to topical steroid therapy to
reduce the inflammatory responses.

Refractory AK cases sometimes require therapeutic ker-
atoplasty. The management of post-keratoplasty cases re-
quires intensive use of steroids because they are susceptible
to rejection because of the larger graft size and strong
inflammatory environment provoked by the AK.

Real-time PCR for Acanthamoeba is also useful for
confirmation of the complete removal of Acanthamoeba. It
is a great relief for surgeons to know that the amoebic DNA
becomes negative after surgical intervention in cases with
advanced-stage AK with a million copies. Acanthamoeba
real-time PCR requires only a minute amount of sample and
is useful for confirming the absence of Acanthamoeba.
Amoebic PCR ensures the validity of aggressive treatment
or surgical intervention and would support the proper timing
for the use of steroids for better visual outcome.

In conclusion, collectively, Acanthamoeba real-time
PCR is effective in diagnosing AK. Real-time PCR detec-
tion does not provide information on virulence of Acan-
thamoeba or immunologic responses of the host, but it does
provide useful information in managing AK.
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Use of 5-Cyano-2,3-Ditolyl-Tetrazolium Chloride Staining as an
Indicator of Biocidal Activity in a Rapid Assay for Anti-Acanthamoeba
Agents

Takeshi Kobayashi,>® Tsuyoshi Mito," Narumi Watanabe,® Takashi Suzuki,“ Atsushi Shiraishi,*° and Yuichi Ohashi®®

Department of Ophthalmology and Regenerative Medicine,” Department of Stem Cell Biology.® Department of Ophthalmology.® and Department of Infectious
Diseases,” Ehime University Graduate School of Medicine, Shitsukawa, Toon, Ehime, Japan

The usefulness of 5-cyano-2,3-ditolyl-tetrazolium chloride (CTC) staining to determine the respiratory activity of Acantham-
‘oeba was evaluated in this study. Acanthamoeba trophozoites and cysts have a red fluorescence after staining with CTC. To de-
termine the effectiveness of CTC staining as a CTC biocidal assay for Acanthamoeba, the trophozoites and cysts of Acantham-
oeba castellanii (ATCC 5037) were treated with serial concentrations of disinfectant solutions, namely, polyhexamethylene
biguanide (PHMB) and commercial soft contact lens (SCL) disinfectant solutions. The treated Acanthamoeba organisms were
stained with CTC, and their respiratory activity was determined by the intensity of fluorescence in a fluorescence microplate
reader. The survival rates of the same samples were determined by a culture-dependent biocidal assay using the Spearman-Kar-
ber method. Our results showed that the respiratory activities determined by the CTC biocidal assay and the survival rates deter-
mined by the culture-dependent biocidal assay for Acanthamoeba trophozoites and cysts decreased in a dose-dependent way
after PHMB treatments, and the results were significantly correlated (r = 0.83 and P < 0.01 for trophozoites; r = 0.60 and P <
0.01 for cysts; Spearman rank correlation test). The respiratory activities in the trophozoites and cysts treated with SCL disinfec-
tant solutions were significantly correlated with the survival rate (r = 0.70 and P < 0.01 for trophozoites; r = 0.64 and P < 0.01
for cysts; Spearman rank correlation test). The significant correlation of the results indicated that the CTC biocidal assay can be
used as an alternative method to a culture-dependent biocidal assay. The CTC biocidal assay is a rapid and simple method to test

the effectiveness of disinfectant solutions against Acanthamoeba trophozoites and cysts.

44 canthamoeba keratitis (AK) is painful and potentially blinding

%(22). In recent years, AK has been associated with contact
lens-related corneal diseases (29). The recent increase in the inci-
dence of AK has been attributed to several factors, including the
rising number of soft contact lens (SCL) wearers and the wide-
spread noncompliance with the cleaning and rinsing regimens for
SCLs (9, 13, 17, 19). Tn addition, the use of SCL disinfectant solu-
tions that are not effective is also suspected to be linked to the
increase in cases of AK (6).

The situation that SCL disinfectants may not be effective
against Acanthamoeba has arisen partially because there is no stan-
dardized method to evaluate the effectiveness of lens care disin-
fectants against Acanthamoeba. The International Organization
for Standardization (ISO) has adopted the Stand Alone test (ISO
14729), a standard method for testing the disinfectant efficacy of
lens care products. However, this method does not include a pro-
tocol specifically for Acanthamoeba. Thus, a standard method for
testing the disinfecting efficacy of lens care products against Acan-

thamoeba is needed to determine the effectiveness of new disin-

fectant lens care products against Acanthamoeba.

Traditionally, culture-dependent methods have been used to
evaluate the effectiveness of various disinfectants against Acan-
thamoeba (1, 2, 11, 12, 15, 20, 24). Among these, culture-depen-
dent biocidal assays using the most-probable-number (MPN)
method or the Spearman-Karber method have been considered
suitable methods to quantify the number of living organisms (1,
18, 24). Although conventional culture-dependent methods have
been shown to be reliable for detecting surviving organisms after
exposure to disinfectants, the requirement of long-term cultiva-
tion may be limiting for the development of new disinfectants (1,
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11, 18, 24). In fact, the previously reported culture-dependent
biocidal assay requires 1 week for trophozoites and 3 weeks for
cysts to be detected (18). Therefore, a rapid method to test the
efficacy of disinfectant solutions would be useful for laboratory
investigations, especially for testing the efficacy of new disinfec-
tants.

5-Cyano-2,3-ditolyl-tetrazolium chloride (CTC) is a redox dye
that is widely used to determine the respiratory activity of bacteria
(27, 30). CTC is a soluble crystal that forms a nearly colorless
nonfluorescent solution. In the electron transport system, tetra-
zolium salts function as artificial redox partners instead of the final
electron acceptor, oxygen (7). Respiring bacteria placed in CTC
solution will take up the CTC and reduce it to insoluble formazan
(CTC formazan), which accumulates in the cells. On the other
hand, dead or inactive cells show no accumulation of CTC form-
azan (26,27). Because the dye competes with the terminal electron
acceptor, it will eventually poison the cells once the reduction
processes are completed. Therefore, CTC staining represents an
index of the respiratory activity of the cell at the time of observa-
tion (14). CTC formazan emits a red fluorescence (emission peak,
630 nm) when excited by a blue light (peak, 480 nm). Thus, it is

Received 22 November 2011 Returned for tﬁédiﬁcatioﬁ 13 December 2011
Accepted 30 January 2012 )

Published ahead of print 15 February 2012

Address correspondence to Atsushi Shiraishi, shiraia@m.ehime-u.ac jp.
Copytight € 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JCM.06461-11

0095-1137/12/$12.00 Journal of Clinical Microbiology p. 1606-1612

159nB Ag Z10Z ‘¥} udy uo /Bio wse wdfj:diy woly papeojumoq



Rapid Biocidal Assay of Acanthamoeba by CTC Staining

FIG 1 Acanthamoeba castellanii trophozoites stained with CTC. Merged fluorescence images of red-fluorescing CTC formazan and differential interference
contrast images of trophozoites stained with CTC are shown. (A) CTC formazan accumulates within trophozoites, as shown by red fluorescence. (B) Trophozoite
from panel A at higher magnification. (C) Inhibition of respiration of Lrophozoites by addition of sodium azide. (D) Respiration-inthibited trophozoile (rom

panel C at higher magnification.

possible to distinguish fluorescence-labeled respiring active cells
from inactive cells by fluorescence microscopy. It has been re-
ported that the bacterial respiratory activity assessed by CTC
staining is well correlated with bacterial viability units such as
CFU (7, 25).

However, there have been few reports on the application of
CTC staining for protozoans (14), and it has not been used for
Acanthamoeba spp. Thus, the purpose of this study was to deter-
mine whether CTC staining can be used for rapid biocidal assay of
Acanthamoeba. To accomplish this, we first investigated whether
itis possible to determine the respiratory activity of Acantharmoeba
by CTC staining. A biocidal assay for Acanthamoeba with CTC
staining was then performed, and the respiratory activities ob-
tained were compared to the survival rates determined by a cul-
ture method using the Spearman-Karber method.

MATERIALS AND METHODS

Acanthamoeba trophozoites and cysts. We used Acanthamoeba castella-
nii (ATCC 50370} for this study. Trophozoites were cultured in peptone-
yeast extract-glucose (PYG) medium (ATCC medium 712) in tissue cul-
ture flasks (Becton Dickinson, Tokyo, Japan) at 25°C. Encystment was
induced by transferring the trophozoites from PYG medium to Neffs
constant-pH encystment medium (23) and incubating the trophozoites
for at least 2 weeks at 25°C. All procedures involving the organisms were
carried out in biosafety level 2 laboratories.

May 2012 Volume 50 Number 5

CTC staining. Acanthamoeba trophozoites were collected from the
solutions in the flasks by centrifugation. Centrifugation was carried out
for 10 min at 150 X g throughout the experiments for both trophozoites
and cysts. The trophozoites were counted with a hemocytometer under a
phase-contrast microscope, and they were suspended in phosphate-buff-
ered saline (PBS) at 2 X 10° trophozoites in 1.8 ml of PBS. The amoeba
suspension was divided into two portions (900 ul each), and 100 pl of
H,0 was added to one portion and 100 wl of sodium azide solution (20
mg/ml) was added to the other portion. The organisms that had their
respiration inhibited by sodium azide were used as negative controls (14).
CTC staining was performed on each portion by use of a Bacstain-CTC
rapid staining kit (Dojindo Laboratories, Kumamoto, Japan) for 30 min at
25°C according to the manufacturer’s instructions. After staining, the
samples were fixed by adding 1 ml of paraformaldehyde (4% in PBS) for
30 min at 4°C.

Acanthamoebu cysts were collected from the solutions in the flasks by
centrifugation and then counted with a hemocytometer under a phase-
contrast microscope. They were then suspended in 10 ml of PYG medium
(2 X 10° cystsin 10 ml of PYG medium) and preincubated for 16 hat 25°C
to restore the respiratory activity of the organisms. After preincubation,
the cysts were collected by centrifugation, stained by CTC with or without
sodium azide, and fixed as described above.

The fixed trophozoites and cysts were collected by centrifugation
and suspended in 1 ml of PBS. Two hundred microliters of the amoeba
suspension was transterred to each well of 96-well glass-bottom plates
(Asahi Techno Glass, Chiba, Japan) and examined by fluorescence

jem.aasm.org 1607
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FIG 2 Acanthamoeba castellanii cysts stained with CTC. Merged fluorescence images of red-fluorescing CTC formazan and differential interference contrast
images of cysts stained with CTC are shown. (A) CTC formazan accumulates within cysts, as shown by red fluorescence. (B) Cyst from panel A at higher
magnification. (C) Inhibition of respiration of cysts by addition of sodium azide. (D) Respiration-inhibited cyst (rom panel C at higher magnification.

- microscopy (excitation wavelength, 480 nm; emission wavelength,
630 nm).

Disinfectant treatments for Acanthamoeba. Polyhexamethylene
biguanide (PHMB) was diluted with one-quarter-strength (1/4) Ringer’s
solution (Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) to final concen-
trations of 0.1, 0.2, 0.5, 1, 2, 5, and 10 ppm for trophozoites and 1, 10, 100,
and 300 ppm for cysts. Commercial SCL disinfectant solutions used were
Complete Double Moist (AMO, Inc.) (MPS1), Optifree Plus (Alcon Ja-
pan, Ltd.) (MPS2), Renu Fresh (Bausch and Lomb Japan Company, Ltd.)
(MPS3), Bioclen First Care, and CT (Ophtecs Corp.) (povidone iodine
solution). MPS1 contained 1.0 ppm PHMB as the disinfectant. MPS3
contained 1.1 ppm PHMB, and MPS2 contained 11 ppm polydronium
chloride (Polyquad). The povidone iodine solution was made by adding
the attached disinfecting neutralizing tablet to the solution at the onset of
disinfection according to the manufacturer’s instructions.

The trophozoites or cysts were collected from the solutions in the
flasks, and after centrifugation, the organisms were suspended in 1/4
Ringer’s solution at a concentration of 5 X 10° organisms/ml. A 400-pl
sample of the amoeba suspension was added to 40 ml of each disinfectant
solution, to a final concentration of 5 X 10" organisms/ml. Control sam-
ples were also prepared in 1/4 Ringer’s solution. Subsequently, each sam-
ple was incubated at 25°C for 4 h in a 50-ml conical tube (Becton Dickin-
son). After exposure to the disinfectant, the amoebal respiratory activity
was determined by the CTC biocidal assay and the survival rate was de-
termined by the culture-dependent biocidal assay using the Spearman-
Karber method.

CTC biocidal assay. The Acanthamoeba trophozoites or cysts that
were treated with the disinfectant solutions or 1/4 Ringer’s solution (con-
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trol) were collected by centrifugation and stained and fixed as described
above. Organisms that were stained with CTC following fixation were
collected by centrifugation and suspended in 1 ml of PBS. A 200-pl sam-
ple of the amoeba suspension was transferred to each well of a 96-well
plate (Corning International Inc., Tokyo, Japan), and the fluorescence
intensity was measured with a fluorescence microplate reader (Flex-
Station 3; Molecular Devices, Sunnyvale, CA) (excitation wavelength, 480
nm; emission wavelength, 630 nm). The samples that had sodium azide
added to inhibit respiration were used as negative controls. To normalize
the fluorescence intensity, the fluorescence intensity of the negative con-
trol was subtracted from the value of the test sample (14). Respiratory
activity is presented as a percentage of the 1/4 Ringer’s solution control
level.

Culture-dependent biocidal assay using the Spearman-Karber
method. The culture-dependent biocidal assay using the Spearman-Kar-
ber method was performed as described in detail previously (18). Briefly,
after exposure to disinfectant or 1/4 Ringer’s solution, 100 pl of the test
solution was mixed with 900 pl of Dey-Engley neutralizing broth (Sigma,
St. Louis, MO) and with 10-fold serial dilutions of each test solution in
PYG medium. This resulted in four dilutions, with theoretical maximum
final concentrations of 5 X 10%,5 X 10%,5 X 10", and 5 X 10° amoeba/ml.
Four 200-ul samples of each dilution were transferred to separate wells in
a 96-well plate (Corning International Inc., Tokyo, Japan) and incubated
at 25°C. Samples containing trophozoites were incubated for 1 week,
while those containing cysts were incubated for 3 weeks. At the end of the
incubation period, amoebal growth in the wells was confirmed using a
phase-contrast microscope. The number of surviving organisms was
counted for each test solution by using the Spearman-Karber equation as

Journal of Clinical Microbiclogy
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Rapid Biocidal Assay of Acanthamoeba by CTC Staining

10 ppm PHMB

FIG 3 CTC staining of PHMB-treated Acanthamoeba trophozoites. Merged fluorescence images of red-fluorescing CTC formazan and differential interference
contrast images of trophozoites stained with CTC after PFIMB treatments are shown. CTC staining was performed on trophozoites treated with PITMB (0.2, 1,

or 10 ppm) for 4 h at 25°C.

described previously (10). The survival rate is presented as a percentage of
that in the 1/4 Ringer’s solution control.

Statistical analysis. The Spearman rank correlation coefficient was
used to determine the relationship between respiratory activity (CTC bio-
cidal assay) and survival rate (culture-dependent biocidal assay).

RESULTS

CTC staining. Our results showed that CTC formazan, which has
a red fluorescence when excited by blue light, accumulated inside
Acanthamoeba castellanii trophozoites (Fig. 1A and B) but not in
trophozoites exposed to sodium azide (Fig. 1C and D). The accu-
mulation of CTC formazan was also observed in Acanthamoeba
cysts after 16 h of preincubation in PYG medium (Fig. 2A and B)
but not in cysts exposed to sodium azide (Fig. 2C and D). On the
other hand, no CTC formazan accumulation was observed in
Acanthamoeba cysts without preincubation in PYG medium (data
not shown), indicating that the respiratory activity of the dormant
cysts was restored by 16 h of preincubation in PYG medium.
CTC biocidal assay. The trophozoites exposed to 0.2 ppm of
PHMB appeared red by fluorescence, indicating that most of the
trophozoites were respiring (Fig. 3). On the other hand, fluores-
cence was not observed in the trophozoites exposed to 10 ppm of
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FIG 4 Respiratory activity and survival rate of Acanthamoeba trophozoites
afler PHMB treatment. The respiratory activity (CTC biocidal assay) was com-
pared with the survival rate (culture-dependent biocidal assay) for trophozo-
ites after treatment with PHIMB (25°C, 4 h). Error bars represent the standard
errors of the means for four experiments. ND, not detected (< 1%).
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PHMB, and only a weak fluorescence was detected in the tropho-
zoites exposed to 1 ppm of PHMB (Fig. 3). The respiratory activity
determined by the CTC biocidal assay and the survival rate deter-
mined by the culture-dependent biocidal assay for trophozoites
treated with PHMB are shown in Fig. 4. The respiratory activities
were 87.5%, 61.3%, 18.0%, 9.1%, 1.2%, 2.0%, and 0% of the con-
trol level and the survival rates were 91.4%, 54.9%, 27.0%, 11.1%,
2.7%, 0.02%, and 0% of the control level for samples treated with
0.1,02,0.5, 1, 2, 5, and 10 ppm PHMB, respectively. Thus, the
respiratory activity (CTC biocidal assay) and the survival rate
(culture-dependent biocidal assay) were reduced after PHMB
treatment, in a dose-dependent manner, and a significant positive
correlation between the respiratory activity and the survival rate
was found for trophozoites treated with PHMB (r = 0.83 and P <
0.01; Spearman rank correlation test).

The amoebal respiratory activities and survival rates after a 4-h
exposure to SCL disinfectant solutions are shown in Fig. 5. The
respiratory activities of the trophozoites were 48.0%, 30.4%, 0%,
and 0% of the control level and the survival rates were 68.5%,
26.2%, 1.1%, and 0.04% of the control level for the samples
treated with MPS1, MPS2, MPS3, and povidone iodine solution,
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FIG 5 Respiratory activity and survival rate of Acanthamoeba trophozoites
after treatment with SCL disinfectant solutions. The respiratory activity (CTC
biocidal assay) was compared with the survival rate (culture-dependent bio-
cidal assay) for trophozoites after treatment with SCL disinfectant solutions
(25°C, 4 h). Error bars represent the standard errors of the means for four
experiments. ND, not detected (<1%).
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1 ppm PHMB

FIG 6 CTC staining of PHMB-treated Acanthamoeba cysts. Merged fluorescence images of red-fluorescing CTC formazan and differential interference contrast
images of cysts stained with CTC after PHMB treatments are shown. CTC staining was performed on cysts treated with PFIMB (1, 10, or 100 ppm) for4 hat 25°C.

respectively. There was a significant positive correlation between
the respiratory activity (CTC biocidal assay) and the survival rate
(culture-dependent biocidal assay) for the trophozoites treated
with SCL disinfectant solutions (r = 0.70 and P < 0.01; Spearman
rank correlation test).

The fluorescence signals from cysts that were stained with CTC
after the PHMB treatments were decreased in proportion to the
PHMB concentration (Fig. 6). The cysts exposed to | ppm of
PHMB appeared red by fluorescence, indicating that most of the
cysts maintained their respiratory activity. A weak fluorescence
was observed after exposure of cysts to 10 ppm or 100 ppm
PHMB, although this was partially due to autofluorescence of the
cysts.

The respiratory activities and survival rates of the cysts after the
PHMB treatments (4 h) are shown in Fig. 7. The respiratory ac-
tivities were 37.6%, 1.5%, 1%, and 0% of the control level and the
survival rates were 30.3%, 0.4%, 0.01%, and 0% of the control
level for cysts treated with 1, 10, 100, and 300 ppm of PHMB,
respectively. Thus, the respiratory activity (CTC biocidal assay)
and survival rate (culture-dependent biocidal assay) were reduced
after PHMB treatment, in a dose-dependent manner. A significant
positive correlation between the respiratory activity and the sur-
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FIG 7 Respiratory activity and survival rate of Acanthamoeba cysts after
PHMB treatment. The respiratory activity (CTC biocidal assay) was compared
with the survival rate (culture-dependent biocidal assay) for cysts after treat-
ment with PHMB (25°C, 4 h). Ervor bars represent the standard errors of the
means for four experiments. ND, not detected (< 1%).
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vival rate was present for the cysts treated with PHMB (r = 0.60
and P < 0.01; Spearman rank correlation test).

The respiratory activities and survival rates of the cysts after a
4-h exposure to SCL disinfectant solutions are shown in Fig. 8.
The respiratory activities were 9.8%, 24.4%, 11.0%, and 1.5% of
the control level and the survival rates were 40.5%, 54.9%, 22.8%,
and 4.4% of the control level for the cysts treated with MPS1,
MPS2, MPS3, and povidone iodine solution, respectively. There
was a significant positive correlation between the respiratory ac-
tivity (CTC biocidal assay) and the survival rate (culture-depen-
dent biocidal assay) for cysts treated with SCL disinfectant solu-
tions (r = 0.64 and P < 0.01; Spearman rank correlation test).

DISCUSSION

Our CTC staining results showed that the red fluorescent com-
pound formazan, which represents the respiratory activity of
Acanthamoeba organisms, accumulated in trophozoites and cysts.
The CTC biocidal assay demonstrated clearly that the respiratory
activity of Acanthamoeba trophozoites and cysts was decreased in
a dose-dependent way after exposure to PHMB.

Conventional culture-dependent methods have been used to
evaluate the effectiveness of various disinfectants against Acan-
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FIG 8 Respiratory activity and survival rate of Acanthamoeba cysts after treat-
ment with SCL disinfectant solutions. The respiratory activity (CTC biocidal
assay) was compared with the survival vate (culture-dependent biocidal assay)
for cysts atter treatment with SCL disinfectant solutions (25°C, 4 h). Ervor bars
represent the standard errors of the means for four experiments.
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