Received: 20 October 2020

Revised: 25 November 2020

Accepted: 25 November 2020

DOI: 10.1111/cts.12955

REVIEW

Drugs used for the treatment of cerebral and disseminated
infections caused by free-living amoebae

Alexandre Taravaud | Zineb Fechtali-Moute | Philippe M. Loiseau | Sébastien Pomel

BioCIS, Université Paris-Sud, CNRS,
Université Paris-Saclay, Chatenay-
Malabry, France

Correspondence

Sébastien Pomel, 5 rue Jean-Baptiste
Clément, 92290, Chatenay-Malabry,
France.

Email: sebastien.pomel @universite-par-
is-saclay.fr

Funding information
This work was funded by the Syndicat des
Eaux d'fle-de-France (grant N 9655 0).

Abstract

Free-living amoebae (FLAs) are protozoa developing autonomously in diverse natu-
ral or artificial environments. The FLAs Acanthamoeba spp., Balamuthia mandril-
laris, and Naegleria fowleri represent a risk for human health as they can become
pathogenic and cause severe cerebral infections, named granulomatous amoebic
encephalitis (GAE), Balamuthia amoebic encephalitis (BAE), and primary amoebic
meningoencephalitis (PAM), respectively. Additionally, Acanthamoeba sp. can also
rarely disseminate to diverse organs, such as the skin, sinuses, or bones, and cause
extracerebral disseminated acanthamebiasis (EDA). No consensus treatment has been
established for cerebral FLA infections or EDA. The therapy of cerebral and dis-
seminated FLA infections often empirically associates a large diversity of drugs, all
exhibiting a high toxicity. Nevertheless, these pathologies lead to a high mortality,
above 90% of the cases, even in the presence of a treatment. In the present work, a
total of 474 clinical cases of FLA infections gathered from the literature allowed to
determine the frequency of usage, as well as the efficacy of the main drugs and drug
combinations used in the treatment of these pathologies. The efficacy of drug usage
was determined based on the survival rate after drug administration. The most ef-
ficient drugs, drug combinations, and their mechanism of action were discussed in
regard to the present recommendations for the treatment of GAE, EDA, BAE, and
PAM. At the end, this review aims to provide a useful tool for physicians in their

choice to optimize the treatment of FLA infections.

INTRODUCTION

Free-living amoebae (FLAs) are cosmopolitan unicellular
eukaryotic organisms that can be found either in natural
environments, such as lakes, rivers, and soil, or artificial
ecosystems, like swimming pools, cooling towers, and
drinking water networks. These protozoa have a wide-
spread distribution over the world, which does not depend
on the climate. In opposition to parasitic amoebae, which
need a host to survive (e.g., Entamoeba histolytica), FLAs

can develop autonomously in the environment. Because
of their phagotrophic nutrition, FLAs can ingest diverse
potential pathogenic micro-organisms, such as viruses,
bacteria, fungi, or even protozoa.1 Some of these micro-or-
ganisms, designated as amoeba-resisting micro-organisms,
have developed strategies to resist to phagocytosis and use
FLA as a replication niche and as a vehicle. Additionally,
some FLAs described to be amphizoic are able to live ei-
ther as a free-living organism in the environment or as
a parasite in a host leading to severe ocular or cerebral
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infections. This is the case of the amoebae from the genus
Acanthamoeba, Balamuthia mandrillaris, and Naegleria
fowleri. Therefore, with both a role of “trojan horse” for
amoeba-resisting micro-organisms and an intrinsic ability
for amphizoic amoebae to infect a host, FLAs constitute a
considerable risk for human health.

Amoebae belong to a wide polyphyletic group and are
mostly found in two super-groupszz Amoebozoa (genus:
Acanthamoeba, Entamoeba, Balamuthia...) and Excavata
(genus Naegleria...). Therefore, for example, the amoebae
from the genus Acanthamoeba and Balamuthia are more
closely related to Entamoeba than to Naegleria in a phyloge-
netic point of view. FLAs from the Amoebozoa super-group
(including Acanthamoeba spp. and Balamuthia mandrillaris)
present two stages in their life cycle, a vegetative stage called
trophozoite and a resistant nondividing stage called cyst. In
the Excavata super-group, the FLAs present an additional
flagellated stage, which is induced by nutritional deprivation
and allows the amoebae to find other favorable environmen-
tal niches.’

Amphizoic FLAs can become pathogenic when they
enter a mammalian host. Both Acanthamoeba spp. and
Balamuthia mandrillaris can cause severe cerebral in-
fections, mostly in immunocompromised individuals,
called granulomatous amoebic encephalitis (GAE) or
Balamuthia amoebic encephalitis (BAE), respectively.
They will reach the central nervous system (CNS) by he-
matogenous spread from a primary site in wounded skin
or lower respiratory tract via nasal passage. In case of
entry through wounded skin, they can also rarely cause
disseminated infections characterized by widespread
granulomatous infiltration of the skin and other organs,
such as lungs, bones, or sinuses.” In several disseminated
infections caused by Acanthamoeba, called disseminated
acanthamebiasis (DA), no CNS involvement was ob-
served, rendering these DA exclusively extracerebral.*
Concerning Naegleria fowleri, this protozoan will pene-
trate a host through the nasal mucosa, usually following
recreational water activities (such as swimming, diving,
or water skiing), and further migrates to the brain via the
olfactory nerves to cause another severe CNS infection
called primary amoebic meningoencephalitis (PAM).
With only several hundred cases currently reported world-
wide (~ 200 for GAE, ~ 100 for BAE, and more than 300
for PAM), CNS infections caused by FLAs are rare, but
the actual disease burden is likely underestimated as up to
60% of encephalitis cases are undiagnosed.5 Nonetheless,
the vast majority of these cerebral infections, ~ 90% for
GAE and BAE and above 95% for PAM, are lethal despite
antimicrobial therapy.®

No specific treatment has been set up against CNS in-
fections caused by FLAs. Although the outcome of these
treatments greatly depends on the timing of diagnosis, they

usually associate a high number of drugs exhibiting diverse
mechanisms of action.® These drugs include azoles (e.g.,
fluconazole, ketoconazole, and itraconazole) acting on er-
gosterol biosynthesis benzimidazole derivatives (e.g., alben-
dazole) inhibiting microtubule polymerization, pyrimidine
derivatives (e.g., flucytosine, pyrimethamine, and trimetho-
prim), pentamidine or sulfamides (e.g., sulfadiazine and
sulfamethoxazole) inhibiting DNA synthesis, antileishma-
nial agents, such as amphotericin B targeting the ergosterol
on the amoebal plasma membrane, or miltefosine inducing
apoptosis-like cell death, and antibacterial agents, such as ri-
fampicin or macrolides and derivatives (e.g., azithromycin,
clarithromycin, and clindamycin) inhibiting RNA transcrip-
tion and protein translation, respectivclyj’12

This review aims to establish the present therapeutic
state of art gathering clinical data related to cerebral and dis-
seminated FLA infections. As these pathologies are scarce
and their treatment empirical, with fragmentary clinical
data and various conditions involving different therapeutic
schedules, particularly different drugs and drug combina-
tions, it was not possible to apply a statistical analysis of
these data that would have carefully deciphered the relative
importance of classical parameters, such as characteristics
of the patients (age, sex, location, and health status), the
treatment dose or schedule, route of administration, drug
combination, and the clinical effects of the treatment. As
a consequence of this limitation, this review will highlight
the most salient treatment characteristics found in the litera-
ture. In the present study, we gathered a total of 474 clinical
cases of FLA infections (111 BAE, 119 GAE, 209 PAM,
and 35 extracerebral DA) available in the literature in order
to outline, among the treatments described, the most fre-
quently and/or most efficiently drugs used. The details of
each of the 474 clinical cases, in terms of age, sex, coun-
try, outcome, and drug combination used, is presented in
Table S1. Following a first step examining the proportion
of PAM, BAE, GAE, and extracerebral DA survival cases
collected in the present work, the treatment regimen used
for each FLA pathology was analyzed using two criteria
of drug usage: (a) the frequency of drug usage (FDU) cor-
responding to the percentage of cases treated by the drug
among the total number of cases, (b) the efficacy of drug
usage (EDU) corresponding to the percentage of survival
cases treated by the drug among the total number of cases
treated by the drug (Figures 1-4). In parallel, the main com-
bination therapies used were also identified and compared
between Acanthamoeba spp., B. mandrillaris and N. fowleri
infections (Table 1). In the aim to clarify the relative im-
portance of the drugs used, this review focuses first on the
most commonly used drugs (FDU criterion) and second on
the most efficient ones (EDU criterion). The combination
of both criteria was further analyzed in a graph plotting the
EDU as a function of FDU.
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FIGURE 1 Frequency and efficiencies of drugs used in GAE & Cotrimoxazole (topical) O Voriconazole

therapy. (a) Frequency of drug usage (FDU) = percentage of cases
treated by the drug among the total number of cases; (b) efficacy

of drug usage (EDU) = percentage of survival cases treated by the
drug among the total number of cases treated by the drug. (c) Plot
of EDU as a function of FDU. The most relevant drugs used in GAE
treatment based on both EDU and FDU criteria are underlined in the
legend. The drugs selected were used at least in 5 distinct clinical
cases among the 119 total GAE clinical cases gathered. Unspecific
treatments include general procedures to decrease intracranial

FIGURE 2 Frequency and efficiencies of drugs used in EDA
therapy. (a) Frequency of drug usage (FDU) = percentage of cases
treated by the drug among the total number of cases; (b) efficacy of

drug usage (EDU) = percentage of survival cases treated by the drug
among the total number of cases treated by the drug. (c) Plot of EDU as a
function of FDU. The most relevant drugs used in EDA treatment based
on both EDU and FDU criteria are underlined in the legend. The drugs
selected were used at least in 5 distinct clinical cases among the 35 EDA
clinical cases gathered. Unspecific treatments include general procedures
to decrease intracranial pressure (e.g., mannitol), or inflammation (e.g.,
corticosteroids), or treatment for differential diagnosis, such as antivirals,

pressure (e.g., mannitol), or inflammation (e.g., corticosteroids),
or treatment for differential diagnosis, such as antivirals,
cephalosporins, carbapenems, or glycopeptides, for viral or bacterial

meningitis. GAE, granulomatous amoebic encephalitis caused by cephalosporins, carbapenems, or glycopeptides, for viral or bacterial

Acanthamoeba meningitis. EDA, extracerebral disseminated acanthamoebiasis
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FIGURE 3 Frequency and efficiencies of drugs used in BAE
therapy. (a) Frequency of drug usage (FDU) = percentage of cases
treated by the drug among the total number of cases; (b) efficacy

of drug usage (EDU) = percentage of survival cases treated by the
drug among the total number of cases treated by the drug. (c) Plot

of EDU as a function of FDU. The most relevant drugs used in BAE
treatment based on both EDU and FDU criteria are underlined in the
legend. The drugs selected were used at least in 5 distinct clinical cases
among the 111 BAE clinical cases gathered. Unspecific treatments
include general procedures to decrease intracranial pressure (e.g.,
mannitol), or inflammation (e.g., corticosteroids), or treatment for
differential diagnosis, such as antivirals, cephalosporins, carbapenems,
or glycopeptides, for viral or bacterial meningitis. BAE, Balamuthia
amoebic encephalitis

FIGURE 4 Frequency and efficiencies of drugs used in PAM
therapy. (a) Frequency of drug usage (FDU) = percentage of cases treated
by the drug among the total number of cases; (b) efficacy of drug usage
(EDU) = percentage of survival cases treated by the drug among the
total number of cases treated by the drug. (c) Plot of EDU as a function
of FDU. The most relevant drugs used in PAM treatment based on both
EDU and FDU criteria are underlined in the legend. The drugs selected
were used at least in 5 distinct clinical cases among the 209 PAM clinical
cases gathered. Unspecific treatments include general procedures to
decrease intracranial pressure (e.g., mannitol), or inflammation (e.g.,
corticosteroids), or treatment for differential diagnosis, such as antivirals,
cephalosporins, carbapenems, or glycopeptides, for viral or bacterial
meningitis. PAM, primary amoebic meningoencephalitis
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TABLE 1 Main drug combinations used in the treatment of FLA infections
Pathology  Drug combination EDU* References
GAE AGak 516 (83%) 22
Rifampicin + Cotrimoxazole + (Fluconazole or Ketoconazole)
Boag 3/6 (50%) 30
Rifampicin 4+ Cotrimoxazole + Amphotericin B
Coak 3/3 (100%) 283132
Fluconazole + Metronidazole 4+ Cotrimoxazole + (Miltefosine and/or Rifampicin)
EDA Chlorhexidine gluconate + Itraconazole +Ketoconazole (topical) + Pentamidine 2/4 (50%) 3437
+/- Flucytosine
BAE Apag 4/9 (44%) 44751
Azithromycin + Fluconazole + (Flucytosine or Albendazole) + Miltefosine +
Pentamidine + Sulfadiazine
Bpap 2/2 (100%) 445
Albendazole + Amphotericin B 4+ Azithromycin + Clarithromycin + Fluconazole
+ Flucytosine + Metronidazole + Miltefosine 4+ Pentamidine + Sulfadiazine +
Cotrimoxazole + Voriconazole
Cpag 2/2 (100%) 446
Azithromycin + Flucytosine + Sulfadiazine
PAM A, 6/34 (18%) e il

Amphotericin B + Azithromycin + Fluconazole + Rifampicin +/- Miltefosine

BPAM

57,59,66-69,77-83

8/45 (18%)

Amphotericin B + (Fluconazole or Ketoconazole or Miconazole) +/- Rifampicin

Cram
Amphotericin B + Rifampicin

8/21 (38%) S

Note: The drug combinations selected were used at least in two survival cases.

Abbreviations: BAE, Balamuthia amoebic encephalitis; EDA, extracerebral disseminated acanthamoebiasis; EDU, efficacy of drug usage; FLA, free-living amoebae;
GAE, granulomatous amoebic encephalitis caused by Acanthamoeba; PAM, primary amoebic meningoencephalitis.

“EDU = percentage of survival cases treated by the drug among the total number of cases treated by the drug.

METHODS OF DATA SELECTION

The case reports were collected in the literature by using PubMed
database and the following keywords: “Acanthamoeba,’
“Naegleria,”  “Balamuthia,”  “Granulomatous Amoebic
Encephalitis,” “Balamuthia Amoebic Encephalitis,” and
“Primary Amoebic Meningoencephalitis” (date of last search:
June 15, 2020). Articles published from 1965 to 2020 with at
least an abstract available in English were selected for the cur-
rent study. Articles where treatment details were absent were
excluded from the study, giving a total of 9 excluded articles out
of the 303 analyzed. In the aim of providing homogeneous data
in this review, treatment durations or doses as well as routes of
administration were not extracted from the literature as these
data are most often not described in the publications selected.

PROPORTION OF SURVIVAL
CASES IN PAM, BAE, GAE, AND
EXTRACEREBRAL DA

Among the clinical cases of PAM (209), BAE (111), and
GAE (119) gathered, 29 (~ 14%), 22 (~ 20%), and 31 (~

20%) survived, respectively, following diverse combina-
tion therapies (Table S1). The higher proportion of survival
cases obtained in the present study compared with the sur-
vival rate reported in the literature (around 10% for BAE
and GAE and below 5% for PAM)6 could be ascribed to the
fact that only the clinical cases where the treatment or the
absence of treatment was clearly denoted were taken into
account.

Moreover, extracerebral DA (EDA) are extremely rare
Acanthamoeba infections and occur almost exclusively in
immunocompromised patients.‘"6 Indeed, among the 35 clin-
ical cases of EDA that we gathered in the current study, only
one was immunocompetent, and 14 survived (Table S1). In
spite of the low number of cases, the higher proportion of
survivals compared to GAE (40% for EDA vs. 20% for GAE)
could be due to the fact that EDA is a preliminary form of
Acanthamoeba infection,4 and could therefore be cured less
infrequently than GAE as both diagnosis and treatment are
established earlier in the pathology. Moreover, as for PAM,
BAE, and GAE, the proportion of EDA survival cases is also
higher than the percentage of 27% reported in the literature,”
presumably due to a selection of reports excluding clinical
cases with undefined treatment. Therefore, as the proportions
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of survival cases of each FLA infection are higher than the
percentages previously described,* it is likely that the clin-
ical cases omitted in the present work, because of a lack of
treatment description, are mostly death cases. Another possi-
bility would be that, since 2004, new efficient drugs, such as
voriconazole or miltefosine, would have increased the gen-
eral proportion of survival cases.

COMBINATION THERAPIES USED
FOR THE TREATMENT OF GAE

In this pathology, the combination of trimethoprim and sul-
famethoxazole (cotrimoxazole) has the highest FDU showing
that this drug is the most frequently used drug (Figure 1a).
However, only 47% of patients with GAE treated with cotri-
moxazole survived (Figure 1b). Despite this appreciable effi-
cacy in vivo, this drug combination did not show amoebicidal
activity below 100 pug/ml in vitro."?

Although amphotericin B was the second most frequently
used drug for GAE treatment (Figure 1a), it exhibits a low ef-
ficacy (Figure 1b): only 23% of the patients treated by ampho-
tericin B survived (vs. 55% for miltefosine). Despite a poor
penetration through the blood-brain barrier (BBB; below 1%
of the serum concentration), amphotericin B has been suc-
cessfully used for the treatment of CNS infections, such as
C. albicans meningoencephalitis or cryptococcal meningitis. 14
Nevertheless, in Acanthamoeba spp., a natural mechanism of
resilience to amphotericin B allowing the amoeba to return to
an initial level of susceptibility at each generation has been
evidenced in vitro."* Therefore, according to its low efficacy
both in vitro and in vivo, the relevance of using amphotericin
B may be further reconsidered in patients with GAE.

With an FDU of 30%, and an EDU at 50% (just after
miltefosine; Figure 1b), rifampicin is also one of the most
frequent and efficient drug used to treat GAE. Nonetheless,
this antibacterial agent did not show any significant antia-
canthamoebal activity in vitro.'1 Despite a nonsignifi-
cant in vitro activity of both cotrimoxazole and rifampicin
on Acanthamoeba spp., these drugs can penetrate well the
BBB due to their lipophilic properties and are often used for
the treatment of CNS infections.'* Therefore, they would be
good candidates for in vivo additive effects in GAE treatment
as they could have a synergistic activity with another drug
used in the combination therapy.

Among the azoles, fluconazole was the most frequently
used in GAE treatment with an FDU of 25% (Figure 1a).
The other azoles, namely ketoconazole, voriconazole, and
itraconazole, are more scarcely used with FDU at 11%, 9%,
and 4%, respectively (Figure 1a). Despite a low FDU, keto-
conazole was the most efficient azole with an EDU at 46%,
and 40% of the patients with GAE treated by fluconazole
survived (Figure 1b). On the other hand, the efficiencies of

both voriconazole and itraconazole were among the lowest
observed in GAE treatment (Figure 1b), despite interesting
in vitro activities on several Acanthamoeba strains previ-
ously reported.16 Although ketoconazole crosses only weakly
the BBB but exhibited an interesting in vitro activity on
Acanthamoeba spp. with an half-maximal inhibitory concen-
tration at ~ 8 pM,B’” fluconazole can penetrate readily in
the cerebrospinal fluid (CSF) despite a weak in vitro activity
on few acanthamoebal strains.'*'® The efficiencies observed
for fluconazole and ketoconazole in GAE treatment could
be ascribed to a high propensity to penetrate the BBB de-
spite a low anti-Acanthamoeba activity and to a prominent
antiacanthamoebal activity in spite of a low BBB passage,
respectively. Thus, according to their similar EDU ranking,
fluconazole and ketoconazole are the most efficient azoles
used in GAE therapy, and might be used at the same level of
preference in the treatment of this cerebral pathology.

Sulfadiazine displayed a low FDU at 18% and an interme-
diate EDU at 33% (Figure la,b). Moreover, a single patient
with GAE survived with a monotherapy of sulfadimidine, a
sulfadiazine derivative that was used only once among the
clinical cases gathered in the present work.'® Furthermore,
despite a low FDU at 17%, metronidazole exhibited an inter-
esting EDU at 45% (Figure 1).

Interestingly, despite that miltefosine has been infre-
quently used (only 11 cases among the 119), it presents the
highest EDU in patients with GAE: 6 patients survived among
the 11 patients with GAE treated by miltefosine (Table S2;
Figure 1b). Miltefosine has been reported to penetrate the
BBB of a patient with GAE but was measured at only low
concentration in the CSF." Furthermore, antiacanthamoebal
activity was reported for this drug in vitro with a half-maxi-
mal inhibitory concentration at ~ 8 uM on A. castellanii and
40 uM on A. 1701y17lzczgc1.13’20’21 Therefore, regarding its high
EDU value, the low level of miltefosine penetrating into the
CSF would be sufficient for an antiacanthamoebal activity.
Consequently, miltefosine might be considered more fre-
quently for the treatment of GAE in the future. All the other
drugs displayed low FDU and EDU. Especially azithromycin
and clindamycin, which were the most inefficient drugs used
in GAE treatment with an EDU at 0% (Figure 1b).

According to the plot of EDU as a function of FDU
(Figure 1c¢), the most frequently used (FDU > 25%) and the
most efficient (EDU > 30%) drugs in GAE treatment are:
cotrimoxazole, rifampicin, and fluconazole. Therefore, de-
spite the lack of in vitro antiacanthamoebal activity, these
drugs might be used by practitioners to treat GAE as they
display the highest FDU and EDU criteria. Their in vivo ac-
tivity could be attributed to a synergistic effect when used in
combination therapy.

The Infectious Disease Society of America (IDSA)
currently has a C-III-level recommendation (from clin-
ical experience, descriptive studies, or reports of expert
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committees, but with low evidence) for two drug combi-
nations: (a) cotrimoxazole, rifampicin, and ketoconazole,
or (b) fluconazole, sulfadiazine, and pyrimethamine.22
Moreover, the Center for Disease Control and Prevention
(CDC) rendered miltefosine available as an investigational
drug for the treatment of cerebral FLA infections in the
United States.” According to our study, cotrimoxazole, ri-
fampicin, and fluconazole appear to be the most frequent
and efficient drugs used in GAE treatment. Amphotericin
B is frequently used, but its EDU is low, in opposition to
miltefosine and ketoconazole, which are not frequently
used but present very interesting EDU (Figure 1b). In line
with these observations, the most common and efficient
drug combination used among the 119 clinical cases stud-
ied in the current work is the combination Ag,g associ-
ating rifampicin with cotrimoxazole and with fluconazole
or ketoconazole (Table 1).>*?° This combination was suc-
cessful in 83% of the cases (Table 1), and is very close to
the regimen advised by the IDSA for GAE treatment.” In
particular, the combination associating rifampicin, cotri-
moxazole, and ketoconazole was successful in three cases
of four,?***7?? and the one combining rifampicin, cotri-
moxazole, and fluconazole had a positive outcome in the
two cases where it was used.”®?® In our study, a similar
combination associating amphotericin B with rifampi-
cin and cotrimoxazole was also often used, but its effi-
cacy was lower, at 50% (combination B, in Table 1.3
Additionally, an association of fluconazole, metronidazole,
and cotrimoxazole with miltefosine and/or rifampicin,
named combination Cg,p, Was also used with a positive
outcome in 100% of the cases (Table 1).28’31’32 This promis-
ing latter combination includes drugs which are among the
most efficient emphasized in the current work (Figure 1b).

COMBINATION THERAPIES USED
FOR THE TREATMENT OF EDA

The most frequently used drug for EDA treatment was
itraconazole (Figure 2a). However, this azole presented an
EDU value at only 50% (Figure 2b). The other azoles were
more scarcely used among patients with EDA, with an
FDU between 6% for voriconazole and 26% for fluconazole
(Figure 2a). Fluconazole and ketoconazole had also one of
the lowest EDU at 33% and 20%, respectively. However, de-
spite an uncommon usage in EDA therapy (only 2 patients),
voriconazole was always associated with a treatment leading
to a successful outcome (Figure 2b).

Pentamidine and amphotericin B were among the most
frequently used drugs for EDA treatment with FDU at
46% and 43%, respectively (Figure 2a). However, the EDU
of both drugs was among the lowest in EDA treatment,
below 50% (Figure 2b). Therefore, the use of pentamidine
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or amphotericin B in EDA therapy might be reconsidered.
These observations are in line with the GAE treatment where
low efficacy of usage of both drugs were noticed (Figure 1b).

Flucytosine was also among the most frequently used
drug for EDA treatment with an FDU at 43% and exhibited
an interesting EDU at 53% (Figure 2a,b). Moreover, this
pyrimidine analog showed attractive in vitro activity on A.
castellanii despite a capacity to develop resistance for some
virulent strains.'>**> Therefore, in spite of a good efficacy,
the relevance of using flucytosine in EDA therapy might be
limited by the capacity of some Acanthamoeba strains to de-
velop resistance.

Most EDA clinical manifestations are cutaneous and are
therefore treated by using topical medications. Among these
topical treatments, two drug formulations are usually used:
chlorhexidine solution and ketoconazole cream. Among these
topical treatments, chlorhexidine was the most frequently
used with an FDU value at 29%, but is efficient in only half
of the cases (Figure 2). Conversely, ketoconazole cream was
less frequently used (20% of the cases) but displays a slightly
better EDU at 57% than chlorhexidine (Figure 2). Therefore,
according to their efficacy of usage, ketoconazole cream
might be selected as a first-line drug, before chlorhexidine,
among topical treatments in EDA therapy.

In opposition to GAE treatment, cotrimoxazole was not
the most frequently used drug in EDA therapy. Conversely,
this drug exhibited the same FDU (29%) and EDU (50%)
values as chlorhexidine (Figure 2). Likewise, both met-
ronidazole and azithromycin were efficient in half of the
cases despite an FDU below 25% (Figure 2). Therefore,
cotrimoxazole, metronidazole, and azithromycin might
be used, but not as a first-line treatment, in EDA therapy.
Furthermore, clindamycin and sulfadiazine are among
the least frequently used and efficient drugs (Figure 2).
Therefore, the usage of these drugs in EDA therapy seems
to be hazardous.

Like voriconazole, the only 2 patients with EDA treated
by miltefosine were cured, giving also to this drug a maxi-
mal EDU value at 100% (Figure 2b). Therefore, despite a low
FDU value at 6%, voriconazole and miltefosine have always
been successfully used, in opposition to itraconazole, which
was the most frequently used drug in EDA treatment, but was
efficient in only half of the cases (Figure 2). Moreover, despite
a low frequency of usage (14%), rifampicin presented also
an encouraging EDU at 60% in EDA treatment (Figure 2).
Consequently, consistent with their high EDU, voriconazole,
miltefosine, and rifampicin might be used more frequently
for EDA treatment.

As illustrated in Figure 2c, flucytosine and itraconazole
display the highest FDU (> 40%) and EDU (> 50%) crite-
ria in EDA treatment. Therefore, these most efficient and
frequently used drugs might be primarily used by practi-
tioners in EDA treatment. In spite of their high FDU values,
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amphotericin B and pentamidine were not among the most
efficient drugs, as their EDU values were among the lowest
obtained in EDA treatment (Figure 2b).

The most frequently used combination therapy among the
35 clinical cases collected were associated with chlorhexi-
dine, itraconazole, ketoconazole cream, and pentamidine,
with or without sulfadiazine (Table 1).34’37 This combina-
tion was successful in 50% of the cases. Nevertheless, ac-
cording to the EDU criterion analyzed in the current work
(Figure 2b), the substitution of pentamidine and/or itracon-
azole in this combination by voriconazole and/or miltefosine
could increase the efficacy of treatment.

COMBINATION THERAPIES USED
FOR THE TREATMENT OF BAE

With an FDU at 45%, fluconazole was the most frequently
used drug in BAE therapy (Figure 3a). However, only one
third of the patients with BAE treated by this drug survived
(Figure 3b). On the opposite, another azole, itraconazole, was
among the least frequently used drug with an FDU at 9%, but
showed one of the highest efficacy of usage among the drugs
used in BAE therapy: 48% of the patients with BAE treated
by itraconazole survived (Figure 3). Likewise, voriconazole
was one of the least frequently used drugs in BAE treatment
but presented an intermediate EDU value at 40% (Figure 3b).
Therefore, based on the efficacy of usage of both azoles,
itraconazole might be preferred to voriconazole or flucona-
zole in BAE therapy. Moreover, as for GAE, although a low
anti-Balamuthia activity was previously reported for flucon-
azole,™ the in vivo efficacy of this drug could be assigned
to its high capacity to penetrate the BBB.' Likewise, vori-
conazole can readily penetrate the BBB/CSF but displayed
little to no inhibitory effect in vitro on B. mandrillaris."**!
Conversely, itraconazole shows a low BBB passage,14 and, to
our knowledge, its in vitro activity on Balamuthia mandril-
laris has not been studied yet.

Furthermore, pentamidine was the second most fre-
quently used drug in BAE therapy with an FDU value at 38%
(Figure 3a). However, this drug displayed the same modest
EDU value as fluconazole at 33% (Figure 3b). Nonetheless,
this diamidine can cross the BBB and displayed in vitro an-
ti-Balamuthia activity with 82% amoebal growth inhibition
atl p,lg/ml.3 839 Therefore, pentamidine might be used, but not
as a first-line drug in BAE therapy.

Azithromycin exhibited an FDU value similar to the one
of pentamidine (37%), and was used with success in 43% of
the cases (Figure 3). Among the macrolides used in BAE
treatment, clarithromycin was the least used drug with an
FDU at 16% (Figure 3a). Nevertheless, this drug displayed
the highest efficacy of usage with an EDU at 56%: 10 pa-
tients with BAE survived out of 18 treated by clarithromycin

(Figure 3b; Table S3). Therefore, according to the individ-
ual EDU criterion, clarithromycin might be preferred to
azithromycin among the macrolides used in BAE therapy.
Nevertheless, if both EDU and FDU criteria are considered,
azithromycin should be preferred to clarithromycin, as this
latter drug was only scarcely used up to now in BAE treat-
ment (Figure 3c). Moreover, although both azithromycin and
clarithromycin display a low in vitro anti-Balamuthia activity
at 10 pg/ml,38 these macrolides can cross the BBB and, in the
case of azithromycin, can highly concentrate in the brain with
a cerebral concentration up to 200 times higher than the one
in the serum.'**

Sulfadiazine and flucytosine were used in 36% and 34%
of the BAE cases, and displayed an intermediate EDU value
of 41% and 37%, respectively (Figure 3). Therefore, accord-
ing to their efficiencies, both sulfadiazine and flucytosine
might be good candidates for their in vivo additive effect in
BAE therapy. Moreover, both drugs can penetrate readily
the BBB,14 but their antiamoebal activity on B. mandrillaris
has been previously reported to be low to inexistent at up to
10 p,lg/ml.4|

Despite an intermediate FDU value at 32%, amphoteri-
cin B exhibited a low efficacy with an EDU value at 22%
(Figure 3). Other drugs, such as pyrimethamine, cotrimoxaz-
ole, metronidazole, and rifampicin have low to intermediate
frequency of usage (from 4% to 21%), and are all among the
least efficient drugs (Figure 3). Therefore, these drugs might
not be further used in BAE therapy.

Miltefosine displayed the same EDU value as azith-
romycin at 43%, despite a low FDU at 27% (Figure 3).
Consequently, miltefosine might be used more frequently in
BAE treatment (Figure 3b). Although this drug has been de-
scribed to penetrate poorly the BBB in a patient with BAE
with a low concentration in CSF at the micromolar level, it
displayed an in vitro amoebicidal activity on B. mandrillaris
at 40 pM.21’42 Therefore, the interesting EDU observed for
miltefosine could be ascribed to a synergy of action with one
of the drugs used in BAE combination therapy, leading to a
decrease of the active concentration of the alkyl-phosphocho-
line in the CSF and the brain.

With an EDU value at 50%, albendazole was the second
most efficient drug used in BAE therapy, despite a low FDU
at only 17% (Figure 3). Therefore, albendazole might be used
more frequently as it displays one of the highest efficacies of
usage in BAE therapy. Furthermore, albendazole is a small li-
pophilic drug metabolized in the liver in an active metabolite,
albendazole sulfoxide, which readily penetrates the BBB."
However, to our knowledge, the activity of albendazole, or its
active metabolite, on B. mandrillaris has not been analyzed yet.

According to both EDU and FDU criteria, sulfadiazine
and azithromycin are the most efficient (EDU > 40%) and
frequently used (FDU > 35%) drugs in BAE treatment
(Figure 3c). Therefore, these drugs might be primarily used in
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BAE treatment, presumably in combination therapy in order
to promote synergistic effects as their in vitro antiamoebal ac-
tivity on B. mandrillaris is low.”>*! Among macrolides, clar-
ithromycin has a better EDU than azithromycin but was used
in only 16% of the patients with BAE and would therefore
presently be more uncertain to be used in BAE treatment.
Moreover, despite a noticeable FDU at 27%, miltefosine dis-
played an encouraging EDU above 40% (Figure 3c), and its
use might thus be considered in BAE therapy.

The IDSA has currently a C-III level recommendation
for the following drug combination for BAE treatment:
pentamidine, macrolide (azithromycin or clarithromycin),
fluconazole, sulfadiazine, and flucytosine.22 The CDC also
recommends this combination in addition to miltefosine,
which showed some promising results in BAE thelrapy.43 A4
Most of these drugs showed a high to intermediate efficacy
according to the present analysis, except for pentamidine
which had a modest EDU at 33% (Figure 3b). The current
analysis also showed that albendazole and itraconazole dis-
played one of the highest efficacies and might therefore be
used in the BAE drug combination therapy. As for GAE, no
consensus combination has been set up yet for BAE treat-
ment,44 and several other combinations have also been used
successfully, associating up to 12 different molecules, such
as in combination By, (Table 1). Indeed, this combination
composed of albendazole, amphotericin B, azithromycin,
clarithromycin, fluconazole, flucytosine, metronidazole,
miltefosine, pentamidine, sulfadiazine, cotrimoxazole, and
voriconazole has been used each time with success in two
BAE clinical cases (Table 1).44’45 Conversely, a combina-
tion associating a few number of drugs (combination Cyug:
azithromycin, flucytosine, and sulfadiazine) was also 100%
successful in two distinct patients with BAE (Table 1).44’46
The most relevant combination therapy used among the
111 BAE clinical cases collected is the combination Agg,
associating 6 distinct drugs: azithromycin, fluconazole,
miltefosine, pentamidine, sulfadiazine, with flucytosine
or albendazole.***’->! This combination was successful in
44% of the cases (Table 1) and was very close to the one
recommended by the CDC, except that flucytosine could be
substituted by albendazole. Moreover, among the 111 BAE
clinical cases gathered, the combination recommended by
the CDC sensu stricto was used in 7 patients,“&49
successful in only in 2 of them (29% of success). Therefore,
the presence of albendazole in the drug combination could
increase the efficacy of BAE therapy.

and was

COMBINATION THERAPIES USED
FOR THE TREATMENT OF PAM

Among the 209 PAM clinical cases gathered, all drugs used
exhibited low EDU, with a maximal value for rifampicin at
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24%, considerably below the highest EDU observed at be-
tween 50 and 60% for the other FLA cerebral infections.
This difference could be ascribed to the shorter survival time
of PAM (few days), compared with GAE or BAE (several
weeks to several months),4 rendering more difficult the es-
tablishment of an accurate diagnosis, and thus of an efficient
drug combination therapy. Indeed, the percentage of survival
cases was lower for PAM (14%) than for GAE or BAE (20%).

Amphotericin B was the most frequently used drug in
PAM treatment with a high FDU value at 70% (Figure 4a).
Interestingly, all PAM survival cases (29 out of 29) were
treated by amphotericin B (Table S4). Therefore, the efficacy
among survival cases (ESCs) of this polyene drug is 100% in
PAM therapy. However, only 19% of the patients with PAM
treated by amphotericin B survived. The maximal ESC of
amphotericin B on PAM could be due to a high amoebicidal
activity at the submicromolar range previously described on
N. fowleri, despite a poor penetration through the BBB.!*?
Therefore, according to its ESC, amphotericin B should be
used in PAM treatment, but in a synergistic combination with
other drugs, as its EDU is modest and only one PAM survival
case has been described with a monotherapy of amphotericin
B among the 29 analyzed in the current study.’® Indeed, sev-
eral drugs used in PAM combination therapy, such as rifam-
picin, miconazole, or azithromycin, were described to display
a synergistic activity with amphotericin B3¢

Rifampicin displayed the highest efficacy in PAM therapy
(24%) and was the second most frequently used drug with an
FDU at 48% (Figure 4). Nevertheless, rifampicin did not dis-
play a significant in vitro antiamoebal activity on N. fowleri,
despite a noticeable passage through the BBB.'**" Therefore,
the efficacy of rifampicin in PAM treatment could be at-
tributed to a synergy of action with another drug used in the
combination therapy, such as amphotericin B, as previously
described in a mouse PAM model in vivo.>*

Fluconazole was the most used azole in PAM therapy
with an FDU value at 36% (Figure 4a). However, its EDU
was only at 17% (Figure 4b). Two other azoles, namely mi-
conazole and ketoconazole, were infrequently used in PAM
therapy, with FDU value at 13% and 11%, respectively
(Figure 4a). Nonetheless, the EDU value of miconazole and
ketoconazole is the same as amphotericin B and fluconazole,
at 19% and 17%, respectively (Figure 4b). Therefore, as mi-
conazole exhibited the best EDU of usage among azoles, this
drug might be preferred to fluconazole or ketoconazole in
PAM treatment, despite its sparse use. Moreover, miconazole
has been previously described to display a synergistic anti-
amoebal activity against N. fowleri with amphotericin B.%

Azithromycin was used in 20% of the PAM cases, and 20%
of the patients treated by this macrolide survived (Figure 4).
Besides its capacity to cross the BBB and its interesting in
vitro antiamoebal activity on Naegleria fowleri (minimal in-
hibitory concentration at 13.4 uM), azithromycin exhibited a
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synergistic activity with amphotericin B both in vitro on N.
Jowleri and in vivo in a mouse PAM model.'*> Therefore,
azithromycin might be used in PAM therapy, preferably in
combination with amphotericin B.

Miltefosine was used only in 15% of the PAM cases,
but exhibited an EDU at 23%, showing that this alkyl-phos-
phocholine is the second most efficient drug used in PAM
therapy (Figure 4). However, this drug was found at low
concentrations in the CSF showing a poor penetration
through the BBB and exhibited only a mild in vitro activ-
ity on N. fowleri.**** Therefore, the efficacy of usage of
miltefosine could be ascribed, as for amphotericin B, to a
synergy of activity with another drug used in PAM combi-
nation therapy. However, to our knowledge, no drug used in
PAM therapy has been described yet to display a synergistic
activity with miltefosine.

Sulfadiazine and metronidazole are the least efficient
and among the least frequently used drugs in PAM therapy
(Figure 4). Therefore, the relevance of using these drugs in
PAM therapy might be reconsidered.

Considering both FDU and EDU criteria, amphotericin
B and rifampicin are the most efficient and frequently used
drugs in PAM treatment (Figure 4c). Indeed, despite an EDU
below 20%, amphotericin B was used in 100% PAM survi-
vors. Moreover, rifampicin displayed the highest EDU (24%)
and was frequently used (48% of the cases) in PAM treat-
ment. This latter drug might act in synergy with amphoter-
icin B against N. fowleri, as previously described in a PAM
mouse model in vivo.>* Therefore, both amphotericin B and
rifampicin might be primarily used by practitioners in PAM
treatment.

The IDSA has a current C-1II level recommendation for
the following drug combination for PAM treatment: ampho-
tericin B, rifampicin combined with another agent.** In com-
plement with these guidelines, the CDC recommends using
the following association for PAM therapy: amphotericin B,
rifampicin, azithromycin, miltefosine, and fluconazole or
miconazole.’® All these drugs are the most efficient used in
the 209 clinical cases gathered in the current work, except
for fluconazole, which was frequently used but exhibited
only a modest EDU and might be substituted by miconazole.
The most relevant drug combinations gathered in the current
work for PAM treatment associated either (a) amphotericin
B and an azole (fluconazole, ketoconazole or miconazole),
with or without rifampicin (combination Bp,y), or (b) am-
photericin B, azithromycin, fluconazole, or rifampicin with
or without miltefosine (combination Ap,y; Table 1).56:59-83
In the latter combination, miltefosine was associated with ri-
fampicin in 28 cases out of 34,00-6470.73.76 15y drugs present-
ing the highest EDU according to our analysis (Figure 4b).
The combination Ap,y;, Which was the closest to the one
recommended by the CDC, was successful in 18% of the 34
clinical cases treated by this drug association. Moreover, in

the combination Ap, s associating both rifampicin and milte-
fosine with amphotericin B, azithromycin, and fluconazole,
the outcome was also successful in 18% of 28 cases.®%*
Nevertheless, the combination Bpyy; was used in a larger
number of cases (45) and exhibited the same EDU value at
18% (Table 1). Therefore, this simplified combination asso-
ciating only two or three molecules might also be recom-
mended for PAM therapy, with a lower risk of toxicity for
the patient. Moreover, another simplified association using
only 2 molecules, amphotericin B and rifampicin, named
combination Cpyy, has also been highlighted in the current
work with higher efficiency compared with the combina-
tions Apay and Bpay: 38% for EDU value (Table 1).598498
Therefore, the combination Cp,y, Which would be less toxic
than the other combinations as it contains only two drugs,
might also be recommended in PAM treatment, more prob-
ably at early stages of the pathology. Indeed, the celerity to
give an accurate diagnosis during the pathology influences
the complexity and the toxicity of the drug combination
used. Therefore, amphotericin B and rifampicin, which com-
pose the combination Cpyy,, might be used in priority after
PAM diagnosis, and the other drugs constituting combina-
tions Appym OF Bpay (azithromycin, azoles, and miltefosine)
might be used subsequently during the pathology.

EFFICACY OF AN ABSENCE
OF THERAPY OR UNSPECIFIC
TREATMENTS ON FLA INFECTIONS

In all FLA infections, the outcome was always fatal in the
absence of treatment, representing 3—5% of the cases collected
(Tables S2-S4). Moreover, a large majority of the cases,
~ 60-85%, received unspecific treatments (Tables S2-S4).
Nevertheless, some antibacterial drugs, such as rifampicin
or macrolides, were not included in these unspecific treat-
ments as they were very frequently used in FLA infections
and exhibited a high efficacy (Figures 1-4). Furthermore, a
small proportion of the patients, 15-25%, affected by cere-
bral FLA infection and treated by unspecific drugs, survived
(Tables S2—-S4). However, among the FLA-infected patients
who received exclusively unspecific treatments, representing
10-16% of the FLA infection cases, only 2 patients with GAE
survived.””!'® Therefore, the added-value of unspecific drugs
used in FLA infection therapy might be analyzed further in
order to improve and optimize the drug combinations used to
treat these pathologies.

CONCLUSION

Currently, 10-15 different antiprotozoal and antibiotic
repurposed drugs, acting on diverse cellular pathways
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(Figure 5), are empirically used for the treatment of GAE,
EDA, BAE, or PAM. This review highlights the relative
interest of the different drugs used, through the plots of
EDU as a function of FDU for FLA infections (Figures lc,
2c, 3c, 4c¢), allowing the identification of the most promis-
ing drugs, worthy of clinical use by practitioners. Although
the activity and the mechanism of action of some of these
drugs has been described in FLA (e.g., azoles),'® some oth-
ers have weak in vitro antiamoebal activity, and/or their
mechanism of action has not been deciphered yet in these
protozoa (e.g., rifampicin, macrolides, or cotrimoxazole;
Figure 5).133%37 Nevertheless, several of these latter drugs
have been shown to display a synergistic action on FLA
with some antiamoebal drugs, such as azithromycin or
rifampicin with amphotericin B.>*> Therefore, despite
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a poor rationale of usage, the clinicians use these drugs
in combination in order to gain a therapeutic advantage.
Among the drug associations emphasized in the current
work, the most relevant combinations used for GAE, BAE,
and PAM therapy are named Agap, Agag, and Apgy, re-
spectively (Table 1), and are very close to the ones recom-
mended by the IDSA and CDC.?2243:44.38 [ndeed, many
drug combinations were used successfully in the treatment
of FLA infections, but as many distinct molecules can be
used (up to 12 for BAE, for example), their combinations
are complex and often unique. This is especially the case
for GAE and BAE treatment where the most relevant drug
combination was used only in 6 cases out of a total of 119
(5%; Agagp) and in 9 cases out of total of 111 (8%; Agag),
respectively. The other combinations were either unique or
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FIGURE 5 Cellular pathways disrupted by drugs used for the treatment of FLA infections. Drugs used for the treatment of FLA
infection can target ergosterol in the amoebal membrane (amphotericin B), cause membrane disruption (chlorhexidine), inhibit microtubule

polymerization (albendazole), induce DNA fragmentation by apoptosis-like pathways (miltefosine and metronidazole), or affect lipid metabolism

and mitochondrial membrane potential (miltefosine). Some other drugs can also affect ergosterol (azoles), DNA (flucytosine, trimethoprim,

pentamidine, and sulfamides), RNA (macrolides), or protein (rifampicin) biosynthesis. All drugs represented in the figure are in the top five most

frequently or most efficiently used drugs to treat Acanthamoeba spp. (Ac), Balamuthia mandrillaris (Bm), or Naegleria fowleri (Nf) infections.

Green arrows and red bar-headed lines represent an activation/alteration and an inhibition of a pathway, respectively. Full lines and dashed-lines

represent a mechanism of action previously described in FLA and in microorganisms other than FLA, respectively. For this latter groups of drugs,

their mechanism of action has been previously described in bacteria for rifampicin and macrolides, Leishmania sp. for miltefosine, or Giardia

intestinalis for albendazole and metronidazole. FLA, free-living amoebae
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very scarcely used. Among these associations, some have
shown a high efficacy despite a low frequency of usage,
such as combinations Cgag, Bgag, and Cgap (Table 1).
These combinations might be further used in order to deter-
mine their efficacy and their relevance of usage in therapy.
Concerning EDA, as the number of total cases is low (35),
the drug associations used were often unique and only one
relevant association was revealed for this pathology, using
notably topical treatments for cutaneous infections (chlo-
rhexidine and/or ketoconazole cream). For PAM, as the
number of cases is more important than for GAE or BAE,
better consensus treatments, with less diversified associa-
tions, and more clinical cases per drug combination, can be
established (Table 1).

Amphotericin B was present in all relevant PAM drug
combinations, and therefore might be used in the treatment of
this pathology. However, the efficacy of this drug in the other
FLA infections was more uncertain. Azoles (fluconazole,
ketoconazole, itraconazole, or miconazole) are also mole-
cules that are often used for the treatment of FLA infections.
Miltefosine, which was recently added in the drug combina-
tions, is also a promising drug as it has shown a high efficacy
for the treatment of GAE, BAE, or PAM. Antibacterial drugs,
such as rifampicin for GAE or PAM, macrolides for BAE,
or cotrimoxazole for GAE, might also be used as additive
drugs in the combinations as they exhibited high efficiencies.
In BAE therapy, albendazole also displayed high efficiencies
despite a low frequency of usage and might therefore be in-
cluded more often in the drug combination.

Because FLA infections constitute rare pathologies, it is
clearly underdiagnosed properly because of a lack of experi-
ence of some physicians in affected areas. As the mortality
rate of FLA infection is very high, an early diagnosis is es-
sential for the efficacy of the treatment used. This situation
leads to empirical decisions at the therapeutic level. Thus, the
number of cases is not presently exploitable for a solid statis-
tical analysis of classical parameters (age, sex, geographical
location, dose, route of administration, treatment duration...)
from the clinical data available. Concerning the efficacy of
drug combinations, the various drug combination parameters
(i.e., number of combined drugs, nature of active principle,
and the lack of information about drug interactions) did not
allow to highlight decisive criteria exhibiting the best balance
efficacy/tolerance. As FLA infections are scarce, because
misdiagnosed, the knowledge of the balance benefit/risk of
these drug combinations needs several more years of careful
clinical investigations. Therefore, it is necessary to develop
animal models to evaluate the most promising drug combi-
nations used in clinics. Nonetheless, in vitro studies are re-
quired to evaluate drug interaction in FLA leading to synergy,
additive effect or antagonism, as well as the mechanism of
action involved in these interactions. Moreover, new specific

antiamoebal drugs need to be developed in order to treat with
more accuracy and less toxicity these FLA infections.
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