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ABSTRACT

Some free-living amoebae, including some species of the genus Acanthamoeba, can cause infections in
humans and animals. These organisms are known to cause granulomatous amebic encephalitis (GAE)
in predominantly immune-deficient persons. In the present study, we isolated a potentially human path-
ogenic Acanthamoeba isolate originating from a public heated indoor swimming pool in Switzerland. The
amoebae, thermophilically preselected by culture at 37 °C, subsequently displayed a high thermotoler-
ance, being able to grow at 42 °C, and a marked cytotoxicity, based on a co-culture system using the mur-
ine cell line L929. Intranasal infection of Rag2-immunodeficient mice resulted in the death of all animals
within 24 days. Histopathology of brains and lungs revealed marked tissue necrosis and hemorrhagic
lesions going along with massive proliferation of amoebae. PCR and sequence analysis, based on 18S
rDNA, identified the agent as Acanthamoeba lenticulata. In summary, the present study reports on an
Acanthamoeba isolate from a heated swimming pool suggestive of being potentially pathogenic to immu-
nocompromised persons.
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1. Introduction

Free-living amoebae (FLA)! basically represent a large and
important part of the fauna of practically any environmental biotope.
However, some FLA including some species of the genus Acantha-
moeba, are furthermore able to invade and multiply within a mam-
malian host. The exact reasons and mechanisms, why and how a
switch from a free-living status to a colonizing and invading patho-
genic status occur, are still poorly understood. These organisms have
been documented to be responsible for opportunistic and non-
opportunistic infections in humans and animals (Visvesvara et al.,
2007). A weakened immune system of the host is known to predis-
pose for infection with FLA.

Acanthamoeba spp. infect different organs in humans includ-
ing skin, eyes, lungs, and brain, with pneumonitis and subacute
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granulomatous encephalitis and dermatitis being less common.
Skin, brain and lung infections have exclusively been docu-
mented in immune-deficient or immune-weakened persons
including AIDS patients and pregnant women, respectively
(Marciano-Cabral and Cabral, 2003; Bloch and Schuster, 2005;
Walia et al., 2007). Keratitis as a result of infection of the cornea
has been associated with contamination of water or wearing
contact lenses.

With regard to the central nervous system (CNS), some Acantha-
moeba spp. have been shown to be the etiologic agents of granu-
lomatous amebic encephalitis (GAE), a multifocal chronic
encephalitis (Booton et al., 2005). Infection occurs in the lower
respiratory tract, and spread to the CNS is hematogenous. Thera-
peutic treatment for GAE is still unsatisfactory, and the outcomes
of most reported cases of GAE have been uniformly fatal despite
various treatment regimens with few exceptions (Schuster and
Visvesvara, 2004).

Worldwide, the interest in pathogenic FLA, especially in Acan-
thamoeba spp., and pathologies associated with FLA is increasing
as shown by the rapidly rising number of studies during the last
years (Khan, 2007), which documents the growing importance of
FLA in human health. Habitats of pathogenic FLA include soil, dust,
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air, and water where they provide a potential source of infection.
Acanthamoeba spp. are the most common amoebae, and probably
the most common protozoa, to be found in soil and water samples
(Page, 1988), and have been isolated from e.g. air-conditioning
units, bottled mineral water, and eyewash stations (Khan, 2006).
The ubiquity of Acanthamoeba spp., the lack of therapies for infec-
tions and the severity of injury caused by amoebae of this genus
justify further efforts in investigating the pathogenic potential of
Acanthamoeba isolates, pathogenesis and improving therapeutic
treatment of acanthamebiasis.

In the present study, we report on and discuss a potentially hu-
man pathogenic Acanthamoeba isolate originating from a public
heated indoor swimming pool in Switzerland. To our knowledge,
this is the first time a potentially human pathogenic FLA isolate
has been found and assessed in view of potential CNS and lung
infection in Switzerland.

2. Material and methods
2.1. Sampling

Sampling was carried out in a heated public indoor swimming
pool with a water temperature of 29.1 °C. Macroscopically, the
water was clear. Water samples were collected by immersion of
a 50 ml—plastic Falcon tube into the upper 2 cm of the water body.
The tubes were subsequently centrifuged for 15 min at 1000g
using a Heraeus Varifuge 3.0R centrifuge (Kendro Laboratory Prod-
ucts, Zurich, Switzerland). The pellet was re-suspended in 50 pu of
supernatant, and used as described in the following sections.

2.2. Isolation and culturing of trophozoites

The suspension was gently pipetted onto an agar plate (1.5%
agar in Page’s saline) which was sealed with Parafilm®, and incu-
bated upside down at 37 °C in order to select for thermophilic
amoebae. A daily inspection was done by light microscopy until
morphological structures compatible with amoeba trophozoites
were detected. Upon detection of trophozoites, a single colony
was selected and transferred to a fresh agar plate in order to ob-
tain pure cultures without contaminating organisms. The cul-
tures were kept at 37 °C by a biweekly transfer onto fresh agar
plates coated with heat-inactivated (1 h at 60 °C) Escherichia coli
(for initial isolation, the agar plates were lacking heat-inacti-
vated E. coli. Further plates were cultured at 18 and 42 °C,
respectively, in order to assess temperature tolerance by com-
paring growth and performance of the trophozoites at the tem-
peratures mentioned. No antibiotics were used for isolation
and further culturing of the isolates.

2.3. DNA extraction, PCR and sequencing

The agar plate was covered with 1 ml of PBS, and the trophozo-
ites were gently scraped from the plate by using a bent Pasteur
pipette. The liquid containing the trophozoites was collected and
transferred to an Eppendorff tube, which was centrifuged for
10 min at 1000g. The supernatant was removed, and the pellet
used for DNA extraction using the DNAeasy kit (Qiagen, Basel,
Switzerland) following the manufacturer’s instructions. The DNA
was subjected to PCR aimed at the specific recognition of 18S rDNA
from amoeba of the genus Acanthamoeba (Schroeder et al., 2001).
The following primer pairs and protocols were applied: forward
primer (JDP1; 5'-GGCCCAGATCGTTTACCGTGAA), reverse primer
(JDP2; 5'-TCTCACAAGCTGCTAGGGAGTCA). Incubation protocol:
7 min at 95 °C, followed by 45 cycles of 1 min at 95 °C, 1 min at
60 °C, and 2 min at 72 °C.

The sequencing was carried out on the PCR product obtained.
50 pl of PCR product were purified using the High Pure PCR Prod-
uct Purification Kit (Roche, Diagnostics GmbH, Mannheim, Ger-
many) according to the manufacturer’s protocol, and sequenced
using a 310 Genetic Analyzer (Applied Biosystems). The nucleotide
sequences were compared with sequences of different Acantha-
moeba spp. published (Genbank).

PCR analysis of tissue samples was carried out using exactly the
same protocol as described above (lysis of brain, lung as well as na-
sal and olfactory mucosa was performed overnight in order to
guarantee proper tissue lysis).

2.4. Morphological analysis of the amoeba isolate

In order to characterize and document the characteristic mor-
phology of the isolated amoebae, trophozoites and cysts were ana-
lyzed by light microscopy and photographed under different
conditions and at different magnifications (Fig. 1).

2.5. Cytotoxicity in vitro

To investigate the cytotoxic potential of the isolate, we used an
approach based on a co-culture system using the murine cell line
L929. Briefly, L929 cells were grown to confluence in 24-well plates
in MEM Earle medium supplemented with 1% L-glutamine, 5% fetal
calf serum, 1% non-essential amino acids (total volume per well:
0.5 ml) at 37 °C in a 5% CO,-enriched atmosphere. The amoebae
were grown on agar plates and subsequently harvested when the
density was adequate to allow for co-culture. The trophozoites
were carefully removed from the plates by scraping with a bent
Pasteur pipette, pelleted in PBS, and re-suspended in 50 pl of
PBS. The volume corresponding to 2.5 x 10% 2.5 x 10%, and
2.5 x 10? trophozoites, respectively, was added to the wells (con-
taining 10 pg/ml of penicillin and streptomycin). Co-culture was
performed at 37 °Cin a 5% CO,-enriched atmosphere. The L929 cul-
tures were investigated by light microscopy, and the cytotoxity
was documented as the loss of confluence and upon intracellular
morphological chanages such as e.g. picnosis and granulation of
nuclear chromatin.

2.6. Pathogenicity in vivo

Three six-week-old Balb/c (wild-type) and three six-week-old
Rag2(—/-)gamma(c)(—/—) mice of Balb/c back-ground (lacking T-
cell, B-cell, and natural killer cell function) (Goldman et al., 1998;
Baenziger et al., 2006) were intranasally infected with 1 x 10° tro-
phozoites/animal as previously described (Gianinazzi et al., 2005),
with a mock-infected negative control animal per group. The mice
were daily checked for clinical signs indicating a possible CNS
infection such as loss of weight, obtundation, and ataxy. Upon on-
set of these symptoms, the animals were sacrificed, and tissue
samples from brain, lungs, muzzle, and blood were collected and
used for (i) histopathological investigations; for (ii) PCR studies;
and (iii) for isolation of viable amoebae.

2.7. Histopathology

The tissues of interest were fixed in a 4% PBS-buffered formalin
solution, embedded in paraffin, sectioned to 8 pum-thick slices, and
stained with hematoxylin—eosin, a technique employed universally
for routine tissue examination.

2.8. Isolation of trophozoites from tissue samples

Tissue samples of primary interest (i.e. brain, nasal and olfac-
tory mucosa, and lungs), in addition to the liver, were gently
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Fig. 1. Morphological documentation of the Acanthamoeba isolate investigated in the present study. (A) A trophozoite re-suspended in water displaying acanthapodia
(arrowheads), spine like surface projections characteristic for this genus (original magnification 1000PCR-). (B) Double-walled cysts consisting of the endocyst (black
arrowheads) and the ectocyst (white arrowheads). The nucleus is highlighted by an asterisk (iriginal magnification 1000x). Cyst formation occurs under adverse
environmental conditions but is also commonly observed in cultured Acanthamoeba spp. (C) Trophozoites grown on agar and covered with a cover slip. This method allows to
clearly visualize the contractile vacuoles (black arrowheads), and nucleus consisting of dense central nucleolus (asterisk) surrounded by a clear nuclear halo (original
magnification 400x). (D) Acanthamoeba trophozoites (white arrowheads pointing at acanthapodia) in co-culture with the mammal cell line L929. After four days of co-
culture, the L929 monolayer was completely degraded with the majority of the cells being lysed or rounded and detached (black arrowheads) from the surface of the culture
flask. This was paralleled by considerable growth of trophozoites (original magnification 400x).

dipped on agar plates (1.5% agar in Page’s saline). The plates were
sealed, kept at RT, and daily investigated for the presence of amoe-
bae (i.e. trophozoites and/or cysts).

3. Results
3.1. Isolation and culturing of trophozoites

After 2 days of incubation at 37 °C, the pellet obtained from the
water sample yielded organisms compatible with the morphology
of amoeba trophozoites (i.e. pseudopodia (Fig. 1A) and contractile
vacuoles (Fig. 1C)). After 5 days formation of cysts was observed
on the plates. Within 10 days of culture (37 °C), about 80% of the
amoebae were present in the cystic stage (Fig. 1B). At 18 °C, growth
was reduced, while increasing the temperature to 42 °C resulted in
faster growth and higher density of the trophozoites, which sug-
gests the isolate as being highly thermophilic. Microscopical exam-
ination of cysts and trophozoites revealed that only one species
was present on the culture dish. Detailed microscopical analyses
of the isolate revealed acanthapodia, characteristic spine-like
structures on the surface of trophozoites belonging to the genus
Acanthamoeba (Fig. 1A), which changed into a characteristic shape
after co-culture with the mammal cell line L929 (Fig. 1D). More-
over, double-walled cysts consisting of an inner endocyst and an
outer ectocyst were identified, a characteristic of amoeba belong-

ing to the genus Acanthamoeba (Fig. 1B), among some others. Cov-
ering the culture plate by a glass slide allowed to clearly visualize
significant morphological traits including contractile vacuoles and
nucleus consisting of dense central nucleolus (asterisk) surrounded
by a clear nuclear halo (Fig. 1C).

3.2. PCR and sequencing

Analysis of the PCR product on an agarose gel showed an ampli-
fication product of approximately 450 bp (Fig. 2). The nucleotide
sequence of the PCR product yielded a 99% homology with that
of Acanthamoeba lenticulata (Fig. 3).

3.3. In vitro cytotoxicity

Co-cultures of the isolate with L929 cells resulted in complete
damage of the cell monolayer within 4 days, even when challenged
with the lowest inoculum of trophozoites (2.5 x 10%) Host cell
damage went in line with an increasing density of the parasite
population (Fig. 1D).

3.4. In vivo pathogenicity

Experimental infection of Rag2(—/—)gamma(c)(—/—) mice re-
sulted in the development of clinical symptoms characteristic for
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Fig. 2. PCR analysis of the amoeba isolate from the swimming pool, and analysis of organs/regions of the animals experimentally infected with this isolate. M, molecular size
marker (bp); a1, Acanthamoeba isolate; a2, Acanthamoeba trophozoites re-isolated and cultured from a brain of an infected animal; n, negative control; m, b, lu, Iv: muzzle,
brain lungs, and liver, respectively. (A) The PCR product obtained in a1l was purified and used for sequence analysis. Acanthamoeba-specific PCR products were found in lungs
and brains of all infected immunosuppressed animals as well as in the muzzle (infected 2) and in the liver (infected 2 and 3). (B) No Acanthamoeba-specific PCR products
were detected in the immunocompetent animals.

amoeba CNS infection: 12, 16, and 23 days after infection, respec- (i.e. within 24-48 h after onset of the first symptoms). Gross histo-
tively, the animals developed obtundation and ataxy. The animals pathological examinations of brains and lungs showed marked tis-
were sacrificed when the clinical status had seriously deteriorated sue necrosis, surrounded by inflammatory infiltrates. Additionally,

1001 1010 1020 1030 1040 1050 1060 1070 1081
xoht
il
2
(3
| i+
COWOL T
JDP1
1082 1080 1100 1110 1120 1130 1140 1150 1162
yoht
i1y
(1)
(3
' i+
COWOLTY
1163 1170 1180 1130 1200 1210 1220 1230 1243
¥ohk
il
2
i3
1 i+
cowelw Ty
12494 1250 1260 1270 1280 1230 1300 1310 1324
¥oht
il
(23
|3|
! it
COWOITY
1325 1330 1340 1350 1360 1370 1380 1330 1405
rohk
i1}
(2
i3
i+
COWOITY
1406 1420 1430 1440 1450 1460 1470 1486
rohk
i1}
2
(3
t i+
OO TY
JDP2

Fig. 3. Comparison of nucleotide sequences obtained on the Acanthamoeba isolate using the JDP1 and JDP2 primer, respectively. Alignments with sequences of different
Acanthamoeba spp., i.e. A. lenticulata (U94741.1), A. castellanii (AF260724.1), A. hatchetti (AF251937.1), A. polyphaga (AY026244.1) identified the isolate as A. lenticulata (in
brackets: GenBank accession numbers).
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hemorrhagic lesions were observed on the brain and cerebellum. In
all affected organs, the involvement of the vessels was, however,
not pronounced. With regard to CNS involvement, two of three ani-
mals showed noticeable inflammation and necrosis on the olfac-
tory bulb. Histopathologically, lungs and brains displayed areas
marked by a dense presence of trophozoites and cysts (Fig. 4).
Within the tissue, trophozoites were easily recognized upon char-
acteristic structures including cell nucleus, contractile and food
vacuoles (Fig. 4D). The trophozoites were found to be encircled
by neutrophils. Cysts within the tissue were readily identified by
the exocyst and endocyst, a characteristic feature of Acanthamoeba
spp. cysts. Re-isolation of trophozoites was successful for the brain,
nasal and olfactory mucosa, lungs and liver, and respective viable
amoebae were re-isolated in all infected animals. PCR analyses of
all of the tissues where amoeba could be re-isolated confirmed
the presence of Acanthamoeba (Fig. 2A). In wild-type Balb/c mice,
no clinical signs of amoeba infection became apparent, and amoe-
bae could not be re-isolated from tissue samples at any time. Fur-
thermore, PCR analyses and investigation of appropriate
histological slices confirmed the absence of amoebae (Fig. 2B).

4. Discussion

The present study reports on the isolation of a free-living amoe-
ba from a heated indoor swimming pool during a routine water

control. A high thermotolerance as well as cytotoxic activity during
growth of the isolate in co-culture with a mammalian cell line indi-
cated that the isolate exhibits a pathogenic potential, which could
be confirmed by subsequent animal experimentations. Morpholog-
ical criteria and comparative sequence analysis of 18S rDNA iden-
tified the isolate as A. lenticulata (Molet and Ermolieff-Braun,
1976).

Acanthamoeba spp. have so far been isolated from different
environments (Marciano-Cabral and Cabral, 2003). The presence
of Acanthamoeba spp. with potential pathogenicity in swimming
pools has been documented by several studies (De Jonckheere,
1980; 1993; Kuhlencord et al., 1989; Rivera et al., 1993; Gornik
and Kuzna-Grygiel, 2004). However, in contrast to Naegleria fowleri,
where clinical cases of primary fatal amebic meningoencephalitis
were directly linked to the presence of the parasite in these sites
(Cerva et al., 1968; Cursons et al., 1979; Kadlec 1981), so far no
data exist which report clinical cases of CNS infection neither in
immune-competent nor in immune-deficient persons due to the
presence of pathogenic Acanthamoeba spp. in swimming pools.
The involvement of A. lenticulata in human disease is limited to
one keratitis case (Spanakos et al., 2006), and one case of dissem-
inated acanthamebiasis in an immunosuppressant-treated heart
transplant recipient (Barete et al., 2007).

Our experimental data suggest that the Acanthamoeba isolate
might be potentially pathogenic to humans presenting a reduced

Fig. 4. Histological sections (hematoxylin-eosin staining) from lung (A) and brain (B-D) of infected Rag2(—/—)gamma(c)(—/—) mice. (A) The lung tissue displays major foci
(arrowheads) consisting of Acanthamoeba trophozoites which are present in a high density (original magnification 100x ). (B) Brain section from an animal where the site of
CNS invasion is supposedly the olfactory bulb (ob) from where the trophozoites migrate into the cortex (cx). Black arrowheads indicate a focus of trophozoites, white
arrowheads single trophozoites migrating into the cortex (original magnification 100x). (C) Trophozoites (black arrowheads) and cysts (white arrowheads) within brain
tissue (original magnification 200x). (D) Trophozoites are readily recognized by contractile (cv) and food vacuoles (fv), and nucleus (n), and are usually encircled by
neutrophils (black arrowheads). Inset: Double-walled Acanthamoeba cysts consisting of exocyst (ex), endocyst (en), and ostiole (os), the site of excystation (original

magnification x 600).
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or impaired immune status, such as e.g. during pregnancy, diabe-
tes, immunosuppressive therapy, malnutrition, alcoholism, and
AIDS, all considered as risk factors for Acanthamoeba infections
(Gullett et al., 1979; Khan 2006). In agreement with clinical cases,
where symptoms include lethargy and deteriorating respiratory
conditions (Castellano-Sanchez et al., 2003; McKellar et al.,
2006), the experimentally infected immunodeficient mice devel-
oped identical symptoms, paralleled by ataxy. However, seizures,
which are commonly observed in clinical cases, were not seen dur-
ing our experiments.

Acanthamoeba spp. infections of the CNS in humans resulted in
cortical and subcortical necrosis (Martinez, 1982), accompanied by
a pronounced perivascular inflammatory infiltrate with amebic
trophozoites around and within vessel walls (Castellano-Sanchez
et al., 2003; McKellar et al., 2006). Although A. lenticulata experi-
mentally showed pathogenic characteristics (De Jonckheere,
1980; De Jonckheere and Michel, 1988), respective histopathology
of organs has not been shown so far. Our experimental infection
confirmed the development of tissue necrosis, but the involvement
of the vessels was not pronounced. Additionally, the lungs of the
experimentally infected animals displayed areas of necrotizing
amebic pneumonia and showed a marked inflammatory response,
which has also been observed in humans suffering from Acantha-
moeba infections (Castellano-Sanchez et al., 2003).

Generally, Acanthamoeba CNS infections in humans occur via
the lower respiratory tract leading to amoebae invasion of the
intravascular space followed by hematogenous dissemination.
Skin lesions may provide direct amoebae entry into the blood-
stream, thus by passing the lower respiratory tract. CNS invasion
most likely occurs at the sites of the blood-brain barrier (Marti-
nez and Janitschke, 1985; Martinez, 1991; Khan, 2006). Our
experimental data are suggestive for two different routes of
infection. Two animals showed noticeable inflammation and
necrosis on the olfactory bulb which would indicate CNS inva-
sion via the nasal mucosa and olfactory nerves, as is was found
upon experimental Acanthamoeba infection (Kuhlencord et al.,
1989), N. fowleri CNS infection (Jarolim et al., 2000; Rojas-Her-
nandez et al., 2004) and Balamuthia mandrillaris infections (Kid-
erlen and Laube, 2004). One animal showed no specific
involvement of the olfactory bulb, which argues for invasion
sites affecting other parts of the CNS, suggesting a hematogenous
infection of the CNS, which is supposed to be the usual way of
infection in humans.

In addition to the data obtained on the pathogenic potential of
the isolate, our study shows the importance of molecular biology
(i.e. PCR targeting the 18S rDNA) and sequence analysis) in identi-
fying Acanthamoeba spp. Although the genus Acanthamoeba has
been identified based on distinctive morphological features of tro-
phozoites and cysts, and Acanthamoeba spp. have been classified
into three distinct morphological groups (I-III) (Pussard and Pons,
1977), identification of the various species based on morphological
features alone is problematic e.g. due to inconsistencies and varia-
tions in cyst morphology (Sawyer, 1971).

In summary, a potentially human pathogenic A. lenticulata iso-
late has been for the first time isolated from a heated swimming
pool of Switzerland. Based upon experimental infection of immu-
nodeficient mice, a potential health threat for humans affected
by immunodeficiency needs to be considered and discussed.
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