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Abstract 

Background  Extracellular vesicles (EVs) are spherical membrane particles released by prokaryotic and eukaryotic 
cells. EVs produced by pathogenic organisms are known to play a role in host-pathogen interactions; however, 
despite some reports on Naegleria fowleri EVs, their potential role in inducing cytopathic effects remains poorly under‑
stood. In this study, we evaluated the role of N. fowleri EVs in contact-independent pathogenic mechanisms.

Methods  Extracellular vesicles were characterized via transmission electron microscopy, nanoparticle tracking analy‑
sis, SDS-PAGE, mass spectrometry, Western blotting, and zymography. EVs internalization by trophozoites and MDCK 
epithelial cells was also determined. Finally, mammalian cells were coincubated with EVs to evaluate haemolytic activ‑
ity, epithelial paracellular ionic permeability alterations, and necrosis.

Results  Naegleria fowleri extracellular vesicles, ranging from 82.5 to 576.5 nm in size, were isolated, with a mean 
of 216.8 nm and a mode of 165.3 nm. Proteomic analysis identified 1006 proteins in the EVs, including leishmanolysin, 
a protein associated with pathogenic mechanisms such as adhesion and enzymatic processes. The proteolytic activ‑
ity of EVs was found to be primarily due to serine protease. Furthermore, EVs were internalized by both trophozoites 
and MDCK cells. Additionally, EVs exhibited haemolytic activity in erythrocytes as well as increased ionic permeability 
and necrosis in MDCK cells 24 h postinteraction.

Conclusions  Naegleria fowleri EVs exhibit proteolytic and haemolytic activity and are internalized by trophozoites 
and MDCK epithelial cell monolayers, increasing the ionic permeability of the monolayer and inducing necrosis. Fur‑
thermore, these vesicles contain molecules associated with pathogenic processes such as leishmanolysin. Our results 
suggest that EVs facilitate paracellular invasion, migration, and damage caused by trophozoites and play a significant 
role in pathogenic processes as part of a contact-independent mechanism, which, in conjunction with a contact-
dependent mechanism, enhances our understanding of the pathogenicity exhibited by this amphizoic amoeba dur‑
ing its invasion of target tissues.
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Background
Naegleria fowleri is a thermophilic and ubiquitous pro-
tozoan found in air, soil, and warm waters that plays 
a significant role in the biological control of bacte-
rial populations and contributes to the enrichment of 
soil with nitrogen and phosphorus, which are essential 
nutrients for plants. The life cycle of this protozoan con-
sists of three stages: the trophozoite stage, which is the 
feeding, motile, and reproductive stage; the temporary 
flagellar stage, which occurs in response to sudden envi-
ronmental changes; and the resistant cystic stage [1–3]. 
Naegleria fowleri is also known as an amphizoic amoeba 
because of its ability to exist freely in nature and as a 
parasite. In humans, it is the causative agent of primary 
amebic meningoencephalitis (PAM), an acute and fulmi-
nant haemorrhagic infection that is usually reported in 
children and young adults who were recently exposed to 
contaminated water. PAM is characterized by a mortal-
ity rate of approximately 95%, which is attributed to the 
acute nature of the infection, delays in diagnosis, and 
lack of effective treatments [2–5]. The Naegleria fowleri 
trophozoite enters through nasal passages, adheres to 
the nasal epithelium, crosses the cribriform plate via the 
olfactory nerves, and spreads to the olfactory bulbs [3–6].

To date, the pathogenic mechanisms carried out by 
these protozoa during their invasion of target tissues, 
including contact-dependent and -independent mecha-
nisms, have been partially described. In vitro studies have 
shown that amoebae adhere to cells via glycoproteins 
with mannose residues and then migrate toward tight 
junctions, altering ZO-1 and claudin-1 proteins. Finally, 
amoebae invade other tissue areas where they carry out 
phagocytic processes through amoebostomes, events 
known as contact-dependent mechanisms [5–8]. Reports 
on the contact-independent pathogenic mechanisms 
of N. fowleri include the secretion of proteases with 
mucinolytic activity [9], cysteine proteases that disrupt 
tight junctions [10], pore-forming proteins [11, 12], and 
the release of electron-dense granules [13].

All types of cells, including protozoa, release EVs, 
which are defined as spherical particles surrounded by a 
lipid bilayer containing complex molecules that actively 
participate in intercellular communication; regarding 
pathogens, EVs facilitate the transfer of virulence fac-
tors [14, 15]. EVs are classified into three main subtypes 
depending on their size and biogenesis: exosomes (30–
150 nm) generated from multivesicular bodies; microves-
icles or ectosomes (100–1000 nm), formed by budding or 
evagination of the plasma membrane; and apoptotic bod-
ies, which form during cell apoptosis [16].

Analysing the role that EVs play in other extracel-
lular parasitic protozoa, it has been reported that EVs 
released by the highly adherent Trichomonas vaginalis 
strain can increase the adhesion of strains with low 
adhesive capacity [17]. In addition, de Souza Gonçalves 
et al. [18] reported that Acanthamoeba castellanii EVs 
induce necrosis in the Chinese hamster ovary (CHO) 
cell line, whereas A. culbertsoni EVs induce haemoly-
sis [19]. Naegleria fowleri secretes EVs, which exhibit 
immunomodulatory effects on various cells [20–24]; 
however, whether they induce any cellular damage has 
yet to be demonstrated.

In this study, N. fowleri (ATCC 30808) EVs were char-
acterized by their morphology, proteomic and proteo-
lytic profiles, intraspecies interactions, and interspecies 
interactions with both MDCK cells and trophozoites 
after their internalization, which may play a role in 
transferring virulence factors and facilitating commu-
nication. Moreover, the EVs induced a cytopathic effect 
on erythrocytes and MDCK epithelial cells, suggesting 
an important role in contact-independent pathogenic 
mechanisms.

Methods
Naegleria fowleri culture
The reference strain of N. fowleri (ATCC 30808), which 
has been maintained with high virulence through serial 
mouse passages, was used in this study. Cultures were 
grown in 75-cm2 culture flasks containing 2% bactocasi-
tone medium supplemented with 10% fetal bovine serum 
(FBS) and 1% antibiotics (penicillin-streptomycin) at 
37  °C. All assays were performed using trophozoites in 
the exponential growth phase.

Obtaining extracellular vesicles
EVs were obtained from 90% confluent amoebic cul-
tures containing approximately 14 × 106 trophozoites 
per 75-cm2 flask. Briefly, bactocasitone medium supple-
mented with FBS was removed from the cultures, and 
the flasks were washed with sterile PBS (pH 7.4). Then, 
8 ml of bactocasitone medium, free of FBS and antibiot-
ics, was added, and the cultures were incubated at 37 °C 
for 24 h. This incubation period ensured optimal condi-
tions for the trophozoites and maximized EVs harvest, 
a method previously used with other Naegleria strains 
to obtain vesicles [20]. Depleting FBS prevents vesicle 
contamination [16]. Subsequently, EVs were recovered 
according to Sierra-López et al. [19]: after 24 h, the cul-
ture supernatant was sequentially centrifuged at 400×g 
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for 10  min to remove trophozoites and then at 1300×g 
for 10  min to eliminate cellular debris. The supernatant 
was filtered through a 1.2-µm pore membrane and cen-
trifuged at 16,800×g for 40 min at 4 °C. The resulting EVs 
pellet was washed twice with PBS.

Characterization of extracellular vesicles
Transmission electron microscopy (TEM)
EVs were observed by negative staining, following the 
standard method previously described [19]. Secreted EVs 
(5 μl) were pipetted onto the surface of Formvar-coated 
copper grids (400 mesh). The samples were dried with fil-
ter paper and stained with 2.5% uranyl acetate for 20  s. 
Grids were air-dried and carbon-coated in a vacuum 
evaporator (JEE400, JEOL Ltd., Tokyo, Japan). The sam-
ples were examined using a JEM-1011 transmission elec-
tron microscope, a Gatan Orius SC1000A1 camera, and 
Gatan Digital Micrograph software version 2.30.542.

Nanoparticle tracking analysis (NTA)
For NTA, EVs were diluted 1:2000 in 0.22-µm mem-
brane-filtered PBS. A NanoSight NS300 equipped with 
an sCMOS camera and NTA 3.2 software (Dev Build 
3.2.16) were used to determine the EVs concentration 
and size distribution. The detection threshold was set to 
8, the camera level was set to 13, and the defocus distance 
and maximum hopping distance were set automatically. 
Triplicate measurements were performed at 25 °C.

Observation of EVs released by N. fowleri trophozoites
To confirm the release of EVs by trophozoites and char-
acterize their morphology via TEM, the samples were 
processed as previously described [19]. Briefly, 1 × 107 
trophozoites were placed in a Petri dish in 10  ml  bac-
tocasitone medium without FBS and incubated for 2  h 
at 37  °C to promote amoeba adhesion. Afterward, the 
medium was recovered, and trophozoites and EVs were 
harvested by centrifugation at 16,800 × g for 40  min. 
The pellets were then fixed with 2.5% glutaraldehyde in 
0.1 M sodium cacodylate buffer (1 h), pH 7.2, followed by 
postfixation with 1% osmium tetroxide in 0.1 M sodium 
cacodylate buffer. The samples were dehydrated with 
increasing concentrations of ethanol, transferred to pro-
pylene oxide, and embedded in epoxy resin, which was 
polymerized at 60 °C for 24 h. Ultrathin sections (60 nm) 
were obtained, subsequently contrasted with uranyl ace-
tate and lead citrate, and finally observed under a Jeol 
JEM-1011 transmission electron microscope (JEOL Ltd., 
Tokyo, Japan).

Determination of the protein profile of N. fowleri trophozoites 
and EVs via SDS‑PAGE
Trophozoites and EVs were collected separately in PBS 
supplemented with a protease inhibitor cocktail (Roche, 
Cat. 11836153001) and then lysed by freeze-thaw cycles 
(5 for trophozoites, 3 for EVs). The samples were mixed 
with loading buffer containing β-mercaptoethanol (1:4) 
and boiled for 4  min. Twenty micrograms of EVs or 
trophozoite proteins were separated on a 12% polyacryla-
mide gel (100 V, 120 min).

Immunorecognition of N. fowleri EVs via Western blotting
Antigen detection in N. fowleri EVs via Western blotting 
was performed. Proteins separated by 12% SDS-PAGE 
were electrotransferred to PVDF membranes under 
semidry conditions (18  V, 60  min). The membrane was 
blocked with 5% fat-free milk in TBST for 1 h and incu-
bated overnight at 4  °C with rabbit anti-N. fowleri poly-
clonal serum (1:2500 dilution). After being washed with 
TBST, the membrane was incubated with alkaline phos-
phatase-conjugated goat anti-rabbit IgG (1:5000) (Invit-
rogen, Ref. 31340, USA) for 1.5  h at room temperature. 
The membrane was washed three times with TBST, and 
antigenic proteins were detected via Novex® AP chromo-
genic substrate (BCIP/NCP) (Invitrogen, Ref. WP20001, 
Life Technologies Corp., Carlsbad, CA, USA).

Liquid chromatography‑mass spectrometry (LC‑MS) analysis 
of N. fowleri EVs
EVs equivalent to 130  μg of protein were subjected to 
SDS-PAGE on a 12% gel and separated and concentrated 
into a small zone ~ 1 cm into the resolving gel; then, the 
gel was stained with Coomassie G-250 (Bio-Rad). The 
resulting band was cut under sterile conditions and sub-
jected to “in-gel” trypsin digestion [25, 26]. The gener-
ated tryptic peptides were separated on an HSS T3 C18 
column (Waters, Milford, MA); 75 μm × 150 mm, 100 A° 
pore size, 1.8  μm particle size; and a UPLC ACQUITY 
M-Class (Waters, Milford, MA). Mobile phase A con-
sisted of 0.1% formic acid (FA) in water, and mobile phase 
B consisted of 0.1% FA in acetonitrile with the follow-
ing gradient: 0 min, 7% B; 121.49 min, 40% B; 123.15 to 
126.46 min, 85% B; 129 to 130 min, 7% B; and a flow rate 
of 400 nl  min−1 at 45  °C on the column [27]. The spec-
tral data were acquired with a Synapt G2-Si mass spec-
trometer with electrospray ionization and ion mobility 
separation (Waters, Milford, MA) via a data-independent 
acquisition (DIA) approach in high-definition multi-
plexed MS/MS mode (HDMSE). The ionization was set 
with the following parameters: 2.75  kV in the sampler 
capillary, 30 V in the sampling cone, 30 V in the source 
offset, 70  °C for the source temperature, 0.5  bar for the 
nanoflow gas, and 150 l/h for the purge gas flow. The 
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precursor ions were fragmented in the transfer cell via a 
collision energy ramp from 19 to 55 eV.

The raw files containing MS and MS/MS spectra were 
analysed by ProteinLynx Global Server (PLGS) v3.0.3 
software [28] (Waters) via a target decoy strategy [29] 
against N. fowleri *. fasta database (obtained from Uni-
Prot, UP000444721, 13764 protein sequences). The 
parameters used for protein identification were as fol-
lows: trypsin as the cutting enzyme and one missed 
cleavage allowed; carbamidomethyl (C) as a fixed modi-
fication and oxidation (M), amidation (C-terminal), 
deamidation (Q, N), or phosphorylation (S, T, Y) as vari-
able modifications; peptide and fragment tolerance were 
set to automatic, minimum fragment ion matches per 
peptide: 2, minimum fragment ion matches per protein: 
5, minimum peptide matches per protein: 1, and false 
discovery rate at 1%. All identifications had a percent-
age of ≥ 95% reliability (Protein AutoCurate green). Gene 
Ontology analysis was performed via the PANTHER GO 
platform. The mass spectrometry proteomics data were 
deposited at the ProteomeXchange Consortium via the 
PRIDE [1] partner repository with the dataset identifier 
PXD059563.

Biological activity of EVs
Internalization of EVs by N. fowleri trophozoites
To determine whether EVs are internalized by N. fowleri 
trophozoites, TEM and confocal microscopy were 
performed.

The TEM assay procedure was performed in Petri 
dishes as previously described. To perform the confo-
cal microscopy experiments, purified EVs were stained 
red with the lipophilic dye Dil (3  µM) (Invitrogen, Ref: 
D3911, USA) for 10 min in the dark at room temperature, 
followed by two washes with PBS. In parallel, 2 × 106 N. 
fowleri trophozoites were placed in 500  µl of FBS-free 
bactocasitone medium on coverslips in 24-well plates 
and incubated for 30 min with the stained EVs (released 
by approximately 14 × 106 amoebae). The samples were 
subsequently fixed with 4% paraformaldehyde for 20 min 
and washed three times with PBS, and the nuclei were 
stained with DAPI (300  nM) (SIGMA, Ref. D9542, 
USA) for 10 min. Finally, the samples were mounted and 
observed through a confocal laser scanning microscope 
(Leica TCS SP8, Leica Camera, Wetzlar, Germany) and 
processed with Leica Microsystems CMS GmbH version 
3.5.21594.6.

Internalization of EVs from N. fowleri by Madin‑Darby Canine 
Kidney (MDCK) epithelial cells
To evaluate EVs internalization, MDCK epithelial cells 
(clone 7.15) were seeded to confluence on a coverslip 
in DMEM supplemented with 10% FBS and antibiotics. 

The cultures were incubated at 37 °C in a 5% CO2 atmos-
phere. After 24 h, the cells were washed three times and 
incubated for 2  h with serum-free DMEM before being 
exposed to Dil-stained vesicles for 30 min at 37  °C. The 
samples were then fixed with 4% paraformaldehyde and 
washed three times with PBS, and the nuclei were stained 
with DAPI (300  nM) (SIGMA, Ref. D9542, USA) for 
10 min. Finally, the samples were mounted and observed 
under a confocal laser scanning microscope (Leica TCS 
SP8, Leica Camera, Wetzlar, Germany), with images pro-
cessed with Leica Microsystems CMS GmbH version 
3.5.21594.6.

Evaluation of the proteolytic activity of N. fowleri EVs
Zymograms were generated to evaluate whether the EVs 
exhibited proteolytic activity. Briefly, 10  µg of protein 
from EVs and total extracts from trophozoites were sepa-
rated via 8% SDS-PAGE and copolymerized with 0.4% 
porcine skin gelatin. Electrophoresis was conducted at 
4 °C and 100 V for 2 h.

After electrophoresis, the gels were washed with a 1% 
Triton X-100 solution for 30 min with orbital agitation to 
remove the SDS. After being incubated overnight (12 h) 
in buffer containing 50 mM Tris-HCl and 10 mM CaCl2, 
pH 7.0, at 37  °C, the gels were washed with distilled 
water and stained with Coomassie Brilliant Blue R-250. 
Unstained areas of the gel represent proteolytic activity.

The EVs were incubated for 45 min at 37 °C with spe-
cific inhibitors prior to electrophoresis to identify the 
type of proteases in the vesicles: 2  mM phenylmethyl-
sulfonyl fluoride (PMSF) for serine proteases, 2  mM 
iodoacetamide (IA) for cysteine proteases, or 10  mM 
EDTA for metalloproteases.

The proteolytic activity of the different samples was 
compared via semiquantitative densitometric analy-
sis (ImageJ software). The assays were performed in 
triplicate.

Haemolytic activity of N. fowleri EVs
To analyse whether N. fowleri EVs could lyse eryth-
rocytes, haemolytic activity assays were performed 
according to those carried out by Pierson et al. [30] and 
Sierra-Lopez et  al. [19], who evaluated the haemolytic 
activity of Francisella novicida and A. culbertsoni EVs, 
respectively. The implemented method has the advan-
tages of being inexpensive, accessible, and simple to 
perform. If EVs cause haemolysis, haemoglobin (along 
with other erythrocyte constituents) is released into the 
supernatant, increasing the absorbance of samples, which 
was determined using a standard spectrophotometer 
[31]. Briefly, 40 µg of protein contained in EVs was added 
to 1 ml of PBS containing 2% human blood erythrocytes 
(Type O Rh +) in suspension, with or without a serine 
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protease inhibitor (2  mM). Erythrocytes incubated in 
PBS were considered the negative control, and erythro-
cytes in distilled water were considered the positive con-
trol. All samples were incubated at 37 °C for 4 h. Then, all 
samples were centrifuged at 1000×g for 2  min to elimi-
nate cells, and the absorbance of the supernatants was 
measured at 540 nm. The experiments were performed in 
triplicate. The formula used to calculate the haemolysis 
percentage is shown below:

Absorbance of the negative control = Absorbance of no 
haemolysis.

Absorbance of positive control = Absorbance of total 
haemolysis.

The effect of N. fowleri EVs on epithelial paracellular ionic 
permeability in MDCK cells
To determine whether EVs affect the paracellular ionic 
permeability of the MDCK cell line, transepithelial elec-
trical resistance (TER) was measured in monolayers 
exposed to EVs. MDCK cells are known to replicate key 
epithelial features, including the formation of a continu-
ous monolayer [32], tight junction development [33, 34], 
junctional complexes, plasma membrane polarity, and 
transepithelial transport [35, 36]. Furthermore, the devel-
opment and maintenance of tight junctions can be exper-
imentally evaluated by estimating TER when cultured on 
semipermeable supports [34, 36].

Briefly, 8.25 × 104 MDCK cells were cultured on Tran-
swell™ semipermeable inserts in DMEM supplemented 
with 10% FBS and antibiotics. The cultures were incu-
bated at 37  °C in a 5% CO2 atmosphere. After 48 h, the 
inserts were transferred to serum-free DMEM for 24 h, 
followed by incubation with 40 μg of N. fowleri EVs pro-
teins. Simultaneously, assays were performed with a 
serine protease inhibitor (2  mM PMSF) to assess the 
potential participation of these enzymes in TER modi-
fication. The TER of the monolayers was recorded with 
the EVOM2™ system. The experiments were performed 
in triplicate.

Analysis of induced cell death in the MDCK epithelial cell line 
by N. fowleri EVs
To determine whether EVs induce cell death, interac-
tions with the MDCK cell line were performed. Briefly, 
2.5 × 105 MDCK cells/cm2 were cultured on coverslips 
in DMEM supplemented with 10% FBS and antibiotics 
and incubated at 37  °C in a 5% CO2 atmosphere. After 

(

Absorbance of sample− Absorbance of no haemolysis

Absorbance of positive control − Absorbance of total haemolysis

)

× 100

48  h, the coverslips were incubated for 24  h in serum-
free DMEM. Subsequently, 40 μg of vesicle protein, with 
or without serine protease inhibitor (2 mM PMSF), was 
washed with PBS and added to the MDCK monolayers. 
As positive controls for apoptosis and necrosis, stauro-
sporine (1  μg/ml) [37] and 20  mM hydrogen peroxide 
were used, respectively.

At 24 h postinteraction, the monolayers were fixed with 
4% paraformaldehyde and processed to detect apoptosis 

or necrosis using an Annexin V-FITC/Propidium Iodide 
Detection Kit (Sigma-Aldrich, St. Louis, MO) following 
the manufacturer’s instructions. Finally, the samples were 
observed under a confocal laser scanning microscope 
(Leica TCS SP8, Leica Camera, Wetzlar, Germany), and 
images were processed with Leica Microsystems CMS 
GmbH version 3.5.21594.6. Necrotic cells were also quanti-
fied in at least three fields per condition (0.75×).

Statistical analysis
Statistical analysis was performed via GraphPad Prism 5.0 
software. One-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparison test was used to analyse 
the data. Values of P < 0.05 were considered statistically 
significant.

Results
EVs characterization
EVs from Naegleria fowleri (ATCC 30808) were isolated 
following the MISEV 2018 and MISEV 2023 guidelines [14, 
16]. Naegleria fowleri EVs were obtained 24 h postincuba-
tion of trophozoites in bactocasitone medium without FBS. 
TEM with negative staining revealed that the EVs exhibited 
a characteristic morphology: spherical particles delim-
ited by a membrane (Fig.  1A). NTA revealed that a total 
of 1.13 × 109 vesicles were released by 3 × 107 N. fowleri 
trophozoites, with a size distribution ranging from 82.5 nm 
to 576.5  nm. The average vesicle size was 216.8 ± 6.5  nm, 
and the mode was 165.3 ± 8.2 nm (Fig. 1B). Both TEM and 
NTA provided consistent results regarding the size of the 
EVs, with a broad size distribution suggesting the presence 
of a heterogeneous population of EVs.

Observation of EVs emission by N. fowleri trophozoites
Electron micrograph analysis revealed plasma membrane 
evaginations in N. fowleri trophozoites (Fig. 2A), suggesting 
the release of microvesicles. Additionally, the presence of 
multivesicular bodies within the cytoplasm of the tropho-
zoites were observed (Fig.  2B), which strongly suggests 
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Fig. 1  Analysis of extracellular vesicles of Naegleria fowleri. A Through TEM, EVs, which are delimited by a membrane, were observed. Scale 
bar = 250 nm. B EV size and concentration were determined using NanoSight NS300 equipment. A graphical representation of the size 
and concentration of extracellular vesicles released by trophozoites after 24 h of incubation is shown

Fig. 2  Probable release of extracellular vesicles by N. fowleri trophozoites. TEM. A Membrane evagination (arrowhead) suggests the formation 
of microvesicles. B Several structures, indicated by arrows, appear to be multivesicular bodies, which are cellular precursors involved in exosome 
secretion
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exosome production, as these structures are key intermedi-
ates in the biogenesis of these particles.

Protein profiling via electrophoresis and the evaluation 
of protein recognition via Western blotting
The protein profiles of N. fowleri trophozoites and EVs 
are shown in Fig. 3A. Both trophozoites and EVs con-
tain a broad range of proteins, with molecular weights 
ranging from 3 to 260  kDa, with some overlapping 
protein bands. However, notable differences in protein 
profiles between the two groups were observed. For 
example, a 32-kDa protein present in trophozoites was 
absent in the vesicles, whereas proteins with molecular 
weights of approximately 25  kDa, 35  kDa, and 38  kDa 
were significantly enriched in the EVs.

Western blot analysis using polyclonal anti-N. fowleri 
antibodies confirmed the presence of N. fowleri proteins 

in both trophozoites and EVs, further corroborating the 
observed differences. The Western blot results revealed 
a broader range of protein recognition in EVs, rang-
ing from 3 to 260 kDa, whereas protein recognition in 
trophozoites was predominantly confined to the range 
of approximately 20 kDa to 200 kDa (Fig. 3B). 

LC‑MS analysis of N. fowleri EVs
EVs secreted by N. fowleri trophozoites were analysed via 
mass spectrometry. A total of 1006 proteins were identi-
fied, of which 202 are still uncharacterized in the current 
UniProt database. The identified proteins were analysed 
on the PANTHER GO platform, which revealed that, 
within the protein class scheme, those with the highest 
prevalence were metabolite interconversion enzymes 
(23%), protein-modifying enzymes (19.3%), protein-
binding activity modulators (15%), translational proteins 

Fig. 3  Protein profiling and protein recognition of N. fowleri extracellular vesicles. A Coomassie blue staining. Protein bands ranging from 3 
to 260 kDa were observed; however, notable differences between the protein recognition patterns of trophozoites and extracellular vesicles were 
observed. B Western blot analysis. Different proteins were recognized between extracellular vesicles and trophozoites. Lane 1: Molecular weight 
marker. Lane 2: Naegleria fowleri extracellular vesicles. Lane 3: Naegleria fowleri trophozoite extract
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(12.9%), transporters (6.6%), cytoskeletal proteins (6.2%), 
membrane trafficking proteins (3.5%), chaperones (3.3%), 
scaffold/adaptor proteins (2.1%), and other protein 
classes with low prevalence but also important (8.1%) 
(e.g. RNA metabolism proteins, extracellular matrix 
proteins, calcium-binding proteins, defense/immunity 
proteins, transfer/carrier proteins, chromatin/chroma-
tin-binding proteins, regulatory proteins, DNA metabo-
lism proteins, gene-specific transcriptional regulators, 
cell adhesion proteins, intercellular signal molecules, and 
transmembrane signal receptors) (Fig. 4, Additional file 1: 
Fig. S1).

In addition, the molecular functions of 675 proteins 
were identified, proteins  with catalytic activity (41.8%), 
being the most prevalent, followed by binding proteins 
(34.5%) (Additional file 2: Fig. S2A). Regarding biological 
processes, 882 proteins were identified, 37.9% of which 
were associated with cellular processes and 30.2% with 
metabolic processes (Additional file 2: Fig. S2B). Finally, 
688 proteins related to cellular components were identi-
fied and classified into two categories: cellular anatomi-
cal entities (72.7%) and protein-containing complexes 
(27.3%) (Additional file 2: Fig. S2C).

Importantly, when consulting the list of proteins com-
monly reported in exosomes (http://​exoca​rta.​org/​exoso​
me_​marke​rs_​new), we found that N. fowleri vesicles con-
tain 6 proteins of the 32 most frequently reported pro-
teins (Additional file  3: Table  S1). Notably, 70-kDa heat 
shock protein (HSP 70) and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) are among the most frequently 
reported proteins in exosomes. Finally, proteomic analy-
sis revealed the presence of some biologically significant 
proteins, including leishmanolysin and members of the 
calpain family.

Biological activity of EVs
Internalization of EVs by N. fowleri trophozoites
To investigate whether N. fowleri trophozoites internal-
ize EVs, both confocal microscopy and transmission elec-
tron microscopy were performed. Confocal microscopy 
images revealed the presence of Dil-stained EVs within 
the cytoplasm of the amoebae, which appeared as distinct 
red puncta (Fig. 5A). This observation suggests the suc-
cessful internalization of EVs by trophozoites. The results 
were further supported by TEM, which provided higher 
resolution images showing the close proximity of EVs to 

Fig. 4  Main protein groups contained in the extracellular vesicles of Naegleria fowleri. Proteomic analysis of EVs, performed via the PANTHER GO 
platform, identified metabolite interconversion enzymes and protein-modifying enzymes as the most abundant protein groups

http://exocarta.org/exosome_markers_new
http://exocarta.org/exosome_markers_new
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the trophozoite surface. Notably, cytoplasmic extensions 
were observed reaching the EVs (Fig. 5B).

Internalization of EVs by MDCK cells
To assess the potential internalization of EVs by mam-
malian epithelial cells, experiments were conducted 
using the MDCK cell line and Dil-labeled EVs, which 
were visualized via confocal microscopy. After 30  min 
of interaction, EVs were observed within the cytoplasm 
of the MDCK cells (Fig.  6A). A control experiment was 
performed simultaneously, where the MDCK cells were 
processed under the same conditions but without the 
addition of EVs. The control images, shown in Fig.  6B, 
demonstrated the absence of puncta and red fluorescent 
signals within the cells, confirming that the fluorescence 
observed in Fig. 6A was due to the internalization of the 
labeled vesicles.

Proteolytic activity
Zymograms were generated to characterize the pro-
teolytic activity of N. fowleri EVs. The vesicles contain 
proteolytic enzymes, with molecular weights ranging 
from approximately 100 to 260 kDa. However, the total 
trophozoite extract contained enzymes with molecu-
lar weights ranging from 60 to 260  kDa. A significant 
depletion of proteolytic activity was observed when the 
samples were incubated with the serine protease inhibi-
tor (Fig.  7A, line 5). This decrease was confirmed by 
densitometric analysis (Fig. 7B).

Haemolytic activity
Haemolysis was assessed by incubating red blood cells 
with EVs and analysing the amount of haemoglobin 
released using a spectrophotometer [38]. The absorb-
ance values revealed a significant difference in the 

Fig. 5  Internalization of extracellular vesicles by Naegleria fowleri trophozoites. A Confocal microscopy revealed Dil-stained EVs in red 
within the cytoplasm of trophozoites, indicating internalization. Scale bar = 10 µm. B Transmission electron microscopy. Cytoplasmic extensions 
of N. fowleri trophozoites (arrowheads) are observed surrounding particles that are likely extracellular vesicles (arrows)
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Fig. 6  Internalization of extracellular vesicles by MDCK cells. Confocal microscopy. A Dil-stained EVs are observed within the cytoplasm of MDCK 
cells, indicating successful internalization. B No intracellular fluorescence signal was detected in the control culture. Scale bar = 10 µm

Fig. 7  Proteolytic activity of EVs and total trophozoite extract. A Unstained areas of the zymogram, ranging from approximately 60 to 260 kDa 
for trophozoites and 100 to 260 kDa for EVs, were observed, indicating gelatin degradation by proteolytic activity. B Zymogram densitometric 
analysis. A greater reduction in proteolytic activity was observed with PMSF
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percentage of haemolytic cells induced by N. fowleri 
EVs (mean: 24.8% ± SD 3.6) compared with that of the 
negative control, which presented a much lower value 
(mean: 4% ± SD 1.9). However, when EVs were incu-
bated with a serine protease inhibitor, the percentage 
of haemolytic cells remained similar (mean: 22.2% ± SD 
5.6), indicating that the presence of the protease inhibi-
tor did not significantly alter the haemolytic effect 
of the EVs (Additional file  4: Fig. S3). This increase in 
haemolysis by EVs suggests an important cytotoxic 
property.

Effect of N. fowleri EVs on the paracellular ionic permeability 
of MDCK cells
The transepithelial electrical resistance of monolay-
ers exposed or not exposed to EVs was measured. 
After 24  h of interaction, the TER decreased (mean: 
234.3  Ω ± SD 10) compared with that of the con-
trol (mean: 316.7 Ω ± SD 14.4), suggesting that EVs 
increase ionic flow through tight junctions. Nota-
bly, a similar result was observed when the EVs were 
incubated with a serine protease inhibitor (mean: 230 
Ω ± SD 8.6) (Additional file 5: Fig. S4).

EVs induce cell death in epithelial MDCK cells
To assess whether the vesicles induced cell death 
in MDCK cells, interactions were conducted under 
controlled experimental conditions. At 24  h postin-
teraction, no evidence of cell death was observed in 
the control group (Fig.  8A), indicating that the cells 
remained viable under the experimental conditions. 

However, when the MDCK cells interacted with EVs, 
there was clear evidence of necrosis (Fig. 8B), indicat-
ing that EVs may contribute to cellular damage. Addi-
tionally, EVs induced necrosis even when a protease 
inhibitor is present (Fig. 8C).

Necrotic cells were quantified from at least three 
visual fields of cells in each group. Significant differ-
ences were observed between the control cells and the 
MDCK cells exposed to EVs, regardless of the presence 
of the protease inhibitor (Fig. 8D). 

Discussion
Naegleria fowleri is the causative agent of PAM, an acute 
infection that primarily affects children and young adults, 
with a mortality rate exceeding 95%. Understanding 
the pathogenic mechanisms of this protozoan is essen-
tial for developing pharmacological strategies to treat 
this pathology. While several mechanisms involved in 
N. fowleri pathogenicity, such as adhesion, migration, 
phagocytosis, and extracellular vesicle secretion, have 
been partially characterized, the role of N. fowleri EVs 
in inducing cellular damage remains unexplored [6, 20, 
24]. This study describes the morphological, proteomic, 
and proteolytic features of N. fowleri (ATCC 30808) EVs. 
Furthermore, EVs were internalized by both trophozoites 
and MDCK cells, leading to an increase in ionic permea-
bility and necrosis 24 h postinteraction. Additionally, EVs 
also showed haemolytic activity in erythrocytes.

Vesicles were isolated from 24 h cultures, a time point 
that ensured both amoebic integrity and optimal EVs 
production [20]. These particles predominantly exhibited 
a spherical morphology with a lipid bilayer and diameters 

Fig. 8  Naegleria fowleri EVs induce necrosis but not apoptosis in MDCK cells. Apoptosis and necrosis were assessed through Annexin V (green) 
and propidium iodide (red) staining, respectively. A Control culture: no evidence of apoptosis or necrosis was observed. B MDCK cells underwent 
necrosis following interaction with EVs. C EVs induced necrosis in MDCK cells, even when they were incubated with PMSF. D Percentage of necrotic 
cells in cultures (*P < 0.05); n = 3. Bar = 20 µm
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ranging from 82.5 to 576.5  nm, a size range consistent 
with those reported for other N. fowleri strains [20, 21]. 
In addition, according to the literature [39], two likely 
EVs release pathways were observed via TEM (Fig.  2): 
direct budding from the trophozoite membrane and exo-
some release via multivesicular bodies.

Regarding the EVs content, SDS-PAGE revealed a pro-
tein profile that differed from that reported in previous 
studies, possibly because of variations in factors such as 
environmental amoebic culture conditions, vesicle isola-
tion methods, and the strain being studied [21]. Both our 
work and that reported by Retana et  al. [21] revealed a 
260-kDa protein, which is notably similar in size to the 
lectin reported in Entamoeba histolytica [40]. Further 
studies are needed to identify the protein correspond-
ing to this molecular weight. Additionally, future experi-
ments should modify electrophoresis conditions to 
detect a broader range of protein sizes, possibly by using 
an acrylamide gradient gel.

The protein profile of EVs varies significantly from that 
of trophozoites, likely because of selective packaging dur-
ing vesicle biogenesis [41]. In addition, the absence of 
certain trophozoite proteins in the vesicles could imply 
that these proteins are not involved in vesicle-mediated 
functions. The 25-, 35-, and 38-kDa proteins, which are 
highly concentrated in EVs despite their low expression 
in trophozoites, may be involved in host-pathogen inter-
actions or cellular communication.

Similarly, the results of our Western blot analysis dif-
fered from those reported by Retana et al. [21], since in 
this study EVs exhibited more bands recognized by anti-
N. fowleri antibodies. The presence of a wide variety of 
antigenic molecules in EVs released by N. fowleri further 
reinforces their role as virulence factors, as more than 
15 molecules involved in invasion, including mucolytic, 
adhesin, and lipolytic activities, among others, have been 
described [6]. EVs with antigenic molecules could be rel-
evant in the pathogenesis of PAM, a disease character-
ized by an intense host immune response that induces 
nasal epithelial damage and the penetration and invasion 
of deeper layers of the epithelium, allowing access to the 
central nervous system (CNS) [6, 42].

A total of 1006 proteins were identified in the EV 
analysis in this study, which is greater than the 184 pro-
teins reported for the EVs from a strain of N. fowleri 
isolated from a patient [21] and less than the 2270 pro-
teins reported by Russell et al. [23] for another N. fowleri 
clinical isolate. As previously mentioned, these differ-
ences could be explained by variations in EV isolation 
methods, strain virulence, or time and culture condi-
tions [21, 23]. Despite this, our proteomic results align 
with those previously reported by Russell et al. [23], who 
also identified metabolite interconversion enzymes and 

protein-modifying enzymes as the predominant protein 
classes in N. fowleri EVs.

Among the identified proteins, we also detected leish-
manolysin/GP63, a protein in Leishmania associated 
with virulence and pathogenesis [43]. This protein has 
multiple functions, including metalloprotease, adhesin, 
and COX-like activities [44]. Leishmanolysin-like pro-
teins have also been identified in parasitic protozoans 
such as A. castellanii, E. histolytica, Giardia duodenalis, 
and Trypanosoma cruzi [45]. Furthermore, leishmanoly-
sin-like proteins have been reported in A. culbertsoni 
EVs, which exhibit COX activity [19], as well as in Leish-
mania exosomes, which are relevant for the process of 
cutaneous leishmaniasis infection, suggesting that these 
proteins play a role in other parasites [46]. Although a 
leishmanolysin-like protein was recently reported in N. 
fowleri trophozoites [45], this study is the first to high-
light EVs leishmanolysin in this amphizoic amoeba. This 
discovery suggests that the protein may be involved in 
key pathogenic processes, including adhesion, enzymatic 
activity, and exacerbation of proinflammatory responses. 
COX may contribute to the exacerbation of inflammation 
by generating prostaglandins that amplify the inflamma-
tory response [47]. During N. fowleri infection, severe 
inflammation may be one of the main contributors to 
irreversible brain damage. These processes potentially 
contribute to the pathogenesis of PAM.

Nonetheless, although the presence of DNA in small 
vesicles from N. fowleri has been recently reported [24], 
determining the complete composition of genetic mate-
rial, lipids, and carbohydrates contained within EVs to 
elucidate their biological role is essential.

 Zymogram analysis demonstrated that the proteolytic 
activity of N. fowleri EVs was different from that observed 
in trophozoites, suggesting that protease secretion via 
EVs plays a key role in N. fowleri pathogenicity. Proteases 
are involved in the mucinolytic degradation of the olfac-
tory epithelium, facilitating adherence, invasion [6, 9], 
and degradation of the extracellular matrix [6, 48] and 
tight junction proteins such as ZO-1 and claudin-1 [8], 
processes in which EVs may be involved. In addition, the 
results also suggest that the vesicles mostly contain ser-
ine proteases, as evidenced by the decreased proteolytic 
activity upon the addition of the PMSF inhibitor. Our 
findings are consistent with those of previous reports on 
N. fowleri EVs, where the proteolytic activity of EVs was 
shown to be due mainly to their serine protease content 
[21].

Additionally, it has been reported that EVs move 
through the extracellular medium over time [49], play-
ing an important role in intraspecific communication. 
For example, EVs released by drug-resistant Leishmania 
strains carry resistance genes that can be transferred to 
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drug-sensitive strains [50]. In contrast, highly adherent T. 
vaginalis secretes EVs that, when interacting with poorly 
adherent strains, enhance their adhesion properties [17]. 
In our study, we demonstrated that N. fowleri vesicles 
can be internalized by trophozoites of the same spe-
cies, suggesting an intraspecific communication process, 
which could favor, among other factors, the transmission 
of virulence factors. EV-mediated communication can 
occur through various mechanisms, such as phagocyto-
sis by recipient cells, vesicle fusion with cell membranes, 
or activation of cellular receptors [51]. The observation of 
trophozoite membrane extensions surrounding extracel-
lular vesicles supports the hypothesis that intraspecies 
communication occurs via EVs phagocytosis.

Through confocal microscopy, we observed the inter-
nalization of N. fowleri EVs by MDCK cells, a finding 
consistent with previous reports showing the internaliza-
tion of EVs from other N. fowleri strains by mouse neuro-
blastoma cells [23], glial cells (C6), and microglia (BV-2) 
[22]. Specifically, it has been suggested that macrophages 
phagocytose EVs [20].

The PAMPs (pathogen-associated molecular patterns) 
expressed by N. fowleri are still unknown; however, it 
is possible that lipopeptidophosphoglycans or lectins, 
as observed in E. histolytica [52–54], may play a role in 
vesicle internalization. EVs PAMPs can be recognized 
by nonopsonic cell surface receptors [55]. Further stud-
ies are needed to elucidate the mechanism of vesicle 
internalization.

One of the most important findings of this study is that 
N. fowleri EVs can induce cellular damage, as the interac-
tion of EVs with human erythrocytes leads to their lysis. 
These results are consistent with findings from Pierson 
et  al. [30], who reported haemolytic activity in F. novi-
cida vesicles, and Sierra-López et al. [19], who reported 
similar activity in the EVs of the amphizoic amoeba A. 
culbertsoni.

In this study, the interaction of EVs with epithe-
lial cells was explored to determine whether EVs play a 
role in trophozoites facilitating crossing the epithelium 
prior to CNS invasion. Initially, it was determined that 
EVs decrease the transepithelial electrical resistance 
of monolayers, a result closely associated with amoeba 
pathogenesis, since Shibayama et  al. [8] reported that a 
decrease in TER in the MDCK monolayer increases per-
meability, facilitating the invasion of trophozoites via the 
paracellular route. Based on our findings, we suggest that 
EVs could participate in this process.

Total N. fowleri extracts induce cell death via necrosis 
and apoptosis in microglia [56], consequently, determin-
ing whether EVs participate in this process is important. 
The results of confocal microscopy suggest that MDCK 
cells undergo necrosis 24  h after interaction with EVs. 

This result differs from that reported by Lertjuthaporn 
et al. [20], who did not detect macrophage necrosis dur-
ing N. fowleri EVs interaction, probably because the EVs 
protein concentration (20  μg) was lower than that used 
in our work (40  μg). This finding corresponds with the 
observations of Goncalves et al. [18], who reported that 
the cytotoxic damage caused by A. castellanii EVs is dose 
dependent.

Following treatment with a serine protease inhibitor, a 
reduction in proteolytic activity was demonstrated in the 
zymograms; nonetheless, no reduction in the effects on 
haemolysis, transepithelial resistance, or cell death was 
observed. These findings suggest that other proteolytic 
factors may be involved in the observed cellular dam-
age. Members of the calpain family, calcium-dependent 
proteases detected in EVs, could contribute to the dam-
age observed in cell cultures. To further investigate the 
activity of these proteases, performing a zymogram with 
a casein substrate would be advisable [57]. In addition, 
phospholipases have been identified as cytolytic fac-
tors that contribute to cellular damage and are involved 
primarily in the breakdown of host proteins. This dam-
age mechanism is common in bacteria [58, 59] and 
protozoa [60, 61] and facilitates host iron acquisition. 
Naegleria fowleri proteases have been shown to degrade 
human iron-binding proteins, including hololactoferrin, 
holotransferrin, and haemoglobin [62]. As an aerobic 
microorganism that causes haemorrhagic meningoen-
cephalitis, N. fowleri is typically found near blood vessels 
via histopathological analyses [63]. This highlights the 
potential importance of the haemolytic activity observed 
in the EVs of amoebae in this study, which may be crucial 
for their pathogenicity.

Naegleria fowleri infection begins when trophozo-
ites enter the nasal cavity, adhere to the mucosa, cross 
the nasal epithelium, and migrate to invade the CNS. 
One of the relevant steps in this process is the adhesion 
of the amoeba to the host tissue, which likely triggers a 
cascade of cellular signals leading to the expression of 
proteins and/or proteases. These molecules are pivotal 
in facilitating amoeba invasion into surrounding tissues 
[5]. We hypothesize that EV proteins may contribute to 
disrupting the blood-brain barrier, inducing cytotoxic-
ity, and altering transepithelial resistance [10]. Addition-
ally, the reduction in TER indicates that the effects of EVs 
partially contribute to the mechanical and/or enzymatic 
processes suggested in A. castellanii, where pathophysi-
ological processes such as oedema and tissue architecture 
destabilization are determined [64].

Additionally, EVs may contribute to necrotic processes, 
facilitating amoebic invasion and proliferation in affected 
tissues. Our results suggest that the interaction of EVs 
with host cells contributes to the pathogenicity of these 
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amoebae, which provides an understanding of the role 
of EVs in PAM. However, further research is needed to 
identify the specific factors responsible for the cytotoxic 
damage observed in these cells.

Conclusions
Naegleria fowleri releases EVs of different sizes, which 
carry a wide range of proteins potentially involved in 
cell communication and virulence factor transfer, such 
as leishmanolysin. The internalization of these EVs by 
other N. fowleri trophozoites and MDCK epithelial 
cells reinforces these roles. Our results suggest that 
N. fowleri EVs play a role in pathogenic processes by 
inducing necrosis, increasing ionic paracellular per-
meability in MDCK cells, and causing haemolysis in 
human blood erythrocytes. However, further studies 
are needed to provide a more complete description of 
the role of the molecules contained in EVs in the patho-
genesis of PAM and to elucidate their involvement in 
previously described processes, highlighting their 
mucolytic, adhesive, lipolytic, and phagocytic activi-
ties owing to their role in invasive processes to target 
tissues.
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Additional file 1: Fig. S1. Main protein groups contained in the extracel‑
lular vesicles (EVs) of Naegleria fowleri. The proteins most frequently found 
in EVs were metabolite interconversion enzymes and protein-modifying 
enzymes. The ’other proteins class’ category included the following: RNA 
metabolism protein (1.8%), extracellular matrix protein (1.4%), calcium-
binding protein (1.3%), defense/immunity protein (1.3%), transfer/carrier 
protein (0.8%), chromatin/chromatin-binding or regulatory protein (0.6%), 

DNA metabolism protein (0.3%), gene-specific transcriptional regulator 
(0.3%), cell adhesion protein (0.1%), intercellular signal molecule (0.1%) 
and transmembrane signal receptor (0.1%). The data were analysed using 
the PANTHER GO platform.

Additional file 2: Fig. S2. Gene Ontology analysis performed via PANTHER 
GO revealed terms associated with extracellular vesicles. (A) Molecular 
function terms. Among these terms, the following were enriched: catalytic 
and binding activities. The other molecular function terms were molecular 
adaptor activity (1.3%), translation regulator activity (1.2%), antioxidant 
activity (0.7%), electron transfer activity (0.4%), transcription regulator 
activity (0.3%), molecular transducer activity (0.3%), and cytoskeletal motor 
activity (0.1%). (B) Biological processes. In this graphic, proteins associated 
with cellular and metabolic processes stand out. The other biological pro‑
cess terms were developmental process (1.7%), multicellular organismal 
process (1%), homeostatic process (0.8%), locomotion (0.2%), pigmenta‑
tion (0.2%), detoxification (0.1%), reproduction (0.1%), and reproductive 
process (0.1%). (C) Cellular components.

Additional file 3: Table S1. Proteins contained in Naegleria fowleri extracel‑
lular vesicles commonly reported in exosomes (ExoCarta: Exosome 
markers).

Additional file 4: Fig. S3. Haemolytic activity of extracellular vesicles (EVs). 
The absorbance results of the samples revealed a significant difference in 
the percentage of haemolytic cells in the presence of EVs compared with 
that of the negative control; however, there was no significant difference 
between the experimental groups of EVs with and without protease inhib‑
itors. Negative control (-) erythrocytes in PBS. Positive control (+) erythro‑
cytes with distilled water. The data were analysed using one-way ANOVA 
followed by Tukey’s post hoc test. The error bars represent the standard 
deviation of the mean. Asterisks indicate significant differences between 
the experimental groups and the control group (*P < 0.05). n = 3.

Additional file 5: Fig. S4. Effect of Nagleria fowleri extracellular vesicles 
(EVs) on the paracellular ionic permeability of MDCK cells. Transepithelial 
electrical resistance (TER) measurements were used to assess the ionic 
permeability of the paracellular pathway in the epithelium experimentally. 
Twenty-four hours after interaction, there was a significant decrease in 
the TER when MDCK cells interacted with N. fowleri EVs. These findings 
suggest that EVs increase paracellular ionic permeability. The data were 
analysed using one-way ANOVA followed by Tukey’s post hoc test. The 
error bars represent the standard deviation of the mean. Asterisks indicate 
significant differences between the experimental and control groups (*P 
< 0.05). n = 3.
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