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Abstract

Naegleria fowleri causes primary amoebic meningoencephalitis in humans and experimental animals. It has been suggested
that cysteine proteases of parasites play key roles in metabolism, nutrient uptake, host tissue invasion, and immune evasion.
The aim of this work was to evaluate the presence, expression, and role of cathepsin B from N. fowleri in vitro and during
PAM. Rabbit-specific polyclonal antibodies against cathepsin B were obtained from rabbit immunization with a synthetic
peptide obtained by bioinformatic design. In addition, a probe was designed from mRNA for N. fowleri cathepsin B. Both
protein and messenger were detected in fixed trophozoites, trophozoites interacted with polymorphonuclear and histological
sections of infected mice. The main cathepsin B distribution was observed in cytoplasm or membrane mainly pseudopods
and food-cups while messenger was in nucleus and cytoplasm. Surprisingly, both the messenger and enzyme were observed
in extracellular medium. To determine cathepsin B release, we used trophozoites supernatant recovered from nasal pas-
sages or brain of infected mice. We observed the highest release in supernatant from recovered brain amoebae, and when
we analyzed molecular weight of secreted proteins by immunoblot, we found 30 and 37 kDa bands which were highly
immunogenic. Finally, role of cathepsin B during N. fowleri infection was determined; we preincubated trophozoites with
E-64, pHMB or antibodies with which we obtained 60%, 100%, and 60% of survival, respectively, in infected mice. These
results suggest that cathepsin B plays a role during pathogenesis caused by N. fowleri mainly in adhesion and contributes
to nervous tissue damage.
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Handling Editor: Una Ryan Introduction

Infections caused by protozoa are among the main causes
of death worldwide (Martinez-Castillo et al. 2016; Mishra
et al. 2009). Naegleria fowleri Carter, 1970, Acanthamoeba
spp Volkonsky, 1931, and Balamuthia mandrillaris Vis-
vesvara, 1990, are the most common free-living amoebas
(FLA) with medical implications, since they cause serious
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and fatal infections in the central nervous system (CNS) in
many mammals, including humans (Martinez-Castillo et al.
2016; Visvesvara et al. 2007).

N. fowleri causes primary amoebic meningoencephalitis
(PAM), a CNS disease which begins when trophozoites enter
in the nasal cavity; once there, they adhere to olfactory epithe-
lium, migrate through lamina propria next to olfactory nerves.
It has been suggested that these nerves are used by amoeba
to cross cribriform plate until they reach the olfactory bulbs
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(OBs) and brain (Aurongzeb et al. 2021; Grace et al. 2015;
Moseman 2020; Pugh and Levy 2016). Once the trophozoites
are inside the brain, they begin to divide and phagocytize the
nervous tissue, causing an acute inflammatory reaction, which
leads to the death of the host in a period of 3—7 days (Jahangeer
et al. 2020; Rojas-Hernandez et al. 2004).

To understand the amoeba-host interaction, several in vivo
studies have been carried out (Carrasco-Yepez et al. 2019;
Jaroli et al. 2002; Rojas-Hernandez et al. 2004) to determine
the mechanisms of immune evasion, adhesion, invasion, and
damage to tissues caused by N. fowleri (Carrasco-Yepez et al.
2013; Lee et al. 2014; Shibayama et al. 2013; Siddiqui et al.
2016; Vyas et al. 2015). Neuraminidases, elastases, lipases,
hydrolases, phospholipases, and proteases have been related to
the ability of N. fowleri to cause damage (Betanzos et al. 2019;
Giiémez and Garcia 2021; Marciano-Cabral and Cabral 2007).

Specifically, proteases contribute to the pathogenicity
of various microorganisms such as Entamoeba histolitica
Schaudinn, 1903, Giardia intestinalis Kunstler, 1882, Acan-
thamoeba spp., Trichomonas vaginalis Donné, 1836, Bala-
muthia mandrillaris, and Naegleria fowleri (Lee et al. 2014,
Pifia-Vazquez et al. 2012; Serrano-Luna et al. 2013). This char-
acteristic makes them an important virulence factor that can
be considered as a target for antiparasitic drugs or vaccines.

In vitro studies have showed that cysteine proteases (CPs)
of N. fowleri have approx. molecular weights of 30, 58, 128
and 170 kDa (Mat Amin 2004; Vyas et al. 2015). In addi-
tion, it was shown the presence of cathepsin B and cathepsin
B-like proteases in supernatants of N. fowleri trophozoites
(Kim et al. 2009). The same group cloned and purified these
CPs with 38.4 and 34 kDa molecular weights, which showed
proteolytic activity against immunoglobulins, fibronectin,
collagen, albumin, and hemoglobin (Lee et al. 2014). Using
a monoclonal antibody, Seong et al. (2017) reported that
the main distribution of cathepsin B was in cytoplasm of V.
fowleri trophozoites, particularly in pseudopods and food-
cups. Taken together, the authors suggest that this protease
may be involved with adhesion, host tissue invasion, and
immune evasion.

The present study aims to elucidate the presence, expres-
sion, and distribution of cathepsin B in N. fowleri trophozo-
ites alone, interacting with polymorphonuclear leucocytes
(PMNs) and in infected mice as well as its role during patho-
genesis in infected mice with trophozoites preincubated with
specific inhibitors or antibodies against this enzyme.

Methodology
Naegleria fowleri culture

N. fowleri trophozoites (ATCC 30,808) were cultured under
axenic conditions in Bactocasitone medium supplemented
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with 10% heat-inactivated fetal bovine serum (Gibco) and
1% penicillin—streptomycin (Gibco) at 37 °C. Trophozoites
were chilled and harvested during the logarithmic phase
(48 h). After centrifuging at 1500 X g for 10 min, the super-
natants were recovered and stored at -70 °C until use. The
virulence of N. fowleri was reactivated by serial passage
through mice as described previously by Rojas et al. (2004).

Animals

All procedures performed in this study, which involved
Balb/c mice 6 to 8 weeks old as well as a New Zealand rab-
bit approximately 3 months old, were in accordance with
the Mexican Federal regulations for animal experimentation
and care (NOM 062-Z00-1999, Ministry of Agriculture,
Mexico City, Mexico) and approved by the ethical standard
of Institutional Animal Care and Use Committee (Number
of Approval ESM-CICUAL-ADEM-05/27-09-2019).

Design of a peptide from N. fowleri cathepsin B

First, we obtained N. fowleri cathepsin B sequence from
the NCBI database (http://www.ncbi.nlm.nih.gov/protein)
(GenBank: AHW50663) reported by Lee et al. (2014), to
design a synthetic peptide for N. fowleri cathepsin B (SPCB-
NF) by in silico investigation using comparative modeling
and molecular dynamics simulation as reported by Loyola
et al. (2013). Homology modeling was performed using the
crystal structure of rat procathepsin B (PDB ID: 1MIR),
recently reported by Aurongzeb et al. (2021). Peptide
sequence chosen corresponds to amino acids 71-94 which
was used to obtain polyclonal antibodies against SPCB-NF.
After that, we performed a phylogenetic analysis of amino
acid sequence of cathepsin B from various organisms. Phy-
logenetic tree was constructed by neighbor-joining method
using MEGA 6 software (RRID:SCR_000667).

Obtention and purification of rabbit polyclonal
antibodies against SPCB-NF

A rabbit was immunized three times with SPCB-NF: i)
200 pg of peptide plus complete Freund's adjuvant (Sigma
Chemical Co.) was administered subcutaneously on day 1;
ii) 200 pg of peptide plus incomplete Freund's adjuvant was
administered by the same route on day 8; iii) 200 pg of pep-
tide in 5 mL of saline solution was administered through
the intramuscular route on day 15. Seven days after the
last immunization, the rabbit was anesthetized with pento-
barbital, and serum samples were obtained from blood
extracted by cardiac puncture and stored at -70 °C until use.
The specificity of antibodies against SPCB-NF was evalu-
ated by immunodetection in mouse bone marrow PMNs by
immunocytochemistry.
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Rabbit anti-SPCB-NF purification

IgG from rabbit serum was purified by affinity chromatog-
raphy using a protein A column (Thermo Scientific). Serum
was diluted 1:1 in binding buffer (PBS: 10 mM NaH, P O,,
150 mM NaCl, pH 7.2) before applied to the column. Bound
proteins were eluted with elution buffer (0.1 M glycine pH
2.5). The IgG fraction was dialyzed in PBS for 24 h at 4 °C
and concentrated with an Amicon Ultra centrifugal filter
unit tube (Sigma Aldrich); finally, protein concentration was
determined by the Bradford method. Purified anti- SPCB-NF
antibody was used in all experiments.

Mouse polymorphonuclear cells isolation

PMNs were obtained from the mice bone marrow of the
upper and lower extremities. The isolation was performed
by density gradient centrifugation method using Histopaque
(Sigma-Aldrich) 1077 and 1119 solutions. The samples were
centrifuged at 700 X g for 32 min at 20 °C. Cell viability
and purity were evaluated by staining with trypan blue and
Turk method (0.1% gentian violet in 0.1 M acetic acid),
respectively, using a Neubauer chamber and light micro-
scope (40x).

Immunocytochemistry

N. fowleri trophozoites (1 X 10% cells/mL) or PMNs (1 x
10% cells/mL) or trophozoites interacted with -PMNs (1:1)
were incubated on glass coverslips in a 24-well plate for 1 h
at 37 °C. After incubation, the samples were fixed with 4%
paraformaldehyde (PFA, pH 7.3) for 30 min at 37 °C and
blocked with 1% bovine serum albumin (BSA) (Research
Organics) for 30 min at 37 °C. All samples were permea-
bilized with PBS-TT (10 mM Na H, P O,, 150 mM NaCl,
0.005% Tween-20 y 0.5% Tritén, pH 7.2) for 5 min at room
temperature. For immunodetection, trophozoites were incu-
bated overnight with anti-SPCB-NF antibody (1:100) for
24 h at 4 °C. After incubation, samples were washed three
times with PBS and incubated with Donkey Anti-Rabbit IgG
H&L (Alexa Fluor® 647) ab150075, RRID:AB_2752244
or Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 488)
ab150073, RRID:AB_2636877 (1:1000) for 24 h at 4 °C.
For DNA detection, all samples were incubated with
4,6-diamidino-2-phenylindole (DAPI). Finally, coverslips
were mounted with VECTASHIELD (Vector Laboratories,
Inc.). Images were collected and analyzed with an Axioscop
2 mot plus confocal fluorescence microscope (Carl Zeiss).

Immunohistochemistry

Four mice were intranasally inoculated with 12,000 live N.
fowleri trophozoites and euthanized 24 h after inoculation.

The skin of heads and the lower jaw was removed and then
were fixed with PFA 4% for 24 h. Subsequently, the sam-
ples were washed with water and decalcified with 8% eth-
ylenediaminetetraacetic acid (EDTA, pH 7.6) for 7 days.
The samples were dehydrated with a train of alcohols and
Xylol. Finally, the heads were included in paraffin blocks.
After, we obtained 7-pm sections using a microtome (Leica
RM2125). The sections were deparaffinated and hydrated in
PBS. After that, samples were blocked with 5% BSA for 1 h
and then incubated with anti- SPCB-NF antibody (1:100) for
24 h at 4 °C. Then, the samples were incubated with Don-
key Anti-Rabbit IgG H&L (Alexa Fluor® 647) or Donkey
Anti-Rabbit [gG H&L (Alexa Fluor® 488) for 24 h at 4 °C.
All samples were incubated with DAPI. Finally, the samples
were mounted with VECTASHIELD. Images were analyzed
by confocal microscopy (Carl Zeiss).

Fluorescence in situ hybridization (FISH)

For detection of cathepsin B-mRNA, we selected one nucle-
otide sequence that contained 20 nucleotides including ten
adenine—thymine and ten cytosine-guanine (reverse 5 -TAT
GGCATGCATGAGTCAGG-3", cDNA position 577-596
[GenBank: KJ159026]) and the probe was labeled by CyS5.
To determine the probe specificity, we performed phyloge-
netic analysis of mRNA sequences of cathepsin B from vari-
ous organisms. The phylogenetic tree was constructed by
neighbor-joining method using MEGA 6 software. To evalu-
ate probe specificity in vitro, mouse bone marrow PMNs
were incubated with designed probe against N. fowleri cath-
epsin B-rmRNA.

To detecte cathepsin B-mRNA in cells or tissues, FISH
was performed as reported by Vasquez-Moctezuma et al.
(2010). Briefly, samples were fixed and permeabilized as
previously described. Afterward, prehybridization was done
with 50% hybrizol (Merck) and 50% formamide at 40 °C
for 1 h. For mRNA detection, hybridization was done using
500 ng of probe at 80 °C for 5 min and 40 °C overnight. All
samples were washed twice with citrates buffer (0.015 M
NaCl and 0.0015 M sodium citrate) at room temperature for
1 h and two more with PBS.

Enzyme-linked immunosorbent assay

Release of cathepsin B from N. fowleri during PAM was
determined by an indirect enzyme-linked immunosorbent
assay (ELISA). Three groups of two mice were infected
with 12, 000 live trophozoites and euthanized 24, 48, and
72 h post-infection. Subsequently, nasal passages (NP) and
brains (B) were recovered and incubated under axenic con-
ditions in culture boxes for approximately 4 h. Once the
trophozoites adhered to the plastic, the tissues were removed
and the culture boxes were washed twice to remove tissue
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remains or non-adhered cells. Afterward, the trophozoites
were incubated for 24 h at 37 °C and harvested as previ-
ously described. The supernatants were recovered, and
release of cathepsin B was evaluated. Briefly, 96-well plates
were coated with 5 pg of supernatant from each time point
(24, 48 or 72 h) and tissue sample (NP or B) in carbonate
bicarbonate buffer (15 mmol L~!, Na,CO;, 35 mmol L™,
NaHCO;, [pH 9.6]) for 24 h at 4 °C. Culture supernatant
without any treatment was used as control. Each sample was
independent and tested in triplicate. Blocking was performed
by incubation with 6% fat-free milk in PBS-T (10 mM Na
H, P O,, 150 mM NacCl, 0.005% Tween-20). After anti-
SPCB-NF, (1:100) was added in 100 pL of PBS-T for 24 h
at 4 °C. After that, the plate was incubated with Goat Anti-
Rabbit I[gG H&L conjugated horseradish peroxidase-labeled
Cat#A16104, RRID:AB_2534776 (1:6000) in 100 pL of
PBS-T. Three washes with PBS-T were given between each
treatment. Enzymatic reaction was started by adding the
substrate solution (0.5 mg de o-phenylenediamine per mL
plus 0.01% H,0, in 0.05 mmol L~! buffer de citratos [pH
5.2]). After 15 min, the reaction was stopped with 25 pL of
2.5 mmol L' H,SO, and the absorbance was measured at
490 nm in a microplate reader.

Immunoblot

5 pg of supernatant each group (control, 24 and 48 h NP,
and 48 and 72 h B) was separated by SDS-PAGE (10%)
and analyzed by immunoblot. In this, GAPDH was used
as a loading control. Briefly, the separated proteins in
polyacrylamide gel were transferred to a nitrocellulose
membrane. The membrane was blocked with 10% fat-free
milk at 4 °C for 24 h. Each sample was incubated with
anti-SPCB-NF (1:100) in PBS-T. After 24 h incubation
at 4 °C, samples were incubated with Goat Anti-Rabbit
IgG conjugated horseradish peroxidase-labeled (1:1000)
for 24 h at 4 °C. The protein recognition pattern was
revealed by adding the substrate (4-chloro naphthol/
methanol/H,0,). The reaction was stopped with PBS-T.
To evaluate the differences between treatments, a densi-
tometric analysis was performed using Image J software
(RRID:SCR_003070).

Protease inhibitor toxicity and cell viability

The MTT assay was carried out to determine the mean effec-
tive concentration (ECs,) of pHMB or E64 after incubating
trophozoites with each of these compounds. Briefly, one mil-
lion N. fowleri trophozoites were placed in 96-well plates
and incubated with different concentrations of pHMB (1, 5,
10 mM) or E64 (1, 5, 10, 20 pM). Treated trophozoites were
incubated with 0.25 mg/mL MTT [3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyltetrazolium bromide] in PBS for 4 h at
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37 °C. Subsequently, 100 pL. of DMSO (dimethylsulfoxide)
was added for 20 min to solubilize the formazan crystals.
The optical density was determined in a microplate reader
at a wavelength of 540 nm. The EC5, of pHMB and E64 was
determined from the dose response curve in which the con-
centration of each inhibitor was plotted against the percent-
age of viability of the trophozoites after 30 min of treatment.
Once the EC5, of pHMB (2.5 mM) and E64 (10 pM) was
obtained, we evaluated the trophozoites viability after being
incubated with each inhibitor by staining with trypan blue
(which showed 99% viable trophozoites). Both ECs, and cell
viability after each treatment were evaluated in triplicate.

Survival

Five experimental groups with five mice each were intra-
nasally infected with 12,000 live N. fowleri trophozoites
preincubated with anti-SPCB-NF (1:100 or 1:250 dilution),
p-hydroxymercuribenzoic acid 2.5 mM (pHMB), or L-tran-
sepoxysuccinyl-leucylamide-4-guanidino-butane 10 pM
(E64). Control group was infected with trophozoites with-
out any treatment. All groups were monitored for 30 days.
Once the symptoms related to meningitis (bristling hair,
hunched or rigid body, and limited movement) appear in
the mice, they are euthanized, and infection was confirmed
by the recovery of trophozoites from brain sections under
axenic conditions.

Statistical analysis

Data represent the mean + SD of three independent assays.
Multiple comparisons between control and problem groups
were analyzed using a two-way ANOVA with p<0.05. All
analyses were carried out with the statistical program Prisma
GraphPad v 7.00 (RRID:SCR_002798).

Results

Three-dimensional model and specificity of SPCB-NF
and mRNA-probe of cathepsin B

The three-dimensional model ribbon representation of N.
fowleri cathepsin B was performed by homology modeling
using the crystal structure of rat procathepsin B, in which the
amino acid sequence (corresponding to amino acids 71-94)
selected for SPCB-NF was indicated in blue (Fig. 1a 1, front
view and II, back view).

The specificity of the selected peptide sequence was
demonstrated by performing a phylogenetic analysis.
The phylogenetic tree that was obtained from the multi-
ple sequence alignment showed that the selected peptide
has phylogenetic closeness with organisms of the same
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genus (N. gruberi); however, no phylogenetic relation-
ship was observed with other organisms, including mice
and humans (Fig. 1a III). In addition, trophozoites-PMNs
interactions were incubated with anti-SPCB-NF anti-
bodies; however, no recognition was observed in PMNs
(Fig. 1a1V), discarding the possibility of a cross-reaction
between the peptide belonging to N. fowleri cathepsin
with neutrophil proteins.

Regarding the probe designed from the N. fowleri cath-
epsin B mRNA, the selected nucleotide sequence from
which the probe was designed is shown in red (Fig. 1b I).
The specificity of the selected probe was demonstrated
by performing a phylogenetic analysis. This phylogenetic
comparison showed that the only phylogenetic relation-
ship was with N. gruberi (Fig. 1b II). On the other hand,
when the probe was also incubated with trophozoites-
PMN:ss, there was no signal in PMNs (Fig. 1b III). In this
way, we also discard a possible probe nonspecific binding
with nucleic acids of PMNs.

Presence of cathepsin B in N. fowleri trophozoites

Cathepsin B was detected in trophozoites interacted or not
with PMN as well as in nasal cavity of mice infected with
live trophozoites of N. fowleri (Fig. 2). Cathepsin B was
localized at different sites of the amoeba (Fig. 2a red stain).
Firstly, only some trophozoites non-interacted (Fig. 2a, upper
panel, red stain) or interacted with PMNs (Fig. 2a, lower
panel, red stain) showed the presence of this protein. In this
way, the trophozoites that did not show staining are indicated
with yellow boxes (Fig. 2a lower panel, phase contrast). Spe-
cifically in these results, it is worth to highlight that the cath-
epsin-B stain observed in trophozoites maintained in culture
(non-interacted) was distributed punctually in cytoplasm
(Fig. 2a upper merge, magnification image, white arrows),
while the cathepsin-B stain in trophozoites interacted with
PMNs was observed mainly in pseudopods and food-cups
(Fig. 2a lower merge, magnification image, brown and yel-
low arrows, respectively). Once the presence of cathepsin
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Fig.1 Specificity tests of N. fowleri cathepsin B. (a) SPCB-NF
specificity. Ribbon representation of three-dimensional model of N.
fowleri cathepsin B by in silico design. (I) front view, (II) back view.
Selected peptide is shown in blue (amino acids 71-94). (III) Phy-
logenetic comparison of amino acid sequence of cathepsin B from
various organisms. (IV) Immunodetection of SPCB-NF (red stain) in
mouse bone marrow PMNs interacted with N. fowleri trophozoites,
in blue the DNA staining. (b) Probe specificity. (I) N. fowleri cath-

epsin B mRNA nucleotide sequence. Nucleotide sequence selected
for probe design is shown in red (cDNA position 577-596). (II) Phy-
logenetic comparison of nucleotide sequence of cathepsin B mRNA
from various organisms. (III) Detection of cathepsin B mRNA probe
(red stain) in mouse bone marrow PMNs interacted with N. fowleri
trophozoites in blue the DNA staining. Trees was constructed by
neighbor-joining method
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«Fig.2 Localization of cathepsin B in N. fowleri trophozoites (a)
Immunodetection of cathepsin B in trophozoites alone or interacted
with PMNs. Cathepsin B distribution in trophozoites alone was in
cytoplasm (upper panel, white arrows), whereas trophozoite-PMNs
interaction was in pseudopods and food-cups (lower panel, brown
and yellow arrows, respectively). (b) Histological sections from unin-
fected and infected mice with N. fowleri trophozoites. Uninfected
mice did not show cathepsin b staining in both the respiratory and
olfactory epithelium (upper and lower panel control, respectively). On
infected mice, trophozoites were in lumen before touching respiratory
epithelial cells (upper panel infected, white arrows,) and migrating
through olfactory epithelial cells (lower panel infected, white arrows).
All of them with presence of cathepsin B. White boxes in merge rep-
resent area of magnification. Yellow boxes in phase contrast shown
unstained trophozoites. L, lumen. C, cartilage. LP, lamina propria.
RE, respiratory epithelium. OE, olfactory epithelium. Images are dis-
played at 40x (scale bar, 20 pm) and 100x (scale bar, 10 pm)

B in trophozoites was determined in vitro, we evaluated its
presence in an in vivo infection model, for which Balb/c
mice were infected with N. fowleri trophozoites and eutha-
nized 24 h post-infection (Fig. 2b red stain, white arrows).
DAPI was used to stain nuclei and allow visualization of epi-
thelial nasal tissue structure (Fig. 2b blue stain). It is impor-
tant to mention that both the respiratory epithelium (ER) and
olfactory epithelium (OE) of the control groups (uninfected
mice) did not show cathepsin B staining (Fig. 2b upper and
lower panel control). Interestingly, in the group of infected
mice, we identified trophozoites in the lumen before con-
tacting RE which showed presence of cathepsin B (Fig. 2b,
upper panel infected merge magnification, white arrows);
the same cathepsin staining pattern of trophozoites was also
located in OE, but unlike the trophozoites observed in the
RE, these were found migrating through the epithelial cells
and in lamina propria (Fig. 2b, lower panel infected merge
magnification, white arrows).

Expression of cathepsin B-mRNA in N. fowleri
trophozoites

In accordance with the in vitro results described above, we
observed that depending on the stimulus to which N. fowleri
trophozoites were subjected (with or without PMN), both
the number of trophozoites and the distribution pattern of
cathepsin B were different. In this way, we considered ana-
lyzing not only the protein but also the cathepsin-mRNA,
which meant colocalization for both molecules, either in
in vitro or in vivo experiments (Fig. 3). When trophozoites
were kept in culture (Fig. 3a upper panels), there was expres-
sion of cathepsin-mRNA with the presence of cathepsin B
(Fig. 3a red stain and green stain, respectively). Firstly, we
can observe that cathepsin-mRNA was located mainly in
nucleus and cytoplasm (Fig. 3a merge magnification, orange
and turquoise arrows, respectively) while the presence of
cathepsin B was more intense in pseudopods and food-cups
(Fig. 3a merge magnification, brown and yellow arrows,

respectively) compared to cytoplasm where the stain was
less intense.

When trophozoites were incubated with PMNs
(Fig. 3a lower panels), following the same pattern of colors
regarding cathepsin-mRNA in red and its protein in green,
now we can observe that cathepsin-mRNA expression is
shown outside of trophozoites contacting PMNs (pink
arrows). Moreover, in some cases, the mRNA is not only
in contact with PMNs but also is co-localized with the
protein (gray arrows). These external structures might be
debris amoebic as a result of the trophozoite integrity lost
due to PMNs effect. On the other hand, cathepsin-mRNA
expression was also observed in different areas within the
cytoplasm of trophozoites (Fig. 3a merge magnification, tur-
quoise arrow) as well as its protein which was in the mem-
brane and cytoplasm (Fig. 3a merge magnification, brown
and purple arrows, respectively).

When we evaluated the expression of mRNA at 24 h
pos infection, stage considered as early during PAM model
(Rojas-Hernandez et al. 2004), we observed the presence of
trophozoites which are located in the lumen of respiratory
epithelium from infected mice (Fig. 3b). Some trophozoites
expressed mRNA (red stain) as well as the cathepsin protein
(green stain). In the merge image, clearly it is shown that the
mRNA was mainly expressed in the trophozoite cytoplasm
(turquoise arrow) while the protein is located in its mem-
brane (white arrow). We provide phase-contrast images to
enable the visualization of both trophozoites and cells that
make up the respiratory epithelium.

Release of cathepsin B into extracellular medium

As we previously observed that cathepsin-mRNA was
detected outside the trophozoites contacting PMNs and
co-localized with the cathepsin protein in extracellular
medium, we evaluate whether both N. fowleri molecules
can be detected outside the trophozoites after interaction
with PMNss either in vitro or in vivo (Fig. 4). Surprisingly,
we corroborated that extracellular cathepsin-mRNA (Fig. 4a,
red stain) was observed in contact with PMNs (turquoise
arrow) and in some cases this molecule was also co-local-
ized with cathepsin B (gray arrow), whereas the cathepsin
protein (green stain) was observed in pseudopods (brown
arrow) and food-cups (yellow arrow). It is worth mentioning
that in this in vitro assay, the cathepsin-mRNA expression
was not detected within amoeba.

After intranasal inoculation with trophozoites, these
were located in the lumen of the nasal cavity (Fig. 4b),
close to the respiratory epithelium cells. Trophozoites can
be visualized through the protein and mRNA of cathepsin
(green and red stain, respectively). For the protein distri-
bution, we firstly observed a light stain in the cytoplasm
of trophozoites (purple arrows). However, a more intense

@ Springer



3294

Parasitology Research (2022) 121:3287-3303

Q

mRNA-Cat B Cathepsin B DAPI

NF trophozoites

20 um

mRNA-Cat B Cathepsin B DAPI

Interaction
NF-PMN

o

mRNA-Cat B Cathepsin B DAPI

—
10 um

Respiratory epithelium
Infected

Fig.3 Expression of cathepsin B mRNA in N. fowleri trophozoites
(a) mRNA expression in trophozoites alone or interacted with PMNs.
mRNA expression in trophozoites alone was in nucleus and cyto-
plasm (upper panel, orange and turquoise arrow, respectively) and
protein was in pseudopods and food-cups (upper panel, brown and
yellow arrows, respectively), whereas mRNA in trophozoite-PMNs
interaction was in cytoplasm (lower panel, turquoise arrow) and pro-
tein was in membrane (lower panel, brown arrow). Under this treat-
ment, mRNA was outside the trophozoites in contact with PMNs

stain is detected in specific areas outside the amoeba (red
arrows). Regarding the cathepsin-mRNA, it is observed in
some cytoplasmic areas of the amoeba (turquoise arrows);
specifically we can also observe that this molecule is dis-
tributed through some areas alike small vesicles inside the
cytoplasm (blue arrows); apparently the mRNA is being
transported to the place where the protein was released.
All these events as well as the structures of both tropho-
zoites and respiratory epithelium are better visualized in
the magnification of the merge image (Fig. 4b).

The distribution of cathepsin mRNA (blue arrows) and
its protein (white arrows) in N. fowleri is depicted at differ-
ent levels that can be seen in greater detail on 3D images
(Fig. 4¢).
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Phase contrast

alone (lower panel, pink arrows) or co-localized with protein (lower
panel, gray arrows). (b) Histological sections from infected mice with
N. fowleri trophozoites. Trophozoites were in lumen of nasal cavity of
respiratory epithelium with mRNA expression and presence of cath-
epsin B (white and turquoise arrows, respectively). White boxes in
merge represent area of magnification. Yellow boxes in phase contrast
shown unstained trophozoites. L, lumen. RE, respiratory epithelium.
Images are displayed at 40x (scale bar, 20 pm) and 100x (scale bar,
10 pm)

Release of Cathepsin B from N. fowleri during PAM

As we observed that N. fowleri trophozoites released cathep-
sin B during the PAM infection model, evidenced by posi-
tive staining outside the trophozoites (Fig. 4, green stain-
ing), now we carried out ELISA and immunoblot assays in
order to confirm such release at 24, 48 or 72 h post-infection
(Fig. 5). Amoebas from these infected groups were recov-
ered from nasal passages and brain and their supernatants
were recovered as it was described in Methodology section,
while supernatant from control group was obtained from
trophozoites that had been kept in culture for a year.
Amoebas from direct culture as well as those trophozoites
isolated from brain and nasal passage at different times showed
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Fig.4 Release of mRNA and protein into extracellular medium by
N. fowleri trophozoites. (a) mRNA release by trophozoites interacted
with PMNs was localized in contact with PMNs alone or co-localized
with cathepsin B (turquoise and gray arrows, respectively), whereas
protein was in pseudopods a food-cups (brown and yellow arrows,
respectively). (b) In tissue sections of infected mice, trophozoites
expressed mRNA within small vesicles distributed in cytoplasm (blue

release of cathepsin B into the extracellular medium (Fig. 5a).
As we can observe, supernatants of amoeba culture recovered
from nasal passages and brain showed a gradual increase in
the release of this protein compared to control, being super-
natants of culture amoebae from the brain (48, 72 h) that had
the highest release of cathepsin B (***p <0.001) followed
by the culture recovered at 48 and 24 h from nasal passages
(**p<0.01 and *p <0.05, respectively).

After confirming the release of cathepsin B into extra-
cellular medium by ELISA assay, we identified the molecu-
lar weights corresponding to these released proteins of N.
fowleri by immunoblot assay (Fig. 5b). Three bands of 26,
30, and 37 kDa were detected in all extracellular mediums,
including the medium considered as control. Regarding the
intensity of the bands, there was a similar pattern that those
found in the ELISA results as the intensity of these bands
was stronger in supernatants of trophozoite culture recovered
from mice brains at 48 and 72 h after infection. Interestingly,
the GAPDH loading control was inducible and its recognition
and intensity was site and time dependent like cathepsin B.

arrows), but their release could not be observed, whereas cathepsin B
release was observed within small vesicles (red arrows). (¢) mRNA
and protein distribution shown in 3D images (blue and white arrows,
respectively). All 3D images were taken from the magnification of
figure b. L, lumen. C, cartilage. RE, respiratory epithelium. Images
are displayed at 40x (scale bar, 20 pm) and 100x (scale bar, 10 pm)

In addition, one more band was mice brain at 72 h after
infection of approximately 250 kDa was observed only in
supernatants of samples recovered from mice brain (72 h).
Afterward, we determined if there were significant differ-
ences in recognition given by the anti-SPCB-NF to 26, 30,
and 37 kDa protein bands through a densitometric analysis
(Fig. 5c I, 11, and III, respectively)). Consistently, all groups
showed significant differences compared to the control group
(*p<0.05, ¥**p <0.01 or ***p <0.001).

Cathepsin B inhibition

Finally, to determinate cathepsin B role during N. fowleri
infection, blocking assays were carried out where tropho-
zoites were incubated with anti-SPCB-NF antibody at two
dilutions (1:100 or 1:250) or with two protease inhibitors
(pHMB or E64) before infecting the groups of mice (Fig. 6).

In mice infected with trophozoites pre-incubated with
the anti-SPCB-NF antibody at dilutions of 1:100 or 1:250,
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Fig.5 Release of cathepsin B from N. fowleri during PAM. (a) Cul-
ture supernatants of amoebae recovered from nasal passages (NP)
or brain (B) were evaluated for cathepsin B release. All treatments
showed a significant increase compared to control of which culture
supernatants of B recovered trophozoites showed the highest release.
(b) Molecular weight analysis of secreted proteins. 26, 30 and 37 kDa
were the most immunogenic bands recognized in all treatments.

we obtained 20% and 60% of survival, respectively. The
period of died of mice that did not survive was within 11 to
21 days post-infection, whereas the mice that were infected
with trophozoites without antibodies died within 5 to 9 days
(Fig. 6a). When we analyzed the survival of infected mice
with trophozoites pre-incubated with each inhibitor, we
obtained 60% of survival with E-64. The period of died of
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GAPDH was used as a loading control. (¢) Densitometric analysis of
immunogenic bands evaluated with Image J software. (I) 37 kDa. (II)
30 kDa. (III) 26 kDa. All molecular weights evaluated by densitom-
etry showed higher recognition in all treatments compared to the con-
trol. Significant differences versus control are indicated as follows:
*p<.05, ##p <.01 or ***p <.001

mice that did not survive was also extended up to 20-24 days
post-infection. Interestingly, in mice infected with tropho-
zoites pre-incubated with pHMB, we obtained a 100% of
survival, whereas its control group also died within 5 to
9 days pos-infection (Fig. 6b).

When we evaluated the distribution of cathepsin B, as
well as its messenger in trophozoites preincubated with the
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Fig.6 Participation of N. fowleri cathepsin B during PAM. (a)
Trophozoites preincubated with anti-SPCB-NF antibodies provided
20 and 60% survival (1:100 and 1:250 dilutions, respectively). (b)
Trophozoites preincubated with pHMB provide 100% survival,
whereas E-64, 60%. (c) Integrity of trophozoites pre-incubated with
antibodies. In both antibody dilutions, cathepsin B distribution could
be observed in pseudopods and food-cups (brown and yellow arrows,

anti-SPCB-NF antibody (Fig. 6¢ green and red stain, respec-
tively), we observed that in both dilutions (1:100 and 1:250)
the distribution of cathepsin B was mainly in food-cups and
pseudopods (Fig. 6¢, yellow and brown arrows, respectively)
while messenger was located in nucleus and certain areas of
the cytoplasm (Fig. 6¢, orange and turquoise arrows, respec-
tively). mRNA stain from trophozoites incubated at 1:250 with
the antibody was also observed in a pseudopod (Fig. 6¢, brown
arrow). In the merge image, we observed the combination of
each molecule (protein and mRNA) stained in different tropho-
zoite structures.

When we evaluate the same molecules regarding their dis-
tribution, but now from trophozoites incubated with the inhibi-
tors (pHMB or E-64), we clearly observed that cathepsin B
was not detected in trophozoites incubated with pHMB inhibi-
tor, whereas a lightly stain alike a small vesicle is observed
when trophozoites were incubated with E-64 (Fig. 6d green
stain and merge, both white arrows).

On the other hand, the mRNA was located in trophozoites
treated with both inhibitors (Fig. 6d red stain), particularly
the mRNA stain was located in food-cups (yellow arrows)

Cathepsin B

Cathepsin B

mRNA-Cat B

—
10 ym

10 ym

mRNA-Cat B DAPI Phase contrast Merge

-

10 ym 10 ym

4
10 pm

respectively), whereas mRNA expression was in cytoplasm, nuclei,
and pseudopods (turquoise, orange and brown arrows, respectively).
(d) Integrity of trophozoites pre-incubated with pHMB or E-64.
Cathepsin B could not be located under any treatment, but messen-
ger was observed in food-cups and cytoplasm (yellow and turquois
arrows, respectively). Images are displayed at 100x (scale bar, 10 pm)

and cytoplasm (turquoise arrows). The distribution pattern
for each molecule is better observed in the merge images for
both inhibitors.

Discussion

In the present work, we evaluated the presence of cathep-
sin B protein as well as mRNA expression; in both cases
we analyzed the distribution pattern within trophozoites of
N. fowleri either in vitro or in vivo. In addition, this is the
first time that the release of cathepsin B to the extracellular
medium during different stages of the PAM is reported.

We determined the presence of cathepsin B in fixed
trophozoites where we observed a punctual stain distributed
throughout the cytoplasm.

In general, cathepsin B is the major representative of the
CPs and is present in endosomal/lysosomal compartment of
all types of cells under normal physiological conditions and
is primarily involved in routine turnover of both intracellu-
lar and extracellular proteins, thus maintaining homeostatic
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metabolic activity within cells where the acidic environment
stimulates its activation (Kirschke et al. 1995; Hazen et al.
2000; Cavallo-Medved et al. 2011; Mort and Buttle 1997).

Here, we described that cathepsin B was distributed in
several areas of the cytoplasm from trophozoites non-stim-
ulated; however, when trophozoites were stimulated with
PMNe, the protein predominated mainly in pseudopods and
food-cups. Seong et al. (2017) also observed the locations of
cathepsin B (NfCPB) and L (NfCPL) proteins in N. fowleri
trophozoites non-stimulated using the same technique
(immunocytochemistry assay). In this case, the proteins
were detected with monoclonal antibodies (McAb) where
both enzymes were in the cytoplasm, particularly in the
pseudopodia and food-cup of the amoebas. The differences
observed between the distribution of cathepsin B reported
by Seong et. al. (2017) where they located the protein in
the membrane of non-stimulated trophozoites regarding our
results, where we found it in the cytoplasm, might be to the
specific conditions of the cultures such as the medium in
which the trophozoites were kept, time between harvests (log
phase of growth) or any other stimulus due to the manipula-
tion of trophozoites before they were fixed.

Furthermore, we must highlight the difference with the
antibodies used in the present work. We employed poly-
clonal peptide antibodies produced in rabbit where peptides
used for immunization were evaluated with factors such
as protein homology through phylogenetic analysis of the
amino acid sequence of cathepsin B of different organisms
and by using comparative modeling and molecular dynam-
ics simulation (Fig. 1a). In general, peptide antibodies are
usually of high specificity and affinity and have the advan-
tage that the antigenic target is already well-defined (Trier
etal. 2012, 2019). Their applications to multiple targets have
emerged as powerful tools in research, diagnostics, vaccine
development, and therapeutics (Trier et al. 2012). On the
other hand, the reason why distribution of cathepsin B was
localized mainly in membrane prolongations (pseudopods
and food-cups) may be related to trophozoites defense
against PMNis attack, since it has been suggested that cath-
epsins present on cell surface participating in pathogenesis
(Betanzos et al. 2019; Lee et al. 2014). Particularly, it has
been reported that the main functions of pseudopods include
locomotion, cell communication, and nutrient uptake, while
food-cups are involved to adhesion and trogocytosis (Allena
2013; Marciano-Cabral and Cabral 2007). The increased dis-
tribution of cathepsin B in the trophozoites membrane may
be involved in surface modifications in response to the stim-
ulus with PMNs, since we clearly observed a distribution
change of cathepsin B in these trophozoites, unlike the stain
observed in non-stimulated trophozoites, which was mainly
in cytoplasm (Fig. 2). It has been described that cathepsin
B is involved in plasma membrane retrieval, cell adhesion
and signaling processes (Kos et al. 2009; Yadati et al. 2020).
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Little is known about the molecular mechanisms used by
N. fowleri to adhere and invade the host nasal epithelium;
however, some studies in vitro have proposed that N. fowleri
proteases including cathepsin B could be involved in these
processes; for example: degrading mucins via a proteolytic
mechanism (Cervantes-Sandoval et al. 2008; Martinez-Cas-
tillo et al. 2017), hydrolyzing several human proteins such
as IgA, IgG, IgM, collagen, fibronectin, hemoglobin, and
albumin (Lee et al. 2014), cleaving MDCK tight junction by
degrading ZO-1 and claudin-1 (Shibayama et al. 2013) and
extracellular matrix components (Vyas et al. 2015).

In the present study, we suggest that cathepsin B could
be participating in such molecular mechanisms in an in vivo
mouse model as we detected trophozoites positive for cath-
epsin B in the lumen of nasal cavity, close to apical region of
epithelial cells, just before trophozoites contact respiratory
epithelium and in lamina propria of olfactory epithelium
(Fig. 2b). Here, cathepsin B would actively participate in
adhesion and migration of trophozoites, favoring their access
through different tissues.

We also located mRNA to cathepsin B predominantly
in nucleus and cytoplasm of N. fowleri trophozoites kept
in culture, probably being translated into protein to partici-
pate as a virulence mechanism. This is possible because N.
fowleri cytoplasm presents various ribosomes either free
along cytoplasm or associated with the membrane that form
the rough endoplasmic reticulum (Martinez-Castillo et al.
2016), where this mRNA could be translate to protein cath-
epsin B in different sites of amoebae as we also observed in
these trophozoites where the presence of this protein was
evidenced in pseudopods and food-cups structures (Fig. 3a).

When trophozoites were incubated with PMNs, cath-
epsin-mRNA and its protein were observed not only in
the membrane or cytoplasm but also outside of trophozo-
ites contacting PMNSs. It has recently been confirmed that
mRNA can be released into extracellular medium in vesi-
cles association or as RNA—protein complexes (Blenkiron
et al. 2016; Ghosal 2018; Ghosal et al. 2015). Like cellular
RNA, secreted RNA is thought to be involved in a variety of
functions including defense, cell-to-cell communication, and
altered behavior of nearby or distant cells (Blenkiron et al.
2016; Domenech et al. 2016; Ghosal et al. 2015; Koeppen
et al. 2016).

In vivo, 24 h pos-infection we identified trophozoites
expressing cathepsin B either in the lumen of RE or in EO
epithelial cells. Interestingly, we found trophozoite cathepsin
mRNA in vesicles distributed throughout cytoplasm appar-
ently being transported to the site where cathepsin B will be
secreted into small vesicles close to respiratory epithelial
cells. Extracellular vesicles (EVs) can be released by dif-
ferent microorganisms such as bacteria, fungi, nematodes,
and protozoa (de Souza and Barrias 2020; Wu et al. 2018).
The content EVs can include lipids, proteins, or genetic



Parasitology Research (2022) 121:3287-3303

3299

material (Wu et al. 2018). On the other hand, EVs can help
microorganisms to interact with their environment, nutrient
uptake, participate in infectious processes contributing to
virulence factors release and immune response modulation,
which favors their adaptation and survival in hostile envi-
ronments (Gongalves et al. 2018; Mantel and Marti 2014;
Schwechheimer and Kuehn 2015). It has been reported that
cathepsins are among the virulence factors released within
EVs, which are related to the pathogenesis of different
microorganisms (Dudley et al. 2008; Ocadiz et al. 2005;
Schorey and Harding 2016) by participating in establish-
ment, maintenance, and exacerbation of infection (McKer-
row et al. 2006). This is probably one of the reasons why
N. fowleri could be evading the immune response to favor
its migration and establishment in the host. However, more
in vivo studies must be carried out to determine the role of
cathepsin B in PAM disease.

On the other hand, when we analyzed by ELISA and
immunoblot assays the protein release at 24, 48 and 72 h
post-infection, we found the presence of the enzyme mainly
in the supernatants of trophozoites recovered from both
nasal passages and brain. Apparently, cathepsin B release
is progressively higher as the time after infection was
increased. Although it is important to mention that at 24
and 72 h after inoculation, the amoebas could not be recov-
ered from brain and nasal passages, respectively. With these
results, we suggest that cathepsin B could be participating in
the initial stages of the infection contributing to the tropho-
zoites adhesion and migration from the nasal cavity to the
brain as well as in the tissue destruction. Surprisingly, the
GAPDH loading control showed a recognition pattern simi-
lar to that observed with cathepsin B. GAPDH is a house-
keeping enzyme considered as inducible proteins which are
present ubiquitously in most living beings. In addition to
performing essential metabolic functions, housekeeping
enzymes participate in pathogenesis enhancing virulence in
many pathogens. On the other hand, contact of pathogens
with host cells has been reported to result in the secretion of
pathogen GAPDH. Together the above makes them targets
for the development of new strategies to control the infection
(Pancholi and Chhatwal 2003).

Although tissue damage has not been reported in early
stages of PAM (Jarolim et al. 2000; John 1982; Martinez et al.
1973; Rojas-Hernandez et al. 2004), it is known that N. fowleri
has mucin-degrading proteases, elastases, lipases, hydrolases,
and phospholipases which could favor their survival and adhe-
sion to nasal epithelium together PAM development (Mar-
tinez-Castillo et al. 2017; Giiémez and Garcia 2021).

During trophozoite migration to the brain, it has been pro-
posed that they probably degrade tight junction components
such as Claudin-1 and ZO-1 (Shibayama et al. 2013) gaining
access through extracellular matrix (Marciano-Cabral and
Cabral 2007) through fibronectin and collagen degradation

(Siddiqui et al. 2016; Vyas et al. 2015). Finally, these pro-
teases have also been related to nerve cells destruction or
nutrient uptake (Klemba and Goldberg 2002; Marciano-
Cabral and Cabral 2007; Martinez-Castillo et al. 2015). We
clearly observed in our experiments of ELISA and immu-
noblot that cathepsin B is release into extracellular medium
with a significant increase when trophozoites reached the
brain.

Specifically, by immunoblot we observed that 37-, 30-,
and 26-kDa bands were recognized in all groups evaluated.
For 37 kDa band, it has been reported with mucinolytic
activity which can be inhibited by CPs inhibitors. Thus,
it has been associated with the evasion of host immune
response (Cervantes-Sandoval et al. 2008; Martinez-Castillo
et al. 2016). Moreover, it has been considered as an immu-
nogenic polypeptide band (Rojas-Hernandez et al. 2020).
Regarding to the 30 kDa band, it has been considered as a
CP which is secreted and degrades components of extracel-
lular matrix (Aldape et al. 1994; Siddiqui et al. 2016; Pifia-
Vézquez et al. 2012). For 26 kDa band, it has been reported
as a part of membrane protein profile of N. fowleri (Flores-
Huerta et al. 2020).

Other band found in this work was 250 kDa, band that
was observed in supernatants of trophozoites recovered
from mice tissue. Here we describe some characteristics
that have been attributed to this protein band. The 250-
kDa band has been considered with mucinolytic activ-
ity and capable of degrading collagen (Chavez-Munguia
et al. 2014; Martinez-Castillo et al. 2016); in addition,
immunogenic properties have been attributed to this poly-
peptide band capable to provide 80% protection in mice
immunized and challenged with lethal dose of N. fowleri
trophozoites (Castillo-Ramirez et al. 2021; Rojas-Hernan-
dez et al. 2020). The fact that our antibody recognized
different bands does not represent the lack of specificity of
our antibody. The specificity of antibodies is their ability
to recognize and bind to their target epitope. However, rec-
ognition of different bands may represent degradation of
proteins, proteins containing the target epitope, or cleav-
ages of post-translational modifications (Pillai-Kastoori
et al. 2020).

We found that trophozoites preincubated with antibod-
ies or two different inhibitors, pHMB or E-64, decreased
the mortality of infected mice. Anti- SPCB-NF antibodies
are probably inhibiting N. fowleri adhesion to nasal epithe-
lium of mice. In a similar study, Garcia-Rivera et al. (1999)
pre-incubated E. histolytica trophozoites with antibodies
directed against EhCP112 CP and found that these antibod-
ies inhibit trophozoites adhesion to erythrocytes or epithelial
cells. Campos-Rodriguez et al. (2004) observed that when
Acanthamoeba polyphaga is incubated with antibodies
purified from colostrum of healthy women, these antibod-
ies can inhibit adhesion of these amoebae to canine kidney
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cells (MDCK), whereas Fiori et al. (1997) observed that the
incubation of T. vaginalis with antibodies directed against
65 kDa CP reduces cytotoxicity in HeLa cells. In our work,
we observed at two different dilutions of our antibody, it is
obtained between 20 and 60% of survival. Clearly, we sug-
gest that cathepsin B participates during N. fowleri infection,
although future studies would need to determine the exact
role of this antibody anti-cathepsin to avoid the N. fowleri
adhesion process to epithelium. On the other hand, we also
observed that both E-64 and PHMB inhibitors increased the
survival from infected mice with trophozoites pre-incubated
with these inhibitors up to 60 and100%, respectively.

Aldape et al. (1994) previously had reported that E-64
completely inhibited protease activity at 1 uM in N. fowleri
trophozoites; thus, the degradation of the extracellular
matrix from R22 cells (derived from rat vascular smooth
muscle) was also inhibited. Moreover, E-64 caused decrease
in the activity of N. fowleri on the cytopathic effect of baby
hamster kidney cells (BHK). Martinez-Castillo et al. (2017)
demonstrated that E-64 partially inhibits the 94 kDa pro-
tein with mucinolytic activity, blocking the cell damage
of mucoepithelial cells (NCI-H292) caused by N. fowleri.
Finally, these authors showed that pHMB was capable
of totally blocking mucinolytic activity of the proteases
secreted by N. fowleri.

The differences in the inhibitory effect of pHMB com-
pared to E-64 may be due to the number of substrates related
to each inhibitor. It is known that within the substrates
related to pHMB are CPs (cathepsins B, C, F, H, K, L, O,
S, V, X, and W), but also some serine proteases and metal-
loproteases that have groups thiol while E-64 is a specific
inhibitor of CPs which include cathepsins B, H, and L. (Bar-
rett and Brown 1990; Wadhawan et al. 2014).

On the other hand, E64 is not able to effectively penetrate
the membrane (Wilcox and Mason 1992) although it can be
taken up by pinocytosis acting mainly against surface-bound
CPs or against proteins within phagolysosomes but may be
less effective against CPs activated at other sites inside or
outside cells. Nowak et al. (2004) reported that E. histol-
Ytica is capable of developing resistance to the effect caused
by E64 and this resistance is associated with the secretion
of pro-enzymes which can be activated in extracellular
medium. On the other hand, although some mechanisms
responsible for drug resistance in protozoan parasites have
been identified (Borst and Ouellette 1995; Cowman 1995;
Pérez-Victoria et al. 2002) including decreased influx or
acceleration of drug egress the specific processes by which
E64 is eliminated are unclear. Finally, the morphology of N.
fowleri trophozoites after being incubated with E64 showed
the appearance of a network of fibril-like structures distrib-
uted throughout the cytoplasm, which could reflect loss of
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shape in the trophozoites morphology as we can clearly see
in Fig. 6d. These changes in cytoplasm of N. fowleri tropho-
zoite probably reduce its ability to adhere to the nasal epi-
thelium of mice and therefore the infection.

N. fowleri shows great activity in synthesis and presence
of cathepsin B because it was found in cytoplasm and mem-
brane, in addition to the fact that both the messenger and
protein can be released into the extracellular medium. All
the above suggest that this enzyme actively participates in
metabolism, nutrient uptake, and as a virulence factor during
N. fowleri infection. Finally, as they are considered highly
immunogenic proteins, their inhibition caused high survival
rates, which makes them important targets for the develop-
ment of drugs or vaccines.
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