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Chapter 1

Introduction to free-living amoeba

In 1674, Antoni van Leeuwenhoek described microscopic life-forms for the first time
in his home town of Delft, naming them “animalcules” '. The creatures he saw were
bacteria and protists, microorganisms that have been on earth for billions of years 2.
Bacteria are characterized by their small size and prokaryotic entity, indicating that these
organisms lack an enveloped enclosed nucleus. Protists are eukaryotes, meaning that
cells of these organisms do contain a cell nucleus. One type of organism that belongs to
the protist group is the amoeba. Although Antoni van Leeuwenhoek described a lot of
microorganisms, he never wrote of something resembling an amoeba. The first description
of an amoeba was published by AJ Roesel von Rosenhof in Insecten-Belustigung in 1755,
who named the creature he saw “der kleine Proteus”, after the shape-shifting Greek god
3, The term “Proteus animalcule” remained in use throughout the 18th and 19th centuries,
as an informal name for any large, free-living amoeboid organism *. The genus ‘amoeba’
(from the Greek dueifw, meaning “change”) was erected in 1826, describing membranous,
diffluent microorganisms whose shape is constantly changed to their liking °.

Long before this time, some 1.6 billion years ago, the first eukaryotes were present on
earth 6 These first eukaryotes are thought to originate from either a symbiotic event
between two prokaryotic cells or from a primitive amitochondriate eukaryote which
obtained mitochondria by phagocytosing an a-proteobacterium ’. The latter theory has
been challenged in recent years, as no amitochondriate eukaryotes have been found and
the rationale behind the selective pressures for a eukaryote to obtain a mitochondrion
are not convincing &. Since this first event, a wide variety of mitochondria appeared and a
versatility of organisms emerged, among which the amoeba 3. Amoebae can be organised
based on many different characteristics, but for the purposes of this thesis we prepared
a classification based on their way of living and pathogenic capacities (shown in Table 1).

Free-living amoebae (FLA) are those amoebae that live freely in the environment without
any need for a host, as opposed to parasitic amoebae that require a host during their life
cycle *°. However, some FLA are also capable of parasitising on a host, indicating that
they are facultative parasites. FLA are spread out across four clades of the eukaryotic tree,
with most FLA gathered in the Amoebozoa and Excavata supergroups and some in the
Rhizaria and Opisthokonta supergroups . The Amoebozoa are assumed to contain
approximately 20,000 species 2. Most other amoebae, approximately 200 species, are
present in the Heterolobosea group, within the Excavata supergroup 2. Using molecular
techniques, some high-quality phylogenetic studies have been performed . However,
outside of the Amoebozoa supergroup detailed studies are still lacking. The widespread
phylogenetic presence of amoeba has therefore not been fully enlightened.
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Table 1. Classification of amoebae based on life style and pathogenicity with
examples of relevant species.

Free-living Dependent on host
Name Free-living organism Commensal
Naegleria gruberi .
Example(s) Vermamoeba vermiformis Entamoeba dispar
Non-
pathogenic
Image
A
Name Facultative parasite Obligate parasite
Naegleria fowleri
Example(s) Acanthamoeba spp. Entamoeba histolytica
Balamuthia mandrillaris
Pathogenic
Image

Image A shows a phase contrast image of a trophozoite stage of Naegleria gruberi. Image B shows an
iodine stained cyst of Entamoeba dispar, which is morphologically indistinguishable from Entamoeba
histolytica cysts. Image C shows a phase contrast image of trophozoites of Acanthamoeba spp. Image D
shows an eosin stained trophozoite of E. histolytica that has phagocytosed multiple erythrocytes. Image
courtesy: A: microENVISION, B and D: Rob Koelewijn, C: Maarten Sarink.

Besides being present in various clades of the phylogenetic tree, amoebae are also
physically present in various environments all over the earth. Amoebae have been
isolated from both fresh and salt water as well as from soil. In aquatic environments
amoebae have been detected in lakes and rivers ®, geothermal springs '6, seawater ' and
man-made water systems such as drinking water systems ® and hospital water systems
1920, The abundancy in soil differs depending on soil type and location, as amoebae are
widely present in forest and grassland soil, but not so much in peatland soils . Amoebae
have also been detected in more extreme environments such as sediments from deep-sea
mud volcanoes 2. This might be a result of the ability of amoebae to transform into stress-
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resistant and dormant cysts to survive harsh environmental conditions . Some amoebae,
mainly those within the Heterolobosea group, have another life stage, the flagellate,
which can travel longer distances by the use of flagella %.

Most FLA are professional phagocytes, which means that they use pseudopods to encircle
and engulf live prey or particles of scavenged material. As such, they can live without the
need for a host, contrary to parasitic amoebae such as Entamoeba histolytica 3. However,
some FLA have the potential to infect other organisms and as such, cause illness. The
three FLA that can infect humans are Naegleria fowleri, Acanthamoeba spp. and Balamuthia
mandrillaris °. These three pathogenic FLA will be discussed in more detail in the next
paragraphs.

Naegleria spp.

Over 40 Naegleria species have been identified, with the most studied Naegleria species
being Naegleria fowleri, N. gruberi and N. lovaniensis. Both N. gruberi and N. lovaniensis
are non-pathogenic and are often used as model organisms for their pathogenic family
member, N. fowleri #. All Naegleria spp. belong to the Heterolobosea group within the
Excavata supergroup. Naegleria trophozoites measure 10-25 um and have an irregular,
curvy shape and move with large and broad hemispherical bulges 2. All Naegleria spp.
can transform into a cyst stage when conditions are harsh and most can transform into a
pear-shaped flagellate stage to travel longer distances ?°. As N. fowleri is the pathogenic
member of the Naegleria spp., we will focus mostly on this organism.

Naegleria fowleri

N. fowleri is ubiquitously present, as it has been reported on all continents except
Antarctica %. It resides in freshwater and is thermophilic, meaning that it can thrive at
relatively high temperatures, in contrast with its non-pathogenic counterparts #. The
best growth temperature for N. fowleri is 37-43 °C, but N. fowleri can also grow at 25 °C,
albeit slower %8, Trophozoites degenerate within hours below 10 °C, but cysts survive at
4 °C for 12 months 2°. N. fowleri has therefore been observed in high concentrations in
hot springs, cooling ponds of nuclear power plants and warm freshwater 3°33, although
N. fowleri has also been isolated from drinking water systems with a lower temperature
3435, Groundwater has been postulated to be the largest natural niche and most important
reservoir of N. fowleri 2.

10
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Metabolism

In a previous study, it was unexpectedly discovered that N. gruberi shuns carbohydrates
and prefers lipids for its energy metabolism 3¢. This remarkable result could be explained
retrospectively by reviewing the food sources of Naegleria spp. Naegleria spp. feed
mainly on bacteria, both Gram-positive as well as Gram-negative, but can also feed on
algae and yeast ¥. All these organisms are low in carbohydrates and relatively high in
lipids, explaining the observed lipid preference of N. gruberi . This unique metabolic
characteristic of N. gruberi could also hold true for N. fowleri, as metabolic pathways are
usually conserved and as their diet is similar. Furthermore, this lipid preference could then
be exploited to generate a new treatment for infections caused by N. fowleri.

Pathogenic potential

N. fowleri can cause Primary Amoebic Meningoencephalitis (PAM), a rapidly fatal disease
with a mortality rate of over 95% 37%°, PAM is contracted when water containing N.
fowleri contacts the nasal epithelium, after which the trophozoite stage of the amoeba
can migrate along the olfactory nerve, through the cribriform plate to the olfactory bulb
within the CNS 340, Further details of the infectious route will be discussed in chapter
2. In the United States, N. fowleri infections occur mostly in healthy children and young
adults during recreational water activities, such as swimming, diving, and rafting 342, In
the Indian subcontinent, the correlation with age is less clear, probably because ablution
rituals, washing, and a lack of chlorination play a large role in the epidemiology #“3. As N.
fowleri is a thermophilic organism, there is concern that global warming and changes in
the ecosystems that N. fowleri inhabits may lead to more cases worldwide 2744,

Signs and symptoms, diagnosis and treatment

The first symptoms of PAM are headaches, fever, nausea, vomiting and irritability or
restlessness. Subsequently, other symptoms such as photophobia, lethargy, seizures and
confusion appear, ultimately leading to coma and death 334, The first symptoms usually
arise within 2-7 days after exposure to N. fowleri, death occurs generally within 7-10 days
following symptom onset #'#*. As symptoms of PAM are not distinct from a bacterial or viral
meningitis, diagnosis is often difficult and delayed #>. Direct microscopic examination of
cerebrospinal fluid (CSF) is the diagnostic method of choice early on in disease, although
high powered microscopes and a skilled technician are necessary. Examination of CSF
with molecular techniques such as polymerase chain reaction (PCR) are far more sensitive,
but usually only available in expert centres #46, CSF abnormalities such as an increase in
red blood cell count, white blood cell count, CSF pressure or protein concentration are
not distinctive for PAM. Furthermore, neuroimaging can also not distinguish PAM from
meningitis due to another cause ¥. Once the diagnosis is confirmed, treatment usually
consists of amphotericin B and miltefosine, although only sporadic evidence exists to
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support any treatment regimen. Other drugs that have been used to successfully treat
patients are rifampin, miconazole, fluconazole, dexamethasone and azithromycin .
Because of the high mortality rate, new treatment options are urgently needed ¥. At
present, it is not known whether the brain damage in patients suffering from PAM is
mostly due to the amoeba or due to the immune response of the patient itself 44°. Further
details about the pathogenicity mechanisms of N. fowleri and the immune responses of
PAM patients will be discussed in chapter 2.

Acanthamoeba spp.

Acanthamoeba trophozoites measure 15-50 um and have an angular shape, with a granular
cytoplasm containing vacuoles. Fully formed Acanthamoeba cysts have a diameter of 10-20
pm and possess a double wall 2. Acanthamoeba trophozoites use spiky projections named
acanthapodia to move around and to feed, their menu consists of bacteria, algae and
yeast 2¢°°. Acanthamoeba has been isolated from a plethora of places, usually as the sole
or most abundant free-living amoeba present. Examples include bottled water *', contact
lens cases 2, dental units *3, drinking water ** and hospital water systems ?°. Acanthamoeba
can survive in harsh conditions and can exhibit resistance towards biocides, chlorination
and antibiotics, but they do not grow well at higher temperatures %5,

Metabolism

The energy metabolism of Acanthamoeba has not been examined in-depth. Most studies
have focused on the respiratory chain, and demonstrated the presence of a complete
mammalian-type electron-transport chain, in combination with an alternative oxidase
and an uncoupling protein *’. Regarding substrate use, research has mostly focused on
glucose consumption. However, this does not fit with the diet of Acanthamoeba spp.,
which consists mostly of bacteria that are rich in lipids and proteins %%, Furthermore,
it has been postulated that Acanthamoeba spp. have a hydrogenosomal capacity for
anaerobic ATP production, although the functionality of this putative pathway was not
examined *. If a specific aerobic or anaerobic capacity can be revealed or certain nutrient
preferences can be determined, this could provide a target that can be blocked to halt
Acanthamoeba spp. growth and constitute a new treatment strategy. ATP generation is
central in energy metabolism, and ATP cannot be taken from the direct environment of
the parasite, contrary to other molecules for metabolic purposes. This essential part of
energy metabolism is therefore a desirable target for drug development.

12
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Phylogeny and genotypes

All Acanthamoeba spp. are centramoebids and are included in the Amoebozoa supergroup
. The phylogeny within Acanthamoeba spp. is complicated, as differences within the
Acanthamoeba species were first assessed by comparing sequences of the nuclear 185
rRNA gene, resulting in 22 sequence types designated T1 to T22 5°. However, substantial
differences were found within some sequence types, requiring a higher resolution of
typing. This resulted in subtypes, which generated for instance seven subtypes within
sequence type T4 . In the environment, the majority of sequence types found are
T3 and T4 ©%3, Distinct sequence types differ in their pathogenic properties, as both
Acanthamoeba keratitis and Acanthamoeba granulomatous amoebic encephalitis (GAE)
are often caused by species of sequence type T4 5468,

Acanthamoeba keratitis

One type of infection Acanthamoeba spp. can cause in humans, is an eye infection.
Acanthamoebae then infect the cornea, causing a keratitis which can lead to blindness
in some cases %. Major risk factors of acquiring Acanthamoeba keratitis (AK) are the
inappropriate handling and wearing of contact lenses, and corneal trauma 7°. AK incidence
is rising in the Netherlands, affecting 1 in 21,000 soft contact lens wearers ’". An increase in
cases was also observed in Denmark 72 and the United Kingdom 73. Symptoms include pain,
redness of the eye, photophobia and reduced vision 7. These clinical features are often
mistaken for a fungal or herpes simplex infection, which can lead to a delay in diagnosis
and appropriate treatment 7°. AK can be diagnosed via culture of corneal scraping on
non-nutrient agar plates seeded with Escherichia coli, confocal microscopy of the cornea,
or molecular techniques such as PCR and loop-mediated isothermal amplification
(LAMP) of corneal scraping or other materials 7. Treatment consists of chlorhexidine,
polyhexamethylene biguanide and/or diamidines, but this treatment is lengthy and
intensive, and therefore, new treatment options are more than welcome 7°. Furthermore,
recurrences after treatment are not unusual, which are attributed to the dormant cyst
stage being resistant to therapy.

Acanthamoeba granulomatous amoebic encephalitis

Besides the eye, Acanthamoeba spp. can also infect the skin, the lungs and other cavities
in the body, from which they can then spread to the brain %7°, The exact infectious routes
that Acanthamoeba spp. can take, will be discussed in chapter 2. Once Acanthamoeba has
infected the brain, the mortality rate is around 97-98% 7°. Acanthamoeba GAE is a very rare
disease, with only 83 cases reported in the literature between 1990 and 2018 **. It should be
realised however, that many cases are not reported and diagnosis of Acanthamoeba GAE
is often missed **. Most cases of Acanthamoeba GAE occur among immunocompromised
patients, which will be discussed in detail in chapter 2. Acanthamoeba GAE starts with
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headache, nausea, irritability and fever, which progresses to seizures, lethargy, coma and
eventually death *>. No clearly defined treatment regimen exists, but the usual treatments
include amphotericin B, trimethoprim-sulfamethoxazole, rifampin and ketoconazole *.
New treatment options are much needed, because of the very high mortality rate.

Other free-living amoebae

Balamuthia mandrillaris

First discovered in the brain of a mandrill baboon that died of meningoencephalitis
77, Balamuthia mandirillaris is an amoeba classified to the Amoebozoa supergroup. B.
mandrillaris, like Acanthamoeba, is a centramoebid, which situates it far from Naegleria
spp. on a phylogenetic level. B. mandrillaris trophozoites measure 12-60 um, whereas B.
mandrillaris cysts are 12-30 um in diameter. The trophozoite shape is characterized as
slender, with finger-like projections which they use to feed and move 2. B. mandrillaris
has been isolated from hot springs 7 and soil in tropical regions 7 and can cause skin
and brain infections. Skin lesions are characterized as indurated plaques with rubbery to
stone hardness measuring a few millimetres thick and one to several centimetres wide .
A Balamuthia skin infection can develop into a brain infection named Balamuthia GAE,
although this can also develop without a preceding skin infection 82, Manifestation of a
brain infection by B. mandrillaris usually starts with symptoms such as headache, nausea
and fever, which over the course of weeks or months progress to seizures, coma and death
in approximately 90% of cases 2%, Further details and characteristics of Balamuthia GAE
will be discussed in chapter 2.

Vermamoeba vermiformis

Originally named Hartmanella vermiformis, Vermamoeba vermiformis belongs to the
Amoebozoa supergroup, within the family Hartmannellidae. The trophozoites of V.
vermiformis are elongated and slug-like and are usually monopodial, but can become
multipodial when changing direction ##*, V. vermiformis has only been associated with
human infection a few times and is therefore not regarded as a pathogenic amoeba
8586 V. vermiformis is commonly found in fresh surface water, tap water and hospital
water systems, where it has been isolated more frequently than Acanthamoeba spp.
15878 Therefore, the interest in V. vermiformis has mostly involved the interaction
between V. vermiformis and other microorganisms. Several examples of bacteria that can
survive inside this amoeba are Legionella pneumophila, Pseudomonas aeruginosa and
nontuberculous mycobacteria 8", In this way, V. vermiformis has been implicated in the
spread and persistence of these microorganisms. Details of these interactions between
amoeba and bacteria will be discussed in the next paragraph.

14
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Interactions with bacteria

The interaction between eukaryotes and prokaryotes is ancient, as eukaryotes are
assumed to have evolved from an endosymbiotic event between prokaryotes or from an
amitochondriate eukaryote phagocytosing a prokaryote 8. Either theory encompasses a
very close relationship between eukaryotes and prokaryotes, starting about 1.6 billion
years ago. Since then, evolution has resulted in different types of relationships between
the two types of organisms, ranging from mutualism to commensalism and predation in
both directions 32°3, FLA might be one of the most important drivers in this evolutionary
race as most FLA feed on bacteria, resulting in a close relationship with prokaryotes. For
instance, in soil FLA function as the main predators controlling bacterial populations
%49, An important part of the human innate immune system consists of macrophages,
which phagocytose bacterial pathogens to prevent disease. However, some bacteria
can withstand this process and survive intracellularly. It has been suggested that the
strategies that these bacteria employ were developed in response to amoeboid predation
%, Therefore, FLA are often termed a “training ground” for bacteria to secure intracellular
survival in human macrophages °. This indicates the important role that FLA play in
evolution and in human infections by bacterial pathogens.

Most research on the interaction between FLA and bacteria has focused on Acanthamoeba
spp., and Vermamoeba spp., as these FLA are more permissive for intracellular bacteria than
other FLA species. For instance, only a small percentage of N. lovaniensis has been shown
to ingest L. pneumophila, compared to 100% of Acanthamoeba spp. . On the bacterial
side, most studies have focused on L. pneumophila, as this was the first organism with
which such a relationship was described °6. However, more recently a variety of bacteria
have been described to interact in many ways . Even more, viruses have also been
described to interact with FLA ', An overview of interactions between Acanthamoeba
spp, Vermamoeba spp. and bacteria is presented in Table 2.

15
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Table 2. Types of interaction between Acanthamoeba spp., Vermamoeba spp. and
different bacterial species.

FLA Bacterium Interaction Reference

Bacterial survival inside trophozoites and
Legionella spp. cysts 89,98,101-103
Bacterial resuscitation

Acanthamoeba spp.
Vermamoeba spp.

Bacterial survival inside trophozoites and
Mycobacteria cysts 104-107
Enhancement of bacterial virulence

Acanthamoeba spp.
Vermamoeba spp.

Bacterial survival inside trophozoites

Acanthamoeba spp. | Campylobacter jejuni Bacterial resuscitation 108,109
Acanthamoeba spp. | Staphylococcus aureus E;;:ttserlal survival inside trophozoites and 110
Acanthamoeba spp. | Francisella tularensis Bacterial survival inside cysts 11

Enhanced bacterial survival when attached
Acanthamoeba spp. | Helicobacter pylori to FLA 112,13
Bacterial survival inside trophozoites

Acanthamoeba spp. | Escherichia coli Bacterial survival inside trophozoites and 14

cysts
Salmonella . R .
Acanthamoeba spp. typhimurium Bacterial survival inside trophozoites 115
Acanthamoeba spp. | Yersinia pestis E;gsnalsurvwal inside trophozoites and 16
Stenotrophomonas . s .
Acanthamoeba spp. maltophilia Bacterial survival inside trophozoites 17
Acanthamoeba spp. | Vibrio cholera Bacterial survival inside trophozoites 118

Bacterial survival inside trophozoites and

cysts 119

Acanthamoeba spp. | Streptococcus spp.

Acanthamoeba spp. | Shigella spp. Bacterial survival inside trophozoites 120

Interaction with Pseudomonas spp.

The interaction between Acanthamoeba spp. and Pseudomonas spp. has been studied in
some detail, an overview can be seen in Table 3. It is clear that there is some disagreement
as to what happens when Acanthamoeba spp. meet Pseudomonas spp. as some
studies describe harmful effects of P. aeruginosa against Acanthamoeba, whereas other
studies report the other way around. This can partly be explained by different bacterial
characteristics (e.g. possession of distinct secretion systems) and co-culture conditions
(e.g. multiplicity of infection and growth medium), as this can have a major impact on the
interaction. However, many factors that affect this relationship, both bacterial as well as
amoebal, are still unknown in this research field.
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Table 3. Types of interaction between Acanthamoeba spp. and Pseudomonas spp.

FLA Bacterium Interaction Reference
Acanthamoeba castellanii zseigg%rgfg as ?ggm?: IAeCfézgitlzgqfoPéggruginosa 121-124
et coseani | SRS LSt
Acanthamoeba castellanii zseiz(gii(;’rggzas Sra\étg;igssurvival inside trophozoites | 1,
Acanthamoeba castellanii zﬁzgﬁ,@fgas Eﬂgz?hﬂézggomonas by 127
Acanthamobapolyphaga | (oGOl Seahamocta 128

Within the Pseudomonas spp., research has mostly focused on P. aeruginosa, as this
organism has pathogenic capacities. P. aeruginosa can cause a range of infections, both
acute and chronic, affecting mostly immunocompromised patients '?°. It is seen as a
nosocomial pathogen, as transmission occurs within hospitals through unidentified and
presumably persistent sources, most likely in the water distribution system or wastewater
drains %3 Acanthamoeba spp. can also be present in these environments and the
co-occurrence of the two organisms has been documented multiple times 32734,

Antimicrobial resistance

Bacteria, viruses, fungi and parasites can adapt to antimicrobial drugs, resulting in
antimicrobial resistance (AMR), which renders treatment ineffective. Although AMR
occurs naturally, this process is accelerated by the overuse and misuse of antibiotics
135136 The burden of bacterial AMR has been estimated to be 700,000 deaths per year
37, but more reliable data are needed to accurately measure the magnitude of this
problem ¥813° On a biological level, bacteria acquire resistance to antimicrobials through
spontaneous mutations in chromosomal genes, or by horizontal gene transfer (HGT)
of antimicrobial resistance genes (ARGs). ARGs can be present on a mobile genetic
element (MGE), a segment of DNA that can move within the genome of one bacterium,
or from one bacterium to another. An example of an MGE is a plasmid, a small circular
piece of DNA that is distinct from the primary bacterial chromosome and can replicate
independently. Plasmids have a vital role in the accumulation and transfer of ARGs, mainly
in Gram-negative bacteria °. However, factors that affect the rate and occurrence of
plasmid transfer in the environment are largely unknown.
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Aim and outline of this thesis

Free-living amoebae (FLA) are an understudied subject in microbiology. Many aspects of
FLA biology, pathogenesis and interaction with other microorganisms are unknown at
this time. The aim of this thesis is to shed light on multiple aspects of this field of research.

In Chapter 2, the three different amoebae that can infect the human brain, N. fowleri,
Acanthamoeba spp. and B. mandrillaris, are discussed. Many aspects of the diseases that
these three amoebae cause are similar, although there are also some intriguing differences
between the three. An overview of the clinical aspects, infectious route(s), attachment,
invasion and brain infection of each amoeba is reviewed, after which similarities and
differences between these three amoebae are discussed.

Chapter 3 is focused on Naegleria spp., as we further exploit the lipid preference of N.
gruberi that was identified in a previous study 3. Several currently used drugs inhibit the
oxidation of lipids, and the effects of these drugs on the growth of Naegleria spp. were
determined. A first drug screen was set up with N. gruberi, after which successful drugs
were also tested on N. fowleri. Furthermore, synergy between different drugs was also
evaluated. This research aimed to generate new possible treatment options for PAM
caused by N. fowleri.

Metabolicand drug screening research is extended to Acanthamoeba castellaniiin Chapter
4. We determined that A. castellanii trophozoites need oxygen for normal functioning
and that they possess a branched electron transport chain. Using radioactively labelled
substrates we observed that A. castellanii preferred lipids over glucose and amino acids.
This lipid preference was also observed in our earlier research on N. gruberi. Furthermore,
the same drugs that inhibited growth of N. gruberi and N. fowleri were also active against
A. castellanii. This work connects fundamental biochemical research to preclinical in
vitro research and aimed to provide new possible treatment options for GAE caused by
Acanthamoeba spp.

An international external quality assessment scheme (EQAS) for the detection of
Acanthamoeba trophozoites and cysts is introduced in Chapter 5. We prepared
homogenous and stable samples containing different amounts of Acanthamoeba
trophozoites, cysts and DNA. These samples were distributed to 16 clinical diagnostic
laboratories, which reported qualitative as well as quantitative results, together with a
description of their methodologies. We found a large variety in reported methodologies
and diagnostic performance, which indicated that pre-treatment can influence the
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molecular detection of Acanthamoeba. Overall, the EQAS is informative for laboratories to
identify diagnostic difficulties and improve laboratory procedures.

Another amoeba, Vermamoeba vermiformis, is studied in Chapter 6, as we identified
that it is present in heater-cooler units which are designed to stabilize the blood
temperature of patients during heart surgery. These machines are regularly cleaned with
potent disinfectants, however V. vermiformis could be cultured consistently. Another
microorganism, the bacterium Mycobacterium chimaera, is also repeatedly present in these
machines, despite extensive cleaning. We found that the V. vermiformis strain present in
the heater cooler can harbour M. chimaera, which also originated from this heater cooler.

In Chapter 7, research on amoeba-bacterial interactions was extended to a different
bacterial-amoebal combination: A. castellanii amoebae and Pseudomonas aeruginosa
bacteria. Both P. aeruginosa and Acanthamoeba spp. can persist in hospital water
systems, and P. aeruginosa has been shown to survive inside of Acanthamoeba spp.
As Acanthamoeba spp. are known to be resistant to chlorine, we hypothesised that
Acanthamoeba can interfere with chlorine disinfection of P. aeruginosa. This hypothesis
was confirmed, as co-culture and subsequent disinfection of environmental multidrug
resistant P. aeruginosa and A. castellanii revealed that A. castellanii can protect P. aeruginosa
from exposure to chlorine. This research indicates that Acanthamoeba spp. can contribute
to the persistent colonization of P. aeruginosa of water systems after chlorine treatment.

The interaction between A. castellanii and P. aeruginosa was further studied in Chapter
8, with the focus on transfer of antimicrobial resistance genes. We mimicked an
environmental biofilm containing P. aeruginosa, P. oleovorans and A. castellanii in vitro and
observed increased transfer of a carbapenem-resistance gene from one Pseudomonas
species to the other in the presence of A. castellanii. Furthermore, both Pseudomonads were
found inside of A. castellanii, indicating that horizontal gene transfer of the antimicrobial
resistance gene could have taken place in this way.

The conclusions and implications of these studies are discussed in Chapter 9.
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On the cover: The cover shows three free-living amoebae that can cause human brain
infections: Naegleria fowleri (top), Balamuthia mandrillaris (middle) and Acanthamoeba
castellanii (bottom). Although infections by these “brain-eating” amoebae cause similar
clinical symptoms, the brain inflammation and disease course are quite distinct. So far,
little is known about the factors that determine the pathogenicity of amoebae and
why these three amoebae cause different types of encephalitis. In this issue of Trends in
Parasitology, Sarink et al. discuss possible host and parasite factors that could contribute
to the differences among the distinct types of amoebic encephalitis. Cover credit: Getty
Images/Kateryna Kon/Science Photo Library, Elsevier.
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Abstract

Naegleria fowleri, Balamuthia mandrillaris, and Acanthamoeba spp. can cause devastating
brain infections in humans which almost always result in death. The symptoms of the three
infections overlap, but brain inflammation and the course of the disease differ, depending
on the amoeba that is responsible. Understanding the differences between these
amoebae can result in the development of strategies to prevent and treat these infections.
Recently, numerous scientific advancements have been made in the understanding
of pathogenicity mechanisms in general, and the basic biology, epidemiology, and the
human immune response towards these amoebae in particular. In this review, we combine
this knowledge and aim to identify which factors can explain the differences between the
lethal brain infections caused by N. fowleri, B. mandrillaris, and Acanthamoeba spp.

Highlights

o Acanthamoeba spp. are most abundant in nature, but they cause fewer brain infections
in humans than do Naegleria fowleri and Balamuthia mandrillaris.

o N. fowleri is a pathogen that can infect immunocompetent individuals, while
Acanthamoeba and B. mandrillaris are opportunistic amoebae that predominantly
infect immunocompromised patients.

« The neuro-olfactory route provides N. fowleri quick access to the brain and results in an
impaired adaptive immune response, causing a very rapid disease course.

e Acanthamoeba evokes a mixed-type immune response with limited inflammation,
whereas N. fowleri evokes a proinflammatory immune response with extensive brain-
tissue damage.
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Free-living amoebae that go for the brain

Free-living amoebae (FLA) (see Glossary) are unicellular eukaryotes ubiquitously
present in nature. Human brain infections by these amoebae have devastating effects and
almost always result in death. Three different FLA are responsible for the human brain:
Naegleria fowleri, Acanthamoeba spp. and Balamuthia mandrillaris '. N. fowleri causes
primary amoebic meningoencephalitis (PAM), a rapid and acute infection characterized
by necrotic and haemorrhagic patches in the brain 2 In contrast, B. mandrillaris and
Acanthamoeba spp. cause chronic but fatal granulomatous amoebic encephalitis (GAE),
which has a slower onset and disease progression *¢. Although the brain infections by
these three free-living amoebae cause similar clinical symptoms, the brain inflammation
and disease course are quite distinct (summarized in Table 1). A few brain infections by
FLA in other animals are reported, but not well documented.

It is currently incompletely understood why these different free-living amoebae cause
a different type of encephalitis. The host-parasite interaction is probably an important
factor, as recent advancements have shown that the immune response to the three
amoeba genera is different. N. fowleri induces an acute inflammatory response, mainly
involving neutrophils and macrophages, the production of proinflammatory cytokines
and substantial tissue damage ’. In contrast, the immune response to Acanthamoeba spp.
and B. mandrillaris involves mainly macrophages and T cells, and induces the formation of
granulomas 3°. So far, little is known about the factors that determine the pathogenicity
of the amoebae and the host factors that influence the pathogenicity *7. Comparison of
the epidemiology, pathogenicity and clinical features of the three FLA can help to dissect
the differences in disease between the three amoebic infections. This review aims to
discuss which possible host and parasite factors can contribute to the differences between
amoebic encephalitis caused by N. fowleri, Acanthamoeba spp. and B. mandrillaris.
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Table 1. Characteristics of N. fowleri, Acanthamoeba spp. and B. mandrillaris.

. . Balamuthia
Naegleria fowleri Acanthamoeba spp. mandrillaris
General features
) 0 Freshwater, brackish Mainly soil, also
Presence in nature Freshwater > 25°C water, soil, dust, air freshwater and dust
Tropism Brain Skin, eye, brain Skin, brain
Food Bacteria, algae and yeast Smaller amoebae, fungi
. . Nasal Ulcerated or broken skin,
Initial entry point mucosa and nasal passage to lungs

Route(s) of infection

Trophozoite
appearance

Type of encephalitis

Time from symptoms
to death

Risk factor(s)

Symptoms
Histopathology
Type of inflammation

Mortality of brain
infection

Cases described in
the literature

Through olfactory .
neuroepithelium Haematogenous spread from skin or lungs
Irregular curvy shape. Angular shape. Slender shape.
Moves with broad Moves with spiky Moves with finger-like
pseudopods. pseudopods. pseudopods.
Size: 10-25 pm Size: 15-50 ym Size: 12-60 pm

Infection of the brain

. . Granulomatous amoebic
Primary amoebic

meningoencephalitis (PAM) enc(gp/):slitis
< 1-2 weeks 1-2 months

- Compromised immune
system

Recreational activities in Compromlsed Immune (~ 40% of patients)

warm freshwater and nasal system :
SO ) - Soil exposure and
~ 0,
cleaning rituals (~100% of patients) (recreational) water
activities
Fever, headache, nausea, seizures, lethargy, coma
Necrosis, haemorrhage, angiitis, inflammation
Neutrophilic Granulomatous
>95% 90-94%

431 (ref?) 83 (ref?) > 200 (ref ©8)

The biology of amoebae

The three species of encephalitis-causing free-living amoebae are found in different
branches of the eukaryotic evolutionary tree. Acanthamoeba spp. and B. mandrillaris
are evolutionary closely related as both are centramoebids that are included in the
Amoebozoa group, which was earlier considered to be a supergroup, but is now
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often regarded as a member of the supergroup Amorphea °. In contrast, N. fowleri is a
Heterolobosea, part of the supergroup Discoba °. All three species can exist in trophozoite
and cyst stages, but only N. fowleri can also transform into a flagellate stage (Figure 1).In all
species, the trophozoite is the feeding stage that actively moves and replicates. All three
species can transform into a cyst-form when the environment is not suitable for continued
feeding and growth (such as cold temperatures, or shortage of nutrients). Cysts are
environmentally resistant and increase the chances of survival until better environmental
conditions occur. Regarding the metabolism of the three FLA, Acanthamoeba spp. as
well as N. fowleri possess aerobically functioning mitochondria with Krebs-cycle activity,
an electron-transport chain and oxidative phosphorylation, and they need oxygen for
normal functioning and growth '°'2. The metabolism of B. mandrillaris has not yet been
investigated, indicating the need for future studies.

N. fowleri

‘“"’"‘:’"“”"’ B. mandiillaris

7

Flagella

Trends in Parasitology

Figure 1. Life cycles of N. fowleri, Acanthamoeba spp. and B. mandrillaris.

Red lines indicate transformation between amoebic stages. Blue lines indicate routes of infection of the
brain. The flagellate form of N. fowleri is not fully known to migrate from nose to brain as this form is
almost never found in brain tissue. Adapted from the Centers for Disease Control and Prevention (https://
www.cdc.gov/dpdx/freelivingamebic/index.html).
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Naegleria fowleri

Invasion of the brain occurs directly via the nose

The route of infection used by N. fowleri, and the clinical aspects, are briefly presented in
Box 1. N. fowleri enters the human body via the nose and penetrates the olfactory mucosa,
after which it moves to the brain and causes PAM (Figure 2). For successful infection,
N. fowleri needs to adhere to the olfactory mucosa. In this process, a-D-mannose and
a-L-fucose residues on the amoebae are involved. Secretory immunoglobulin (Ig) A
and mucus prevent adhesion of N. fowleri to apical membrane epithelial cells and, after
invasion also inhibit basolaterally the adhesion to collagen (Figure 2A) . However,
N. fowleri counters this by secreting mucin-degrading proteins such as glycosidases
16, Epithelial cells recognize N. fowleri through Toll-like receptor 4 (TLR4) and react with
a proinflammatory response by producing interleukin-1-beta (IL-1B), IL-8 and tumor-
necrosis factor-alpha (TNF-a) (Figure 2B) . In mice, this immune response will recruit
leukocytes to the area, and neutrophils will bind to amoebae opsonized with IgA . Mucus
production, IgA secretion, and neutrophil influx are mechanisms that slow down or even
clear the N. fowleri infection in the nose. However, if these mechanisms are absent, or if
N. fowleri can evade these attacks, binding to the epithelial lining will occur and tissue
invasion starts. N. fowleri will then disrupt the tight junctions connecting the epithelial
cells to make its way through the epithelial lining without causing destruction (Figure 2B)
19, By using this strategy, there will be no products originating from apoptotic or necrotic
cells that attract and activate immune cells, which probably enables N. fowleri to invade
without eliciting a strong immune response. Once past the epithelial lining, N. fowleri
adheres to the extracellular matrix (ECM) by an integrin-like protein 2° and secretes a
range of proteases ' to break down the ECM (Figure 2C). In this way, N. fowleri penetrates
the epithelium and swiftly migrates towards the central nervous system (CNS).

Infection of the brain occurs very rapidly and attracts neutrophils
Although replication of N. fowleri starts already after arrival in the olfactory bulb, this does
not immediately result in brain inflammation or damage . The first influx of immune cells
is seen approximately 4 days postinfection, and consists of eosinophils and neutrophils. A
decline in eosinophils and recruitment of additional neutrophils follows, together with the
influx of macrophages . At a later stage, tissue damage occurs, consisting of extensive
necrotic areas, hemorrhage and formation of cellular debris .

Neutrophilic inflammation and concurrent damage are abundant in PAM and the
neutrophils then produce extracellular traps (NETs) and secrete myeloperoxidase
(MPO) (Figure 2D) %6%°, NETs consist of DNA fibers that immobilize N. fowleri, whereas
MPO damages N. fowleri as well as the surrounding cells. N. fowleri reacts to MPO by

34



Three encephalitis-causing amoebae and their distinct interactions with the host
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Figure 2. Host-pathogen interactions during N. fowleri infection.

N. fowleri (Nf) enters the human body via the nasal mucosa. Epithelial cells in the nose (EP) produce
mucus (Mc) that can harm Nf (oval A). Neutrophils (NE) can also affect Nf, especially when it is bound with
antibody. Antibodies are produced by T cells (T) after recognition of Nf by antigen-presenting cells (APC).
Nf can break down intercellular junctions and mucus, after which it moves in between EP, which produce
several proinflammatory cytokines in reaction to Nf presence (oval B). Following penetration of the
olfactory neuro-epithelium, ECM is degraded using a wide range of secreted proteolytic enzymes (oval
(), after which Nf traverses the cribriform plate (CP) and arrives in the olfactory bulb, where it replicates.
Neutrophils are the first to react, employing neutrophil extracellular traps (oval D). Endothelial cells
react by producing a range of proinflammatory cytokines. Intercellular junctions of endothelial cells are
disrupted by proteases produced by Nf (oval E). T cells produce reactive oxygen species (ROS) in reaction
to Nf (oval F). Astrocytes produce IL-6 and IL-1B after exposure to Nf (oval G). Microglia produce a range
of cytokines in reaction to Nf, but are attacked by Nf with food cups (FC) (oval H). Macrophages (M) can
either kill Nf or be killed by Nf. Killed cells are indicated with grey colour, proinflammatory cytokines are
indicated in green, anti-inflammatory cytokines are indicated in red. In N. fowleri infections of the brain,
only trophozoites are found but no cysts or flagellates. An axon (AX) and cilia (C) of an olfactory neuron,
which passes through tiny holes in the cibriform plate, are shown in yellow. The icons in this figure are
adaptations from icons in the Servier Medical Art collection, https://smart.servier.com.

overexpressing antioxidants such as glutathione peroxidase, superoxide dismutase,
catalase, thioredoxin reductase and peroxiredoxin, which neutralize the effects of MPO
and thus improve survival of N. fowleri ?°. However, neutrophils can kill N. fowleri if they
are opsonized with 1gG and/or IgA, indicating that previous contact with N. fowleri
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promotes protection %. Furthermore, in vitro experiments indicate that N. fowleri induces
a proinflammatory cytokine response, in microglia and brain microvascular endothelial
cells. This response leads to an increased expression of IL-6, IL-13 and TNF-a in microglia
(Figure 2E, 2H) 3°32 and of IL-6 and IL-1f in astrocytes (Figure 2G) ®. This proinflammatory
cytokine response boosts the recruitment of immune cells and subsequent inflammation.
Macrophages are recruited, although the battle between N. fowleri and macrophages can
go either way %34 N. fowleri can damage macrophages, but N. fowleri can also be the
victim, as direct cytolytic mechanisms of activated macrophages can lyse N. fowleri 353,
These direct cytolytic mechanisms include the production of nitric oxide and have been
described as nonphagocytic events 3. Conversely, N. fowleri can also produce nitric oxide
and reactive oxygen species, which participate in damaging brain cells and T cells (Figure
2F) 3738,

N. fowleri causes damage to brain cells by several cytopathic strategies, one of which
involves specialized structures, called food cups, that are used to damage cells, in a similar
way to trogocytosis (Figure 2H) 3% Furthermore, the aforementioned proteolytic secretions
described to degrade ECM in the nose (Figure 2C) can degrade the brain ECM, which is
essential for several vital functions *°. However, brain damage during PAM is probably caused
mainly by the over-reacting host immune response, as less damage is present in areas of
the brain with trophozoites, but without immune cells %. Inflammation is regulated by the
adaptive immune system, and indeed an in vivo study demonstrated that protection of
mice immunized against N. fowleri occurred via an anti-inflammatory Th2-biased immune
response ¥. In addition, in CD38 knockout mice, lacking natural killer cells, T and B cells,
inflammation and mortality were delayed after infection with N. fowleri 2°.
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Box 1. Naegleria fowleri, route of infection and clinical aspects

Naegleria fowleri is a world-wide-distributed free-living amoeba that lives in warm
water and occasionally infects humans. Most infections with N. fowleri occur
during swimming in water heated by the sun, or thermally polluted by industries

42, Among the many identified species of Naegleria, N. fowleri is the only one that
is a human pathogen, causing an acute encephalitis. Despite extensive studies, it
is still unknown what makes N. fowleri pathogenic - in contrast to N. gruberi and
other Naegleria species which are nonpathogenic #. The route by which N. fowleri
enters the brain is via the olfactory neuroepithelium. Infection by N. fowleri is most
commonly associated with activities that result in water entering the nose, such as
water recreation or ablution rituals . Deep inhalation of infected water brings the
trophozoites to the upper regions of the nose, where they attach and invade the
olfactory epithelium (see Figure 2 in main text). Subsequently, the trophozoites
migrate through the lamina propria and the cribriform plate towards the olfactory
bulb #“. This neuro-olfactory route circumvents the normal barriers that protect the
CNS and provides access to the brain without much resistance 2°. However, once N.
fowleri arrives in the brain, inflammation and tissue damage are extensive, leading
to primary amoebic meningoencephalitis (PAM). N. fowleri trophozoites have only
sporadically been observed outside the CNS.

PAM is a severe and fast-developing disease, as symptoms develop 5-7 days
after contact and can rapidly progress, with patients usually dying 7-10 days after the
appearance of the first symptoms 2*. Diagnosis is difficult, as PAM symptoms (fever,
headache, nausea, lethargy, coma) overlap with symptoms from a bacterial or viral
meningitis. PAM is a rare disease, as only 431 case descriptions have been published
according to a recent review, although many more cases are probably not reported
2, Furthermore, it is assumed that even more cases remain undiagnosed, as N. fowleri
is not often suspected or diagnostic tools are not available *4. Antibodies against N.
fowleri (IgA, IgM, and IgG) are present in a high number of children and adolescents
“, hospitalized patients “¢ and healthy adults #’. However, this high prevalence could
also reflect exposure to Naegleria lovaniensis, a widely present non-pathogenic
relative of N. fowleri, leading to cross-reactive antibodies recognizing N. fowleri
antigens “.
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Acanthamoeba spp.

Invasion of the brain occurs via lungs and skin.
The route of infection used by Acanthamoeba spp., and the clinical aspects, are briefly
presented in Box 2. Acanthamoeba spp. can access the brain through two different

IL-& IL-12

| N 4

IL-10 TNF-a TLR4

Trends in Parasitology

Figure 3. Host-pathogen interactions during Acanthamoeba spp. infection.

Acanthamoeba (Ac) enters the human body via the skin or the lower respiratory tract, attaching to skin
cells (SC) or epithelial cells (EP). Ac can be phagocytosed by Macrophages (M), especially when Acis bound
with antibody, produced by T cells (T). When infecting via the lung, Ac degrades intercellular junctions
and uses ADP to attack epithelial cells, that recognise Ac by TLR 2 and 4 (oval A). When infecting via
skin or lung, Ac degrades ECM using proteases and moves in between endothelial cells (EN) to enter the
bloodstream. Once in the bloodstream, Ac is bound by antibodies and attacked by monocytes (Mo),
neutrophils (NE) and the complement system (Co) (oval B). Ac breaches the blood-brain barrier by binding
to EN and moving in between them, using mannose-binding lectin (MBL) and PI-3kinase (PI3K) to induce
cell death (oval C). Microglia (MG) can kill Ac with proteases and the release of proinflammatory cytokine
with the help of T cells (oval D). Ac can kill MG by secreting proteases and extracellular vesicles (oval
E). Ac can produce a pore-forming protein and proteases which kill neuroblastoma cells (NB) (oval F). In
response to Ac, M produce a range of cytokines, both pro- and anti-inflammatory (oval G). Cyst-forms are
indicated with (C), killed cells are indicated with grey colour, proinflammatory cytokines are indicated in
green, anti-inflammatory cytokines are indicated in red. The icons in this figure are adaptations from icons
in the Servier Medical Art collection, https://smart.servier.com.
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routes of infection (Figure 3), via the lungs and via the skin. Therefore it has to be able
to attach to multiple cell types. Acanthamoeba spp. can also invade the corneal surface of
the eye and destroy monolayers of skin keratinocytes, which can result in severe keratitis
in otherwise healthy persons %%, Adhesion studies focused mostly on attachment to
corneal epithelial cells to mimic Acanthamoeba keratitis, revealing the involvement of a
mannose-binding protein *, but it is unknown whether this transmembrane protein on
the surface of the amoebae is also important in Acanthamoeba adhesion to skin or lung or
epithelial cells. In mice, adherence and invasion of the epithelium occur without apparent
damage to epithelial cells **'. Whereas earlier in vitro studies described cytopathic effects
of Acanthamoeba spp. to epithelial cells, more recent studies showed that Acanthamoeba
trophozoites can degrade claudin 2 in vitro, impairing tight junction function and allowing
invasion without damaging the cells (Figure 3A) %52, During the invasion, Acanthamoeba
trophozoites produce a range of proteases that break down collagen and elastin (major
components of the ECM) and hemoglobin 4,

The hematological route requires Acanthamoeba to survive in blood, which is challenging,
and different outcomes have been reported when the amoebae were exposed to human
serum (Figure 3B). Acanthamoeba trophozoites can be lysed by complement activation
via the alternative pathway * and they can be killed by neutrophils and macrophages in
the presence of serum °¢. However, in other studies, a small Acanthamoeba subpopulation
survived in undiluted serum 7 or a substantial population in diluted serum 8. Furthermore,
Acanthamoeba spp. degrade components of the complement system, which will support
survival in blood *. Acanthamoeba spp. can also phagocytose and degrade erythrocytes
€0, Altogether, Acanthamoeba spp. may survive in blood if conditions are favorable, for
instance, when the host is immunocompromised. Once Acanthamoeba trophozoites have
spread in the blood, the next barrier to breach is the blood-brain barrier (BBB). Several
factors are important in this process, contact-dependent as well as contact-independent
factors (Figure 3C). Acanthamoeba spp. produce proteases that degrade tight-junction
proteins of human brain microvascular endothelial cells (HBMECs), providing
access to the brain through movement between the cells **. Acanthamoeba can also
induce programmed cell death in HBMEC in vitro ®'. The extent to which Acanthamoeba
trophozoites use either their BBB-damaging capacities or their strategy for stealthy brain
invasion by moving in between cells is unknown.

Infection of the brain is chronic and includes granuloma formation
Acanthamoeba infection is associated with the recruitment to the brain of a variety of
immune cells; T cells, macrophages, dendritic cells, neutrophils, B cells and natural killer
cells %2, Granulomas are formed in reaction to Acanthamoeba spp. in the brain %,
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Several in vitro studies characterized the interactions of Acanthamoeba spp. with
macrophages, microglia, T cells, Schwann cells and neuroblastoma cells. The interactions
of microglia and Acanthamoeba spp. have been studied extensively and this showed that
the outcome of the combination of T cells, microglia and Acanthamoeba is dependent
on interferon-gamma (IFN-y) release by T cells, which induces IL.-6 and TNF-a release by
microglia and the destruction of A. castellanii (Figure 3D) ¢3. The proinflammatory response
by microglia results in the production of IL-1a, IL-13 and TNF-a . Interestingly, the
outcome can be different for distinct Acanthamoeba species, as A. castellanii is killed by
microglia whereas A.culbertsoni kills the microglia 6%, Extracellular vesicles and peptidases
are postulated as mechanisms by which Acanthamoeba trophozoites kill glioma cells (Figure
3E) %%%7. Acanthamoeba culbertsoni produces a specific cytotoxic pore-forming protein that
lyses neuroblastoma cells (Figure 3F) . Furthermore, Acanthamoeba can induce apoptosis
in neuroblastoma cells via caspases and Bax-proteins . In vitro attachment of A. culbertsoni
to Schwann cells results in necrosis and autophagy 7.

In vitro interactions between macrophages and various Acanthamoeba spp. are different.
A. culbertsoni destroys macrophages, whereas A. polyphaga and A. castellanii show limited
destruction, although this balance depends on activation of the macrophages, as activated
macrophages damage or even phagocytose these amoebae 7. Toll-like receptors (TLRs)
are involved in the activation of macrophages and it was shown that TLR4 is important in
the recognition of and response to Acanthamoeba spp. 7. Macrophages release a mixture
of cytokines in response to Acanthamoeba, which consists of TNF-a, IL-6, IL-10 and IL-12,
mediated through MyD88 and PAR1 (Figure 3G) 727, TNF-q, IL-6 and IL-12 are regarded
as proinflammatory cytokines, but the significant production of the anti-inflammatory
cytokine IL-10 suggests a mixed-type immune response, which might allow immune
evasion of Acanthamoeba and limit the inflammatory response 73, Furthermore, pathogenic
Acanthamoeba strains induce a mixed-type immune response, whereas nonpathogenic
Acanthamoeba strains induce mainly a proinflammatory response 75, which could result
in rapid elimination of nonpathogenic Acanthamoeba spp.

Acanthamoeba spp. can partially evade the inflammatory response by transforming into
a cyst form, as intact Acanthamoeba cysts do not attract macrophages or neutrophils in
vitro 7. However in mice challenged with formalin-fixed cysts, the anti-Acanthamoeba
IgG production and T cell proliferation occur, showing that cysts are immunogenic and
antigenic 7. Furthermore, cysts can be phagocytosed by macrophages and are killed by
neutrophils through the secretion of myeloperoxidase 7°.

The T cell response might be important in Acanthamoeba infections, as there are
differences in T cell response between immunocompetent mice and methylprednisolone-
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induced immunocompromised mice after nasal Acanthamoeba infection. In
immunocompetent mice, selective Th1, Th2 and Th17 responses are induced, whereas
in immunocompromised mice, Acanthamoeba induces a robust Th1-mediated immunity
without the participation of Th17 “2. In humans, the type of T cell response also seems to

be important, as proinflammatory T cell clones directed against Acanthamoeba spp. are
found in healthy individuals 7°.

Box 2. Acanthamoeba spp., route of infection and clinical aspects

Acanthamoeba spp. are opportunistic parasites of humans. The exposures leading
to acanthamoebiasis are generally unknown but are thought to be soil or water
exposures 8 Acanthamoeba spp. can enter via the lower respiratory tract or via
lesions in the skin, and, in immunocompromised persons, can then invade the CNS
via the bloodstream - or infection can result in skin lesions with or without CNS
involvement. Apart from infections via lungs or broken skin, Acanthamoeba spp. can
also infect the eye; this can result in severe keratitis in otherwise healthy persons.
Because of the slow development of granulomatous amoebic encephalitis (GAE),
the exact route of Acanthamoeba spp. in humans to the brain is not always clear,
but lungs and skin are thought to be the most important points of entry & The
amoebae will then reach the brain via hematogenous spreading . A recent murine
model, evaluating an Acanthamoeba skin infection, identified amoebal presence in
the brain only after the infected skin was chronically irradiated by UV-B light . This
corresponds to the idea that a breach in the skin is required for Acanthamoeba to
access the bloodstream from the skin.

Acanthamoeba GAE symptoms consist of fever, headache, nausea, seizures,
lethargy, and coma. Acanthamoeba GAE is often a slow and chronic disease, although
quick progression sometimes occurs >&'. The time from Acanthamoeba contact to the
start of symptoms is often unclear as it is difficult to trace back the initial contact due
to its ubiquitous presence and multiple possible routes of infection. Furthermore,
a thorough study of the epidemiological features and clinical characteristics
of Acanthamoeba spp. GAE is still lacking. Once symptoms have started, it can
take one to two months until death occurs °. At least 83 human cases have been
reported, although many more cases probably occurred, as Acanthamoeba GAE is
seldom suspected and diagnostic tools might not be available °. Antibodies against
Acanthamoeba (IgA, IgM, and IgG) are universally present in the healthy population,
which is in line with the ubiquitous environmental presence of Acanthamoeba *.
Although Acanthamoeba GAE usually develops in immunocompromised patients, it
can occur in immunocompetent individuals as well .
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Balamuthia mandrillaris

Invasion of the brain occurs via lungs and skin

The route of infection used by B. mandrillaris, and the clinical aspects, are briefly presented
in Box 3. A schematic overview of the host-pathogen interactions used by B. mandrillaris
can be seen in Figure 4. B. mandrillaris can destroy and feed on mammalian cells in vitro
by invading the cells with its pseudopods first, before fully entering and consuming
its cytoplasm (Figure 4A) “4828, The nucleus is consumed later, whereafter the amoeba
invades another cell. It is hypothesized that the intracellular location of B. mandrillaris

Trends in Parasitology

Figure 4. Host-pathogen interactions during Balamuthia mandfrillaris infection.

B. mandrillaris (Bm) can enter the human body via the skin [SC (skin cells)] or the lower respiratory tract.
Bm can induce cytopathic effects on epithelial cells (EP) by penetration of finger-like projections (oval A).
After the epithelial layer, Bm can efficiently kill mastocytoma cells (MC). After infection via the skin and
lung, Bm reaches endothelial cells (EN) and enters the bloodstream. The blood-brain barrier is breached
using cytopathic effects such as a galactose-binding protein (GBP) and ATPase (oval B). EN react by the
production of the proinflammatory cytokine IL-6 (oval B). Bm can bind to and break down the extracellular
matrix (ECM) (oval C). In the brain, cyst forms are sometimes found (C), alongside neutrophils (NE), T
cells (T) and macrophages (M). Killed cells are indicated with gray color, proinflammatory cytokines are
indicated in green. The icons in this figure are adaptations from icons in the Servier Medical Art collection
(http://smart.servier.com).
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facilitates evasion of the immune system 82. B. mandrillaris kills human skin fibroblasts, but
not keratinocyte cells, indicating that B. mandrillaris cannot breach the intact epidermis,
and it has to invade via broken or ulcerated skin “6. Once past the epidermis, in vitro studies
showed that B. mandrillaris can kill mastocytoma cells efficiently, mainly in a contact-
dependent manner 8. Balamuthia is known to ingest bits and pieces of host tissue and to
produce enzymes that degrade the tissue *.

B. mandrillaris is thought to enter the brain via the bloodstream. The next barrier is
the BBB, to which B. mandrillaris binds via a galactose-binding protein (Figure 4B) %. B.
mandrillaris secretes proteases and an ecto-ATPase, but most of the cellular damage is
caused via contact-dependent mechanisms 88, The secreted proteases are hypothesized
to facilitate B. mandrillaris infection by degrading ECM proteins (Figure 4C) 8.

Infection of the brain is chronic and includes granuloma formation

Once in the brain, trophozoites aggregate around blood vessels and induce a broad
immune response in mice and humans 2¢¥’. Numerous lymphocytes and macrophages,
as well as some eosinophils and multinucleated giant cells, are seen in the brains of
mice infected with B. mandrillaris ®. The immune response is important to survive a B.
mandrillaris infection. The immune response is absent in brains of severe combined
immunodeficiency (SCID) mice, which are deficient in B and T lymphocytes and thus lack
immunoglobulins and cell-mediated immunity. Of SCID mice, 70% died after intranasal
inoculation, compared to 10% of normal mice . This difference is also observed
in human cases, as histopathological examination of brains with a B. mandrillaris
encephalitis revealed a broad spectrum, ranging from acute neutrophilic inflammation
to granulomatous inflammation, possibly reflecting the immune status of the affected
patient 2.

The T cell response is thought to be essential, as SCID mice survived infection if they
received spleen cells from wild type mice, but died if the CD4+ T cells were removed
from these spleen cells ®. Furthermore, wild type mice that were depleted of CD4+ T cells
were susceptible to infection 8. These T cells are thus thought to play an essential role in
curbing a B. mandrillaris encephalitis by the recruitment and activation of macrophages
and granulocytes.
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Box 3. Balamuthia mandfrillaris, route of infection and clinical aspects

B. mandrillaris is an opportunistic parasite of humans, and infection results in
cutaneous lesions with or without infection of the brain. Soil exposure is commonly
reported as the origin of an infection with B. mandrillaris, and over one-third of
the cases had an immunocompromised condition 8. Infection of the brain results
in granulomatous amoebic encephalitis (GAE). After entry via the respiratory tract
or through the skin, hematogenous spreading can result in GAE. Following oral
infection of mice, amoebae were found in various organs, indicating that there is
extensive haematogenous spreading . For humans, the skin is a favored route of
infection, as skin abnormalities were often described in patients in Peru and China
9192 So far no animal studies describing this route of infection have been performed.

Regarding clinical presentation, two patterns have been described in Balamuthia
GAE: some patients develop an initial skin lesion followed by the development of
neurologic manifestations within weeks or months, whereas others present with
primary CNS involvement '. The skin lesions appear as indurated plaques with
rubbery to stone hardness measuring a few millimeters thick and one to several
centimeters wide ?2. The time between the appearance of skin lesions and the onset
of neurological symptoms can range from 1 month to 9 years, or progression to a
brain infection may not even occur °2. Balamuthia GAE symptoms initially manifest as
headache and photophobia and later include nausea and vomiting, fever, myalgia,
weight loss and seizures, resulting in death in approximately 90% of the cases. At
least 200 cases have been reported, although the actual number of cases is probably
much higher, as cases are not reported or not diagnosed °. The presence of serum
antibodies against B. mandrillaris depends on the characteristics of the population
tested. Seropositivity increases with age and seropositivity prevalence is reported
to be high in non-western rural areas and can be very high among people in these
areas who regularly go outdoors. In high-income countries, B. mandrillaris antibodies
are rarely present “, A link to the immune status of the patient is evident, as 40% of
the Balamuthia GAE patients are immunocompromised .

Comparison of the three amoeba species

There are evident differences and similarities between the brain infections caused by N.
fowleri, Acanthamoeba spp. and B. mandrillaris. Differences include the environmental
presence of the amoebae, the route of infection, the pathogenicity mechanisms, the
immune response that is induced and the immune status of the host. Could these factors
explain the differences between the three diseases caused by these amoebae? Conversely,
it should also be realized that Naegleria, a member of the Heterolobosea, is evolutionarily
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very distant from Acanthamoeba and Balamuthia, which are both Amoebozoa. It is
unknown to what extent these evolutionary aspects might explain the differences and
similarities between the three brain infections. In this respect it is tempting to speculate
that an evolutionary background exists which could explain why both of these two
Amoebozoa induce a chronic granulomatous brain infection while N. fowleri induces a
rapid neutrophilic infection.

Environmental presence

Differences exist in the environmental presence of the three FLA, as Acanthamoeba spp.
are found more often in natural bodies of water °>°¢, swimming pools ¥, water treatment
plants % and drinking water °® compared to N. fowleri and B. mandrillaris. It is intriguing that
Acanthamoeba spp. are the most abundant pathogenic FLA, but cause fewer brain infections
than N. fowleri and B. mandrillaris. This ubiquitous presence of Acanthamoeba spp. correlates
with the high seropositivity rate among the general population **°. The seropositivity rate
for B. mandrillaris, which is far less widespread, is low in high-income countries in moderate
climates and higher in rural Africa **'%. The seropositivity rate of N. fowleri was in the 1980s
reported to be very high, but more recent data are not available #6101102,

The efficiency of brain infection by FLA seems very low, considering the rather limited
incidence of such infections, despite the widespread presence of them in the environment
103105 Using serological methods, attempts have been performed to estimate the human
exposure to FLA. These studies showed that specific antibodies can be demonstrated in
PAM and GAE patients and that cross reactivity between FLA infections is limited 10410,
In addition, these studies showed that sera of healthy volunteers demonstrate some
reactivity and if the reactivity in sera of healthy volunteers against the three FLA are
compared, it seems that most reactivity is found against Balamuthia and Acanthamoeba,
which could suggest that contact with those FLA occurs more frequently than with N.
fowleri 1°1°41%_However, it is questionable whether an observed low reactivity is specific
and really reflects previous exposure or a past infection. Reliable determination of the
exposure rate in healthy humans cannot be determined reliably by serological methods,
and therefore, the exposure:infection ratio is still unknown.

The concentration of the different amoebae in the environment also varies and this
results in exposure to different amounts of amoebae. N. fowleri is thermophilic and can be
present in up to hundreds of amoebae per liter water when conditions are favorable, such
as in geothermal baths and in the cooling water of power plants . Acanthamoeba spp.
and B. mandrillaris are found not only in watery environments but also in soil and dust.
Their presence in the environment was mostly determined using qualitative molecular
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tools, allowing no direct comparison with the presence of N. fowleri °'°8. A comprehensive
study on the amounts of FLA present in their respective environments would be valuable.

Routes of infection

The route of infection taken by the FLA is likely to impact the disease progression. For
infections of Acanthamoeba spp. and B. mandrillaris, the route is often unknown, but these
amoebae rarely, if ever, use the neuro-olfactory route, the one and only route of N. fowleri.
As the neuro-olfactory route results in fast access to the brain, the adaptive immune
response is probably insufficient, which might promote rapid disease progression. The
hematogenous routes of infection used by Acanthamoeba spp. and B. mandrillaris are
lengthier and, obviously, involve the bloodstream, which normally results in a strong
immune response that combats the amoebae. The amoebae counter the actions of the
immune system, and the result is a more chronic disease course that is similar to other
immune-evading infectious diseases. Many animal studies of Acanthamoeba spp. and
B. mandrillaris used intranasal infection, with a recent exception describing successful
Acanthamoeba brain infection originating from irradiated skin 8. Studies on the lung
or skin infection routes in mice are most likely more applicable to the human situation.
Furthermore, proper determination of the relative importance of the different infective
routes in humans by Acanthamoeba spp. and B. mandrillaris could be valuable, as this
could lead to more targeted preventative measures.

Biology and pathogenicity mechanisms

The difference in course of the disease could be due to inherent biological characteristics
of the amoebae, such as speed of movement, reproduction rate and pathogenicity
mechanisms. Most studies investigating these factors are in vitro studies, limiting the
clinical translation of the results. An important factor within these in vitro studies is
the temperature at which the experiments are performed. Generally, Acanthamoeba
spp. grow best at 25°C, with the ability to grow at higher temperatures, where
thermotolerance correlates with pathogenicity of the amoebae . In numerous in vitro
studies, Acanthamoeba cultures are maintained at 25°C or 30°C and experiments are not
performed at 37°C. Despite these differences in cultivation, multiplication time and speed
of movement are not distinctly different between the three amoebae in a nutrient-rich
medium, although this condition is hardly comparable to the human body. Furthermore,
all three free-living amoebae possess several pathogenicity mechanisms, of which the
mechanisms of N. fowleri and Acanthamoeba spp. have been studied in most detail, but
mainly in vitro. All three amoebae use contact-independent and contact-dependent
mechanisms to damage human cells or ECM, comprising protease secretion and
phagocytic strategies. For instance, N. fowleri and Acanthamoeba spp. both invade tissues
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by migrating in between cells, as they break down the intercellular junctions and secrete
a wide range of proteases, which facilitate migration through the extracellular matrix.
However, the extent to which these pathogenicity mechanisms are active and critical in
vivo will decide the course of infection. Therefore, the pathogenicity mechanisms of the
amoebae have to be studied in more detail, especially in studies describing the different
amoebic species side by side in similar, preferably in vivo, conditions.

Immune response

A balanced immune response is paramount to prevent infection, but also to prevent the
immune system from damaging host tissue (Box 4). The human immune response is quite
different in case of the different forms of encephalitis caused by the three amoeba species.
N. fowleri PAM patients show an acute neutrophilic inflammation whereas Acanthamoeba
GAE results in granulomatous inflammation of the brain. Brain tissue of patients with
B. mandrillaris GAE showed either acute neutrophilic inflammation or granulomatous
inflammation. Differences in immune response were also observed in mice, as intranasal
infection of immunocompetent mice with N. fowleri or Acanthamoeba spp. resulted
in extensive brain tissue damage and inflammation 96 h after infection with N. fowleri,
whereas brains of the same breed of mice infected with Acanthamoeba spp. showed very
limited inflammation at that same time after infection #*'. A possible explanation can be
the cytokine response after infection by the different amoebae, as several cytokines are
produced in response to pathogenic Acanthamoeba spp. but not in reaction to N. fowleri.
One of these cytokines is IL-10, which is considered to be a key regulator of the innate
immune response and suppresses inflammation and macrophage activity. IL.-12, IL-4
and IL-17 were also produced in reaction to Acanthamoeba spp., but not in response to
N. fowleri. These cytokines are involved in T cell regulation, promoting the differentiation
of CD4+ T cells into Th1, Th2 and Th17, respectively. This differentiation is impaired in
immunocompromised mice infected with Acanthamoeba spp., indicating the importance
of the T cell lineages. Furthermore, CD4+ T cells are essential for mice to survive a B.
mandrillaris infection 8. However, the immune response could also be contra-productive
for the host, as brain damage in an N. fowleri infection corresponded to the intensity of the
host immune response in vivo %. The extent to which the immune response is responsible
for the clinical course in Acanthamoeba spp. or B. mandrillaris GAE is unknown. Further
research should focus on the identification of key features in the immune response to the
three different amoebae, to build a comprehensive map of the disease pathophysiology.
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Box 4. The YIN and YANG of the innate immune response

The powerful innate immune response has to tune its potential to the danger of the
threat to prevent collateral damage.

YANG, the sunny side: Fast and robust cytotoxic responses are essential to
combat and neutralize invading microorganisms "°. The effector cells of the innate
immune response are phagocytes that can engage with the pathogens either
intracellularly after phagocytosis or extracellularly by releasing toxic compounds
in the close vicinity of the invaders. These killing mechanisms mainly rely on the
production of reactive oxygen species produced by a membrane-bound NADPH-
oxidase and degranulation of cytotoxic proteins by fusing of granules containing
these proteins with the membranes of the phagolysosome (intracellular killing) or
the plasma membrane (extracellular killing) ™. Intracellular killing is important for
targets that are smaller than immune cells and can be phagocytosed. Neutrophils
and to a lesser extend monocytes, mainly utilize this route. Larger targets such
as multicellular parasites are killed extracellularly as they are too big to be
phagocytosed. Eosinophils are specialized for attacking large targets " although
neutrophils can contribute through the release of first granules and then their DNA
that in turn forms neutrophil extracellular traps (NETs) 3.

YIN, the shady side: robust innate immune responses run the risk of
hyperactivation, that is, more activation than necessary for the killing of the target.
Under these conditions, the surrounding tissues are damaged as well ™. This can
even lead to a situation in which the damage caused by the innate immune response
outweighs the importance of the killing of the invading microorganism(s). This
situation can lead to acute inflammatory responses with massive tissue damage such
as seen during sepsis caused by meningococci . In addition, chronic activation
can lead to continuous damage to the host tissue which is seen in a multitude of
chronic inflammatory diseases such as asthma, inflammatory bowel disease, and
auto-immune diseases. This tissue damage can even aid microorganisms to enter
tissues normally protected by adequate barriers.

A healthy immune response is balanced, such that sufficient activity leads to
the containment of the invading micro-organism without causing tissue damage.
Therefore, in infectious diseases, as well as in inflammatory diseases, treatment
should be focused on restoring this balance - preventing that collateral damage
can facilitate a porte-d‘entrée of more or different pathogens. In conclusion, the
innate immune response is necessary to engage with free-living amoebae, but this
response should be contained to prevent tissue damage that potentially facilitates
the infection.
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Host immune status

Another major difference between the three different amoebic brain infections is the
immune status of the affected patients. N. fowleri affects healthy and relatively young
individuals, whereas Acanthamoeba spp. specifically targetimmunocompromised patients.
B. mandrillaris can infect immunocompetent individuals, but immunocompromised
individuals are affected at a far higher rate. This could be a result of several factors, one
of which is the route of infection. N. fowleri solely uses the olfactory route and does not
survive well in the bloodstream. Acanthamoeba spp. and B. mandrillaris usually reach
the brain through the bloodstream, which is a hostile environment for pathogens. In
immunocompetent people, the immune system is better able to kill Acanthamoeba spp.
and B. mandrillaris that are present in the blood, eradicating the infection before the brain
is reached. In immunocompromised patients, this barrier is easier to breach, possibly
leading to higher rates of infection in this group.

Concluding remarks

Brain infections by free-living amoebae pose a small, but intimidating, threat to society.
Understanding how these amoebae operate is the basis of the development of strategies
to prevent and treat these infections. Several different subjects still require attention
(see Outstanding questions). As these infections are under-reported, it is imperative to
estimate the current burden of amoebic encephalitis and to know whether the infections
are indeed increasing or just better registered. The striking difference in clinical course
between PAM and GAE can only be explained by multiple factors. The route of infection,
as well as the immune response, probably play a key role. N. fowleri circumvents the
immune system by travelling via the olfactory nerve to the CNS. Upon arrival, the immune
response is fierce, resulting in the influx of neutrophils with subsequent damage to brain
tissue. This is in contrast with the route taken by Acanthamoeba spp. and B. mandrillaris,
which first have to deal with the immune system in the blood. Therefore, in this case,
a strategy evolved to remain relatively undetected, resulting in a more chronic disease
course and a slowly building immune response. In the end, however, each of the three
amoebic brain infections leads to death in almost all cases.

In recent years, good progress was made in understanding host-parasite interactions but
there remains a lot be discovered. Future studies using different strains of mice could
solve questions on the genetic factors of the host that influence the susceptibility for a
brain infection. Preferably, these experiments should be performed with distinct amoeba
strains to identify genetic factors that influence their pathogenicity. This will also shed
some light on the limited incidence of FLA brain infections despite the wide spread of
these amoebae in the environment.
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Outstanding questions

- Whatis the actual burden of amoebic encephalitis currently?

- Is exposure of humans to an infectious dose of N. fowleri, Acanthamoeba spp. and B.
mandrillaris increasing?

- What factors of these amoebae are crucial in the type and extent of the immune
response?

- Do genetic factors of the host influence the susceptibility to a brain infection?

- Do genetic factors of the amoebae influence their pathogenicity?
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Glossary

Adaptive immune system: Part of the immune system that targets a specific pathogen
as it mounts an immune response against unique antigens. It is slow to develop, but
protection can be very long-lasting.

Central nervous system (CNS): The combination of the brain and the spinal cord, which
is described as an area with immune privilege, as it shows an attenuated response to
antigens. Access to the CNS is restricted and possible only through certain barriers.

Cytokines: A group of small proteins used in cell signaling, most important in the
communication between immune cells. Examples of proinflammatory cytokines are
tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-y), interleukin 1 beta (IL-1B),
IL-6, IL-8, and IL-12. An example of an anti-inflammatory cytokine is IL-10.

Extracellular matrix (ECM): A three-dimensional network made of fibrous proteins and
proteoglycans that provides structural and biochemical support to surrounding cells.

Free-living amoeba (FLA): Eukaryotic unicellular organism that can live freely in the
environment but can also enter a host as an opportunistic pathogen. Three free-living
amoebae are well known human pathogens: Naegleria fowleri, Balamuthia mandrillaris,
and Acanthamoeba spp.
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Granuloma: An area, with a high density of immune cells, which is formed in response to
chronic inflammation. Granulomas predominantly consist of mature macrophages which
try to encapsulate the pathogen from the body and facilitate its eradication.

Granulomatous Amoebic Encephalitis (GAE): An infection of the brain by either
Acanthamoeba spp. or B. mandrillaris. It is characterized by slow disease progression and
granuloma formation.

Human brain microvascular endothelial cells (HBMECs): Cells that are the major
component of the blood-brain barrier, often used in in vitro studies.

Immune status: The ability of the immune system to fight off microorganisms.
Immunocompetent people can clear most microorganisms whereasimmunocompromised
people are less capable due to a reduction of the activation or the efficacy of the immune
system. This can be the result of a disease or of immunosuppressive medication.

Innate immune response: Part of the immune system that forms the first line of
defense against pathogens. It consists of physical, chemical, and cellular defenses and is

nonspecific but very quick to respond.

Primary Amoebic Meningoencephalitis (PAM): An infection of the brain by the
free-living amoeba Naegleria fowleri. It is characterized by a very rapid disease progression.

Route of infection: The physical path a pathogenic microorganism takes inside the
human body during infection.
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Abstract

Primary Amoebic Meningoencephalitis (PAM) is a rapidly fatal infection caused by the
free-living amoeba Naegleria fowleri. The amoeba migrates along the olfactory nerve to
the brain, resulting in seizures, coma, and, eventually, death. Previous research has shown
that Naegleria gruberi, a close relative of N. fowleri, prefers lipids over glucose as an energy
source. Therefore, we tested several already approved inhibitors of fatty acid oxidation
alongside the currently used drugs amphotericin B and miltefosine. Our data demonstrate
that etomoxir, orlistat, perhexiline, thioridazine, and valproic acid inhibited growth of N.
gruberi. We then tested these compounds on N. fowleri and found etomoxir, perhexiline,
and thioridazine to be effective growth inhibitors. Hence, not only are lipids the preferred
food source for N. gruberi, but oxidation of fatty acids also seems to be essential for growth
of N. fowleri. Inhibition of fatty acid oxidation could result in new treatment options, as
thioridazine inhibits N. fowleri growth in concentrations that can be reached at the site of
infection. It could also potentiate currently used therapy, as checkerboard assays revealed
synergy between miltefosine and etomoxir. Animal testing should be performed to
confirm the added value of these inhibitors. Although the development of new drugs and
randomized controlled trials for this rare disease are nearly impossible, inhibition of fatty
acid oxidation seems a promising strategy as we showed effectivity of several drugs that
are or have been in use and that thus could be repurposed to treat PAM in the future.
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Introduction

The amoeba Naegleria fowleri causes primary amoebic meningoencephalitis (PAM),
a rapidly fatal disease of the central nervous system (CNS) 3. N. fowleri is one of the
three most common free-living amoebae that can infect humans, the others being
Acanthamoeba spp. and Balamuthia mandrillaris. These amoebae are ubiquitously present,
with N. fowleri reported on all continents, except Antarctica . In the United States, N.
fowleri infections occur mostly in healthy children and young adults during recreational
water activities, such as swimming, diving, and rafting 7. In the Indian subcontinent,
the correlation with age is less clear, probably because ablution rituals, washing and a
lack of chlorination play a large role in the epidemiology “8. When water containing N.
fowleri makes contact with the nasal epithelium, the trophozoite stage of the amoeba
can migrate along the olfactory nerve, through the cribriform plate to the olfactory bulb
within the CNS 23°. Once inside the brain, the trophozoites cause necrosis and acute
inflammation, ultimately leading to death in over 95% of the cases 3. There is concern that
global warming and changes in the ecosystems that N. fowleri inhabits may lead to more
cases worldwide 7#1°, A wide range of antifungals and antibiotics have been used to treat
PAM with various degrees of effectivity. Most evidence is available for amphotericin B and
miltefosine, but CNS penetration of these drugs is poor "' Because of the high mortality
rate, more-effective drugs are urgently needed ™.

Inhibition of metabolic processes essential to microorganisms is a fruitful strategy for the
development of effective drugs '. Several widely used drugs target the metabolism of the
pathogen to exert their killing effect, such as the antimalarials atovaquone and proguanil,
and the broad-spectrum antiprotozoal, antihelminthic, and antiviral drug nitazoxanide "®.

Previous research by our group showed that N. gruberi, a close relative to N. fowleri,
prefers fatty acids as a food source *. This led us to the hypothesis that inhibiting fatty
acid oxidation (FAO) could inhibit growth of or even kill the amoeba. We identified
several drugs that are currently used or have been used that inhibit fatty acid metabolism
in different parts of this pathway. All of those drugs target enzymes that are present in
the N. gruberi and N. fowleri genome ' (see also Fig. 1 and Discussion). As the fatty acid
preference was shown in N. gruberi, we first determined the effects of these compounds
on N. gruberi. We then tested promising compounds on the actual pathogen, N. fowleri,
and finally determined whether there was synergy present when compounds were
combined in a checkerboard assay.
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Figure 1. Main pathways of energy metabolism of N. gruberi with targets of different
fatty acid oxidation inhibitors depicted as crosses.

Dashed lines indicate uncertainties of the actual processes.

Results

The inhibitory effects of all compounds on N. gruberi determined through area under
the curve (AUC) calculation are represented in Fig. 2. Thioridazine (TDZ) inhibited
growth of N. gruberi in a concentration-dependent manner, inhibiting 50 % of growth at
approximately 10 uM (Fig. 2A). Addition of perhexiline (PHX) resulted in an inhibition level
of about 50% in concentrations above 50 uM (Fig. 2B). Etomoxir (ETO) addition resulted in
clear inhibition at concentrations above 600 uM (Fig. 2C), addition of valproic acid (VPA)
resulted in inhibition of growth in a concentration dependent manner, with inhibition of
50 % of growth around 700 uM (Fig. 2D). Orlistat (ORL) inhibited circa 50% of growth in
concentrations of 50 pM and higher (Fig. 2E), amphotericin B (AMB) was very effective at
inhibiting growth, inhibiting circa 75 % at concentrations of 0.2 uM and higher (Fig. 2F).
Addition of miltefosine (MIL) resulted in inhibition in a concentration dependent manner
with efficient inhibition of growth at 80 uM (Fig. 2G). The capacities for regrowth of the
amoebae after 5 days of exposure differed for the examined compounds, as can be seen
in the bars above the individual graphs in Fig. 2. Amoebae incubated with VPA and ORL
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Figure 2. Growth curves of Naegleria gruberi were obtained in the presence or
absence of inhibitors of fatty acid oxidation or drugs currently used to treat primary
amoebic meningoencephalitis.

Optical density was measured daily over a 5-day period. Shown is the Area Under the growth Curve (AUC)
of compounds and respective controls. Indicated are lines of 100 % and 50 % of the control AUC. On top
of the graph the capacity for regrowth is shown. + : clear regrowth; +/- : inconsistent or little regrowth; - :
never any regrowth; N.D. : Not done. Experiments were performed twice in triplicate wells, error bars are
SD.
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showed regrowth for all concentrations used, while PHX consistently prevented regrowth
at 90 uM. The amoebae showed regrowth after TDZ exposure at up to a concentration of
20 uM, while the amoebae showed regrowth after ETO exposure at up to a concentration of
600 uM. Amoebae incubated with MIL showed regrowth after exposure to concentrations
below 80 uM and inconsistent regrowth at the examined concentrations over 80 uM. AMB
was most effective in preventing regrowth, always blocking regrowth at a concentration
of 0.4 uM or higher (Fig. 2).

Next, the compounds were also assessed for their effect on N. fowleri. This was done in
two ways: via viability staining with CellTiter-GLO and with direct cell counting using a
flow cytometer. The 50% inhibitory (IC, ) concentrations of all drugs on both organisms
can be seen in Table 1. The IC_; results of compounds tested on N. gruberi represent an
approximation, as the range of concentrations tested is narrow. Results of the CellTiter-GLO
viability stain assay can be seen in Fig. 3, results of cell counting can be seen in Figure S1.
These figures show that absence of viability and absence of cell growth were observed
after exposure to TDZ, PHX and ETO, revealing that these compounds are effective against
N. fowleri as well as against N. gruberi. The efficacy of ETO and PHX was higher against N.
fowleri than against N. gruberi, the IC_ levels of both drugs against N. fowleri was about
5-fold lower than against N. gruberi. VPA and ORL showed some inhibition of N. fowleri
growth at high concentrations, but their efficacy was much lower against N. fowleri than
against N. gruberi. The effects of AMB and MIL were roughly similar against N. gruberi and
N. fowleri. The IC, calculations show concordance between both methods, confirming
the efficacy of the compounds against N. fowleri in two ways (Table 1). Next, compounds
were combined in these IC,, concentrations to screen for a possible synergistic effect of
combinations of compounds on N. fowleri (see Table S1 in the supplemental material).
Checkerboard assays were performed for the best six combinations of the drugs, after
which F . was calculated. The combinations MIL + PHX, MIL + TDZ, MIL + VPA, PHX + TDZ
and TDZ + VPA showed additivity. The combination of ETO and MIL resulted in an F of 0.5,
indicating that synergy when these drugs are combined (Table S1). Further analysis of the
synergistic effect of the combination ETO and MIL with the program Combenefit resulted
in a mapped surface analysis whose results can be seen in Fig. 4. This map shows that
synergy is most pronounced when 12.5 and 25 uM concentrations of MIL are combined
with 25 - 200 uM concentrations of ETO.
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Figure 3. Luminescence as a percentage of control after compound exposure to
Naegleria fowleri for 24 hours in twofold serial dilutions.

Luminescence was measured after addition of CellTiter-GLO ATP stain, in the presence or absence of
inhibitors of fatty acid oxidation or drugs currently used to treat primary amoebic meningoencephalitis.
Experiments were performed in triplicate, error bars are SD.

66



Inhibition of fatty acid oxidation as a new target to treat
Primary Amoebic Meningoencephalitis

Discussion

Our study showed that fatty acid oxidation (FAO) inhibitors clearly inhibited growth of
both N. gruberi and N. fowleri in vitro. Hence, not only are lipids the preferred food source
for N. gruberi, but oxidation of fatty acids seems to be essential also for growth of N. fowleri.
The current treatment of miltefosine (MIL) and amphotericin B (AMB) was confirmed to be
effective at inhibiting growth in vitro, which is in agreement with previous reports (%)
and validates our assays performed to detect compounds that inhibit growth of Naegleria.
The importance of fatty acid oxidation for N. fowleri was demonstrated in a recent in vivo
study, as Herman et al. observed upregulation of genes of N. fowleri involved in FAO after
mouse passage 3°. Our results now show that FAO inhibition is a valid target for new PAM
therapy options, as etomoxir (ETO), perhexiline (PHX) and thioridazine (TDZ) showed total
growth inhibition of N. fowleri. Furthermore, our results show that there is additivity of
MIL combined with PHX, TDZ, and valproic acid (VPA) and synergy between ETO and MIL,
providing evidence that inhibition of fatty acid oxidation can be a valuable addition to the

current treatment regimen.

Synergy mapped to D-R (BLISS)
Miltefosine vs. Etomoxir

Synergy

Antagonism

Etomoxir [:M] Miltefosine [:M]

Figure 4. Concentrations surface response plot of checkerboards assay with etomoxir
and miltefosine against Naegleria fowleri using the BLISS model.

Etomoxir and miltefosine were separately tested and combined in 5 and 6 concentrations, respectively.
Luminescence was measured after 24 hours of exposure, after addition of CellTiter-GLO ATP stain. Raw
luminescence data was normalised as a percentage of the control, results were analysed and plot was
generated with the combenefit program. Colours indicate presence or absence of synergy.
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We observed some differences between N. gruberiand N. fowleri in the levels of efficacy of
the FAO inhibitors. All FAO inhibitors affected N. gruberi growth, but the effects of VPA and
orlistat (ORL) were much less profound on N. fowleri than on N. gruberi. In contrast, ETO
and PHX were more effective at inhibiting growth of N. fowleri than N. gruberi. When the
targets of the FAO inhibitors are taken into account, we can hypothesize on the reasons
for these differences. The investigated FAO inhibitors affect different enzymes involved
in lipid metabolism (depicted in Fig. 1). TDZ inhibits peroxisomal oxidation of lipids 2°3'.
ORL inhibits lipases, enzymes that hydrolyze triacylglycerol, thereby obstructing the first
step in the breakdown of lipids 2. ETO and PHX inhibit the carnitine palmitoyltransferase-1
(CPT-1), blocking transport of fatty acids into mitochondria #?2. Among other activities,
VPA interferes mainly with mitochondrial 3-oxidation %. The targets of the FAO inhibitors
are present in the N. gruberi as well as in the N. fowleri genome, showing that regarding
the metabolic properties, both organisms are very much alike 3233, However, this does
not imply that the enzymes are exactly identical in amino acid sequence. Minor amino
acid differences could result in small structural differences and hence in differences in the
effects of the various drugs. Furthermore, unavoidable differences between N. fowleri and
N. gruberi under in vitro growth conditions could play a role, as optimal culture medium
(PYNFH vs Bacto Casitone) and culture temperature (25 °C vs 37 °C) are different between
the two, resulting in different metabolic rates.

We observed that several FAO inhibitors show additivity (PHX, TDZ, and VPA) or synergy
(ETO) when combined with MIL. Unfortunately, synergy between AMB and the FAO
inhibitors was not observed. This would be of importance, as AMB has serious side-effects
. There is also a risk for serious adverse events when using MIL 3, We did observe
synergy between ETO and MIL, which is a promising result as this could potentially lead to
lowering of MIL dosages and subsequent reduction in the risk of serious adverse events.
ETO has been in use for some time, but was retired due to its adverse side effects in the
liver. Currently, it is being repurposed as an anticancer agent **. Unfortunately, there are
no data on the pharmacokinetics of ETO, so we do not know the clinical applicability of
ETO. We found a relatively high IC, against N. fowleri of approximately 100 to 150 uM, but
the synergy shown with MIL deserves further investigation in an animal model.

Of all FAQ inhibitors tested, TDZ showed the lowest IC,  (approximately 6 to 10 uM) against
N. fowleri in our study. TDZ has been in use as an antipsychotic drug since the early 1950s
and was originally identified as a dopamine receptor 2 antagonist. Later, TDZ was also
shown to be a selective inhibitor of peroxisomal B-oxidation 23", It is now being repurposed
as an anticancer, anti-inflammatory and antimicrobial agent 3$3°. The pharmacokinetics
of TDZ are well studied. In a recent clinical study, the sum of TDZ and its metabolites in
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serum approached 10 uM 3%, Furthermore, TDZ has been shown to accumulate in brain
tissue of chronically treated patients, resulting in concentrations 10-fold higher than that
in serum “°. Although AMB is effective at nanomolar concentrations, AMB and MIL are
known to have poor CNS penetration "', This could possibly explain the poor prospects
for treatment of patients with PAM and emphasizes the possible benefit of TDZ.

Development and testing of new drugs for PAM are difficult, as randomized controlled
trials for the treatment of PAM are impossible due to the rapidly fatal nature of the
disease and its relatively rare occurrence. Repurposing existing drugs is therefore the
most promising way to obtain additional drugs to combat PAM. There are numerous
examples of drugs that have been successfully repurposed to treat rare diseases *. All
tested FAO inhibitors (including TDZ and ETO) have been or are still in clinical use. TDZ
inhibits N. fowleri growth in concentrations that can be reached at the site of infection,
and checkerboard assays revealed synergy between MIL and ETO. Further animal testing
should be performed to confirm the added value of these inhibitors.

Materials and Methods

Chemicals and amoeba culture.

N. gruberi strain NEG-M (ATCC® 30224) was grown axenically at 25 °C in modified PYNFH
medium (peptone, yeast extract, yeast nucleic acid, folic acid, 10% heat-inactivated fetal
bovine serum, 100 units/ml penicillin, 100 pg/ml streptomycin, and 40 pg/ml gentamicin)
(ATCC medium 1034), as described before ™. N. fowleri strain HB-1, kindly provided by
Hana Peckova (Institute of Parasitology, Biology Center CAS, Czech Republic), was grown
axenically at 37 °Cin Bacto Casitone medium. Experiments with N. fowleri were conducted
at biosafety level 2 BSL 2 safety level according to the ATCC guidelines and as specified
by the Charles University. Modified PYNFH is composed of peptone, yeast extract, yeast
nucleic acid, folic acid, 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin,
100 pg/ml streptomycin, and 40 pg/ml gentamicin. Bacto Casitone medium is composed
of 2% Bacto Casitone, 10% heat-inactivated fetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 pg/ml). All experiments were performed using trophozoites
harvested during logarithmic-phase growth by repeatedly tapping cell culture flasks
with amoebae to detach trophozoites. Amphotericin B (AMB), etomoxir (ETO), miltefosine
(MIL), thioridazine (TDZ), orlistat (ORL), perhexiline (PHX), and valproic acid (VPA) were
purchased from Sigma. CellTiter-Glo 2.0 Cell Viability Assay was purchased from Promega.
Translucent flat-bottom 96 wells plates were purchased from Greiner Bio-One. Black flat
bottom 96-wells plates were purchased from Thermo Fisher Scientific.
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Inhibition assays for N. gruberi

To screen the effects of fatty acid oxidation inhibitors and current therapies for PAM on
N. gruberi, we determined compound efficacy with optical density (OD) measurements.
Drugs were prepared as stock solutions as follows: TDZ: 10 mM in water, PHX: 50 mM in
dimethyl sulfoxide (DMSO), ETO: 10 mM in water, VPA: 20 mM in water, ORL: 35 mM in
DMSO, AMB: 10 mM in DMSO, MIL: 10 mM in water. Stock solutions were diluted in water
or PYNFH medium and added as a volume of 10 uL to 1 x 10* N. gruberi trophozoites in 90
pL of PYNFH. Compounds were tested per plate in triplicate in at least two independent
experiments; controls contained equivalent concentrations of compound solvents (water,
PYNFH or DMSO). Plates were incubated at 25°C, and OD measurements of the contents
of the 96 wells were performed every 24 h using a FLUOstar OPTIMA microplate reader.
Regrowth capacity was assessed by collecting the whole contents of the wells at day 5
by vigorous pipetting after which the content (100 pL) was added to Eppendorf tubes
containing T mL PYNFH medium. Samples were washed by centrifugation at 1,000 relative
centrifugal force (rcf) and subsequent careful replacement of the supernatant with fresh
PYNFH medium. After repeating this washing cycle three times, 1 ml supernatant was
discarded and the remaining contents were added to a new plate. Controls were diluted
10x after the washing step to allow proper detection of regrowth in these samples. OD
was measured for a further period of 9 days of incubation at 25 °C.

Inhibition assays for N. fowleri

For N. fowleri, two independent methods were used to determine compound efficacy:
a CellTiter-GLO luminescence-based ATP stain (less sensitive to number of amoeba, but
more sensitive to viability) and cell counting by flow cytometry (sensitive to the number
of amoeba but with count determined irrespective of viability). Similar stock solutions
were prepared for N. fowleri experiments as those used for N. gruberi experiments. For
CellTiter-GLO experiments, stock solutions were diluted and added to a black 96-well
plate as 10 pL compound + 80 uL Bacto Casitone after which 300 N. fowleri cells in 10 pL
Bacto Casitone were added to each well for a total volume of 100 L. After 24 hours of
incubation at 37 °C CellTiter-GLO reagent was added and luminescence was determined
by the use of a CLARIOstar microplate reader. For flow cytometry experiments, stock
solutions were diluted and added to translucent 96-well plate wells as 20 uL compound
+ 178 pL Bacto Casitone after which 60 N. fowleri cells in 2 uL Bacto Casitone were
added to each well for a total volume of 200 uL. After 72 hours of incubation at 37 °C,
paraformaldehyde was added to obtain a 1.5% concentration, after which cell counting
was performed by the use of a Guava EasyCyte flow cytometer. Appropriate gating was
applied to all samples. Experiments were all performed in triplicate, all plates contained
positive controls in triplicate wells with equivalent concentrations of compound solvents
(water, Bacto Casitone, or DMSO) and negative controls without amoebae.
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Checkerboards assay

Twofold dilutions were prepared of MIL (100 to 3.13 uM), ETO (400 to 25 uM), PHX (25
to 1.61 puM), TDZ (25 to 0.8 uM) and VPA (2000 to 62.5 puM). Drugs were added to black
96-well plates in a 5-by-6 checkerboard design as described before *2. 96-well plates
were inoculated with 300 N. fowleri cells in Bacto Casitone per well. After 24 hours of
incubation at 37 °C CellTiter-GLO reagent was added and luminescence was determined
by a CLARIOstar microplate reader. Experiments were all performed in triplicate, all plates
contained positive controls in triplicate wells with equivalent concentrations of compound
solvents (water, Bacto Casitone or DMSO) and negative controls without amoebae.

Data analysis

GraphPad Prism 8 was used to process data. For N. gruberi, graphs of separate wells
were constructed with OD values on the y axis, time (days) on the x axis. Area under
the curve (AUC) was then calculated by the use of GraphPad Prism 8, where after these
were combined into a bar chart. To determine IC, values, results were normalized and
nonlinear regression with variable slope was performed. For N. fowleri, luminescence data
and cell counts were normalised as a percentage of the respective control, after which
nonlinear regression with variable slope was performed to determine IC, . To determine
synergy, analysis was performed using the Fractional Inhibitory Concentration index
(FIC), as described before *. Briefly, the FIC, was determined for the wells with the lowest
concentration of drugs that resulted in <10% luminescence of the growth control without
drugs. FIC, was calculated as ZFIC = & + yies with C_ and C, being the concentrations of
the drugs in the well and MIC, and MIC, the lowest concentration of separate drugs that
resulted in <10% of luminescence. F . was defined as the lowest YFIC-value. Additivity
was determined as 0.5<¥FIC<2, synergy as YFIC<0.5 and antagonism as YFIC>2. Surface
response analysis was performed with the Combenefit program.
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Supplementary data

Supplementary Table S1I: Synergy between fatty acid oxidation inhibitors and
currently used drugs.

Percentage | Percentage Further F_.of
Combination of separate | of separate | Average checker- checker- | Interpretation
drug #1 drug #2 boards? board
ETO + MIL 2.8 3.8 33 YES 0.5 Synergy
ETO + PHX 66.7 84.1 754 NO
ETO + AMB 93.8 775 85.7 NO
ETO + ORL 13.2 1314 1223 NO
ETO + TDZ 63.0 1071 85.1 NO
ETO + VPA 74.6 82.0 78.3 NO
MIL + PHX 56.8 52.7 54.7 YES 1.0625 Additivity
MIL + AMB 118.1 70.3 94.2 NO
MIL + ORL 74.8 62.6 68.7 NO
MIL + TDZ 42.7 53.2 48.0 YES 1.0312 Additivity
MIL + VPA 74.6 60.1 674 YES 1.0156 Additivity
PHX + AMB 96.0 62.3 79.2 NO
PHX + ORL 774 711 74.2 NO
PHX +TDZ 46.7 63.1 549 YES 1.0 Additivity
PHX + VPA 79.7 69.3 74.5 NO
AMB + ORL 81.1 115.2 98.2 NO
AMB + TDZ 48.7 101.6 75.1 NO
AMB + VPA 775 105.0 91.3 NO
ORL +TDZ 62.8 929 779 NO
ORL+ VPA 97.7 93.6 95.6 NO
TDZ +VPA 80.2 51.7 65.9 YES 1.0 Additivity

Fatty acid oxidation inhibitors and drugs currently used to treat primary amoebic meningoencephalitis
were added separately and combined in IC50 concentrations to Naegleria fowleri. Luminescence was
measured at 24 hours after addition of CellTiter-GLO. Luminescence data of wells with combined drugs
was normalised as a percentage of the luminescence of respective drugs tested separately. Experiments
were performed in triplicate.
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Figure S1. Cell counts as a percentage of control after compound exposure to
Naegleria fowleri for 72 hours in twofold serial dilutions.

Cells were counted by guava EasyCyte flow cytometer in the presence or absence of inhibitors of fatty
acid oxidation or drugs currently used to treat primary amoebic meningoencephalitis. Experiments were
performed in triplicate, error bars are SD.
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Abstract

Acanthamoebae, pathogenic free-living amoebae, can cause Granulomatous Amoebic
Encephalitis (GAE) and keratitis, and for both types of infection no adequate treatment
options are available. As the metabolism of pathogens is an attractive treatment target,
we set out to examine the energy metabolism of Acanthamoeba castellanii and studied
the aerobic and anaerobic capacities of the trophozoites. Under anaerobic conditions, or
in the presence of inhibitors of the electron-transport chain, A. castellanii trophozoites
became rounded, moved sluggishly and stopped multiplying. This demonstrates
that oxygen and the respiratory chain are essential for movement and replication.
Furthermore, the simultaneous activities of both terminal oxidases, cytochrome c oxidase
and the plant-like alternative oxidase, are essential for normal functioning and replication.
The inhibition of normal functioning caused by the inactivity of the respiratory chain
was reversible. Once respiration was made possible again, the rounded, rather inactive
amoebae formed acanthopodia within four hours and resumed moving, feeding and
multiplying. Experiments with radiolabelled nutrients revealed a preference for lipids
over glucose and amino acids as food. Subsequent experiments showed that adding
lipids to a standard culture medium of trophozoites strongly increased the growth rate.
A. castellanii trophozoites have a strictly aerobic energy metabolism and pB-oxidation of
fatty acids, the Krebs cycle, and an aerobic electron-transport chain coupled to the ATP
synthase, produce most of the used ATP. The preference for lipids can be exploited, as
we show that three known inhibitors of lipid oxidation strongly inhibited the growth
of A. castellanii. In particular, thioridazine and perhexiline showed potent effects in low
micromolar concentrations. Therefore, this study revealed a new drug target with possibly
new options to treat Acanthamoeba infections.

Highlights

«  Acanthamoeba castellanii needs oxygen for normal functioning and growth

o A. castellanii trophozoites prefer lipids over glucose as an energy source

o Lipid breakdown uses a branched electron-transport chain, both ends using oxygen
« Use of both these terminal oxidases is essential for normal functioning and growth
« The preference for lipids seems an attractive new drug target
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1. Introduction

Acanthamoebae are pathogenic free-living protists that can infect humans in multiple
ways. Acanthamoebae can infect the brain, resulting in Granulomatous Amoebic
Encephalitis (GAE) "% GAE usually affects immunocompromised patients and results
in mortality in over 90% of the cases 3. Although awareness and the reported number
of cases are increasing worldwide, GAE is still underreported as a cause of infectious
mortality >*. The high mortality rate is attributed to late diagnosis and a lack of effective
therapeutics, indicating the importance of new treatment possibilities. Acanthamoebae
can also infect the cornea, causing a hard-to-treat keratitis which leads to blindness if left
untreated 7. Acanthamoeba keratitis is often seen in contact lens wearers.

New drugs to treat Acanthamoeba keratitis that could shorten treatment time or cause
fewer side effects would be very useful, because a lengthy treatment with diamidines
and/or biguanides is now required to treat Acanthamoeba keratitis 2. In the past, metabolic
studies have resulted in the identification of new targets and drugs for the treatment of
infectious diseases °. However, studies on the metabolic properties of Acanthamoebae are
scarce.

A. castellanii possesses mitochondria that are equipped for a classical aerobic metabolism.
Oxygen can be used by A. castellanii as a terminal electron acceptor in a branched
electron-transport chain ™. A schematic overview of the branched electron-transport
chain of A. castellanii is shown in Figure 1. A. castellanii has a canonical eukaryotic
electron-transport chain consisting of the complexes I-1V, where complex IV (cytochrome
c oxidase) donates the electrons to oxygen . However, A. castellanii also has a plant-like,
cyanide-insensitive, alternative oxidase, which donates electrons directly from ubiquinol
to oxygen without the further concomitant proton translocation across the mitochondrial
inner membrane 2. The energy of the proton gradient generated by the electron-transport
chain can be used by A. castellaniito produce ATP via a classical F F_ATP synthase. However,
in A. castellanii the protons can also be transported back into the mitochondrial matrix
via an uncoupling protein without the concomitant production of ATP . The electron-
transport chain is not only branched at the exit but also at the entrance side, because the
mitochondria of A. castellanii possess apart from NADH-dehydrogenase (complex 1) also
alternative dehydrogenases (Ndh2), which transfer electrons from NAD(P)H to ubiquinone
without proton translocation (Fig. 1) %',

Investigations on the oxygen dependence of A. castellanii led to controversial results. It

has been reported that the use of oxygen is essential for normal functioning and growth
of A. castellanii '*7. On the other hand, the use of an anaerobic metabolism has also
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been reported 8'®°. However, in contrast to the many bioenergetic studies that have
been performed over the years on the A. castellanii mitochondrial flow of electrons,
relatively little attention has been paid to the identification of the catabolic pathways
that are used to degrade substrates. In compositional and functional complexity, the
mitochondrial proteome of A. castellanii rivals that of classical mitochondria 2°. However,
genomic and proteome analyses indicated that A. castellanii possesses next to the
mitochondrial machinery for a classical aerobic metabolism, a set of enzymes that could
enable a hydrogenosomal type of anaerobic ATP generation 224, This would suggest that
A. castellanii has mitochondria that can toggle between an aerobic and an anaerobic type
of metabolism. However, the assumed functionality of these anaerobic pathways has not
been shown yet.

In fact, even the characteristics of its aerobic metabolism are still unknown. Genomic
analyses indicate that A. castellanii possesses enzymes for the classical complete oxidation
to carbon dioxide of carbohydrates, lipids and proteins . The presence of an active
mitochondrial electron-transport chain and ATP synthase also suggests that at least part
of the used substrates is oxidized with oxygen as the terminal electron acceptor. However,
whether the substrates are mainly degraded to carbon dioxide or are also degraded to
other end products is yet unknown. The relative importance for the metabolism of A.
castellanii of the three types of substrates, carbohydrates, lipids and amino acids, is also
still unknown. In its predatory behaviour and feeding on bacteria, A.castellanii resembles

INNER MITOCHONDRIAL MEMBRANE

H H & + . H .t

4 H + + H H ot

FH +H H T HH

H NADH ¥ & H H H
complex | Ndh2 Ndh2 complexli AOX complex Il complex IV ATP synthase UCP

OUTER MITOCHONDRIAL MEMBRANE

Figure 1: The branched electron-transport chain of Acanthamoeba castellanii.

Schematic overview of the entrance of electrons, which occurs via the yellow boxes, and of the exit of
the electrons, which occurs via the two pink terminal oxidases. AOX, alternative oxidase; ¢, cytochrome
¢; KCN, potassium cyanide, Ndh2, alternative NADH dehydrogenase; SHAM, salicylhydroxamic acid; UCP,
uncoupling protein; Q, ubiquinone pool.
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the pathogenic free-living amoeba Naegleria gruberi, which prefers lipids for food 2.
Therefore, it is conceivable that Acanthamoeba also uses lipids as an important food
source. We now studied the aerobic and anaerobic capacities of A. castellanii trophozoites
and their possible preference for the type of food, to identify possible essential processes
which could be new targets for treatment.

2. Materials and Methods

2.1. Acanthamoeba strain and culture media

Acanthamoeba castellanii strain “Neff” (ATCC 30010) was grown in cell culture flasks at
25°C with PYG medium, which contains proteose peptone, yeast extract and glucose
with salt additives (ATCC medium 712). This medium was supplemented with 40 pug/ml
gentamicin, 100 units/ml penicillin and 100 pg/ml streptomycin. For radiolabelled nutrient
experiments, cultures were maintained in PY with 1 mM glucose (PY1G) instead of regular
PYG, which contains 100 mM glucose. All experiments with trophozoites were conducted
with trophozoites growing in logarithmic phase, collected by placing a cell culture flask
on ice for 20 minutes and subsequent repeated tapping to detach trophozoites. Cysts
were obtained by replacing the PYG medium of a culture of Acanthamoeba trophozoites
with encystation medium (NEM) as described by Neff et al. .

2.2. Respiration

To determine the oxygen consumption, a Clark-type electrode was used at 25°C in 2 ml
air-saturated fresh medium containing A. castellanii trophozoites. Potassium cyanide
was purchased from Sigma (St. Louis, MO, USA) diluted in water and used at a final
concentration of 1 mM. Salicylhydroxamic acid (SHAM) was purchased from Sigma, diluted
in 96% ethanol, and used at a final concentration of 1.5 mM. Experiments were performed
in triplicate.

2.3. Culturing of A. castellanii in the absence of oxygen, in
the presence of inhibitors of the terminal oxidases, and in the
presence of lipids

To investigate the anaerobic capacity of A. castellanii trophozoites, 5 x 10% trophozoites in
5 ul of PYG were added to the edge of 15mm x 55mm strips of non-nutrient agar seeded
with 4.0 McFarland E. coli (strain ATCC 25922) in tissue culture dishes. The edge of the
amoebae inoculate was marked after which the plates were stored in Oxoid Jars and
incubated at 25°C. Anaerobic conditions were achieved by replacing the air in a jar with a
mixture of 85% N,, 10% CO,, and 5% H,, using an Anoxomat and the addition of palladium
as catalyst to ensure anaerobic conditions (Mart Microbiology, Drachten, The Netherlands).

83




Chapter 4

Aerobic conditions were achieved by incubating in an identical jar under atmospheric air
conditions. Distance of the furthest visible edge of multiple trophozoites was measured
in millimetres daily for aerobic conditions and after 4 days for anaerobic conditions (after
the jars were opened). After 4 days of anaerobic incubation, the distance was recorded
for a further 4 days in aerobic conditions. Experiments were performed at least twice
with triplicate plates. Images were recorded with a Leica ICC50W microscope using LAS
X software. Fluorescent images were recorded using an Olympus IX51 microscope with
cellSens software after incubation for 30 minutes with a cellulose-binding fluorophore
(Uvitex 2B, 8 mg/l), which was washed off with PBS. As a positive control for the Uvitex
staining of cysts, 5 pl of encysted Acanthamoeba were added to identical plates and
incubated in the same conditions.

To determine the effects of respiratory chain inhibitors on the cell growth of A. castellanii,
trophozoites were seeded in PYG medium on day 1 at a density of 30,000 trophozoites per
ml. Upon reaching log growth (day 2) respiratory chain inhibitors were added, KCN was
added to the culture in a final concentration of T mM to block the activity of complex IV,
SHAM was added to the culture at a final concentration of 1.5 mM to block the AOX. The
ethanol vehicle was maintained at 0.5% (v/v) and control incubations included ethanol at
that concentration. Throughout cell growth experiments, the medium was changed daily,
and KCN and SHAM were added fresh daily. Amoebae were counted using Differential
Interference Contrast (DIC) microscopy and images taken were analysed using CellAF
Software (Olympus).

To investigate the effect of lipids on the growth, trophozoites of A. castellanii were
cultured in PY1G supplemented with i) 200 uM oleic acid bound to delipidated bovine
serum albumin (BSA) plus 200 uM octanoic acid, or ii) micelles prepared by sonication
of 0.2 mg/ml phosphatidylglycerol (16:0/18:1) and 0.2 mg/ml phosphatidylethanolamine
(16:0/18:1). Phosphatidylglycerol and phosphatidylethanolamine were from Avanti Polar
Lipids (Alabaster, Al, USA), delipidated BSA and oleic acid were purchased from Sigma (St.
Louis, MO, USA).

2.4. Nutrient consumption

Substrate-degradation experiments were performed as earlier described 26. Briefly,
A. castellanii trophozoites (1.4 - 3.4 million) grown in PY1G were harvested during
logarithmic growth and transferred to a sealed 25 ml Erlenmeyer with 5 ml PY1G. The
incubation was started by the addition of one of the labelled substrates (all supplied by
PerkinElmer, Boston, MA, USA): D-[6-*C] glucose (1.0 mM, 5 pCi), [1-*C] octanoic acid (200
UM, 5 uCi), [1-'*C] oleic acid (200 uM, 5 pCi), [U-*C] isoleucine (1.0 mM, 3 pCi), [U-*C] valine
(1.6 mM, 3 pCi) and [U-*C] lysine (1.0 mM, 3 pCi). The concentration shown in brackets
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is the concentration of the unlabeled substrate, present in all incubations. The very high
specific activity (uCi/umol) of the added radioactive substrates implies that the addition
of these C-labeled substrates to an incubation does not change the concentration of that
substrate, because the tracer amount of that labeled substrate is negligible compared
to the amount of that substrate already present in the standard medium. This means
that the substrate composition of all six types of incubations was the same, but in each
incubation only one of the substrates was labeled. Blank incubations without trophozoites
were started simultaneously. All samples were incubated at 25°C. After 18-24 hours the
incubations were terminated and the production of radioactive CO, was determined as
described before %. In short, the medium was acidified to pH2 by the addition of HCI
through the septum of the sealed Erlenmeyer flask. Carbon dioxide was trapped for
2.5 hours in 200 pL 4M KOH in a centre well suspended above the incubation medium.
Afterwards, the trapping solution was transferred to a vial containing water and Luma-gel
(Lumac*LCS, Groningen, The Netherlands), after which radioactivity was measured in a
scintillation counter. The incorporation of labelled nutrients in proteins, phospholipids
and triacylglycerols was analysed after separate parallel incubations in 25 cm? cell culture
flasks (Greiner Bio-One, The Netherlands) in 5 ml PY1G. Labelled substrates were added
in an identical way as done in the substrate-degradation experiments. After 24 hours of
incubation at 25°C, the supernatant was carefully discarded after which the trophozoites
were gently washed three times with PY1G. Cell culture flasks were subsequently placed
on ice for 20 minutes after which the trophozoites were collected after repeated tapping.
After the addition of rat-liver lipids as carrier, the lipid fraction of this sample was isolated
according to a chloroform/methanol extraction procedure . The pellet of the first phase
of this extraction procedure contained the amoebal proteins. The phospholipids and
triacylglycerols in the lipid fraction were isolated via a thin-layer chromatography step and
the radioactivity in these subfractions was determined. Radioactivity of all samples was
counted in a scintillation counter after the addition of LUMA-gel (Lumac*LCS, Groningen,
the Netherlands). Experiments were performed at least in triplicate. The concentrations of
isoleucine, valine and lysine in PY1G were determined by LC-Orbitrap MS (QExactive plus,
Thermo Fisher Scientific, Breda, The Netherlands). Non-esterified fatty acids and acidic
phospholipids were analysed by LC-MS in the negative mode as reported earlier (Retra et
al., 2008). SPLASH-II Lipidomix (Merck, Darmstadt, Germany) supplemented with [U-13C]
stearic acid was used as an internal standard. Triacylglycerols, sterol(-esters) and other
complex lipids were analysed by LC-MS in the positive ionization mode on a Q-ToF type
instrument (X500R, Sciex, Framingham, MA, USA).

2.5. Growth inhibition

Etomoxir (ETO), perhexiline maleate salt (PHX) and thioridazine (TDZ) were purchased from
Sigma (St. Louis, MO, USA). Growth inhibitory activity was assessed as described earlier 3.
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Briefly, stock solutions were prepared as follows: ETO and TDZ 10 mM in water, PHX: 50 mM
in DMSO. Stock solutions were diluted in water and added as 10 pL to 1 x 10* A. castellanii
trophozoites in 90 L of PYG. Compounds were tested per plate in triplicate in at least two
independent experiments; controls contained equivalent concentrations of compound
solvents (water or DMSO). Plates were incubated at 25°C and OD measurements of the 96
wells were performed every 24 hours using a FLUOstar OPTIMA microplate reader. Data were
plotted using GraphPad Prism 7.0 with OD-values on the Y-axis and time (days) on the X-axis,
after which the Area Under the Curve (AUC) was determined and plotted into a bar chart.

3. Results

3.1. A. castellanii trophozoites need oxygen and respiratory-
chain activity for normal functioning

To gain an overview of the respiratory capabilities of A. castellanii trophozoites, the
consumption of oxygen was measured before and after the addition of cyanide and
salicylhydroxamic acid (SHAM), an inhibitor of cytochrome ¢ oxidase (Complex IV) and
the plant-like alternative oxidase (AOX), respectively. The addition of cyanide did not
change the rate of the consumption of oxygen (Fig. 2A, trace A). However, after the
subsequent addition of SHAM, oxygen consumption stopped. Likewise, if SHAM was
added first, oxygen consumption did not change, whereas after the subsequent addition
of cyanide, the consumption of oxygen again stopped (Fig. 2A, trace B). These results
confirm that A. castellanii trophozoites have a branched electron-transport chain with
two terminal oxidases: Complex IV and AOX (Fig. 1). Furthermore, our experiments now
reveal that A. castellanii trophozoites can instantaneously change the ratio of the flow of
electrons through the two terminal branches of the electron-transfer chain. When one of
the two terminal oxidases is inhibited, electrons take the other route to reduce oxygen.
Furthermore, our experiments showed that both branches of the electron-transport chain
possess a substantial overcapacity, as oxygen consumption did not decrease when one of
the two pathways was blocked.

To test their viability and capacity to grow (multiply) under long-term inhibition of one or
both of the two terminal oxidases, we cultured A. castellanii trophozoites in the presence
of SHAM, or cyanide, or cyanide plus SHAM. The presence of cyanide and/or SHAM
resulted within 24 hr in changes in morphology, a decrease of the gliding movements and
a complete growth arrest under all three conditions, (Fig. 2B, Supplementary Fig. S1 and
Supplementary Movies 1-5). In the presence of both cyanide and SHAM, the change in
motility and morphology was more pronounced than in the presence of only one of the
two inhibitors.
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Figure 2: Oxygen consumption by Acanthamoeba castellanii trophozoites and their
growth and shape under aerobic and anaerobic conditions.

(A) Oxygen consumption of A. castellanii was measured with a Clark-type electrode. Salicylhydroxamic
acid (SHAM), at a final concentration of 1.5 mM, and cyanide, at a final concentration of 1 mM, was added
at the indicated time points. Experiments were performed in duplicate, and representative examples are
shown.

(B) Growth curves of A. castellanii trophozoites were measured in the presence or absence of respiratory
chain inhibitors. Amoebae were cultured in PYG for 4 days. KCN (blue line), SHAM (yellow line) or SHAM
plus KCN (green line) were added on day 2. Controls (red line) were cultured in identical conditions. Shown
is a representative example of three independent experiments. Results of triplicate incubations are shown
and error bars are standard deviations. Representative images of the trophozoites on days 3, 4 and 5 under
the various culture conditions and videos made on day 3 (after one-day presence of inhibitors) are shown
in the Supplemental Information (Supplementary Fig. S1; Supplementary Videos 1-5).

(C) Photographs of the trophozoites from Figure 2B, taken on day 3 (one day after the addition of the
inhibitors. Shown are representative trophozoites of the Supplementary Fig. S1 (see legend part B).

(D) The migration of A. castellanii trophozoites was measured on non-nutrient agar strips on a lawn of E.
coliin the presence and absence of oxygen. After four days the amoebae of the anaerobic incubation were
reintroduced to an aerobic environment and growth was measured for a further four days. Experiments
were performed at least twice with triplicate agar strips, error bars are standard deviation.
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An obvious difference was the disappearance of the acanthopodia in the simultaneous
presence of cyanide and SHAM (Fig. 2C). The observed decrease in mobility and arrest of
growth of the trophozoites in the presence of cyanide, which blocks the branch via complex
Il and IV of their electron-transport chain, indicates that oxidative phosphorylation is
an important source of ATP production in A. castellanii trophozoites. Furthermore, the
observed effects of SHAM in these experiments show that also a functioning alternative
oxidase is essential for the vitality and growth of A. castellanii trophozoites, although
the efficiency of ATP formation is lower when this oxidase is used instead of complex
IV (cytochrome ¢ oxidase). The inhibitory effects of the presence of these inhibitors are
reversible; when after 3 days in the presence of inhibitors, the incubations were continued
in the absence of inhibitors, in all three conditions the acanthamoebae started multiplying
again (Supplementary Fig. S1).

Furthermore, we also tested the capacity to function anaerobically by an analysis of the
growth (spreading out) of A. castellanii trophozoites on strips of non-nutrient-agar seeded
with E. coli. These agar strips were incubated in jars under anaerobic conditions, or in jars
containing oxygen at atmospheric levels. The distance covered under aerobic conditions
by the trophozoites was measured daily and averaged 10 mm per day, with a total of
40 mm after four days (Fig. 2D). Migration of trophozoites is used as a function of cell
division, as an advancing front of amoebae is created by both migrating and reproducing
amoebae V. In contrast to aerobic conditions, during the incubations under anaerobic
conditions, trophozoites did not cover any distance in four days. These trophozoites that
were incubated in the absence of oxygen were rounded and had no acanthopodia. They
were not mature cysts after these four days and contained no inner cyst wall (Fig. 3). This
was confirmed by the absence of visible staining with Uvitex 2B, a fluorescent dye that
binds to cellulose, an important component of the inner cyst wall *'. Directly after ending
the anaerobic incubations, the agar slips could be inspected under the microscope. The
trophozoites had not moved nor multiplied for four days. They were still in the position
on the agar slips where they were put at the beginning of the experiment, but the
activity of moving vacuoles and organelles inside the trophozoites was clearly visible
(Supplementary Movie S6). Four hours later, the amoebae again possessed acanthopodia
and they were actively moving and started multiplying, as if nothing had happened (Fig.
3 and Supplementary Movie S7). After this reintroduction of oxygen, their migration
was similar to cells in aerobic conditions that were not previously cultured in anaerobic
conditions (i.e. = 10 mm per day, Fig. 2D).
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Figure 3: Morphology of Acanthamoeba castellanii after incubation for 4 days with
or without oxygen.

Images of the amoebae of the experiment shown in Figure 2C were taken directly after the reintroduction
of atmospheric oxygen, as well as four hours later. Uvitex 2B staining was performed directly after
opening. The aerobic trophozoites showed no staining, nor did the rounded amoebae of the anaerobic
incubations (bottom row). As a positive control, we produced cysts by a 72h-preincubation in NEM, then
incubated them in jars under similar anaerobic conditions and showed that they were stained indeed
by Uvitex 2B (bottom in column “Cysts”). Experiments were performed in duplicate and representative
examples are shown.

3.2. A. castellanii trophozoites prefer fatty acids as food over
glucose and amino acids

To determine the use of different nutrient substrates by A. castellanii, trophozoites
were incubated with the ™C-labelled substrates glucose, octanoic acid, oleic acid,
isoleucine, lysine and valine. After 24 hours of incubation, carbon dioxide was trapped
and radioactivity in this fraction was measured to determine to what extent complete
oxidation of these labelled substrates had occurred (Table 1).
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The oxidation of [6-*C]-glucose to labelled carbon dioxide demonstrates that trophozoites
of A. castellanii use Krebs cycle activity for the degradation of glucose, because the
liberation of carbon number 6 from glucose happens only in the second and further
rounds of the Krebs cycle, after the reaction of acetyl-CoA and oxaloacetate, catalysed by
citrate synthase. Furthermore, “C-labelled carbon dioxide from [6-"*C]-glucose cannot be
the result of for instance acetate or ethanol production. Radioactively labelled fatty acids
were completely oxidized to labelled carbon dioxide, which reveals an important role for
the 3-oxidation in the metabolism of A. castellanii trophozoites and proves the central role
of acetyl-CoA and the Krebs cycle, the only way to oxidize fatty acids to carbon dioxide.

These lipids were catabolized at high rates, as octanoic acid and oleic acid were converted
into carbon dioxide at a rate of 151 and 21 nmol per 10° trophozoites per 24 hours,
respectively. These rates are substantially higher than the oxidation of glucose at 7 nmol
per 10° trophozoites per 24 hours. Furthermore, the oxidation of one molecule of octanoic
or oleic acid to carbon dioxide yields 50 and 118 molecules of ATP, respectively, which
compares favourably to the 30 molecules of ATP that are formed by the oxidation of one
molecule of glucose. Together, the oxidation of these two fatty acids was estimated to
have produced 45 times as much ATP (10,000 nmol in 24 hours per million amoebae) as
the oxidation of glucose did (222 nmol) (Table 1). The labelled amino acids isoleucine,
valine and lysine were also oxidized to carbon dioxide, at rates of 10, 47 and 3 nmol per
106 trophozoites per 24 hours, respectively, which in total yielded an estimated 1700 nmol
ATP in 24 hours per million amoebae 2.

As all of these substrates can also be used for anabolic processes, we determined
the incorporation of the five radioactively labelled substrates into three classes
of biomolecules: phospholipids, triacylglycerols and proteins. These experiments
demonstrated that all investigated substrates, sugars, lipids and amino acids, were used
by A. castellanii trophozoites for biosynthetic purposes. Fatty acids were predominantly
incorporated into phospholipids and triacylglycerols, oleic acid to a far greater extent than
octanoic acid. Glucose and amino acids were predominantly incorporated into proteins
(Table 1).
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Table 1: Analysis of the degradation of 14C-labelled substrates to carbon dioxide
and the incorporation of these substrates into phospholipids, triacylglycerols and
proteins by Acanthamoeba castellanii trophozoites during 24 hours of incubation
in PY1G at 25 °C

Substrate Estimated Incorporation of substrate
degradedto | production of (nmol-24 h'.10¢ amoebae )
Labeled substrate | carbon dioxide ATP

(nmol-24h'. | (hmol-24h".

105amoebae ) | 10°amoebae ) Phospholipids = Triacylglycerols | Proteins

D-[6-"*C] glucose 74 (£1.6) 222 40(x£0.3) 0.1(x0.0) 259(£29)
[1-C] octanoic acid 150.8 (£ 42.4) 7550 8.3 (+4.2) 0.2(£0.2) 75(£3.3)
[1-"C] oleic acid 21.3(£10.7) 2488 54.3 (+36.5) 22.7 (£4.7) 39(x25)
[U-Clisoleucine 10.1 (= 1.5) 340 19(x0.8) 1.2(+0.8) 26,6 (£3.5)
[U-C] valine 469 (£3.2) 1293 14(x0.3) 14(x0.3) 399 (£ 9.6)
[U-*C] lysine 34(x0.1) 58 0.2(x0.1) 0.2(x0.1) 27(x0.3)

The substrate composition of the medium was the same in the six types of incubations, but in each
incubation only one of the substrates was labeled (see Section 2.4). The values shown for “Substrate
degraded to carbon dioxide” and “Incorporation of substrate” reflect the degradation and incorporation
of the compound of which a ™C-labeled tracer was added (left column). The rough estimation of the
amount of ATP produced by the oxidation of the various substrates is based on the premise that the A.
castellanii trophozoites used only the classical electron-transport chain (complexes I-IV) and the FF_ATP
synthase. All values are corrected for blank incubations and are shown as mean (£ S.D.).

3.3. Lipids stimulate the growth of A. castellanii trophozoites

The standard culture medium (PYG) for A. castellanii contains as substrates for growth,
the water-soluble portions of an animal-protein hydrolysate and autolysed yeast cells,
supplemented with a large amount of glucose (100 mM). In contrast to the immense
quantities of protein and carbohydrate, only traces of lipids are present in PYG. Our
analysis of the lipid content showed that PYG contains approximately 8 uM free fatty
acids and an additional 3 uM fatty acids are esterified as triacylglycerols, phospholipids
or cholesterol esters (Supplementary data Table T1). Having noticed that A. castellanii
trophozoites prefer lipids over glucose as substrate, we investigated whether the addition
of lipids influenced their growth. We incubated them in PY1G supplemented with either
a mixture of octanoate and oleate, or with micelles prepared from phosphatidylglycerol
and phosphatidylethanolamine. These additions of lipids strongly increased the growth
rate (Fig. 4).
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Figure 4: Influence of lipids on the proliferation of trophozoites.

Growth curves of A. castellanii trophozoites were measured in PY1G in the absence (red line) or presence
of added vesicles of phospholipids (+ PL, purple line), or the fatty acids oleate and octanoate (+ FA, green
line). Shown is the average of three incubations, error bars are standard deviation.

3.4. Growth of A. castellanii trophozoites can be inhibited by
inhibitors of fatty acid degradation

To determine whether this observed preference for lipids as food, could be exploited
to inhibit the growth of trophozoites, we tested three known inhibitors of fatty acid
degradation for their growth-inhibiting effects, thioridazine, an inhibitor of peroxisomal
lipid oxidation, and etomoxir and perhexiline, inhibitors of carnitine palmitoyltransferase,
a component of the system for the transport of fatty acids into mitochondria for the
subsequent breakdown via [-oxidation. We observed concentration-dependent
inhibition of growth in the presence of these inhibitors. Thioridazine and perhexiline
showed potent effects in low micromolar concentrations (Fig. 5). It cannot be ruled out
that these compounds were inhibiting cell proliferation through off-target effects, but
any way, they were active at low concentrations.
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Chapter 4

4. Discussion

We provide an overview of the functional metabolism of A. castellanii with some
compelling results. Our studies on oxygen consumption by trophozoites confirmed earlier
studies which showed that A. castellanii possesses a branched electron-transport chain,
which contains two terminal oxidases, apart from cytochrome c oxidase (Complex IV) also
a cyanide-insensitive alternative oxidase (AOX) (Fig. 1) . Our experiments showed that
trophozoites still consume oxygen in the presence of either cyanide or SHAM, but not in
the presence of both inhibitors. We now also discovered that A. castellanii trophozoites
can instantaneously alter the use of the two separate branches and can redirect the flow
of electrons from one branch to the other. Furthermore, our experiments showed that
each of these two branches has sufficient capacity to transfer to oxygen all the electrons
that enter the electron-transport chain.

Our experiments revealed that functioning of the AOX is essential for normal
functioning and growth of A. castellanii trophozoites. Plant-like AOXs do not pump
protons and they bypass the proton-pumping complexes Il and IV (Fig. 1). Therefore, the
flow of electrons through the AOX to oxygen markedly reduces the ATP yield of respiration
because the oxidation of ubiquinol is then directly coupled with the reduction of oxygen.
Normally, the oxidation of substrates, electron transport to oxygen and the formation of
ATP are tightly coupled processes, but the presence of an active AOX offers a way to relax
this coupling. In fact, the presence in A. castellanii of alternative dehydrogenases (Ndh2),
which transfer electrons from NADH to ubiquinone without proton translocation, offers
the possibility to completely uncouple the oxidation of substrates from the formation
of ATP (Fig. 1). It is known that in plants the co-expression of AOX and the canonical
electron-transport chain provides the metabolic flexibility to respond to a range of
environmental conditions *. This role of the AOX is especially important when oxidative
stress and the production of Reactive Oxygen Species (ROS) are high. Uncoupling of the
oxidation of substrates and the formation of ATP can also be achieved by an uncoupling
protein (UCP), which allows the flow of protons back to the matrix of the mitochondria
without the concomitant formation of ATP by ATP synthase. It has been shown in isolated
mitochondria of A. castellanii that activation of AOX and UCP lowers the production of
hydrogen peroxide 3. Therefore, it is most likely that also in A. castellanii, the AOX and UCP
have a crucial role in protection against oxidative stress.

When cytochrome c oxidase or the AOX was inhibited by cyanide or SHAM, respectively,
the growth of the amoebae stopped (Fig. 2B) but they still had the characteristic
trophozoite appearance with acanthopodia (Supplementary Fig. S1). However, when
both terminal oxidases were inhibited by the presence of cyanide plus SHAM, the shape
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of the amoebae changed, they no longer possessed acanthopodia and became rounded
(Supplementary Fig. S1). Apparently, although inhibition of only one of the two terminal
oxidases is enough to result in growth arrest, a complete loss of the possibility to use
oxygen is more severe. This pronounced effect of the inability to use oxygen was also
observed in our anaerobic experiments with trophozoites on agar strips covered with
E. coli. When these trophozoites were incubated anaerobically, they did not grow, were
rounded and also had no acanthopodia (Fig. 3). This confirmation of the severe effect of
the inability to use the respiratory chain, this time not by inhibitors but by the absence of
oxygen, implies that the same effects in the incubations in the presence of inhibitors of
the terminal oxidases are not off-target effects of these inhibitors.

To survive when conditions get harsh, A. castellanii forms cysts, to re-immerge as
trophozoites only when conditions improve. Encystation starts with the rounding up
of the trophozoites, followed by the formation of an outer and an inner cyst wall 23>,
During this encystation, the trophozoite encloses itself within a resistant casing and
becomes metabolically inactive after an initial burst of metabolic activity *. In our
anaerobic incubations, or when the use of oxygen was blocked by cyanide plus SHAM, the
trophozoites also rounded up, but mature cysts with two cyst walls were not formed and
the amoebae were not stained by Uvitex B (Fig. 3 and Supplementary Fig. S1). Encystment
and the formation of the cyst walls is an energy-consuming process and also involves the
production of many enzymes, including the ones necessary to produce cellulose from
the endogenous glycogen reserves (reviewed by ¥). In our experiments, blocking their
aerobic metabolism resulted in trophozoites that lacked the energy to move and multiply.
Apparently, these trophozoites also did not have enough energy to form cysts and they
ended up rounded without acanthapodea. When thereafter an aerobic metabolism
became possible, the round amebae formed again acanthopodia and resumed multiplying
(Supplementary Fig. S1).

Genomic and proteomic studies have suggested that A. castellanii possesses the
capacity for the anaerobic generation of ATP 2%, However, whether such a putative
system is active, and to what extent, is still an open question. We found that, if present
at all, the anaerobic capacity does not support motility or growth and is therefore not
comparable with the anaerobic metabolism known to occur in eukaryotes that possess
hydrogenosomes or so-called anaerobic mitochondria 3. Taken together, our oxygen
consumption measurements and culture experiments show that A. castellanii trophozoites
generate the bulk of their ATP via oxidative phosphorylation and that they require oxygen
for homeostasis and growth, while our results provide no indication of an anaerobic
energy metabolism that enables normal functioning.
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The observed revival after four days of anaerobic conditions or in the presence of inhibitors
of the electron-transfer chain is in line with studies on the survival of A. castellanii cysts,
which showed that they can survive desiccation or a stay in water of 4 degrees for more
than 20 years without losing their viability and maintaining their pathogenicity 3%4°. This
implies that these acanthamoebae can enter a metabolic arrest stage and can revive when
external conditions improve.

The nutrient preferences of A. castellanii trophozoites reveal remarkable characteristics. In
contrast to most parasites, these trophozoites prefer lipids over glucose as their favourite
food source for the formation of ATP (Table 1). Amino acids were also more favoured
food than glucose. For the comparison of the preference for fatty acids or amino acids,
it should be realized that in our experiments not all lipids and proteins were “C-labelled.
PY1G contains all 20 amino acids but we added only three ™C-labelled amino acids and
the detection of the amount of “C-CO, enabled us to determine how much of these three
amino acids was completely oxidised to carbon dioxide. Taking into account that we
only determined the degradation of those three amino acids, and presupposing that the
average rate of degradation of the other 17 amino acids sort of equals the average rate
of degradation of the three amino acids that were labelled in our experiment, a rough
estimation would result in a total of 11,300 nmol ATP produced by amino acid oxidation
in 24 hours by one million amoebae. This is comparable to the amount produced by the
oxidation of the two labelled lipids. The standard culture medium for A. castellanii PY
contains Proteose peptone and Yeast extract, which are the water-soluble products of
meat and yeast hydrolysates, respectively. Our analysis of the lipid content showed that
PY medium contains indeed only traces of lipids (Supplementary Tabel T1)

Obviously, A. castellanii trophozoites are very selective and picky. The cells more readily
catabolise fatty acids and amino acids compared to glucose. If available, as is the case in
PYG and PY1G, they consume the flimsy amount of lipids that is present in an abundance
of amino acids, while at the same time, glucose is hardly consumed. The preferential
consumption of lipids and amino acids is in accordance with the food that free-living
trophozoites of A. castellanii encounter while they are feeding on bacteria, which contain
little or no free glucose but contain a large amount of proteins and lipids that can be
used as substrates #'. The preference for fatty acids is also in line with the pathogenic
characteristics of A. castellanii trophozoites when they infect the brain, an organ rich in
lipids due to the myelin sheaths covering the axons of nerve cells *>. Genomic analysis
has shown that A. castellanii possesses a sphingomyelin phosphodiesterase that can
break down these brain lipids, explaining its pathogenic potential ?*. Besides the brain,
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Acanthamoeba can also infect the eye, which is covered in a lipid-rich secretion called
meibum “. Meibum contains complex lipids of extreme length, which could serve as a rich
source of nutrients if Acanthamoeba is located on or in the cornea of the eye.

Lastly, we investigated whether the preference for lipids can result in a new treatment
strategy. We tested three known inhibitors of the breakdown of lipids, etomoxir, perhexiline
and thioridazine. Etomoxir and perhexiline inhibit carnitine palmitoyltransferases CPT1
and CPT2, thereby blocking the transport of fatty acids into mitochondria *+%*. Thioridazine
inhibits the peroxisomal oxidation of lipids “¢#’, and peroxisomes are known to be present
in Acanthamoeba spp. .

Thioridazine and perhexiline strongly inhibited the growth of A. castellanii trophozoites.
The use of thioridazine, a phenothiazine and first-generation antipsychotic agent
that is no longer in common use, could be a promising new option to treat GAE, as
concentrations of 10 uM strongly inhibited growth and the concentration of thioridazine
and its metabolites in serum already approaches 10 uM when 50 mg is administered
every 6 hours #. Furthermore, thioridazine and its major metabolites have been shown
to accumulate in the brain, resulting in concentrations up to 10-fold higher than in serum
50, Therefore, this drug could impact Acanthamoeba at the location where it is needed
to treat GAE. Thioridazine could also be effective against Acanthamoeba keratitis, as
peroxisomes are involved in the degradation of very long-chain fatty acids, which are
present in meibum “. Perhexiline was originally developed for the treatment of angina
pectoris and is currently used in several countries as a last-line treatment in patients with
therapy-refractory angina. Recently, promising results of perhexiline as an anti-cancer
drug have been shown, and as the safety profile is relatively well understood, repurposing
of this drug is feasible °'. We have shown strong inhibition of the growth of A. castellanii at
a concentration of 2 uM, which can be achieved in plasma 2. Therefore, perhexiline might
also be a possible future treatment option for the treatment of Acanthamoeba infections.

The added value of thioridazine and perhexiline in the treatment of Acanthamoeba
keratitis should be evaluated with animal testing to determine whether there is a place
for these drugs in the standard treatment regimen. Although variation in the efficacy
of drugs between different Acanthamoeba strains has been described 3, we expect that
inhibitors of fatty acid oxidation show less variance in efficacy, as these drugs affect an
essential metabolic pathway. It cannot be ruled out that these compounds are inhibiting
cell proliferation through off-target effects, but as they are active at low concentrations,
further investigations are warranted.
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To conclude, our study provides an overview of the metabolic characteristics of the
infrequently studied Acanthamoeba, which results in a new treatment target and possible
new treatment options for Acanthamoeba keratitis and the rare but deadly disease
granulomatous amoebic encephalitis.
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Supplementary material

Control

Cyanide

SHAM

Cyanide + SHAM

Photographs day 3 (after 1 day in the presence of cyanide and/or SHAM)

Photographs day 9 (4 days after the removal of cyanide and SHAM)

Supplementary Figure S1. Photographs of Acanthamoeba castellanii trophozoites

while cultured in the presence of respiratory-chain inhibitors.

The effects of the respiratory-chain inhibitors cyanide and SHAM on the cell growth of A. castellanii
trophozoites were studied and the results are shown in Figure 2B of the main text. Shown here are

photographs taken during those experiments. The white bar is 20 um.
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Supplementary Table T1: Fatty acid content of PYC.

Free FAin PYG Esterified FA in PYG
uM MM FA-eq
181 2.00 CholEster 18:0 1.10
C16:0 1.95 TAG 54:3 043
18:0 142 TAG 52:2 0.39
C18:2 0.71 TAG 52:3 0.19
c16:1 0.51 TAG 54:4 0.18
C15:0 0.45 TAG 50:2 0.18
C14:0 0.44 TAG 54:5 0.16
Q17:.0 0.14 PC 341 0.09
a7 0.12 PE 36:1 0.07
C20:1 0.10 SM 24:2 0.04
sum: 7.83 sum: 2.83

The concentration of free and esterified fatty acids in PYG was determined using LC-MS. For the free fatty
acids, the ten most abundant fatty acids are shown. For the esterified fatty acids, the ten most abundant
lipids containing fatty acids are shown, and per compound the total number of carbon atoms and
unsaturations of the acyl chains. For instance, TAG 54:3 denotes a triacylglycerol with a total of 54 carbons
and 3 double bonds in the acyl chains, most likely containing 3 oleic acids (C18:1), while PC 34:1 contains
one oleic acid (18:1) and one palmitic acid (16:0), or one palmitoleic acid (16:1) and one stearic acid (18:0),
or a mixture of both combinations.

Abbreviations: CholEster, cholesterol ester; FA, fatty acids; FA-eq, FA-equivalents; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol
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Supplementary Movies

Supplementary Movie 1- Combination of movies 2-5 -
https://tinyurl.com/MovieS1Acanth

Compilation of four movies made after a one-day incubation of Acanthamoeba castellanii
trophozoites in four conditions, control (top left), in the presence of cyanide (top right), in
the presence of SHAM (bottom left) and in the presence of cyanide plus SHAM (bottom
right). This is from the experiment shown in Figure 2B. To enable full-screen inspection of
the separate movies, the four original movies are also included (Supplementary Movies 2-5).

Supplementary Movie 2 - Control -

https://tinyurl.com/MovieS2Acanth

Movie made after a one-day incubation of Acanthamoeba castellanii trophozoites in
the absence of inhibitors of the respiratory chain (control incubation) This is from the
experiment shown in Figure 2B.

Supplementary Movie 3 - Cyanide -

https://tinyurl.com/MovieS3Acanth

Movie made after a one-day incubation of Acanthamoeba castellanii trophozoites in the
presence of cyanide. This movie is from the experiment shown in Figure 2B.

Supplementary Movie 4 - SHAM -

https://tinyurl.com/MovieS4Acanth

Movie made after a one-day incubation of Acanthamoeba castellanii trophozoites in the
presence of SHAM. This movie is from the experiment shown in Figure 2B.

Supplementary Movie 5 - Cyanide + SHAM -
https://tinyurl.com/MovieS5Acanth

Movie made after a one-day incubation of Acanthamoeba castellanii trophozoites in the
presence of cyanide plus SHAM. This movie is from the experiment shown in Figure 2B.

Supplementary Movie 6 - Immediately after opening -
https://tinyurl.com/MovieS6Acanth

Movie made after a four-day incubation of Acanthamoeba castellanii trophozoites under
anaerobic conditions. Directly after ending the anaerobic incubations, the trophozoites
could be inspected under the microscope. This movie is from the experiment shown in
Figure 2D and Figure 3.
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Supplementary Movie 7 - Four hours after opening -
https://tinyurl.com/MovieS7Acanth

Movie made after a four-day incubation of Acanthamoeba castellanii trophozoites under
anaerobic conditions, four hours after the re-introduction of oxygen. This movie is from
the experiment shown in Figure 2D and Figure 3.
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Abstract

Purpose

The purpose of this study was to assess the variation in methods and to determine
whether an External Quality Assessment Scheme (EQAS) for polymerase chain reaction
(PCR) detection of Acanthamoeba keratitis is valuable for the diagnostic process.

Methods

A multicenter EQAS was introduced, covering 16 diagnostic laboratories.
Using Acanthamoeba castellanii ATCC strain 30010, 3 sets of samples were prepared,
containing different amounts of DNA, cysts, or trophozoites. Samples were masked and
sent to the participants with instructions for use and a questionnaire concerning the
applied methodologies. Special attention in this questionnaire was given to the used
pretreatment methods to assess existing variations in these procedures.

Results

A large variation in the methodologies and substantial differences in the diagnostic
performance were found between participants. In contrast to the DNA samples where
all participants had a perfect score, several false negative results were reported for the
samples containing cysts or trophozoites. Only 9 participants had an optimal score,
whereas one participant reported all samples as negative, one participant reported
failures due to inhibition, and the other 5 reported in total 7 false negative results. A
clear correlation was noticed between the PCR detection rate and the number of cysts or
trophozoites in the sample.

Conclusions

The results indicate that a pretreatment procedure can be a risky step in PCR-based
detections of Acanthamoeba, but it improves the sensitivity and reliability, especially of
samples containing cysts. Therefore, participation in an EQAS is informative for routine
diagnostic laboratories and can assist in improving the laboratory procedures used for the
diagnosis of Acanthamoeba keratitis.
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Introduction

Acanthamoeba is a free-living amoeba that is ubiquitously present around the world in soil
and water. It can exist in a trophozoite stage, which is actively moving and feeding, and a
cyst stage, which is dormant and stress-resistant. Acanthamoeba can cause an infectious
keratitis, which leads to blindness if left untreated or is treated with the wrong medication.
Acanthamoeba keratitis is often seen in contact lens wearers, among which 1in 21,000 in the
Netherlands is affected '. In recent years this incidence has been reported to rise '=.

The most important factor that determines the prognosis of Acanthamoeba keratitis is an
early diagnosis *. However, diagnosing Acanthamoeba keratitis requires clinical expertise,
as symptoms overlap with infectious keratitis caused by other micro-organisms °. Many
different diagnostic tools are available, all with different characteristics. Direct culture is a
laborious and time-consuming diagnostic method, in which the clinical sample is added to
a non-nutrient agar plate seeded with Gram-negative bacteria (e.g., Escherichia coli), after
which Acanthamoeba growth must be detected microscopically. Direct visualization of
Acanthamoeba on the infected eye is also possible using in vivo confocal microscopy, but
this method requires specialized equipment and personnel °. Nucleic acid amplification
tests (NAATs), such as PCR, have also been developed to detect Acanthamoeba DNA.
These NAAT methods have a high sensitivity and can provide rapid results in contrast
to the time-consuming culture procedures ¢’. However, a large diversity of NAATs are
in use and so far external quality assessment scheme (EQAS) for these tests are lacking.
An EQAS involves the comparison of test results of a laboratory to a source outside of
that laboratory, allowing an objective assessment of the diagnostic performance of a
laboratory & EQAS have already been used to optimize the detection and evaluation of
other infectious diseases using NAATs °'°,

Here, we describe the evaluation of the introduction of an EQAS for the detection of
Acanthamoeba cysts and trophozoites by NAAT. We aimed to assess the variation in
methods and to determine whether an EQAS for the detection of Acanthamoeba can be of
value for the diagnostic process.

Materials and methods

Sample preparation

Acanthamoeba castellanii ATCC strain 30010 (‘Neff’) was grown in cell culture flasks at
25°C in PYG medium, which contained proteose peptone, yeast extract, glucose, salt
additives (ATCC medium 712), 40 pg/mL gentamicin, 100 units/mL penicillin, and 100 pg/
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mL streptomycin, as described before '. To prepare samples containing trophozoites,
cultures were refreshed with PYG on the day before sampling, to ensure that only
trophozoites were obtained. Trophozoites were collected by placing a cell culture
flask on ice for 20 minutes and repeatedly tapping to detach trophozoites. To prepare
samples with cysts, encystation was induced by replacing the supernatant of a culture
of trophozoites growing in logarithmic phase with encystation medium, containing
95 mM Nacl, 5 mM KCI, 8 mM MgSO,, 1 mM NaHCO,, 0.4 mM CaCl, and 20 mM Tris-HCl
(pH 9.0), as described before ™. Cysts were collected by repeatedly tapping and pouring
contents out of the cell culture flask. After collection, the trophozoite and the cyst
suspensions were washed three times with Tris NaCl (25 mM Tris, 120 mM NaCl, pH 7.4)
or encystation medium, respectively. Amoebae were then counted three times using a
Birker cell counter, after which the average count was used to prepare distinct dilutions
of the amoebae, cysts in encystation medium and trophozoites in TRIS NaCl. EDTA (5 mM)
was added to the trophozoite suspensions to stop trophozoite replication and block DNA
degradation. Finally, suspensions of 2000, 200, 20 or 2 amoebae in 200 uL medium were
put in screw-cap Eppendorf tubes. Negative controls containing only TRIS NaCl + EDTA
or encystation medium were also prepared. Purified Acanthamoeba DNA samples were
prepared from a dense trophozoite culture, from which DNA was isolated by the MagNA
Pure system (Roche, Basel, Switzerland). The isolated DNA was diluted in Tris-HCI (10 mM) +
EDTA (0.5 mM) buffer (pH 8.0) supplemented with 10 mg/L Sheared Salmon DNA (Thermo
Fisher, Waltham, MA) and 10 mg/L bovine serum albumin (Roche, Basel, Switzerland)
to obtain DNA samples with a high, medium or low concentration of Acanthamoeba
DNA, comparable to the DNA content of the samples with 2000, 200 and 20 amoebae,
respectively. A volume of 50 uL of each dilution was added to screw-cap Eppendorf tubes,
along with a negative control containing only Tris-HC| + EDTA buffer with supplements.

Sample validation

The homogeneity of the prepared samples was validated by an expert laboratory by
examining 5 randomly chosen replicates. The stability of the samples was tested by
2 expert laboratories by examining the samples directly after preparation, as well as
after storage at room temperature for 4 months when the EQAS distribution had been
completed, and all results by all participants had been reported.

In this pilot study, 16 laboratories participated in the Acanthamoeba External Molecular
Quality Assessment Scheme organized by the parasitology section of the Dutch Foundation
for Quality Assessment in Medical Laboratories (SKML). All participating laboratories are
accredited large hospital microbiological laboratories or national institutes of disease
control. The samples were sent in a masked fashion to the participating laboratories,
along with instructions for use and a questionnaire (see supplementary material).
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Results

Validation of the homogeneity and stability of the samples

After preparation, the homogeneity of the samples was verified in an expert laboratory by
a five-fold examination using DNA extraction followed by real-time PCR (rtPCR) analysis.
The samples containing 20, 200, or 2000 cysts or trophozoites were positive in all these
analyses and formed the set of validated samples. For these validated samples the average
standard deviation for all separate sample types was less than 1.5 cycles (Supplemental
Table S1). Of the samples that according to the dilution series should contain 2 cysts or
2 trophozoites, a positive result was found for only 3 of the 5 cyst samples and 1 of the
5 trophozoite samples. It is possible that due to the intrinsic unreliability of diluting
suspensions, some of these samples that were supposed to contain 2 amoebae, contained
in fact no amoebae. Another possibility is that the amount of DNA isolated from these
samples was below the limit of detection. A combination of both possibilities is
conceivable. The samples with 2 amoebae were included for educational purposes in the
shipment to the participants, but the reported results of these samples were not used in
our evaluation.
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Figure 1. Overview of the used methodologies as reported by the 16 participating
laboratories.

Several participants used a combination of pre-treatment procedures, which results in a total of reported
pre-treatment procedures of over 16. The combinations that were reported were the following: Prot-K +
heat-shock: 3 times, Prot-K + freeze-thaw: 2 times, Prot-K + bead-beating: 1 time. “Multiplex” indicates that
apart from A. castellanii, also the amoebae Balamuthia mandrillaris and Naegleria fowleri were targeted.
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To test the stability of the samples, 2 expert laboratories analyzed them at the time of
distribution and retested them circa 4 months later when the distributed samples had
been analyzed and reported by all participants. In the period between preparation
and retesting, the samples were stored at room temperature, similar to the distributed
samples. These examinations revealed an average difference per sample of fewer than 1.5
cycles (Supplemental Table S2) for all sample types (purified DNA, cysts, and trophozoites),
demonstrating the stability of all types of samples over the entire study period.

Variations in methodology among the participants

The 16 laboratories that participated in this EQAS did so by reporting results and by
completing the online questionnaire (see Appendix), which aimed to provide an overview
of the used methodology. Figure 1 shows a summary of the different methods that
were used. Before performing DNA extraction by a commercial kit or platform, many
participants used a specific pre-treatment to enhance lysis of the amoebae by proteinase
K treatment (n= 7/16), bead-beating (n=4/16), heat-shock (n=3/16) or freeze-thawing
(n=2/16). Some participants used a combination of these methods, one participant
reported pre-treatment as classified and 6 participants did not use any specific treatment
before DNA extraction.

The equipment used for DNA extraction originated from several companies, among which
Qiagen, Biomerieux, and Roche (Fig. 1). All laboratories used the whole sample volume
(200 pL) for DNA extraction. The volume in which the extracted DNA was eluted differed
substantially, ranging from 12.5 to 200 pL, with an average of 90.2 pL (median 100 pL).
The volume of isolated DNA that was used in the PCR reaction also differed substantially,
ranging from 2 to 20 plL (average 6.3 pL, median 5 plL). Laboratories used different
equipments for DNA amplification, among which Roche (n=6), Applied Biosystems
(n=5) and other (n=5). Four of 16 participants did not include an internal control in their
examination protocol, whereas all participants used a positive control, which was a DNA
standard (10/16), an Acanthamoeba culture (5/16), or both (1/16). Two participants used a
multiplex PCR in which also Balamuthia mandrillaris and Naegleria fowleri were targeted,
whereas the other 14 participants used a PCR in which only Acanthamoeba spp. was
examined.

Qualitative results

All 16 participating laboratories reported qualitative results of DNA amplification tests
of samples containing A. castellanii DNA, cysts, trophozoites and respective negative
controls. All 16 laboratories reported a positive result for all the samples containing
purified A. castellanii DNA. By contrast, for the samples containing cysts or trophozoites
for which DNA had to be isolated first, not all samples were reported to contain amoebae.
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The reported results of these samples containing cysts or trophozoites clearly correlated
with the number of organisms that were present in the sample (Fig. 2). Ten of the 16
participants reported a positive result for at least 1 of the 2 educational samples, each
containing 2 cysts or 2 trophozoites, and 2 of those 10 participants reported positive
results for both samples (Supplemental Table S3-A). The sample with 20 cysts or 20
trophozoites was reported as positive by 10 and 12 participants, respectively. Nine of the
10 participants who reported a positive result for the cyst sample, reported a positive result
for the trophozoite sample as well. The sample with 200 cysts or 200 trophozoites was
reported as positive by 13 and 14 participants, respectively. For the samples containing
20 Acanthamoeba cysts or trophozoites, possible aliquoting errors cannot explain the
lower detection rate than observed for the samples containing 200 amoebae because
the validation by 5-fold analysis by a single laboratory showed only small quantitative
differences in these samples.

The incorrect results were not evenly distributed among participants, as one participant
reported inhibition for all samples containing amoebae and another participant
reported negative results for those samples (Supplemental Table S3-A). Altogether, for
the 6 validated amoeba samples, 9 participants reported all correct qualitative results,
3 reported a single false negative result, 2 reported 2 false negative results, and as
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Figure 2. Qualitative results of samples containing different numbers of either cysts
or trophozoites.

All 16 participants reported for all samples their results and these are all included in the figure.
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mentioned earlier, one participant reported 6 false negative results, and another one
reported 6 failures of examination due to inhibition of the DNA replication (Supplemental
Fig. S1 and Supplemental Table S3-B).

Quantitative results

All participants used an rtPCR method for the DNA amplification and reported their results
also in a semiquantitative manner by providing the Cg-values, which indicate the PCR
cycle at which the fluorescent signal of the rtPCR reactions exceeded the threshold for
background fluorescence. A high Cg-value indicates a low quantitative load of amoebae,
whereas low Cg-value indicates a higher quantitative load of amoebae. Supplemental
Table S3 contains all reported Cg-values and the calculations used in our evaluations.
Rather large differences between the participants were reported in the Cg-values of the
DNA samples. However, the amplification of the 3 DNA samples resulted for all participants
in aregular, stepwise decrease in Cg-values with increasing DNA content from low through
medium to high. This means that although differences exist between the participants in
the efficiency of the PCR reaction, within each laboratory the results of the analyses of the
three samples with different DNA content are consistent (Supplemental Figure STA).

The results of the analyses of the validated amoeba samples were not as good as
the ones of the DNA samples, although the 2 laboratories that reported inhibition or
negative results for all amoeba samples were not included in this further evaluation. As
mentioned, 5 of the 14 remaining laboratories reported in total 7 false negative results for
the validated amoeba samples (Supplemental Fig. S1 B-C and Supplemental Table S3-B).
Furthermore, in sharp contrast to the stepwise decrease in Cg-values with an increasing
amount of DNA that was reported by all laboratories for the set of the 3 different DNA
samples, in more than half of the laboratories, the analyses of the sets of 20, 200, and
2000 cysts or trophozoites did not result in this predictable pattern (Supplemental Fig. S1
B-C). Merely 5 laboratories reported such a consistent pattern for both the cyst and the
trophozoite samples.

Details of the variation in the results of the participating laboratories were further
investigated. The entire analytical procedure for amoeba samples consists of several
steps: a pretreatment if applied, the DNA isolation, and the rtPCR method. As a measure
of the efficiency of this entire analytical procedure, the average of the reported Cg-values
of the 3 cyst samples plus the 3 trophozoite samples was calculated for each participant.
False negative results were assigned a Cg-value of 39.5, as this was the highest Cg-value
reported by any participant for these amoeba samples. After this calculation, the
participants were sorted in ascending order (1->14), based on this combined performance
in the 6 samples containing amoebae (Fig. 3A and Supplemental Table S3-C). The average
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Cqg-values of the sets of DNA, cyst, and trophozoite samples are shown in Figure 3 in
panels B, C, and D, respectively (Supplemental Table S3-D). The difference in the average
Cqg-value between the most efficient analysis (lowest Cg-value) and the least efficient one
(highest Cg-value) was smaller for the set of DNA samples (6.3) than for the sets of cyst
(9.3) and trophozoite (8.1) samples (Figure 3 B, C, D; Supplemental Table S3-D). In addition,
the spreading around the median Cg-value was much higher in the amoeba samples than
in the DNA samples. Fifty percent (8/16) of the analyses of the DNA samples were within
the range of plus 1 Cg-value to minus 1 Cg-value of the median Cqg-value, whereas 14%
(2/14) of the cysts analyses and 21% (3/14) of the trophozoite analyses where within that
range (Figure 3 and Supplemental Table S3-E).

Relationship between methodology and reported low or high
Cg-values

The participants reported the details of their procedure which enabled the calculation of
the percentage of the amount of DNA isolated from the sample that was used in the PCR.
As all laboratories used the entire sample (200 uL) for the extraction of DNA, this is also
the percentage of the original sample used in the PCR reaction. This ranged from 1.5% to
16.7% with an average of 7.6% (median 8.2%). This percentage of the original sample that
was used in the PCR reaction was plotted per participant against the average Cg-value
of the 6 amoeba samples (Supplemental Fig. S2). This graph reveals that there was no
correlation between the percentage of the original sample used in the PCR reaction and
the performance of the analysis of these amoeba samples.

Figure 3 shows for each participant whether a pretreatment was used in the procedure for
the amoeba samples and if so, which one(s). Square symbols are used for participants who
reported not using any form of pre-treatment, and circles are used for the participants
who used some form of pretreatment. Inspection of the results of the analyses of the cyst
samples indicates that using some form of pretreatment improves the overall performance
of these samples, as 6 of the 7 participants who scored a Cg-value below the median
use a pretreatment procedure and had no false negative results (Fig. 3C). Consequently,
5 of the 6 laboratories that did not use a pretreatment procedure reported an average
Cqg-value above the median value for the set of cyst samples. Furthermore, 3 of those 5
participants with an average Cg-value above the median and not using a pretreatment
reported a false negative result for one of these cyst samples (Figure 3C). For the set of
trophozoite samples, the difference in performance, whether or not a pre-treatment was
part of the analytical procedure, was less extreme. Three of the 7 participants who scored
for the set of trophozoite samples, an average Cg-value below the median, did not use
any pretreatment (Fig. 3D). Furthermore, for the set of cyst samples, all 5 participants
who reported the lowest Cqg-values used some form of pretreatment, whereas for the
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Figure 3. Variation in the Cg-values as reported by the participants for the various
sample types.

The participants were sorted in ascending order (1->14) based on their average Cg-value of the 3 cyst
plus the 3 trophozoite samples (panel A). Square symbols indicate that the participant did not use a pre-
treatment in the analysis of the amoeba samples. Circles indicate that the participant used a pre-treatment
in the analyses of the amoeba samples and this pre-treatment is presented underneath the graph. In the
top line beneath each graph is shown whether proteinase K was used as pre-treatment (PK); in the bottom
line beneath each graph is shown whether (also) another pre-treatment was used, BB = bead-beating; HS =
Heat-Shock; FT = Freeze-thaw cycle; ? = unknown pre-treatment). Panels B, C and D show in the same way
the average Cq-values of the DNA, the cyst and the trophozoite samples, respectively. Each black dot in the
circles and squares indicates a false negative result in the samples of that graph. To facilitate a comparison
of the results of the participants in the various sample types, underneath graphs B, C and D is the order
number shown of that participant in the spectral sorting from violet (1) to red (14) in panel A. For example,
the participant with the lowest average Cg-value for the 3 DNA samples (green circle, utmost left in panel
B) was sorted as #7 in panel A. The individual indicator color of the circle or square is for each participant
the same in the 4 graphs. The median Cg-value is indicated in each graph (A-D) with a dashed red line. For
details and calculations see Supplemental Table S3.

trophozoite samples, 2 of the 5 laboratories that reported the lowest Cg-values did not
use any pretreatment and even scored the second and third best Cg-value (Fig. 3D).
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Discussion

Early diagnosis of Acanthamoeba keratitis is critical, as this leads to more favorable
outcomes compared with late diagnosis *. Therefore, an easily implemented, reliable, and
sensitive diagnostic tool is needed, aspects in which NAAT are potentially superior to all
other currently used diagnostic methods. However, the exact procedures that are used for
NAAT-based detection of Acanthamoeba spp. differ substantially between laboratories. By
participating in an EQAS, laboratories can compare results and identify methodologies
that might affect their diagnostic performance.

Overall, we found a clear correlation between the number of Acanthamoeba cysts or
trophozoites in the samples and the detection rate. In the samples containing 20 cysts or
trophozoites, the detection rate was considerably lower than in the samples containing
200 cysts or trophozoites (Fig. 2). Although the exact numbers of Acanthamoeba cysts
and/or trophozoites present in clinical samples are unknown, it is assumed that only a few
amoebae are retrieved in cornea scrapings from patients, indicating the importance of
successfully detecting low numbers of amoebae.

The ultimate goal for Acanthamoeba diagnostics is an excellent qualitative performance,
that is, a high detection rate. However, the qualitative performance is related to the
quantitative one, and therefore, the quantitative performance also deserves attention.
In case of samples with only a few amoebae, laboratories with relatively high Cg-values
for the cyst and trophozoite samples run a higher risk of false negative results than
laboratories with a more efficient analysis of amoeba samples.

The relative quantitative performances in this EQAS for the sets of DNA, cyst, and
trophozoite samples were determined by sorting the participants based on the average of
their reported Cg-values for these sets (Fig. 3). This revealed, as could be expected, that the
variation in the efficiency to detect amoeba DNA is greater for the cyst and trophozoite
samples, which have to be subjected to the entire procedure of pretreatment, DNA
extraction, and amplification than for the samples that contain already isolated amoeba
DNA and only need DNA amplification by PCR. Comparing the efficiencies (average
Cqg-values) of the analyses of the sets of samples by the various participants revealed that
laboratories that reported low Cg-values for cysts tended to also report low Cg-values for
trophozoites (Fig. 3C,D). However, comparing per participant the results for the set of DNA
samples with the results for the 2 sets of amoeba samples shows that laboratories with a
high efficiency (low Cq-value) for the DNA samples not automatically also scored well (low
Cg-value) in the amoeba samples (Fig. 3A,B).
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One of the limitations of this EQAS is that no clinical samples were used but that
laboratory-grown cultures were distributed. This could have influenced the results,
as corneal scrapings contain other components than the culture medium. However,
obtaining homogeneous and sufficient volumes of representative clinical specimens
(cornea scrapings) is impossible for Acanthamoeba. In other words, any EQAS needs to
make use of cultured material. Another limitation is that only one Acanthamoeba strain
was used in this EQAS. However, as all used molecular targets were aimed at conserved
regions of the Acanthamoeba genome, it is unlikely that using multiple strains will change
the results of the participating laboratories.

Although an EQAS is a valuable tool to analyse and compare the relative performance of
diagnostic laboratories, an EQAS on the NAAT diagnostics of Acanthamoeba is not the most
ideal way to decide what the best pre-treatment procedure is for clinical samples. The
number of participants and variations in the pre-treatment procedures, and especially the
various possible combinations thereof, are usually limited. The conclusive identification of
pre-treatment procedures that result in a reliable detection of Acanthamoeba in a routine
diagnostic setting, awaits further systematic studies. Still, based on our findings some
general remarks on the pros and cons of the various pre-treatment procedures can now
be made.

The use of any pretreatment in an Acanthamoeba NAAT is meant to improve the lysis of the
cysts and trophozoites, resulting in the release of the intracellular DNA, which can then be
amplified in the subsequent PCR step. The observation that none of the 6 laboratories
that use proteinase K in their pretreatment procedure, reported a false negative result
for the 6 amoeba samples, indicates that the use of proteinase K is a helpful addition
for a reliable procedure (Fig. 3A). It is unknown whether a pretreatment consisting only
of proteinase K would lead to similar results, as all 6 of these laboratories used next to
proteinase K another method in addition to proteinase K in the pretreatment; heat-shock,
bead-beating, or a freeze-thaw cycle.

The use of a pretreatment procedure can pose the risk that the extra handling steps that
are involved in the pretreatment procedure result in extra technical or logistic hurdles,
leading to inadequate results. In that respect, the addition of proteinase K, the use of a
heat-shock or a freeze-thaw cycle seem not too challenging. Bead-beating, in all its variants,
a fierce physical homogenization method, seems to be a good choice for pretreatment
in Acanthamoeba diagnostics, because the cysts are very robust. On the other hand, in
contrast to the other 3 methods, any bead-beating variant necessarily involves an extra
transfer of the sample and dilution of the usually small samples. The laboratory with the
most efficient analysis of the cyst samples used proteinase K and bead-beating (Fig. 3C).
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However, the other laboratory that used bead-beating (but without the use of proteinase
K) reported 2 false negatives for the 3 samples containing cysts (Fig. 3C). Beat-beating
was also used by the 2 laboratories that were not included in the quantitative evaluation,
as they reported inhibition or negative results for all amoeba samples.

As mentioned earlier, this EQAS cannot be used and was not meant to identify the
ultimate method for the diagnosis of Acanthamoeba keratitis. This study was developed
to demonstrate that the development of an EQAS for the NAAT-based detection of
Acanthamoeba cysts and trophozoites benefits clinical laboratories, as they can compare
their methods and results with those of others, which can provide suggestions for
improvements.

Acknowledgements

The authors express their gratitude to the participants of this EQAS for their willingness to
use their data for this study and to Nicolette van der Ham for expert technical assistance.

119




Chapter 5

References

1

120

Randag, A. C. et al. The rising incidence of Acanthamoeba keratitis: A 7-year nationwide survey
and clinical assessment of risk factors and functional outcomes. PLoS One 14, 0222092 (2019).

Carnt, N. et al. Acanthamoeba keratitis: confirmation of the UK outbreak and a prospective case-
control study identifying contributing risk factors. Br J Ophthalmol 102, 1621, (2018).

Roozbahani, M. et al. Acanthamoeba keratitis: are recent cases more severe? Cornea 37, 1381-
1387, (2018).

List, W. et al. Evaluation of Acanthamoeba keratitis cases in a tertiary medical care centre over
21 years. Sci Rep 11, 1036 (2021).

Szentmary, N. et al. Acanthamoeba keratitis - Clinical signs, differential diagnosis and treatment.
J Curr Ophthalmol 31, 16-23 (2019).

Maubon, D. et al. Development, optimization, and validation of a multiplex real-time PCR assay
on the BD MAX platform for routine diagnosis of Acanthamoeba keratitis. J Mol Diagn 22, 1400-
1407 (2020).

Hoffman, J. J. et al. Comparison of culture, confocal microscopy and PCR in routine hospital use
for microbial keratitis diagnosis. Eye, (2021).

WHO. WHO manual for organizing a national external quality assessment programme for health
laboratories and other testing sites, <https://apps.who.int/iris/handle/10665/250117> (2016).
Cools, P.etal. Firstinternational external quality assessment scheme of nucleic acid amplification

tests for the detection of Schistosoma and soil-transmitted helminths, including Strongyloides: A
pilot study. PLoS Negl Trop Dis 14, e0008231 (2020).

Selb, R. et al. External quality assessment (EQA) of Neisseria gonorrhoeae antimicrobial
susceptibility testing in primary laboratories in Germany. BMC Infect Dis 20, 514 (2020).

Sarink, M. J. et al. Acanthamoeba castellanii interferes with adequate chlorine disinfection of
multidrug-resistant Pseudomonas aeruginosa. J Hosp Infect 106, 490-494 (2020).

Sohn, H.J. et al. Efficient liquid media for encystation of pathogenic free-living amoebae. Korean
J Parasitol 55, 233-238 (2017).



An international External Quality Assessment Scheme to assess the diagnostic
performance of polymerase chain reaction detection of Acanthamoeba keratitis

Supplementary material

Questionnaire

Question 1: Does pre-processing of SKML Acanthamoeba samples in your laboratory
involve a freeze-thaw cycle prior to DNA extraction?

Question 2: Does pre-processing of SKML Acanthamoeba samples in your laboratory
involve a bead-beating procedure prior to DNA extraction?

Question 3: Does your laboratory treat the SKML Acanthamoeba samples before DNA
extraction with an additional proteolysis treatment besides the lysis of the manufacturers
protocol?

Question 4: Does your laboratory treat the SKML Acanthamoeba samples before DNA
extraction with an additional proteolysis treatment besides the lysis of the manufacturers
protocol? If so, is this procedure performed at a higher temperature than room
temperature?

Question 5: Does your laboratory perform any other pre-processing steps prior to DNA
extraction from Acanthamoeba samples?

Question 6: Which equipment/kit used for DNA isolation? In case the DNA isolation is not
performed according to the guidelines of the manufacturer, please describe the changes
to the protocol.

Question 7: What is the volume of the Acanthamoeba sample that is used in your
laboratory for DNA-extraction?

Question 8: What is the elution volume of extracted DNA from Acanthamoeba samples in
your laboratory?

Question 9: What is the volume of extracted DNA that is used in the subsequent PCR
reaction in your laboratory?

Question 10: Which Nucleic acid amplification test (NAAT) method is used?

Question 11: Which equipment is used for DNA amplification?

Question 12: From which supplier is the PCR mastermix for DNA amplification obtained?
Question 13: Which method is used to detect DNA amplification?

Question 14: Does your DNA amplification method include an internal inhibition control
to check proper amplification of DNA?

Question 15: Does your protocol for DNA amplification methodology include a positive
control for each target to check proper amplification of the target?

Question 16: Does your DNA amplification method include calibration series of a positive
control to report positive results in a quantitative manner?

Question 17: Which temperature profile is used for the NAAT method is used?

Question 18: Which DNA target is used for DNA amplification of Acanthamoeba?
Question 19: Which primers and probes are used for DNA amplification of Acanthamoeba?
Question 20: Is the target designed to also detect presence of other pathogenic
free-living amoeba such as B. mandrillaris and/or N. fowleri?
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Figure S1. The Cg-values reported by the individual participants for the three sets,
each with three different samples of DNA (panel A), cysts (panel B) and trophozoites
(panel C).
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Figure S2. The quantitative efficiency of the measurements of the Acanthamoeba
containing samples in relation to the percentage of the isolated DNA that was used
in the PCR reaction, which is also the percentage of the original amoeba samples as
all participants used the entire sample for the DNA isolation.

This percentage is plotted against the average of the Cg-values of the 3 trophozoite and 3 cyst samples,
as reported by the participants (Figure 3A). Two participants could not be included in this graph as they
could not report the Cg-values of the amoeba samples. One of those, using 2% of the isolated DNA,
reported negative results for all amoeba samples and is represented in this figure with a magenta square
above the graph. The other, using 14% of the isolated DNA, reported inhibition for all amoeba samples
and is here represented with a yellow square. For details and calculations see Supplementary Table S3.
One participant did not report DNA input volume and as such was excluded.

Table S1. Uniformity of the samples was verified by an expert laboratory by a five-fold
determination of the Cg-value of the amoeba samples

Sample type c;‘;gts czy(:?s 333:2 trophiozoites troplfggoites tropl;&g%ites
Replicate 1 32.2 29.0 26.4 324 29.7 25.6
Replicate 2 28.2 27.8 25.0 323 294 26.7
Replicate 3 28.8 28.8 249 325 29.1 24.
Replicate 4 30.6 283 25.1 34.0 29.1 26.5
Replicate 5 30.3 28.8 246 335 29. 254
Average 30.0 28.5 252 329 29.3 257
tandard 14 04 06 07 0.2 09
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Table S2. The stability of the samples was examined by two expert laboratories by
comparison of the Cg-value at the time of distribution (Cq start) with the Cg-value 4
months later (Cq 4 mo)

Sample Expert lab 1 Expert lab 2 Average A*
Cqstart | Cq4mo | A* | Cqstart | Cq4mo A* of labs 1 and 2

20 cysts 326 320 0.6 313 311 0.2 040
200 cysts 30.5 30.0 0.5 279 28.8 -0.9 -0.20
2000 cysts 27.8 274 04 24.5 27.2 2.7 -1.15
20  trophozoites 30.5 30.0 0.5 34.0 335 0.5 0.50
200 trophozoites 271 26.7 04 30.7 30.6 0.1 0.25
2000 trophozoites 249 244 0.5 28.2 25.8 2.4 1.45
Low [DNA] 347 334 1.3 345 347 -0.2 0.55
Medium [DNA] 311 30.2 0.9 30.7 317 -1.0 -0.05
High  [DNA] 277 27.5 0.2 28.0 28.2 -0.2 0

0.19

Average | .59 Average A° | -0.20

2 the difference between the Cg-value at the time of distribution and 4 months later (A = Cq start minus

Cq after 4 months)

®the average of the averages per laboratory
¢ the average difference of the two laboratories per sample

Supplementary Table S3 was omitted from this thesis for practical reasons due to the
size of the table. This table can be accessed online at https://links.lww.com/ICO/B552
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Summary

Background

Mycobacterium chimaera colonizes water-based heater—cooler units (HCUs), from which it
can spread to patients during surgery. Vermamoeba vermiformis is a free-living waterborne
amoeba, which was consistently present within HCUs.

Aim
To determine whether these amoebae can be involved in the persistent presence of M.
chimaera.

Methods
An in-vitro disinfection model.

Findings

Increased survival of M. chimaera was observed after chlorine exposure in the presence
of V. vermiformis. Confocal microscopy demonstrated the intracellular presence of M.
chimaera in V. vermiformis.

Conclusion

In this way, V. vermiformis can contribute to the persistent presence of M. chimaera in
HCUs. Cleaning and disinfection protocols should take this phenomenon into account.
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Introduction

Mycobacterium chimaera is a non-tuberculous mycobacterium (NTM) which is
ubiquitously found in the aqueous environment . It was first identified in 2004 but was
rediscovered as a pathogen in 2013 when Achermann et al. described the first cases of
M. chimaera infections following cardiothoracic surgery 2. Since then, many more cases
have been identified worldwide. A link was found between disseminated disease caused
by M. chimaera and the use of water-based heater-cooler units (HCUs) during surgery 3.
These HCUs , also known as heater-cooler devices (HCDs) consist of a closed circuit with
water tanks and use water as a heat-transfer medium to regulate the body temperature
of the patient. In these HCUs, M. chimaera and other NTM can be present *. Due to the
presence of fans and the bioaerosol-forming capacity of M. chimaera, transmission of this
mycobacterium from the HCU to the surgical field can occur, with subsequent infection
of the patient. In order to minimize the risk of infection, HCUs have been modified to
reduce aerosolization and compliance with the manufacturer’s instructions for cleaning,
disinfection and maintenance is advised by regulatory authorities. Several disinfectants
are recommended by the manufacturers, including peracetic acid and chlorine (in
fact hypochlorite). However, NTM colonization of the HCUs can persist even when these
measures are strictly followed, which is thought to be due to the formation of biofilms **. To
prevent infections of the patients, the HCUs used in cardiothoracic surgery in our hospital
were placed outside the operating theatre, in a dedicated space, although this solution
requires extra tubing and renovation of the operating theatre.

Vermamoeba vermiformis is a water-borne free-living amoeba, which is ubiquitously
present in the environment. Worldwide, V. vermiformis has been isolated from natural
freshwater reservoirs, tap water, swimming pools and hospital environments. The amoeba
itself is of very low pathogenicity, although many interactions have been described
between V. vermiformis and a wide range of pathogenic bacteria . It is known that V.
vermiformis can act as a host or transport vehicle for Legionella pneumophila, Pseudomonas
aeruginosa and several NTMs. Furthermore, it has been shown that V. vermiformis cysts are
resistant to chlorine disinfection ’. We hypothesized that when V. vermiformis colonizes
HCUs, M. chimaera could be present inside these amoebae, thereby resisting disinfectants.

Materials & Methods

Setting and sampling

During this study, our hospital used four 3T HCU systems (LivaNova, London, UK). The
water within the compartments was replaced with filter-sterilized water each day after use.
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In addition, the units were cleaned once every two weeks with Puristeril340. Sampling of
HCU-water occurred at regular intervals (see Supplementary Figure S1). Before sampling,
the tubing connecting the HCU to the cardiopulmonary equipment was removed and the
exit point was cleaned with ethanol 70% after which the contents of each compartment
were collected separately in sterile containers.

Strains and materials

The presence of M. chimaera in the HCU systems was determined by filtering 200 mL
of HCU-water through a 0.2 um filter. Subsequently, this filter was segregated with a
gentleMACS dissociator (Milteny Biotec BV, Leiden, The Netherlands), after which the
contents were added to a mycobacterial growth indicator tube (MGIT; Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) and incubated for six weeks at 35°C in the BD
Bactec MGIT 960 automated mycobacterial detection system (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). Once growth was detected, DNA was isolated from
the culture by MagNa Pure 96 (Roche, Basel, Switzerland) according to the manufacturers’
protocol. NTM identity was determined with the GenoType Mycobacterium CM (Hain
Lifescience, Nehren, Germany) test system. If Mycobacterium intracellulare identity was
demonstrated, high-resolution molecular identification was performed by amplification
of the 165-23S rRNA internal transcribed spacer gene by PCR, after which the sequence of
the DNA amplification product was determined by Sanger sequencing (Baseclear, Leiden,
The Netherlands).

M. chimaera stocks were prepared by addition of 200 pL from an MGIT in which growth
was detected by the above-described procedure, to a flask with Middlebrook 7H9 broth
medium (Difco Laboratories, Detroit, MI, USA) supplemented with 10% oleic acid-albumin-
dextrose-catalase enrichment (OADC; Becton, Dickinson and Company, Franklin Lakes, NJ,
USA), 0.5% glycerol (Scharlau Chemie S.A, Sentmenat, Spain) and 0.05% Tween 80 (Sigma
Chemical Co., St. Louis, MO, USA). Subsequently, this flask was incubated under shaking
conditions at 96 rpm at 37°C until the culture became turbid, after which frozen stocks
were prepared by transfer of the flask contents into Eppendorf tubes and stored at -80°C.

The presence of free-living amoebae in the system 3T HCU was determined by filtering
500 mL HCU-water (sampled as described above) through a 0.2-um filter, after which the
filter was divided into four equal parts and placed upside down on non-nutrient (NN)
agar plates seeded with E. coli ATCC 25922. Plates were sealed and incubated at 25°C,
after which amoeba presence was checked by twice-weekly microscopic inspection.
Morphologically, only one species of amoeba was identified. The amoeba strain used
in the disinfection experiments was obtained by subculturing an agar block on new NN
agar plates seeded with Escherichia coli, as attempts to culture the amoebae in axenic
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conditions were unsuccessful. The identity of the free-living amoebae was determined by
DNA isolation from collected material of a fully grown plate with amoebae, after which
the 18S rRNA gene was amplified by PCR using the primers Ami6F1, Ami6F2 and AmioR,
as described previously 8 The sequence of the amplified DNA product was determined
as described above. The amount of free-living amoebae in HCU-water was determined
according to Moussa et al. °.

Antibiotic susceptibility testing

Broth microdilution was performed according to ISO standard 20776-1 using ciprofloxacin,
doxycycline, moxifloxacin, rifampicin, ethambutol, amikacin and streptomycin, which
were all obtained from Sigma (Sigma-Aldrich, Zwijndrecht, The Netherlands). For E. coli
ATCC 25922, the microdilution plates were examined after overnight incubation at 37°C.
For M. chimaera, the microdilution plates were examined after four days of incubation at
37°C with 5% CO,,.

Disinfection

We used the in-vitro disinfection protocol with chlorine (hypochlorous acid) as described
earlier ' to investigate whether, in the presence of V. vermiformis, M. chimaera is protected
against disinfectant. This procedure was necessary because the Puristeril340, used for
disinfection of HCUs, cannot be neutralized effectively, which is necessary to investigate
for the survival of M. chimaera. Briefly, V. vermiformis trophozoites were collected by adding
1 mL of sterile filtered HCU-water to an NN agar plate seeded with E. coli ATCC 25922 and
V. vermiformis, after which the plate was scraped and liquid was collected. Co-culture
experiments were prepared in sterile HCU-water in 24-well plates by addition of 107 colony-
forming units (cfu) of M. chimaera from a frozen stock with or without 10° V. vermiformis
trophozoites in a total volume of 1 mL, corresponding to a multiplicity of infection (MOI) of
100:1. To all wells, ciprofloxacin was added to obtain a 0.5 mg/L concentration in order to kill
E. coli ATCC 25922 without affecting the growth of M. chimaera (see Supplementary Table S1
for antibiotic susceptibility profiles). After four days of incubation at 25°C, the 24-well plates
were placed on ice for 20 min, after which the well contents were collected by vigorous
pipetting. The contents of the wells with or without V. vermiformis were pooled in two
separate flasks and then divided over Eppendorf tubes. These tubes were centrifuged at
1000 g for 5 min, and the supernatant was discarded. The pellets were resuspended in T mL
of 1000 ppm available chlorine by immediately and intermittently vortexing to ensure that
dispersed cells were all exposed to the disinfectant. Exposure to chlorine was neutralized
after 30 s, 2 min, or 5 min by addition of sodium thiosulfate (Sigma, St Louis, MO, USA) to
obtain a final concentration of 4 mg/mL sodium thiosulfate. After washing with PBS, all
1-mL samples were transferred to Eppendorf tubes containing 250-280 mg of glass beads
of 1 mm diameter. Subsequently, all tubes were bead-beaten at 30 shakes per second for 16
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cycles of 30 s on and 30 s off to lyse V. vermiformis and to release intracellular M. chimaera.
Bead-beating did not have negative effects on M. chimaera (results not shown). Ciprofloxacin
was added to the samples to obtain a final concentration of 0.25 mg/L, after which serial
dilutions of the samples were prepared in PBS with 0.25 mg/L ciprofloxacin to prevent
growth of E. coli ATCC 25922. A total volume of 800 pL (four times 200 uL) of undiluted
sample was plated on four separate Middlebrook 7H10 (Difco Laboratories, Detroit, MI, USA)
agar plates supplemented with 10% OADC (Becton, Dickinson and Company, Sparks, MD,
USA), resulting in a limit of detection of 0.1 log cfu/mL. Ten-fold serial dilutions of the same
sample were also plated on Middlebrook plates. All plates were incubated for three weeks
at 37°C with 5% CO,, after which cfu were counted. From each condition with growth after
exposure to disinfectant, three colonies were analysed by matrix-assisted laser desorption-
ionization time-of-flight mass spectrometry (Maldi Biotyper, Bruker Microflex LT, Bruker,
London, UK) to confirm M. chimaera identity. These disinfection studies were performed in
two independent experiments, each in duplicate wells.

Confocal microscopy

V. vermiformis trophozoites were grown on coverslips in the presence or absence of
M. chimaera for 4 h in a six-well plate, after which the coverslips were fixed with 4%
formaldehyde for 1 h. Subsequently, the coverslips were washed twice with sterile filtered
HCU-water before permeabilization for 20 min in 0.1% v/v Triton X-100, which was afterwards
washed away twice. Samples were then stained using the BD BBL TB Auramine-Rhodamine
T staining (Becton, Dickinson and Company, MD, USA) and subsequent propidium iodide
staining (0.33 pg/mL in saline-sodium citrate buffer for 5 min) with washing in between
with sterile HCU-water. Samples were examined by a Leica SP5 confocal laser scanning
microscope (Leica, Mannheim, Germany). Auramine dye was measured with the 458 nm laser
line of an argon laser emission BP 470-530. Propidium iodide dye was measured with a 561
nm laser line and a BP 570-640 emission filter. Images were made with an HXP PL APO 63.0
oil immersion lens with a 1.4 numerical aperture. Three-dimensional renderings were made
with the Amira software package (Thermo Fisher, Waltham, MA, USA) after deconvolution
with the Huygens software (SVI, Hilversum, The Netherlands).

Results and discussion

In our hospital, the presence of amoebae and M. chimaera in the system in the four 3T
HCUs was determined at regular intervals over the course of 2 years. The presence of M.
chimaera over time in the HCUs is shown in Supplementary Figure S1. Amoebae were
detected at all nine time points in 18/18 tested samples (100%) and M. chimaera was
present in 11/102 samples (11%) collected at 13 time points over a period of two years.
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These results show that despite regular cleaning and disinfection of the HCUs with
Puristeril340 according to the manufacturer’s instructions, not only M. chimaera and other
NTM persistently colonize the HCUs but amoebae do so as well. The concentration of
amoebae in HCU-water was determined on two separate occasions from the patient and
cardioplegic compartments of an HCU and ranged from 275 to 1204 amoebae per litre.
Samples of the content of the HCUs were collected without disturbing any biofilms that
might have been present, and therefore, the presence of only planktonic micro-organisms
was determined. As most amoebae and M. chimaera live in biofilms, the actual presence of
amoebae and M. chimaera in HCUs is probably substantially higher.

Species determination of the isolated amoebae from the HCUs demonstrated their
identity as V. vermiformis. Clearly, M. chimaera as well as V. vermiformis are present in
the HCUs. Therefore, an in-vitro disinfection model was used to compare the efficacy of
chlorine disinfection of M. chimaera in the presence and absence of V. vermiformis. After
four days of incubation with M. chimaera, all V. vermiformis were encysted (Supplementary
Figure S2A and S2B). At this time point, M. chimaera survival after chlorine exposure was
determined (Figure 1). The survival after chlorine exposure of these encysted M. chimaera
was significantly higher than the survival in the absence of V. vermiformis (Figure 1A).
After incubation without V. vermiformis, virtually no M. chimaera survived 2-min or 5-min
exposure to 1000 ppm available chlorine. In the presence of V. vermiformis, however,
approximately 2 log cfu/mL and 1 log cfu/mL M. chimaera were still viable after 2 min and
5 min of chlorine exposure, respectively. This observed difference in sensitivity to chlorine
might be explained by two factors. First, it could be due to the baseline difference in the
presence of M. chimaera after four days of incubation with or without V. vermiformis, as M.
chimaera counts were approximately 2 log cfu/mL in incubations without V. vermiformis,
and approximately 4 log cfu/mL in the presence of V. vermiformis. This indicates that M.
chimaera survives in nutrient-poor HCU-water better in the presence of V. vermiformis than
in its absence, thereby resulting in a denser population that is exposed to the effects of
chlorine. Second, V. vermiformis could also directly protect M. chimaera from the effects
of chlorine, as it is known that a range of bacterial species can survive within cysts of V.
vermiformis, among which are mycobacteria ". Therefore, we used confocal microscopy
to examine the interaction between the M. chimaera and V. vermiformis strains isolated
from the HCU, which revealed M. chimaera to be present indeed inside V. vermiformis
(Figure 1B-E). Surface rendering images can be viewed in Supplementary Videos S1
and S2. Whether M. chimaera was located within a vacuole or within the cytoplasm
of V. vermiformis cannot be determined because this technique does not differentiate
between these compartments. However, irrespective of whether M. chimaera is present
in the vacuole or in the cytoplasm of V. vermiformis, M. chimaera will be shielded from
disinfectants in both situations.
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Figure 1. Disinfection and interaction between V. vermiformis and M. chimaera, both
isolated from heater-cooler units.

(A) Survival of M. chimaera following chlorine disinfection, after 4 days of incubation in the presence or
absence of V. vermiformis. Significant differences: **: P < 0.01; *: P <0.05. The limit of detection is indicated
with the dotted line. Bright-field (C and E) and fluorescence (B and D) confocal microscopy images of
V. vermiformis incubated for four hours with M. chimaera (B and C) and without M. chimaera (D and E).
Samples were permeabilised and stained with propidium iodide, which illuminates V. vermiformis, E. coli
and M. chimaera (red), and auramine, which only illuminates M. chimaera (white).

The formation of a biofilm is known to interfere with disinfection, also in the case of M.
chimaera in HCUs **>'2. V. vermiformis is also an inhabitant of biofilms ™, and as such the
amoebae could add to the problem of disinfection. Figure S2 shows bright-field images of
the situation in our in-vitro co-culture experiments, which might indicate the formation of
biofilm, although research into specific evidence of biofilm formation was not conducted.
In our disinfection model, the biofilm that might have been formed during the four
days of incubation was deliberately disrupted during sampling to release amoebae and
mycobacteria trapped in biofilms and to expose them to the chlorine. Consequently,
our experiments demonstrated enhanced survival of M. chimaera by V. vermiformis after
chlorine disinfection in the absence of biofilms.

134



Vermamoeba vermiformis resides in water-based heater-cooler units
and can enhance Mycobacterium chimaera survival after chlorine exposure

M. chimaera persistence in HCUs, despite regular cleaning and disinfection, remains
a problem, and therefore, it is now advised to place water-based HCUs outside the
operating room. Our study shows that the presence of amoebae, such as V. vermiformis,
can contribute to the problem of this persistent presence of M. chimaera in HCUs. This
could either be through increased survival of M. chimaera in HCU water which contains V.
vermiformis (resulting in higher baseline concentrations and subsequent increased survival
after disinfectant exposure), or through protection of M. chimaera by V. vermiformis cysts,
as demonstrated by confocal microscopy. Cleaning and disinfection protocols should take
this phenomenon of increased survival of M. chimaera caused by the presence of amoebae
into account.
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Supplementary material

Table S1. Broth microdilution susceptibility of the environmental M. chimaera isolate
and E. coli ATCC strain 25922 to various antibiotics.

Antibiotic MIC (mg/L)
M. chimaera | E. coli ATCC 25922
Ciprofloxacin 2 <0.25
Doxycyclin 8 2
Moxifloxacin 0.5 <0.25
Rifampicin <0.25 4
Ethambutol 16 >128
Amikacin 16 4
Streptomycin 8 16
Amoeba
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Figure S1. Presence of amoebae, M. chimaera and other nontuberculous
mycobacteria (NTM), in heater-cooler units (HCUs).

NTM measurements included sampling of both compartments of the four HCUs, totalling 8 samples.
Abbreviations; + indicates the presence of amoebae in both compartments and NT indicates not tested;
n indicates the number of compartments tested for the presence of NTMs; For sampling and detection
procedures, see methods section.
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Figure S2. Bright-field images of a co-culture with V. vermiformis and M. chimaera,
directly after inoculation (A) and after 4 days of co-incubation (B).

Supplementary videos S1and S2 can be accessed online at
https://doi.org/10.1016/j.jhin.2022.12.011
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Summary

Verona-Integron-encoded-Metallo-B-lactamase-positive Pseudomonas aeruginosa (VIM-PA)
is a cause of hard-to-treat nosocomial infections, and can colonize hospital water networks
alongside Acanthamoeba. We developed an in-vitro disinfection model to examine
whether Acanthamoeba castellanii can harbour VIM-PA intracellularly, allowing VIM-PA to
evade being killed by currently used hospital disinfectants. We observed that A. castellanii
presence resulted in significantly increased survival of VIM-PA after exposure to chlorine
for 30 s or for 2 min. This undesirable effect was not observed after disinfection by 70%
alcohol or 24% acetic acid. Confocal microscopy confirmed the presence of VIM-PA within
A. castellanii pseudocysts. Our data indicate that A. castellanii contributes to persistent
VIM-PA colonization of water systems after chlorine treatment.
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Introduction

Multidrug-resistant strains of Pseudomonas aeruginosa (PA) are an important cause of
nosocomial infections and are involved in hospital outbreaks worldwide '. PA infections
are associated with increased morbidity and mortality in hospitalized patients .
Furthermore, if these bacteria harbour a Verona Integron-encoded Metallo-B-lactamase
(VIM) gene, treatment options are even more limited, as VIM-producing PA can hydrolyse
all classes of B-lactams except monobactam antibiotics, resulting in resistance against the
carbapenems, an important class of antibiotics for treatment of PA infections.

PA can be found in moist environments, such as water networks, which are well-known
environmental sources of PA outbreaks in hospitals 2. Transmission within hospitals occurs
through unidentified and presumably persistent sources that are most likely in the water
distribution systems or wastewater drains 3*. Despite extensive infection prevention
measures, PA is in many settings still able to spread *°. Like PA, Acanthamoeba castellanii
is also present in hospital water networks. These protozoa are known to co-occur with PA
at the same locations, and PA were shown to be present intracellularly in Acanthamoeba
spp. isolated from a hospital water system ¢’. This phenomenon was confirmed in vitro,
as phagocytosed PA were shown to remain viable during encystation of Acanthamoeba
trophozoites 8. Acanthamoeba cysts are known to be resistant to several disinfection
treatments used in healthcare settings °. Therefore, we hypothesized that PA could survive
in hospital environments and resist disinfection by being concealed within A. castellanii.

Methods

Strains and materials

Acanthamoeba castellanii ATCC strain 30010 (‘Neff’) was grown in cell culture flasks at
25°C in PYG medium, which contained proteose peptone, yeast extract, glucose, salt
additives (ATCC medium 712), 40 pg/mL gentamicin, 100 units/mL penicillin, and 100 pg/
mL streptomycin. All experiments were started with trophozoites growing in logarithmic
phase. The PA strain used in all experiments (VIM-PA-R15111) harboured a VIM gene,
was isolated from a sink in our hospital, and had caused an outbreak that was recently
described 3. VIM-PA was grown to stationary phase in tryptic soy broth, after which
glycerol stocks were prepared by addition of glycerol to a final concentration of 10% (v/v).
Stocks were stored at -20°C until use and bacterial density was determined by plating on
blood agar plates (BD Diagnostics, Breda, The Netherlands).
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The 1000 ppm chlorine disinfection solution was prepared directly before each experiment
by addition of 1.5 L lukewarm tap water to an Ecolab (St Paul, MN, USA) Medicarine tablet,
resulting in sodium dichloroisocyanurate as a source of free active chlorine. Ethanol (70%,
v/v) was purchased from Fresenius Kabi (Bad Homburg, Germany) and 24% (v/v) acetic
acid was prepared by dilution of 96% acetic acid (Merck, Kenilworth, NJ, USA) in distilled
water.

In-vitro disinfection

A. castellanii trophozoites were collected by placing a cell culture flask on ice for 20 min
and repeatedly tapping to detach trophozoites. The contents of the cell culture flask were
transferred to a 50 mL tube and centrifuged at 1000 g, after which the pellets were washed
once with phosphate-buffered saline (PBS). The VIM-PA glycerol stocks were thawed
and diluted in PBS. Co-culture experiments were prepared in 24-well plates by addition
of 10° colony-forming units VIM-PA to 1 mL PBS with or without 25,000 A. castellanii
trophozoites, corresponding to a multiplicity of infection of 1:40. After incubation at 25 °C
for 14 days, the 24-well plate was placed on ice for 20 min, after which the well contents
were collected into separate tubes by vigorous pipetting. The collected material was
centrifuged at 1000 g, after which the supernatant was discarded, and the pellet was
treated with 1 mL of various disinfectant solutions. Samples were then immediately and
intermittently vortexed to ensure that dispersed cells were exposed to the disinfectant.
Exposure to chlorine was neutralized after 30 s, after 2 min, or after 5 min by adding sodium
thiosulfate (Sigma, St Louis, MO, USA) to obtain a final concentration of 4 mg/mL, which
converts chlorine to chloride, thereby ending chlorine treatment. The effect of ethanol
was abolished after 30 s or after 2 min by dilution with 9 mL PBS. After centrifugation, the
chlorine- and ethanol-neutralized samples were washed three times with 1 mL PBS. Acetic
acid was removed after 30 minutes by washing 3 times with 1 mL PBS. Exposure times
were chosen based on infection prevention guidelines on disinfection, manufacturers’
instructions, or literature '°". After washing, all samples (with and without A. castellanii)
were transferred to Eppendorf tubes with 250-280 mg of glass beads with 1 mm diameter
and bead-beaten at 30 shakes per second for 16 cycles of 30 s on and 30 s off to lyse A.
castellanii trophozoites, pseudocysts and cysts, and release intracellular VIM-PA. A total
volume of 800 uL was plated on four separate blood agar plates, resulting in a limit of
detection of 0.1 log,, cfu/mL. Serial dilutions of the same sample were also plated on blood
agar plates. Blood agar plates were incubated overnight at 37°C, after which the numbers
of cfu were counted. From each plate with growth after exposure to disinfectants, one
colony was analysed by matrix-assisted laser desorption-ionization time-of-flight mass
spectrometry (Maldi Biotyper, Bruker Microflex LT, Bruker, London, UK) to confirm PA
identity. Experiments were performed in at least two independent experiments, each in
duplicate wells.
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Confocal microscopy

Similar to the in-vitro disinfection, A. castellanii trophozoites were grown in the presence
or absence of VIM-PA for 14 days. The well contents were then sampled and centrifuged
at 1000 g, after which 800 pL of the supernatant was discarded. P. aeruginosa antibody
95/159 Alexa Fluor 647 (4 pL) (Novus Biologicals, Littleton, CO, USA) was added to the
resuspended cell pellet and incubated at room temperature for 30 min, after which the
samples were washed three times with 1 mL PBS and fixed in 0.4% formaldehyde (Fresenius
Kabi). Samples were examined by a Leica SP5 confocal laser scanning microscope (Leica,
Mannheim, Germany). Autofluorescence was measured with the 488nm laser line of an
argon laser emission BP500-550. Alexa 647 dye was measured with 633nm laser line and
a BP650-720 emission filter. Images were made with an HXP PL APO 63.0 oil immersion
lens with a 1.4 numerical aperture. Three-dimensional renderings were made with the
Amira software package (Thermo Fisher, Waltham, MA, USA) after deconvolution with the
Huygens software (SVI, Hilversum, The Netherlands).

Statistics

GraphPad Prism 8 (GraphPad Software, San Diego, USA) was used to analyse the results. A
one-tailed unequal variances t-test was used to determine statistical significant difference.

Results and discussion

This study developed an in-vitro disinfection model to determine the efficacy of VIM-PA
disinfection in the presence or absence of A. castellanii. In our model, VIM-PA was incubated
in PBS with or without A. castellanii trophozoites for 14 days preceding in-vitro disinfection
in order to allow phagocytosis of the bacteria by A. castellanii trophozoites. Survival of
VIM-PA after in-vitro disinfection with selected disinfectants for several exposure times is
shown in Figure 1. Survival of VIM-PA after chlorine exposure was higher in the presence
of A. castellanii at all examined time-points. The largest significant difference (P < 0.001)
was observed after 2 min of chlorine exposure, as all VIM-PA incubated without amoebae
were killed, whereas 3 log,, CFU/mL of VIM-PA survived chlorine treatment in the presence
of A. castellanii. After 5 min of chlorine exposure in the absence of A. castellanii, a very
small amount of VIM-PA survived (on average 43 cfu/mL), which is a 99.99% reduction
compared to a 100% reduction after 2 min of chlorine exposure. In the presence of A.
castellanii, a time-dependent effect was observed, as survival of VIM-PA decreased upon
prolonged exposure to chlorine. By contrast with chlorine disinfection, no significant
difference in survival was observed between VIM-PA incubated in the presence or absence
of A. castellanii after exposure to 24% acetic acid or 70% ethanol. Exposure to 24% acetic
acid for 30 min resulted in survival of < 1 log,, cfu/mL VIM-PA irrespective of the presence
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Figure 1. Interaction between A. castellanii and VIM-PA.

Panel A: Survival of VIM-PA after disinfection with indicated disinfection methods. VIM-PA was incubated
with or without A. castellanii in PBS for 14 days at 25°C before disinfection with 1000 ppm chlorine,
70% ethanol or 24% acetic acid. Subsequently, samples were bead-beaten and plated on blood agar
plates, which were incubated for 24 hours at 37°C before colony forming units (CFU) were counted.
Asterisks indicate significant differences. ***: p<0.001; **:p<0.01; *: p<0.05; ns: not significant. Panels B-E:
Confocal microscopy images of A. castellanii pseudocysts after 14 days of culture with VIM-PA (2B and
2C) and without VIM-PA (2D and 2E), stained with P. aeruginosa-specific antibody (red). Green colour is
autofluorescence of A. castellanii and VIM-PA.
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of A. castellanii. A 30 s exposure to 70% ethanol resulted in the survival of ~3 log, cfu/mL
of VIM-PA in the absence of A. castellanii. A small, non-significant increase in survival of
VIM-PA was observed in the presence of A. castellanii. Exposure to 70% ethanol for 2 min
did result in total eradication of VIM-PA in the sample, irrespective of the presence of A.
castellanii.

The disinfection model was set up to mimic a hospital water system with the possibility
of forming a biofilm. A characteristic of our model is that the microbial biofilm was
disrupted before disinfection, as micro-organisms were harvested by vigorous pipetting,
resulting in dispersed cells being exposed to disinfectant. We hypothesized that VIM-PA
was protected against chlorine disinfection after internalization by A. castellanii in
our co-culture conditions, which was demonstrated by confocal microscopy using P.
aeruginosa-specific antibody staining (Figure 1B-E). Surface rendering images can be
viewed in Supplementary Videos S1 and S2, which clearly demonstrate the intracellular
presence of VIM-PA in A. castellanii. We studied only the ATCC Acanthamoeba “Neff”
laboratory strain, although it is known that resistance to disinfection may differ between
Acanthamoeba strains °. However, as it has been shown that environmental strains are
more resistant to disinfection than laboratory strains, this could mean that the effects we
observed are an underestimation of what actually occurs in the environment °.

The 14-day incubation in our experiments resulted in a mixed population of trophozoites,
cysts, and pseudocysts. Pseudocyst formation, like cyst formation, is induced by stress,
but pseudocysts are morphologically different from cysts 2. We observed pseudocyst
formation immediately after A. castellanii trophozoites were treated with chlorine,
contrary to treatment with ethanol (70%) or acetic acid (24%) (Supplementary Videos
S3-5). We suggest that these pseudocyst and cyst stages of A. castellanii are responsible
for the observed survival of VIM-PA, as our confocal images show the presence of VIM-PA
inside pseudocysts (Figure 1B-E). Previous studies have shown that Acanthamoeba cysts
can survive chlorine exposure, which means that chlorine does not reach intracellular
VIM-PA °.

Current literature points to biofilm formation as the main cause of inefficient bacterial
disinfection ™. In addition to biofilm formation, we now propose another mechanism for
inefficient disinfection: survival within A. castellanii. Intracellular survival of VIM-PA in A.
castellanii can be considered synergistic to biofilm formation in the ability to decrease
disinfectant efficacy, as A. castellanii is known to inhabit biofilms as well . Previous
studies have shown that PA transmission may occur from the hospital environment to
patients, in whom it can cause serious infections ™. Our findings indicate that A. castellanii
can play an important role in the persistence of VIM-PA in hospitals and thus could result
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in the presence of an environmental source from which VIM-PA transmission to patients
can occur.

Other bacteria could take advantage of the protective cover of acanthamoeba as well, as
it has been shown that many different types of bacteria can survive inside acanthamoeba.
A clear example is Legionella pneumophila, as a recent article showed persistent L.
pneumophila presence in a water system in which acanthamoeba was also present during
disinfection with monochloramine 6. In addition, multiple non-tuberculous mycobacteria
have been shown to co-occur with acanthamoeba in a hospital water network V.
Furthermore, Stenotrophomonas maltophilia and Achromobacter xylosoxidans have been
isolated from Acanthamoeba spp. . All these pathogenic bacteria may survive chlorine
disinfection in hospital water systems inside amoebae as well.

Our results show that A. castellanii can decrease the effectiveness of standard chlorine
disinfection of VIM-PA, but not of disinfection with 70% ethanol and 24% acetic acid. As
ethanol has a limited applicability for the disinfection of wastewater drains, 24% acetic
acid for 30 min is a promising option to obtain effective disinfection. Our findings are in
concordance with the results of a recent study which showed that 30 min exposure to 24%
acetic acid effectively decontaminated sinks with metallo-3-lactamase-producing PA,
and reinforce the use of 24% acetic acid as an environmental decontamination method in
clinical practice ™.
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Supplementary material

Table S1. Antibiotic susceptibility profile of VIM-positive P. aeruginosa strain VIM-

PA-R15111.

Antibiotic MIC (pg/mL) Susceptibility according to EUCAST
Piptazobactam > 64 R
Imipenem >8 R
Meropenem 1 S
Ceftazidime 16 R
Gentamicin >8 R
Tobramycin >8 R
Ciprofloxacin >2 R
Colistin <05 S
Fosfomycin <16 S

Susceptibility profile was determined by the VITEK 2 system (bioMérieux, Marcy I'Etoile, France).

Supplementary Movies S1-S5 can be accessed online at:
https://doi.org/10.1016/j.jhin.2020.09.019
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Abstract

The conditions in which antimicrobial resistance (AMR) genes are transferred in natural
environments are poorly understood. Acanthamoeba castellanii (a cosmopolitan
environmental amoeba) feeds on bacteria by phagocytosis, which places the consumed
bacteria closely togetherin afood vacuole (phagosome) of the amoeba. This way, amoebae
can facilitate genetic exchanges between intra-amoebal bacteria. We studied this
phenomenon in the clinically relevant bacteria Pseudomonas oleovorans and Pseudomonas
aeruginosa (strain 957). The internalisation of both the plasmid donor and acceptor
bacteria was shown by confocal microscopy. In seven independent experiments, an on
average 12-fold increase in transfer of the bla , , gene between these two Pseudomonas
strains was observed in the presence of A. castellanii compared to its absence. Negligible
or no plasmid transfer was observed from P. oleovorans to 18 other investigated strains
of P. aeruginosa. AMR gene transfer via plasmids between Pseudomonas species is highly
strain-dependent and A. castellanii can substantially enhance plasmid transfer. This
process of plasmid transfer might also occur between other bacteria and predatory
protozoa, such as amoebae that reside in the gut of humans and animals.
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1. Introduction

Antimicrobial resistance (AMR) has been declared by the World Health Organization
to be one of the top 10 global public-health threats facing humanity '. Misuse and
overuse of antibiotics are the main drivers for selection of bacteria that are resistant to
antibiotics. In addition, AMR can spread via horizontal gene transfer (HGT) of AMR genes.
The conditions in which AMR genes are transferred in natural environments are poorly
understood, although stress, nutrient supply and cell density can affect the HGT rate 2.
Studies in natural aquatic environments revealed that biofilms are so-called hotspots
for HGT 2. Biofilms are composed of a mixture of organisms, containing prokaryotes as
well as eukaryotes. Acanthamoeba spp. are eukaryotes often present in biofilms. This
unicellular protozoa feeds on bacteria by phagocytosis, and in this process places
bacteria together in a food vacuole (phagosome). Most bacteria are lysed and degraded,
but some can survive or even kill the amoeba 3*. One of the bacterial species that can
survive predation by Acanthamoeba spp. is Pseudomonas aeruginosa, which can live and
multiply in the food vacuoles of this amoeba 6. P. aeruginosa and Acanthamoeba spp.
were shown to be present together in floor drains of a general hospital 7. P. aeruginosa
can cause opportunistic nosocomial infections in humans that are often hard to treat, due
to reduced susceptibility to multiple antibiotics. Resistance to the last-line antibiotic class
of carbapenems is especially worrisome, as bloodstream infections with a carbapenem-
resistant P. aeruginosa (CRPA) result in increased mortality compared to infections with
a carbapenem-susceptible counterparts®. The Verona-Integron-encoded-Metallo-

B-lactamase (bla,, . ) resistance gene, which results in CRPA, is not only found in P.

VIM-2
aeruginosa, but also in non-pathogenic Pseudomonas spp., which could act as a reservoir
of AMR genes °. Amoebae can act as a place that favours genetic exchanges between
bacteria >'°. In the food vacuoles (phagosomes) of amoebae, different bacteria from the
environment will end up together in closed vacuoles, which might enhance the transfer of
mobile genetic elements (e.g. plasmids. Hence, amoebal predation could facilitate HGT of
AMR genes °. This concept is rarely studied with clinically relevant bacteria. Therefore, we
examined the transfer rate of a plasmid encoding the bla,,, , gene, between two different
Pseudomonas species (P. oleovorans to P. aeruginosa) in the presence and absence of A.
castellanii.

2. Methods

2.1 Strains

Acanthamoeba castellanii ATCC strain 30010 was grown in cell culture flasks at 25°C in PYG
medium, which contains proteose peptone, yeast extract and glucose with salt additives

155




Chapter 8

(ATCC medium 712) ". This medium was supplemented with 40 ug/mL gentamicin, 100
units/mL penicillin and 100 pg/mL streptomycin. The Pseudomonas oleovorans donor
strain carrying a plasmid harboring the bla,,, , gene was isolated from a hospital sinkin the
Erasmus MC University Medical Center Rotterdam, the Netherlands. All used Pseudomonas
aeruginosa acceptor strains were isolated from wet hospital environments in the Erasmus
MC, except for P. aeruginosa ATCC strain 27853, which was obtained from the American
Type Culture Collection (Manassas, Virginia, USA). Bacteria were grown on Trypticase Soy
Agar (TSA) Il with 5% Sheep Blood (BD Biosciences, Franklin Lakes, New Jersey, USA).

2.2 Fluorescent labelling and confocal imaging

The intracellular location of both Pseudomonas species after phagocytosis by
Acanthamoeba was examined by fluorescent labelling and confocal microscopy. P.
oleovorans was fluorescently stained using 1 mg/mL Fluorescein isothiocyanate isomer |
(FITC) (Sigma-Aldrich, USA) and P. aeruginosa strain 957 was separately stained using 1 mg/
mL Lectin PNA, Alexa Fluor 647 Conjugate (Invitrogen, USA) suspended in DMSO (MERCK
KGaA, Germany). Staining of both Pseudomonas species was performed by incubation of
the bacteria with the dye in PBS with 5% glycerol (Sharlau, Spain) and 2 mM MgCl, (Sigma-
Aldrich, USA) for 1 hour, while gently swirling, at room temperature. Subsequently, the
excess dye was removed by washing with PBS 5 and 3 times, respectively. A. castellanii
were then incubated in PBS for 1 hour at 25°C with both stained Pseudomonas species
in the ratio of 1:1:1. After incubation the samples were fixated for 30 minutes on ice in
8% formaldehyde (MERCK KGaA, Germany) before imaging. Confocal images were taken
using the Leica SP5 confocal laser scanning microscope (Leica, Germany), deconvoluted
with the Huygens software (SVI, Hilversum, The Netherlands) and reconstructed using
Fiji37.

2.3 Gene transfer experiments

To harvest A. castellanii trophozoites, cell culture flasks were placed on ice for 20 minutes,
after which the nutrient-rich medium was removed by two subsequent washing steps
with 1% PYG in PBS (v/v). P. oleovorans and P. aeruginosa strains were grown overnight on
TSA, after which an 0.5 optical density (OD) at 600 nm suspension was prepared in 1%
PYG in PBS. A predetermined quantity containing 1 x 107 P. oleovorans and 1 x 10’ of one
of the P. aeruginosa strains were added to each well of a 24-well plate with or without
2 x 10° A. castellanii in 1% PYG in PBS in a total volume of 1 mL. The applied in vitro
co-culture conditions (1% PYG in PBS without shaking) were a mimic of the low nutrient
situation in the hospital water system. After incubation for 24 hours at 25°C the 24-well
plate was placed on ice for 20 minutes. Next, the content of each well was collected by
vigorous pipetting and transferred into tubes containing 250-280 mg of 1 mm diameter
glass beads. To release viable intracellular bacteria from the amoeba, bead-beating was
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performed 16 times for 30 seconds on and 30 seconds off. This bead-beating procedure
did not affect the viability of the Pseudomonas spp. (Figure S1). After bead-beating, serial
dilutions were plated on TSA as well as on Mueller Hinton (MH) Il agar plates containing 4
mg/L meropenem, 2 mg/L tobramycin and 25 mg/L 1,10-phenanthroline. Resistance genes
encoding for meropenem and tobramycin-resistance are plasmid encoded and therefore
meropenem and tobramycin were applied as selective agents. To select for P. aeruginosa,
1,10-phenantroline was used, as described in ™. TSA plates were incubated for 24 hours
at 37°C, after which colonies of P. oleovorans and P. aeruginosa could be quantified, as
colonies of both species could be differentiated by their different morphology on TSA
agar plates. MH plates with selective compounds were incubated for 48 hours at 37°C.
Plasmid transfer rate was determined by dividing the CFU on selective plates by the total
number of CFU (donor + acceptor, expressed in 108) present at the end of the incubation.
All experiments were performed in duplicate or more where indicated.

2.4 Real-time PCR, MALDI-TOF and conventional PCR

In each gene-transfer experiment for each condition, three colonies were examined by
both real-time PCR and Matrix-assisted laser desorption/ionization with time-of-flight
mass spectrometry (MALDI-TOF-MS) (Bruker, Billerica, Massachusetts, USA) to confirm the

presence of the bla,,, , gene and the P. geruginosa identity, respectively. Real-time PCR

VIM
was performed in a LightCycler 96-well plate (Roche, Basel, Switzerland) by mixing a small
aliquot of a colony with 10 pL of LightCycler 480 Probes Master (Roche), 5 uL of bla,,,,-PCR
probe mix (Table S2) and 5 pL of PCR-grade water . Samples were run in a LightCycler 480Il
instrument (Roche) with pre-denaturation at 95°C for 5 minutes; amplification of 50 cycles
between 95°C for 5 seconds and 60°C for 30 seconds and final cooling at 40°C for 1T minute.

Conventional PCR was used to examine the integrity of the bla, . containing plasmid

VIM-2
after incorporation of the bla,,, , gene in the recipient P. aeruginosa-957 strain. Primers
were designed for six regions in the original plasmid in P. oleovorans, located 20-30 kb
from each other (Table S2). All primers were used at a concentration of 0.5 uM. In a 96-well
plate (Roche), 5 ul of extracted DNA was mixed with 1.25 ul of forward primer, 1.25 ul
of reverse primer, 12.5 pl of PCR Faststart PCR Master Mix (Roche) and 5 pl of PCR-grade
water. Samples were run in a Biometra TAdvanced PCR thermocycler instrument
(Labgene Scientific SA, Chatel-St-Denis, Switzerland) with the following conditions:
pre-denaturation at 95°C for 10 minutes; 30 cycles of denaturation at 95°C for 30 seconds,
annealing at 55°C for 30 seconds, and extension at 72°C for 1 minute; followed by final
extension for 10 minutes at 72°C and cooling to 4°C. The DNA amplicons were separated
by electrophoresis on a 2% agarose gel (Sphaero Q, Gorinchem, The Netherlands, and
Thermo Scientific, Waltham Massachusetts, USA) and visualized by staining with SYBR®
Safe DNA Gel Stain (Invitrogen, Carlsbad, California, USA).
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Brightfield Green Red Overlay

Figure 1. Images taken by confocal microscopy of co-cultures with A. castellanii, P.
oleovorans and P. aeruginosa-957.

Shown are z-stacks (sections of 1 um) of bright field and fluorescent images at indicated wavelengths.
A. castellanii was incubated together with P. oleovorans (stained by FITC - shown in green) and P.
aeruginosa-957 (stained with Lectin PNA bound to Alexa 647 - shown in red) in PBS for one hour, after
which samples were fixated and examined by confocal microscopy. The scale bar is 10 um.
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3. Results

3.1 Ingestion of Pseudomonas by A. castellanii

The uptake by A. castellanii of both P. aeruginosa-957 and P. oleovorans after 90 minutes
of co-incubation was shown by confocal microscopy, as the distinctly fluorescent-stained
Pseudomonas species were both observed inside A. castellanii (Figure 1). This result
confirms our previous study which showed the intracellular presence of P. aeruginosa
in A. castellanii 3. Subsequently, the growth dynamics of both Pseudomonas species
were examined in the presence and absence of A. castellanii in a low-nutrient medium.
This demonstrated that of both Pseudomonas species the total number increased in the
absence of A. castellanii (Figure 2A). In the presence of A. castellanii, the number of P.
oleovorans dropped substantially whereas the number of P. aeruginosa-957 increased. It is
known that bacterial evolution resulted in bacteria resistant to destruction by free-living
amoebae “5. This could explain why A. castellanii trophozoites did not digest the P.
aeruginosa-957 strain

3.2 Determination of the transfer efficiency

The transfer efficiency of the bla,,, , gene from P. oleovorans to the P. aeruginosa-957 strain
was examined by co-culturing these two Pseudomonas species together for 24 hours
in the presence or absence of A. castellanii, followed by examination of the number of
bacteria on selective as well as non-selective agar plates. Real-time PCR and MALDI-TOF
analysis were performed to confirm the presence of the bla,,, , gene and P. aeruginosa
identity of the obtained colonies on the selective agar plates, respectively. In total, this
experiment was performed seven times. It demonstrated an on average 12-fold (range 1
to 47) higher plasmid transfer rate in the presence of A. castellanii compared to its absence
(Figure 2B). The plasmid-transfer rate per 108 bacteria ranged from 2000 to 224,625 in the
absence of A. castellanii and from 11,530 to 1,990,196 in the presence of A. castellanii. The
presence of the entire plasmid (size: 158 kbp) with the bla,,, , gene in colonies growing on
the selective plates was confirmed by additional conventional PCR analysis (Figure S2-S3).

4. Discussion

This study started with an experiment where the plasmid-transfer efficiency was tested
twice with in total 19 P. aeruginosa strains: ATCC strain 27853 plus 18 strains isolated
from wet hospital environments, including strain 957 described above. The experiment
showed that the bla,,, , gene could be transferred from P. oleovorans to P. aeruginosa

in the above-mentioned strain 957, and in only three other P. aeruginosa strains, but in
these three strains the plasmid transfer rate was negligible compared to the rate with

159




Chapter 8

>
vy

<%= |noculum

Log CFU/mI
Fold change
i

| I m w v v v Average

Experiment number

P~ 5
w3 <
@ B
% ES
8
5 3
& o
a
o

+ A. castellanii - A. castellanii

F. agruginosa-957
P. oleovorans

Figure 2. Transfer rate of the plasmid encoded bla,,,, , gene from P. oleovorans to P.
aeruginosa-957 in the presence or absence of A. castellanii.

Panel A shows the number of colony-forming units (CFU) on tryptic soy agar of P. oleovorans and P.
aeruginosa-957 after 24 hours of incubation in a low-nutrient medium (1% PYG in PBS (v/v)) in the presence
(+ A. castellanii) or absence (- A. castellanii) of A. castellanii. 1 x 107 P. oleovorans and 1 x 10’ P. aeruginosa-957
(indicated with a red line) were added at the start of the incubation, with or without 2 x 10° A. castellanii.
Panel B shows the difference in fold change in the recipients / 108 CFU formed by P. oleovorans and P.
aeruginosa-957 in the presence of A. castellanii compared to its absence. Culture conditions were used
as described for panel A. After 24 hours of co-culture, the contents were added to tryptic soy agar to
determine CFU counts as well as to selective plates containing 4 mg/L meropenem, 2 mg/L tobramycin
and 25 mg/L 1,10-phenanthroline to determine the number of recipients.

P. aeruginosa-957 (Table S1). Furthermore, the transfer rate in these three strains was
not substantially increased in the presence of A. castellanii. These experiments showed
that AMR gene transfer between Pseudomonas species is highly strain-dependent. This
indicates that there are specific strain properties that determine the rate of acquisition,
which could be due to the plasmid incompatibility groups of the examined strains ',
although many other factors could be of influence . The mechanisms behind increased
transfer in the presence of A. castellanii and why this is also strain-dependent are currently
unresolved.

The presence of a large variety of AMR genes in Acanthamoeba spp present in wastewater
has been reported, which suggests that the bacteria inside amoebae may significantly
contribute to the transmission of these genes in the surrounding environments . Since
the investigated Pseudomonas strains in this study were isolated from wet hospital
environments, our observation is clinically relevant because transfer of AMR genes
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between bacteria can occur in hospital-water systems after which resistant bacteria
can spread within the hospital and to the community 7. The enhanced AMR transfer by
A. castellanii could also apply to other predatory protozoa, such as amoebae that reside
in the gut of humans and animals. The gastrointestinal tract plays an important role in
the transfer of plasmids and can host many different protozoa . In this way, protozoa
could also have a big impact on AMR transfer among bacteria in the gastrointestinal tract
environment of humans.
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Supplementary material

Table S1. Efficiency of transfer of a plasmid encoding bla
different P. aeruginosa strains.

vmo Trom P. oleovorans to

Recipients/10® bacteria

1st experiment 2nd experiment
Acceptor train costellani | castellanii | casellanii | castelani
P. aeruginosa 559 0 0 0 0
P. aeruginosa 620 0 0 0 0
P. aeruginosa 623 1 0 16 10
P. aeruginosa 630 0 0 0 0
P. aeruginosa 631 28 19 12 14
P. aeruginosa 772 0 0 0 0
P. aeruginosa 781 0 0 0 0
P. aeruginosa 957 11530 2000 1990196 224625
P. aeruginosa 959 0 0 0 0
P. aeruginosa 960 0 0 0 0
P. aeruginosa 1201 0 0 0 0
P. aeruginosa 1203 0 0 0 0
P. aeruginosa 1212 0 0 0 0
P. aeruginosa 1383 2 0 2 2
P. aeruginosa 1432 0 0 0 0
P. aeruginosa 1437 0 0 0 0
P. aeruginosa 1463 0 0 0 0
P. aeruginosa 1479 0 0 0 0
P. aeruginosa ATCC 27853 0 0 0 0

Shown are the number of recipients per 10® colony forming units (CFU) in two separate experiments. P.
oleovorans and the listed P. aeruginosa strains were incubated together in the presence or absence of A.
castellanii for 24 hours in 1% PYG in PBS (v/v), after which the contents were added to tryptic soy agar to
determine CFU counts as well as to selective plates containing 4 mg/L meropenem, 2 mg/L tobramycin
and 25 mg/L 1,10-phenanthroline to determine the number of recipients.
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Table S2. Primer sequences of target genes.

Target gene Primer Sequence
Forward GCAAATTGGACTTCCYGTAA
bla,,, Reverse 1 GACGGTGATGCGTACGTTG
Reverse 2 CCCTAAGGGCATCAACTCC
Forward GGCATCTTCAATCACGGTTT
ot Reverse GGGGCTGGTTATTGGTTTTT
Forward GTGCTGTCTCGCATTACGAA
pdeF Reverse CTCTATCGTCAGCACCGACA
Forward CCATTCCTATCACCGAGCAC
chef Reverse GCAGGGCTTCATCTATGGTC
bia,,. Forward GCAAATTGGACTTCCTGTAA
Reverse CGCTCGATGAGAGTCCTTCT
Forward GTCTCCATCGCCTTCACCT
mobA Reverse GCACACATCCTGTTCACCAC
) Forward TAATCCCGGAGGAATACACG
piF Reverse CCAAGCAGGAAGAAGAGCTG

Shown are forward and reverse primer sequences of listed target genes.

Bead-beating of P. aeruginosa
[ No bead-beating

Sixteen cycles of bead-beating

log CFU/mL
b

=1

Figure Sl. Effect of sixteen cycles of bead-beating on P. aeruginosa colony-forming
unit (CFU) count.

A suspension of P. aeruginosa was subjected to sixteen cycles (30 seconds on and 30 seconds off) of bead-
beating with 1 mm glass beads using a Qiagen TissueLyser II. Before and after bead-beating, a sample was
added to TSA to determine CFU counts. This experiment was performed once.
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v o
LA

Colony 1 Colony 2 P. oleovorans VIM+  P. aeruginosa VIM-

Figure S2. Conventional PCR analysis to examine the intactness of the bla
containing plasmid in recipients.

P. oleovorans and P. aeruginosa were incubated in presence or absence of A. castellanii for 24 hours, after
which the cells were added to selective plates. A total of 56 colonies present on the selective plates were
tested for the presence of the entire plasmid. Shown are the results of two colonies and the positive (P.
oleovorans) and negative (P. aeruginosa) controls. The other 54 colonies showed the same positive result
(not shown). The target genes (present on the bla,,, -containing plasmid, see Figure S2) are indicated
above the respective lanes. 1: dotG; 2: pdef; 3: chpB; 4: bla; 5: mobA; 6: pilP.

VIM-2"

; #0000
35000 ¥ 45000
! . D0p
W

O35

158,650 bp

0559951

4@« ______.I,.-""SQ ol

Figure S3. Plasmid map of the bla,,, , containing plasmid from P. oleovorans. The
plasmid sequenceisvisualised in Geneious Prime (geneious, Auckland, New Zealand).

Genes with functions of interest are indicated in yellow. Non-annotated genes (hypothetical proteins) are
indicated in blue. The target genes used to determine the presence of the entire plasmid are indicated
with an asterisk.
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Amoebae and evolution

Amoebae and bacteria have coexisted for millions of years and have developed complex
interactions with each other. These interactions cover the whole range of symbiosis,
varying from commensalism where no harm is done to the host, and mutualism where
both organisms benefit, to parasitism, where one organism benefits at the expense of the
host '. Most bacteria are simply eaten by amoebae, but some bacteria arose that can resist
this predation and even kill the amoeba instead 2. Others can survive inside the amoeba,
and the amoeba can then protect them from harmful external conditions 3. These
interactions have shaped amoebae and bacteria into the creatures they now are. As a
secondary effect, the interactions between amoebae and bacteria impact the relationship
of these organisms with humans today.

Amoebae exist in many shapes and sizes and are present in various clades of the
phylogenetic tree. As such, amoebae can be classified in many different ways. For
the purposes of this thesis, a distinction is made in the way of living and pathogenic
capabilities (Table 1).

Table 1. Classification of amoebae based on lifestyle and pathogenicity.

Free-living Dependent on host
Free-living organi
. . J génlsm Commensal
Non-pathogenic Naegleria gruberi )
. Entamoeba dispar

Vermamoeba vermiformis

Facultative parasite

Naegleria fowleri Obligate parasite
Pathogenic gleria fowier gatep ) ,

Acanthamoeba spp. Entamoeba histolytica

Balamuthia mandrillaris

Infection of a human by a pathogenic free-living amoeba (FLA) can be detrimental to the
human host, as described in chapter 2. Most other parasites take maximum advantage of
their human host by causing long-term infections that allow for the generation of large
numbers of offspring *°. FLA did not develop such a relationship with humans, and this
independence of human hosts is reflected in the severity of the diseases that they can
cause. A brain infection by Naegleria fowleri usually results in death within one week after
symptom onset ®”. An eye infection by Acanthamoeba spp. might develop slowly, but
is very hard to eradicate and can lead to blindness if left untreated for too long 2. Brain
infections by Acanthamoeba spp. or Balamuthia mandrillaris result in death in over 90% of
cases, and even if the so far most optimal therapy is given, over 75% of patients still die *°.
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On the other hand, the co-evolution of bacteria with amoebae has provided bacteria
with a so-called “training ground” for interactions with the human immune system ™.
For instance, amoebae bear many similarities with macrophages (phagocytosis and
lysosomal degradation), and mechanisms to survive phagocytosis by amoebae overlap
with mechanisms to survive phagocytosis by macrophages. Examples include Legionella
spp., Mycobacterium spp., and Chlamydia spp.". Indirectly, by protecting bacteria within
cysts an amoeba can ensure the survival of bacteria in conditions in which these bacteria
would normally perish. This leads to a more widespread presence of these bacteria and
subsequently an increased risk of infection for humans.

The enigmatic destructive nature of pathogenic FLA described in chapter 2, warrants
investigation into all of their aspects, as a better understanding of the amoeba host
interaction is required to improve the until now poor efficacy of treatment.

Energy metabolism of FLA

Substrate preferences

Naegleria spp. live in freshwater all around the world. They are mostly found in organic-
material containing habitats such as lakes, groundwater, sewage systems and geothermal
waters 2. Within these habitats, Naegleria spp. can be found in biofilms, where they feed
on bacteria. The energy metabolism of Naegleria gruberi, a non-pathogenic relative of
Naegleria fowleri, was found to be different from most other parasites, as it prefers lipids
over glucose as a food source ™. This remarkable discovery could in hindsight be explained
by the fact that bacteria, the natural food source of N. gruberi, have a relatively high lipid
content compared to carbohydrates, such as glucose. Furthermore, Naegleria spp. can live
in biofilms, which contain a lot of extracellular matrix, and a wide range of lipids ™. To
determine whether this nutrient preference is restricted to a phylogenetic subgroup or
is related to the lifestyle of the protozoa, we extended our research to an evolutionary
unrelated amoeba that possesses a similar lifestyle: Acanthamoeba spp. This amoeba is
located in a different phylogenetic supergroup compared to N. gruberi, but (similar to
N. gruberi) feeds on bacteria. Therefore, we hypothesized that Acanthamoeba spp. share
metabolic properties with N. gruberi.

We found that A. castellanii has a branched electron-transport chain with two terminal
oxidases that both have the capacity to support oxygen respiration. We showed that A.
castellanii trophozoites can instantaneously alter the use of the two separate branches
and can redirect the flow of electrons from one branch to the other. The inhibition of
the alternative oxidase (AOX) resulted in halted growth of A. castellanii trophozoites. The
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most likely explanation for this finding is that the AOX has a crucial role in protecting
against oxidative stress. Upon removal of the AOX inhibitor, growth was again observed,
indicating that this process is reversible. A similar result was found when complex Ill was
inhibited with potassium cyanide, which resulted in halted growth that was reversible
upon removal of the inhibitor. Although genomic and proteome analyses indicated
that this amoeba has anaerobic capacity ", we revealed that A. castellanii trophozoites
need oxygen for normal functioning. The amoebae take on a rounded form in anaerobic
conditions and halt movement and growth, but quickly return to their trophozoite shape
and recommence migration and growth when oxygen is again available, similar to the
results observed in the experiments with electron-transport chain inhibitors. Experiments
with radioactively labelled substrates revealed a remarkably similar nutrient preference of
A. castellanii compared to N. gruberi. Lipids were catabolized by A. castellanii at high rates
compared to glucose, resulting in a 45-fold larger amount of ATP produced as a result of
the oxidation of lipids compared to the oxidation of glucose. Finally, we observed that the
presence of lipids stimulated the growth of A. castellanii, underlining the importance of
lipids in the metabolism of A. castellanii.

Diagnosis and treatment of infections caused by
free-living amoebae

Diagnostic methods

The road towards a diagnosis of an infection with a pathogenic FLA is challenging, as an
infection by these organisms is not routinely suspected. Only when the usual causes of
infection (bacterial, viral, fungal) are excluded and the usual treatments do not have an
effect, pathogenic FLA are considered as a cause of infection. This results in significant
doctor’s delay which has a major impact on the outcome. Another challenge is to obtain
quick and accurate results after an appropriate sample is acquired. Amoebae can be
detected in patient samples in three ways: using microscopy, culturing or molecular
diagnostics. Microscopy is routinely available, but recognizing an amoeba within
cerebrospinal fluid requires expertise that is not always available. Culturing amoebae is
laborious and time-consuming, which is not ideal in a situation of a brain infection where
time is of the essence. Molecular techniques, on the other hand, have enormous potential
to produce quick and highly sensitive results. Metagenomic next-generation sequencing
(MNGS) has also been described to be of diagnostic value 2%, This latter method is
unbiased and therefore does not require prior knowledge of potential pathogens. In this
way, mNGS can detect pathogenic FLA even if these organisms are not suspected as a
cause of infection.
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For Acanthamoeba keratitis, the before-mentioned aspects of obtaining a diagnosis are
also true ?'. Ophthalmologists need to be aware of the possibility of Acanthamoeba as
the cause of the infection, and once Acanthamoeba keratitis is suspected, the presence of
Acanthamoeba can be determined using multiple diagnostic tools. The advantages and
limitations of the most common methods are shown in table 2.

Table 2. Overview of options to diagnose Acanthamoeba keratitis.

Method Material Advantages Limitations

Culture Corneal scrapings Low material costs Laborious and time-consuming
Direct confocal The cornea is directly Quick 2:3;J;;rmeseﬁ;(gﬁzj‘S};Y;r?E/iigaigzezd
microscopy visualized personnel

Nucleic-acid High sensitivity,

amplification tests Corneal scrapings relatively quick, can be | High costs, no standardization
(NAAT) easily implemented

While each diagnostic method has its own advantages and limitations, NAAT-based tests
are generally considered to be the most sensitive and easiest to implement. However,
there is no standardization in methodology, and for that reason, a large diversity of
NAATs is expected to be in use. Therefore, we conducted a survey on methodology in
combination with an external quality assessment scheme (EQAS) for the detection of
Acanthamoeba trophozoites and cysts. We found that a large variation in methodologies
was used, especially concerning the pre-treatment methods that were applied before
DNA was extracted. The diagnostic performance also varied substantially, with seven of
sixteen participants reporting false negative results. Direct correlation of performance
with pre-treatment methods proved difficult, but some interesting findings included that
five out of the six laboratories that did not use a pre-treatment procedure reported an
average Cqg-value above the median value for the set of cysts samples. Furthermore, again
for the cyst samples, all five participants that reported the lowest Cq values used some
form of pre-treatment. Two of the laboratories that used bead-beating reported inhibited
or false negative results of all samples. These findings indicate that the use of any
pre-treatment should be carefully considered in NAAT-based detection of Acanthamoeba.
On the one hand, it can improve the sensitivity, especially when samples contain cysts.
On the other hand, the extra handling steps can be a source of error and can result in
false negative results. However, the EQAS cannot directly be used to identify the best
NAAT-based method to detect Acanthamoeba, but it is informative for routine diagnostic
laboratories to assist in the evaluation of the performance of their NAAT-based detection
of Acanthamoeba in clinical practice. We have compared different pre-treatment methods

171




Chapter 9

in our laboratory, which led to adjustments in the methodology and an improvement in
the detection of Acanthamoeba.

Novel drug targets

Developing new drugs for infections can be done using roughly two different strategies.
On one side, there is high-throughput screening (HTS), while on the other side, there is a
target-based approach. In the case of HTS a large library of random compounds is tested
against a pathogen, in the hope of finding some that have an inhibitory effect on growth.
This strategy involves a lot of repetitive labour, and thus automated systems and robotics
can be of use. A target-based approach focuses on the identification of a pathogen-
specific process that can be inhibited and thus this strategy involves more fundamental
research. Besides learning more about the processes going on inside a pathogen, this
strategy can identify a new class of drugs that could be active against a pathogen.

Naegleria spp.

New drugs for the treatment of Primary Amoebic Meningoencephalitis (PAM) are urgently
needed. The current treatment regimen includes amphotericin B and miltefosine, which
have been developed for the treatment of fungal and parasitic infections, respectively.
Repurposing drugs is the most promising way to obtain new drugs for the treatment
of PAM, as there is no financial incentive for pharmaceutical companies to develop
new drugs for such a rare and fulminant disease. We applied the target-based strategy
in our search for new drugs against PAM. We discovered that the nutritional preference
of N. gruberi is unusual, as the amoebae preferred fatty acids over glucose. This unique
feature can be utilized to identify new treatment options. Human cells do not rely on lipid
oxidation to the same extent as N. gruberi, making this an interesting therapeutic target.
There are multiple existing drugs that inhibit fatty acid metabolism, either by design
or as a secondary effect. An overview of these drugs with their respective properties
and inhibitory effects on N. fowleri and A. castellanii is shown in Table 3. We found that
several of these drugs inhibited the growth of N. gruberi as well as N. fowleri. Furthermore,
synergy was found between a number of fatty acid oxidation inhibitors when combined
with miltefosine. The most promising findings were that thioridazine and perhexiline
were effective in very low concentrations in vitro. The pharmacokinetic properties of
thioridazine indicate that growth inhibitory concentrations can be achieved in humans
and therefore this drug could be a last resort option in patients with PAM. As the mortality
of patients with PAM is very high, clinicians are probably more likely to administer drugs
of which only in vitro data are available, than for infections with low mortality. However, in
vivo studies should also be performed to substantiate our claims.
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Table 3. Overview of characteristics of known inhibitors of fatty acid oxidation and
their inhibitory effect on N. fowleri and A. castellanii.

Developed .
Drug for the Main target ::fce ocr:dary :C;&) N. fowleri Icf:?t-ezémii (M)
treatment of H H
. . Inhibition of
Thioridazine ggg'zzp?ﬁgg;g Dopamine receptors | peroxisomal | 5-10 2-4
Psy B-oxidation
o Angina Carnitine
Perhexiline pectoris palmitoyltransferase-1 None >-20 12
Unclear, possibly Inhibition of
Valproicacid | Epilepsy sodium channels and | mitochondrial | * *
histone deacetylases | 3-oxidation
Type 2 Camniti
. d arnitine
Etomoxir ﬂleaabr?tfiislaped palmitoyltransferase-1 None 100-150 40-80
Orlistat Obesity Lipase None * *

An asterisk (*) indicates no inhibitory effect.

Acanthamoeba spp.

There is insufficient knowledge on how to manage infections caused by Acanthamoeba,
particularly when it comes to treating Acanthamoeba Granulomatous Amoebic
Encephalitis (GAE) '°. A limited number of drugs are known to be effective in vitro, and even
fewer drugs have shown activity in vivo, underscoring the urgent need for new treatment
options. Similar to Naegleria spp., the preference for fatty acids as a nutrient source for
energy metabolism could be utilized to discover potential new treatment options for
infections with Acanthamoeba spp. We therefore exposed A. castellanii to the same drugs
that were effective against N. gruberi and N. fowleri. The findings were similar to those
in both Naegleria spp., with thioridazine and perhexiline strongly inhibiting growth in
concentrations attainable in serum and brain tissue. Preliminary data (not shown) indicate
that the in vitro efficacy of known antifungal and antibacterial drugs that are often used
to treat GAE is highly variable. We found that some often-used drugs for GAE showed
negligible effects on A. castellanii growth in vitro, such as trimethoprim-sulfamethoxazole,
rifampicin, fluconazole and sulfadiazine. Potent in vitro effects were seen of voriconazole,
which inhibited growth in low concentrations. Voriconazole is currently not part of the
recommended regimen for the treatment of Acanthamoeba GAE, and as such these
preliminary results are worthwhile to investigate further.
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Consequences of interactions between FLA and
bacteria

FLA as a shelter for bacteria

Most commonly, Acanthamoeba is found in soil, dust, and fresh or salt water sources.
However, Acanthamoeba can also be found in swimming pools 22, cooling towers %,
drinking water distribution systems ** and hospital sewage systems *>%. In all places
there is continuous interaction between amoebae and bacteria, resulting in relationships
varying from predation to symbiosis. One of the bacteria they regularly encounter is
Pseudomonas aeruginosa, a pathogen that can cause life-threatening infections, mostly
in immunocompromised patients ?. P. aeruginosa has been described to survive inside
Acanthamoeba cysts 28, This Acanthamoeba life stage is resistant to drought, chemical
stress, temperature stress and disinfection treatments %°. We have shown that P. aeruginosa,
whilst inside A. castellanii, can survive chlorine exposure, a disinfectant that is routinely
used to disinfect hospital surroundings.

This research was extended to the non-pathogenic FLA Vermamoeba vermiformis. V.
vermiformis is known to act as a host or transport vehicle for several bacteria, among
which mycobacteria 2>2°3'. The significance of V. vermiformis could be substantial because
of its widespread presence in fresh surface water , recreational waters 3 and engineered
water systems all around the world 3. We found that V. vermiformis was also present in
the water inside heater-cooler units (HCU), which are used during cardiothoracic surgery.
The compartments with water inside of an HCU were previously found to be the source
of Mycobacterium chimaera *. M. chimaera can cause a disseminated infection when
it directly enters the body. This can occur during cardiothoracic surgery when the
bacterium is aerosolized and displaced from the HCU to the operating area 3¢. Despite
the implementation of different disinfection strategies, M. chimaera can persist within
the HCU ¥. We hypothesized that V. vermiformis could play a role in the persistence of M.
chimaera inside the water compartments of HCU. We found in our in vitro study that the
presence of V. vermiformis increased the survival of M. chimaera after chlorine exposure .
In this way, V. vermiformis acts as a facilitator for M. chimaera, either via direct protection
through its sturdy cyst shell or via enabling increased replication of M. chimaera. Both
these mechanisms could also work in parallel.

As HCU are routinely cleaned with chlorine, V. vermiformis cysts and intracellular M.

chimaera could persist after cleaning, albeit in low concentrations. V. vermiformis could
then transform back into trophozoites, which prompts M. chimaera to start replicating
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inside V. vermiformis and eventually escape into the extracellular environment, from which
it could then infect patients. Before the next cleaning, the amoebal and bacterial burden
within the HCU would be high. In this situation, M. chimaera could be inside V. vermiformis
cysts, resulting in the survival of both organisms after another round of cleaning and
disinfection, creating a new chance for M. chimaera to infect patients. A possible solution
to this problem would be to use a disinfectant that is cysticidal or to place the HCU outside
the operating theatre. In the Erasmus MC, no new cases occurred after placement of the
HCU outside the operating theatre.

FLA as a facilitator of plasmid transfer among bacteria

While inside Acanthamoeba spp., bacteria are exposed to a range of hydrolytic enzymes
which are meant to break down the bacterium. However, some bacteria can survive inside
Acanthamoeba spp. 3*°. The mechanisms by which this occurs are not fully understood.
For some bacterial species such as Legionella spp. the inhibition of phagosome-lysosome
fusion has been described to be of importance #, but for others such as Vibrio cholerae,
a toxin-related process is involved in survival 2. Phagocytosis results in stress for the
bacterium, which has been shown for Escherichia coli and V. cholerae, as both organisms
activate the SOS-response upon interaction with A. castellanii “>**. Furthermore, bacteria are
placed together in close proximity in a vacuole and as such, bacteria might be more prone
to exchange genetic material. This has also been supported by other studies, which have
dubbed amoebae as a “melting pot” in which genetic material can be exchanged between
different bacteria **“¢. Antimicrobial resistance genes (ARG) are examples of clinically
important genetic material that can be exchanged, resulting in a bacterium becoming
resistant to a certain antibiotic. We set out to determine whether A. castellanii was able to
promote the transfer of a plasmid containing an ARG between different Pseudomonas spp.
We therefore set up an in vitro experiment in which different environmental Pseudomonas
aeruginosa strains were placed together with an environmental P. oleovorans, in the
presence and absence of A. castellanii. The P. oleovorans carried a plasmid that contained

a Verona-Integron-encoded-Metallo-B-lactamase (bla,,,. ), which results in resistance to

VIM-2
carbapenem antibiotics. We found that the bla,,, , gene was, compared to all the other
used strains, efficiently transferred to one specific acceptor strain (957). Furthermore,
the transfer rate was greatly increased in the presence of A. castellanii compared to its
absence. We also performed confocal imaging, which revealed the presence of both donor
(P. oleovorans) and acceptor (P. aeruginosa-957) species inside A. castellanii. As all three
organisms can be isolated from hospital water systems, this in vitro situation could reflect
the real-world situation. However, the extent to which this contributes to the spread of

ARG in the hospital environment should be further investigated.
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Concluding remarks and future perspectives

The four most important findings of our research are (i) the importance of oxygen for
normal functioning of FLA, (ii) the preference for lipids as a food source, resulting in new
possible treatment options for infections with pathogenic FLA, (iii) the protection of P.
aeruginosa and M. chimaera by cysts of FLA against disinfection with chlorine, and (iv) the
facilitation by A. castellanii of plasmid transfer between P. oleovorans and P. aeruginosa.

We have shown that metabolic experiments using labelled substrates are essential to
determine the metabolic properties of microorganisms. Modelling based on genomic
information can provide interesting hypotheses, but always needs to be validated using
experimental metabolic studies. Many genes could still be present in micro-organisms as
remnants of a distant past, where the gene was once active, but now no longer is. We
have made an effort to connect fundamental research to clinical application, with the
identification of a drug target and possible new treatment options. Our research can be
extended in multiple ways. First, lipid oxidation inhibitors need to be investigated in an
in vivo model of PAM and GAE. Furthermore, the development of new drugs to inhibit
fatty acid oxidation is an active research field in cardiology #. Any new drugs that are
developed should be evaluated for their inhibitory effect on the growth of N. fowleri and
Acanthamoeba spp. It might be tempting to make changes to the structure of the already
identified fatty acid oxidation inhibitors to enhance their activity. However, it will not
be possible to ever bring these new compounds to market for treatment of PAM or GAE,
due to the rarity and fatality of these diseases. Therefore, future endeavours should focus
on the repurposing of existing and approved drugs. Lastly, the importance of fatty acid
oxidation as a means of generating ATP is not yet studied in other pathogenic protozoa.
As such, metabolic studies and the evaluation of fatty acid oxidation inhibitors should be
extended to other pathogenic protozoa.

We have described the metabolism of actively growing A. castellanii trophozoites, but the
metabolism of cysts and pseudocysts is still unknown. Pseudocysts are proposed to be
a separate life stage from cysts (but this is debated), which develop rapidly in response
to acute environmental changes *. Cysts and pseudocysts can survive for long periods
in nutrient-poor conditions and likely halt their metabolism during this period. However,
studies regarding the metabolic activity of cysts and pseudocysts are lacking. Regarding
respiration, we have preliminary data that pseudocysts consume approximately 11% of
the oxygen that actively growing trophozoites consume. The oxygen consumption of
cysts was too low to measure using our experimental methods (Clark-type electrode).
Further studies regarding the (halted) metabolism and respiration of pseudocysts and
cysts are needed.
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In the field of diagnosis and treatment of Acanthamoeba keratitis, our research could be
extended as well. We have shown that many different pre-treatment methods are used
in clinical practice. However, it remains unknown which method is most effective at
detecting Acanthamoeba trophozoites and cysts. We have unpublished data that show
that a freeze-thaw cycle results in excellent detection of Acanthamoeba cysts, without the
extra handling steps that are involved in a physical disruption method like bead-beating.
We have updated and validated our pre-treatment method for clinical samples which now
includes a freeze-thaw cycle. Future directions in the treatment of Acanthamoeba keratitis
could include fatty acid oxidation inhibitors. The toxic effects of these compounds on the
eye are unknown and should be investigated, as high concentrations of the different drugs
can possibly be achieved. Furthermore, a novel method of delivering miltefosine has been
studied in vivo, by using a contact lens impregnated with the drug *. This revolutionary
method deserves attention and might be used for other drugs as well.

Interactions between different micro-organisms is a neglected area of research. For
practical reasons, usually monocultures are used in research. However, in nature, this
situation is virtually absent, because a plethora of different micro-organisms is normally
present. Interactions between micro-organisms are also significant in patients. An
interesting example is the presence of bacteria inside Acanthamoeba recovered from
patients with Acanthamoeba keratitis. These bacteria are believed to exacerbate damage
to the corneal epithelium 3%, We were able to reveal some very interesting relationships
between FLA and bacteria, such as the protection of bacteria by FLA cysts. This principle
could extend to other bacteria as well, as other pathogens such as Legionella pneumophila
and multiple nontuberculous mycobacteria have been shown to co-occur with
Acanthamoeba spp. in a hospital water network %', To circumvent the problem of bacteria
surviving inside FLA cysts, not only the bactericidal activity of disinfectants should be
assessed, but the cysticidal activity should also be evaluated. We showed in chapter 7 that
acetic acid was effective in killing P. aeruginosa, even in the presence of Acanthamoeba
castellanii, which makes this disinfectant a promising option for disinfection of the hospital
surroundings.

We observed the increased transfer of a large plasmid containing an ARG between P.
oleovorans and a specific strain of P. aeruginosa in the presence of A. castellanii. Several
remarkable aspects of this finding deserve further attention. Eighteen other P. aeruginosa
strains did not acquire the plasmid, or only at negligible rates. This could be due to
plasmid incompatibility groups 2, but many other factors could play a role, such as the
presence of secretion systems or the capacity to form a biofilm 3. More research is needed
to elucidate the mechanisms behind our findings. Furthermore, the plasmid transfer was
greatly increased in the presence of A. castellanii, the reasons of which are yet unexplained.

177




Chapter 9

Internalization of both the plasmid donor and acceptor bacteria, and also the resulting
stressful conditions may be involved. A possible mechanism could be the activation of
the SOS-response, which has been described in E. coli and V. cholerae after predation
by A. castellanii “**. However, many other mechanisms could be responsible, such as
upregulation of the plasmid copy number by the donor or reduced activity of the foreign
DNA detection systems by the acceptor >4, which warrants further research. Our findings
can be extended to many different amoebae and many different bacteria and therefore
much more is still to be discovered. A promising example is the interaction between gut
amoeba and bacteria living in the gastrointestinal tract. Furthermore, the interaction
between FLA and other environmental bacteria that cause hospital-acquired infections,
such as Acinetobacter baumannii, can be promising. Lastly, environmental studies in the
hospital can be useful to determine the extent to which these interactions are happening.

We have shown that FLA can be positioned at various locations on the pitch when it comes
to infection. They can defend other microorganisms by protecting them from harmful
substances when these bacteria are inside cysts. They can also assist other microorganisms
by facilitating the exchange of genetic material. On the other hand, some FLA can attack
and be perpetrators of infection themselves. An infection by an FLA oftentimes results in
death and treatment is difficult. For these deadly infections, we discovered new treatment
targets and possible drugs, which need further clinical validation before they can be
applied.
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Amoeben en evolutie

Amoeben bestaan er in veel verschillende soorten en maten. Zo kunnen de amoeben uit
het genus “Chaos” wel 5 millimeter (500 micrometer) groot zijn, maar er zijn ook amoeben
zoals “Nuclearia” die zo’'n 10 tot 30 micrometer groot zijn. Deze verschillen zijn het gevolg
van miljoenen jaren van evolutionaire druk, waarbij willekeurige mutaties leiden tot een
voordeel of nadeel in overleving. Zoals er verschillende groottes van amoeben bestaan,
zijn er ook grote verschillen in hoeverre amoeben gevaarlijk zijn voor de mens. Het
overgrote gedeelte van de amoeben kan geen infectie veroorzaken bij mensen. Echter zijn
er een paar die dit wel kunnen, we noemen deze amoeben dan “pathogeen”. Voorbeelden
van pathogene amoeben zijn “Entamoeba histolytica” en “Naegleria fowleri". Een ander
onderscheid binnen amoeben kan gemaakt worden in de mate van afhankelijkheid
van de mens. Een klassieke parasiet heeft een gastheer nodig om te kunnen blijven
leven en om nakomelingen te produceren. Dit staat in contrast met een organisme dat
geen gastheer nodig heeft en dus “vrij-levend” is. In tabel 1 is een overzicht te zien van
amoeben, ingedeeld op basis van pathogeniciteit en afhankelijkheid van de mens.

Tabel 1. Indeling van amoeben in mate van afhankelijkheid van de mens en
pathogeniciteit

Vrij-levend Afhankelijk van de mens
Apath Vrij-levend organisme Commensaal
pathogeen Naegleria gruberi Vermamoebavermiformis Entamoeba dispar
Facultatieve parasiet Obligate parasiet
Pathogeen Naegleria fowleri Acanthamoeba spp. Entamoeba histolytica

Balamuthia mandrillaris

Dit proefschrift bevat onderzoek naar vrij-levende amoeben, waarbij de pathogene
varianten extra onder de loep zijn genomen. Deze amoeben kunnen ernstige infecties
bij mensen veroorzaken, zoals herseninfecties door Naegleria fowleri, of ooginfecties door
Acanthamoeba spp. Hiernaast is er in dit proefschrift aandacht besteed aan de interacties
tussen amoeben en bacterién.

Pathogene vrij-levende amoeben

Er zijn drie soorten pathogene vrij-levende amoeben omschreven: Naegleria fowleri,
Acanthamoeba spp. en Balamuthia mandrillaris. Alle drie deze soorten kunnen een infectie
van de hersenen veroorzaken, en Acanthamoeba spp. kan ook een infectie van het oog
veroorzaken.
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Naegleria fowleri

Deze amoebe kan voorkomen in warm zoet water, zoals ondiepe meren, warmwater
bronnen en onvoldoende gechloreerde zwembaden. Als deze amoebe in de neus terecht
komt kan deze via de neuszenuw naar de hersenen gaan, waarna een ernstige infectie
volgt welke vrijwel altijd leidt tot de dood. Er zijn op dit moment weinig behandelopties.

Acanthamoeba spp.

Er zijn veel verschillende soorten Acanthamoeba, daarom is er hier geen “achternaam”
omschreven. De meeste Acanthamoeba spp. geven eenzelfde soort infectie, namelijk
een ooginfectie van het hoornvlies (cornea). Dit komt met name voor bij mensen die
contactlenzen dragen. Het duurt vaak lang voordat de juiste diagnose is gesteld en de
behandeling is intensief. Ook komt het regelmatig voor dat de behandeling mislukt en er
opnieuw een infectie plaatsvindt. Hiernaast kan Acanthamoeba spp. bij mensen met een
ernstig verzwakt immuunsysteem een herseninfectie veroorzaken. Ook dit ziektebeeld is
erg moeilijk te behandelen en leidt vaak tot de dood.

Balamuthia mandrillaris

Deze amoebe is voor het eerst ontdekt in een mandril (vandaar de naam), waarbij het
een herseninfectie gaf. Ook bij mensen kan deze amoebe een infectie van de hersenen
veroorzaken en ook hier zijn de behandelopties beperkt en is een infectie vaak dodelijk.

Het metabolisme van vrij-levende amoeben

Aangezien een infectie van de hersenen met één van de drie eerder genoemde amoeben
in veel gevallen leidt tot de dood, zijn er nieuwe behandelopties nodig. Een medicament
heeft vaak een specifiek proces waarop deze ingrijpt, zoals de opbouw van de celwand
of het maken van DNA. In het geval van vrij-levende amoeben is het metabolisme (de
voedingsstoffen die de amoebe gebruikt) een interessant doelwit van nieuwe medicatie.
Onderzoek naar Naegleria gruberi (het niet-pathogene zusje van Naegleria fowleri)
heeft namelijk aangetoond dat deze amoebe lipiden boven glucose verkiest als bron
van energie. Er kan gebruik gemaakt worden van deze unieke eigenschap door het
remmen van dit proces. In ons onderzoek hebben we aangetoond dat remmers van de
vetzuuroxidatie leidt tot sterke remming van de groei van Naegleria gruberi en Naegleria
fowleri. Daarnaast hebben we laten zien dat Acanthamoeba castellanii eenzelfde voorkeur
heeft voor vetzuren boven glucose. Ook hier waren remmers van de vetzuuroxidatie
effectief in het remmen van de groei. Mogelijk kunnen deze middelen dus in de toekomst
ingezet worden voor de behandeling van infecties met Naegleria fowleri of Acanthamoeba
castellanii. Tot slot hebben we in ons onderzoek naar het metabolisme laten zien dat
Acanthamoeba castellanii zuurstof nodig heeft om normaal te functioneren. In een
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anaerobe omgeving stoppen de trofozoieten met bewegen en krijgen ze een ronde
vorm. Als er weer zuurstof bij de amoeben komt, veranderen ze weer in trofozoieten en
bewegen ze weer verder alsof er niets is gebeurd.

Diagnostiek bij infecties door pathogene vrij-levende amoeben

Het duurt vaak lang voordat een infectie met een vrij-levende amoebe wordt vastgesteld,
omdat de arts niet snel aan deze verwekker denkt. Vaak wordt dit pas overwogen wanneer
andere oorzaken zijn uitgesloten en standaardbehandelingen niet effectief zijn, wat leidt
tot vertraging en slechtere uitkomsten. Zodra een infectie met een vrij-levende amoebe
vermoed wordt, is het zaak om deze zo snel en accuraat mogelijk aan te tonen. Amoeben
kunnen worden gedetecteerd via microscopie, kweek of met moleculaire technieken.
Microscopie vereist expertise en kweken is tijdrovend. Moleculaire technieken bieden
snelle en gevoelige resultaten, maar wij hebben in ons onderzoek aangetoond dat er grote
verschillen zijn in de methoden die laboratoria gebruiken. Met een kwaliteitsrondzending
kunnen laboratoria beoordelen of de diagnostiek die zij uitvoeren van voldoende kwaliteit is.
Hiernaast kunnen ze processen in de diagnostiek identificeren waar verbetering mogelijk is.

Interacties tussen vrij-levende amoeben en bacterién

Amoeben hebben sinds hun ontstaan al interacties met bacterién, welke variéren van
commensalisme (beide organismen hebben een voordeel) tot parasitisme (één van de
twee maakt gebruik van de ander). De meeste amoeben voeden zich met bacterién door
deze op te slokken middels fagocytose, maar er zijn bacterién die dit proces kunnen
weerstaan. Zo kunnen bacterién in amoeben overleven en kunnen ze profiteren van
bescherming van hun celwand. Hiernaast zijn er zelfs bacterién die amoeben kunnen
doden. Wij hebben in ons onderzoek de interactie bestudeerd tussen verschillende
amoeben en verschillende bacterién, welke staan omschreven in tabel 2. Ook de
belangrijkste conclusies kunnen in deze tabel teruggevonden worden.

Tabel 2. In dit proefschrift onderzochte amoeben en bacterién en de conclusies van
dit onderzoek

Amoebe Bacterie Conclusie

M. chimaera kan in V. vermiformis overleven en kan

Vermamoeba vermiformis | Mycobacterium chimaera . .
4 hierdoor blootstelling aan chloor weerstaan

P. aeruginosa kan in A. castellanii overleven en kan

Acanthamoeba castellanii | Pseudomonas aeruginosa . h
9 hierdoor blootstelling aan chloor weerstaan

Zowel P. aeruginosa als P. oleovorans kan in A.
Pseudomonas aeruginosa | castellanii aanwezig zijn.

Acanthamoeba castellanii | en Pseudomonas Een plasmide met hierop een resistentie-gen
oleovorans wordt in aanwezigheid van A. castellanii efficiént
overgedragen.
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Conclusie

Vrij-levende amoeben kunnen verschillende rollen spelen. Enerzijds kunnen ze andere
pathogene micro-organismen beschermen en de uitwisseling van genetisch materiaal
tussen deze micro-organismen bevorderen. Anderzijds kunnen ze ook zelf een infectie
veroorzaken, welke dodelijk kan zijn. Ons onderzoek heeft nieuwe behandelopties voor
deze infecties geidentificeerd, maar verder onderzoek is nodig voordat deze kunnen
worden toegepast in de klinische praktijk.
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