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Abstract

Received: 22 March 2024  Naegleria fowleri, a brain-eating amoeba, thrives in lakes and rivers with aquatic vegeta-
Accepted: 10June 2024 tjon and causes primary amoebic meningoencephalitis (PAM) in humans. Most recently,
it has become such a serious problem that N. fowleri was detected in tap water in Hous-
*Correspondence  ton, USA. Several pathogenic factors are considered very important to destroy target
(Sung@astate.edu) cells in the brain. In particular, the food-cup where N. fowleri antigen-1 (Nfa1) is located,
is strongly expressed in pseudopodia involved in the movement of N. fowleri, and is in-
volved in phagocytosis by attaching to target cells. In this article, we reviewed the role of
the Nfa1 protein and its associated pathogenicity. The nfal gene was cloned by cDNA
Ciation library immunoscreening using infection serum and immune serum. Nfal protein is
Kim JH, Sohn HJ, Shin HJ, Walz SE, Jung sy.  mainly distributed in pseudopodia important to movement and vacuoles. Moreover, heat
Understanding the pathogenicity ~ shock protein 70, cathepsin-like proteare and Nf-actin are also associated with pseudo-
of Naegler "’K;"gﬁl':;:;;ce'zt'f&‘g';;‘ podia in which Nfa1 is localized. Interestingly, the amount of the nfa? gene changed as
Parasites Hosts Dis 2024:62(4):385-398.  N. fowleri trophozoites transformed into cysts. Polyclonal antiserum against Nfa1i
showed a protective effect against cytotoxicity of approximately 19.7%. Nfa1-specific
IgA antibodies prevent N. fowleri trophozoites from adhering to the nasal mucosa, de-
laying invasion. The nfa7-vaccinated mice showed significantly higher levels of Nfa1-
specific antibody. The duration of anti-Nfa1 IgG in the vaccinated mice lasted 12 weeks,
strongly suggesting that nfa is a significant pathogenic gene and that Nfa1 is a patho-
genic protein. Several factors related to pseudopodia and locomotion have been linked
to Nfal. A clearer function of N. fowleri targeting nfa7 with other genes might enable tar-

get-based inhibition of N. fowleri pathogenicity.
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Introduction

Naegleria fowleri lives in lakes and rivers where aquatic plants exist and causes primary
amoebic meningoencephalitis (PAM) in humans and experimental animals via the nasal
passages [1-3]. Recently, a person in USA has been infected with N. fowleri from tap water;

© 2024 The Korean Society for -~ Texas authorities are warning residents in some communities near Houston to stop using
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tap water because it could be contaminated with this deadly brain-eating microbe [4]. If
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Non—Lommcr_aal License (hllps://cr.ealwcm"_]’ ter is daInaged, it may StiH be fOllIld in tap water in the future.
mons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution,  Ngegleria fowleri produces severe disease very quickly, causing PAM, and is usually fatal
and reproduction in any medium, provided the

original work is properly cited.  Within 2 weeks [5,6]. Non-pathogenic N. gruberi also exists but does not cause any disease

the concentration of chlorine used for water purification is very low or the purification fil-
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in humans or experimental animals [7]. Therefore, N. fowleri is the only pathogenic species
among Naegleria spp. and is known to have stronger phagocytosis, movement, and cyto-
toxicity in terms of pathophysiology than non-pathogenic N. gruberi [8,9].

Fewer than 100 review papers have been published on the N. fowleri pathogenicity, but
recently, analysis of the full genome has identified pathogenicity and several other impor-
tant genes [10]. Several pathogenic factors that are considered very important to destroy
target cells in the brain are listed in Table 1 [10,11]. In particular, food-cup where N. fowleri
antigen-1 (Nfal) is located, is strongly expressed in pseudopodia involved in the move-
ment of N. fowleri (Fig. 1), and is involved in phagocytosis by attaching to target cells. After
N. fowleri attaches to a target cell, many proteolytic enzymes are secreted to aid in phago-
cytosis. Therefore, pseudopodia are believed to play a very important role in the contact-
dependent pathogenic pathway of N. fowleri [12,13]. In this study, we demonstrated that
Nfal as pathogenic factor, immunization with recombinant Nfal protein, DNA vaccine
expressing Nfal, host cell invasion by various proteins, nf-actin gene as contact dependent
mechanism, nfal gene in N. fowleri encystation and transcriptome profiling, and suggested
directions for future research related to N. fowleri pathogenicity.

Identification of nfa7 gene/Nfa1 protein using infection and
immune sera

Generally, when separating serum by electrophoresis, serum can be separated into albu-
min, alpha-1 globulin, alpha-2 globulin, beta-globulin, and gamma-globulin [14]. The
terms “infection” or “immunity” are generally not used to preface the term “serum.” How-
ever, our research team has used N. fowleri “infection” and “immune” sera separately. Infec-
tion serum is the serum obtained from the orbital artery or heart when N. fowleri is used in
experimental animals (e.g., BALB/c mice) before the mice die due to infection [15]. Im-
mune serum is serum obtained from the orbital artery or heart about 4 to 6 weeks after in-
jecting lysates obtained by lysing N. fowleri (lysate pellets removed by centrifugation) into
the peritoneal cavity of an experimental animal. N. fowleri can infect the cerebrum via the
olfactory nerve, and infection serum can be obtained through an immune response caused

Table 1. Major pathogenic factors of N. fowleri [10,11]

Food-cup

Heat-shock protein 70 (HSP70)

Elastase

subunit
Nfa1

Cathepsin B

Cytoskeleton (e.g., actin)

Naegleriapores (Naegleria pore-forming proteins) - Induces invasion of Naegleria and destroys host cells

High mobility group protein (HMG) 26S proteasome - Expression increases when N. fowleri moves through the mouse infection route

- Direct attachment

- Involved in the release of soluble substances produced from Naegleria

- Involved in regulating the host’s immune system, including protein folding, responses to
amoeba survival

- Plays a role in amoeba-mediated lysis of target cells

- Cleaves connective tissue proteins such as collagen, and plays a role in tissue destruction
and invasion

- Discovered through immunoscreening of cDNA library
- Similar to myohemerythrin and it is a cytotoxic and adhesion factor

- Cysteine protease of about 38 kDa
- Important role in the proteolysis of immunoglobulin, collagen, fibronectin

- Is structural component of pseudopodia, food-cup structure associated with cytotoxicity
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Fig. 1. Expression of a Nfa1 protein in pseudopodia. (A) N. fowleri trophozoite observed by scanning electron microscopy. N. fowleri tro-
phozoites observed by fluorescence microscopy with anti-rabbit Nfa7 polyclonal antibody (B) and anti-mouse Nfal monoclonal anti-
body (C), respectively. (A) and (C) showed a trophozoite with characteristically active pseudopodia movements.

by factors related to movement and secretion factors such as proteases [15]. However, im-
mune serum can be generated through an immune reaction caused by water-soluble pro-
teins dissolved in lysate buffer. Immunoscreening of the N. fowleri cDNA library using in-
fection serum and immune serum showed different results, but a common cDNA expres-
sion spot was obtained for the 2 types of sera, and this gene and protein were named nfal
(GenBank accession no. AF230370) and Nfal, respectively [15].

Analysis of basic components and functions of Nfa1 protein

The 13.1 kDa Nfal protein showed 43.0% identity with the myohemerythrin (myoHr)
protein from Nereis divesicolor [15,16], including the region that binds 2 iron atoms and a
P-turn-rich N-terminal segment, especially the conserved region; and 100.0% identity with
the iron binding residues [15]. Hemerythrin is an oxygen-binding protein isolated from 4
invertebrate phylae, e.g., sipunculans, brachiopods, priapulids and annelids [17]. It has
been found in the vasculature, coelomic fluid, and muscle [18]. One iron atom is bound to
2 histidine residues, and the other is bound to 3 histidine residues. The 2 iron atoms are
connected by a glutamate residue, an aspartic acid residue, and an oxide ion [19]. Mean-
while, when studying the structure of the Nfal protein, 2 potential glycosylation sites and 3
phosphorylation sites were identified [15]. Although biochemical structural analysis of
these proteins may be important, our team focused on the function analysis of the Nfal
protein to understand and analyze the pathogenicity of N. fowleri. Nfal protein is mainly
distributed in pseudopodia and vacuoles [20,21]. In other words, it may be implied that the
Nfal protein and proteins related to pseudopods or vacuoles may be related to the motility
or cytotoxicity of N. fowleri.

Naegleria fowleri trophozoites can cause approximately 55.3% or more cytotoxicity
against target cells in 24 h [21]. The extent of the protective effect against the cytotoxicity of
N. fowleri was confirmed using serum obtained by injecting purified recombinant Nfal
into mice [20,22]. The serum (diluted 1:50 to 1:100) was found to have a protective effect
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against cytotoxicity of approximately 11.3% to 19.7% by the lactate dehydrogenase (LDH)
release assay [22]. Through this experiment, it was confirmed that Nfal may be involved in
the cytotoxicity of N. fowleri. When the monoclonal antibody (IgG2b) against Nfal pro-
duced in mice was extracted directly from the cerebrum of rat offspring and treated with
cultured microglial cells, the cytotoxicity of N. fowleri was reduced by about 66.3% [23].
Cytotoxicity was further reduced by the specific monoclonal antibody compared to the
polyclonal serum obtained from mice. If the ratio of serum or monoclonal antibody and
the amount of N. fowleri were optimally adjusted, a higher cytotoxicity inhibition or pro-
tective effect could be observed. This result suggests that Nfal is a critical factor to deter-
mine the cytotoxicity of N. fowleri.

RNAi showed that Nfa1 is a pathogenic factor

Double-stranded RNA-mediated interference (RNAI) silences gene expression in various
cells, resulting from the breakdown of RNA into short RNAs that activate ribonucleases
[24]. RNAi has been applied to Trypanosoma [25] and nematodes [26]. Our research team
was the first to attempt it in Naegleria [27,28]. The initial hypothesis was that Naegleria is
similar in shape to early-divergent amoeba, but its internal cellular structures, such as mi-
tochondria and Golgi apparatus, were very distinct, so RNAi could sufficiently act and
there would be no problems with Nfal protein expression. As mentioned above, the anti-
genicity of Nfal and antibodies against Nfal were confirmed to have a protective effect
against N. fowleri cytotoxicity. RNAi was applied to N. fowleri in an attempt to suppress the
expression of Nfal protein at the gene level. Briefly, by selecting a specific site and synthe-
sizing small interfering RNA (siRNA), nfal mRNA synthesis was suppressed by about
70.0% and Nfal protein was suppressed by about 43.0% [28]. This fact proves that the
RNAi mechanism exists within N. fowleri trophozoites. Additionally, with cytotoxicity be-
ing reduced by about 30.0% by siRNA, proves that the nfal gene contributes to the patho-
genicity of N. fowleri. The application of RNAI to transcribe the RNA of the complementa-
ry sequence of mRNA showed consequences similar to those of the gene, Nfal protein,
and cytotoxicity induced by siRNA. These experiments confirm that the nfal gene is a
pathogenic gene. Another question related to pathogenicity experiments is whether non-
pathogenic Naegleria can become pathogenic when the nfal gene is transfected with non-
pathogenic Naegleria [29]. The cytotoxicity of non-pathogenic N. gruberi injected with the
nfal gene was very high, approximately 55.8% (P<0.01). Compared with cytotoxicity
caused by N. fowleri, a difference of about 26.2% (P<0.01) was shown [29]. This study pro-
vided further evidence that nfal gene is pathogenetic factor.

siRNA is a short sequence and can complementarily bind to the target gene more spe-
cifically. The nfal gene is 360 bp in length, therefore, there was a question as to whether
long RNA that complementarily binds to mRNA corresponding to open reading frame
(ORF) could act like siRNA [27]. Using synthetic double-stranded RNA of the nfal gene,
the nfal gene and Nfal protein were knocked down by approximately 50.4% and 52.0%,
respectively. These results suggested that the RNAi mechanism for the nfal gene could be
applied regardless of siRNA or 360 bp RNA [28].
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Effects of immunization with the recombinant Nfa1 (rNfa1)
protein

Human sera from both healthy and PAM patients contained antibodies against the N. fowl-
eri antigen, showing that exposure to the amoeba is widespread [30,31]. A variety of stud-
ies have been conducted to assess the involvement of certain antibody isotypes, such as
IgA, IgG, and IgM, in host defense against N. fowleri infection [32,33]. In mice infected
with N. fowleri trophozoites, circulating IgG was detected 1 week after infection [33]. Ad-
ditional studies of experimental infections in mice and PAM patients have focused on se-
rum antibody responses [34,35]. The mouse model of PAM was used to study host protec-
tive immunity to Naegleria infection [35,36]. We conducted the experiment to induce pro-
tective immunity in PAM mice by immunization with the recombinant Nfal (rNfal) pro-
tein [37]. To assess the host immune response, Nfal-specific serum IgG, IgA, and IgE levels
were examined, as well as the amounts of cytokines produced by splenocytes following in-
traperitoneal or intranasal immunization with the rNfal protein. Moreover, the survival
rate and mean time to death of immunized mice following a fatal challenge with N. fowleri
trophozoites were calculated. Previous research on immunity in experimental infections
and PAM patients has mostly focused on serum antibody responses [34,35]. We attempted
to explain the serological and cellular immune responses that give partial protection
against N. fowleri infection in Nfal-immunized mice and found that the intranasal route of
immunization appeared to be appropriate for in vivo models. It is generally known that
mucosal IgA inhibits bacterial adherence, which is one of the most important defense
mechanisms against mucosal invasion and bacterial attachment to epithelial cells [38]. N.
fowleri adhesion to host cells is an essential first stage in the infection process, and the Nfal
protein is important in the production of pseudopodia and food-cup structure. Based on
this work, we proposed that Nfal-specific IgA antibodies can prevent N. fowleri trophozo-
ites from adhering to the nasal mucosa, delaying invasion. Additionally, rNfal protein may
activate a mixed Th1/Th2/Treg immunological response [37]. Finally, all inoculated mice
survived longer when challenged with a lethal dose of N. fowleri [37]. These findings sug-
gest that immunization with the rNfal protein can elicit partially protective immune re-
sponses, resulting in longer host survival periods in N. fowleri infection. However, the vac-
cination did not improve the mice’s overall survival, indicating that further improvement
of the vaccine strategy using Nfal protein is required.

DNA vaccine expressing nfal gene and application of
lentiviral vector system

DNA vaccination was presented in 1990, as proven by the stimulation of protein expres-
sion following direct intramuscular injection of plasmid DNA into myocytes [39]. This
discovery could lead to endogenous protein manufacturing and a targeted immune re-
sponse against those, opening up new avenues for vaccine development. It was recently re-
vealed that DNA vaccines can protect against parasitic diseases such as amebiasis, leish-
maniasis, and toxoplasmosis [40-42]. Viral vectors are commonly employed in the produc-
tion of DNA vaccines to successfully deliver genes. Over the last few decades, retroviral
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vectors have been utilized in gene therapy clinical trials to treat a variety of hereditary ill-
nesses and cancers. Retroviral vectors may transduce a variety of cell types from several
animal species, correctly integrate the genetic information the vector carries into recipient
cells, and produce high levels of transduced gene expression [43]. Furthermore, lentiviral
vectors have the potential to be effective instruments for in vivo gene delivery. Lentiviral
vectors are simple to construct to infect a wide range of cell types, dependent on the enve-
lope to manufacture the recombinant virus and to transduce cells regardless of replication
state, both in vitro and in vivo, eventually culminating in integration into the host cell ge-
nome [44]. Based on previous research, our research team determined that the nfal gene is
a suitable option for DNA vaccination since the Nfal protein is the essential molecule that
contacts and kills the host cell in the contact-dependent pathogenesis of N. fowleri [45]. To
establish viral vector systems and evaluate immune responses for DNA vaccination, we
constructed retroviral and lentiviral vectors encoding the nfal gene, and then investigated
the effect of intranasal vaccination with viral particles using a mouse model (number of
Animal Care Committee of Ajou University School of Medicine: AMC66) to induce im-
mune responses in DNA vaccine strategy [45]. In experimental animal models, the intra-
nasal approach is particularly effective in inducing mucosal immune responses, as it needs
smaller concentrations of antigens and elicits higher systemic immune responses than the
oral route [44]. The intranasal approach appears to be more appropriate than other meth-
ods for the N. fowleri DNA vaccine model, since it efficiently inhibits amoeba adherence
via a contact-dependent mechanism. It is necessary to establish factors such as viral vector
selection, antigen presentation pathways, adjuvant combination, and mouse immunologi-
cal state in order to optimize the vaccine against N. fowleri infection. As mentioned above,
we developed lentiviral vector systems that expressed the nfal gene and successfully deliv-
ered it to the target cells [45]. Continuously, to develop a potentially successful DNA vac-
cine for N. fowleri infection, the in vivo efficacies of lentiviral vector systems expressing the
nfal gene should be investigated [46]. In terms of the humoral response, nfal-vaccinated
mice showed significantly higher levels of Nfal-specific [gG2a and IgG1, which are associ-
ated with Th1 and Th2 responses, respectively. In addition, compared to the control
groups, the duration of anti-Nfal IgG in the vaccinated mice was prolonged during the 12
weeks. After N. fowleri infection, mice vaccinated with nfal exhibited longer mean times to
death and higher survival rates (90.0%) [46]. DNA vaccines are attractive due to their sim-
plicity of manufacture, low cost, and promise for long-term protection [47]. Lentiviral vec-
tors are thought to be excellent options for vaccine vectors since they have been tested in a
variety of preclinical models for gene therapy and immunization. Both a vector system and
an effective adjuvant system are necessary for a vaccine to be successful. An adjuvant that
enhances the effectiveness of the immune response is appropriate. Cholera toxin B subunit
(CTB) and heat-labile enterotoxin B subunit (LTB) have been used as mucosal adjuvants to
demonstrate the possibility of intranasal vaccination [48,49]. When combined with anti-
gens, these adjuvants significantly enhance immunological responses, such as IgA produc-
tion during intranasal vaccination. For these reasons, we investigated the effectiveness of
mucosal adjuvants against N. fowleri infection, such as CTB or LTB [50]. Mice inoculated
with the Nfal protein using LTB or CTB adjuvant had a 5 to 8 day longer mean time to
death than control mice. Based on these findings, it appears that Nfal protein combined
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with CTB or LTB adjuvants strongly protects mice against N. fowleri infection. Taken to-
gether, Nfal vaccination can significantly increase specific immunoglobulin and cytokine
production in N. fowleri infected mice. These studies are meaningful because they are the
first to assess in vivo immune responses of DNA vaccine against N. fowleri infection.

Several proteins including heat shock protein, cathepsin B,
and other excretory proteins are involved in host cell
invasion by pseudopodia

The pathogenic agents of N. fowleri rely on both contact-dependent and contact-indepen-
dent mechanisms with the host cell [10,34]. In contact-dependent mechanisms, Nfal was
cloned and characterized [15,22]. In addition, we cloned and characterized Nf-cHSP70
(HSP, heat-shock protein) and Nf-actin as contact-dependant factors related to pathoge-
nicity of N. fowleri [51-53]. We previously revealed that the Nf-cHSP70 gene (GenBank ac-
cession no. AY684788) produces a protein of 660 amino acid residues and a molecular
mass of 72 kDa [51,52]. With the findings of its pseudopodia-localization [52], the recom-
binant Nf-cHSP70 protein exhibited significant antigenicity in mice infected with N. fowl-
eri, indicating that Nf-cHSP70 is involved in N. fowleri proliferation and cytotoxicity. The
pathogenicity of parasites may be associated with the characteristics of their excretory-se-
cretory proteins (ESPs), which play a role in the contact-independent process. Antigenic
proteases in N. fowleri ESPs play a role in N. fowleri host cell invasion as well as the cleaving
capacity of host immunoglobulins, which may contribute to parasite persistence in the host
through immune evasion. For these reasons, we analyzed the pathogenicity related pro-
teins from N. fowleri ESPs using proteomics-based approaches, and sought to find a possi-
ble role of ESPs in N. fowleri’s ability to penetrate host cells [54]. The findings showed that
N. fowleri ESPs contained a variety of dominant antigenic proteins, including cathepsin B
protease, cysteine protease, peroxiredoxins, and thrombin receptor, as well as a variety of
pathogenic proteins that are involved in the organisms entry into host cells [54]. Among
them, our research team has concentrated on cathepsin B protease of N. fowleri [54]. Ca-
thepsin B protease is a cysteine protease that is secreted into hosts and is thought to help
break down ingested host proteins, such as hemoglobin [55,56]. We initially cloned cyste-
ine proteases, cathepsin B (NfCPB) and cathepsin B-like protein (NfCPB-L) from cDNA
library of pathogenic N. fowleri, and then characterized their biochemical features. Accord-
ing to sodium dodecyl sulfate-polyacrylamide gel analysis (SDS-PAGE), the molecular
weights of NfCPB and NfCPB-L were 38.4 and 34 kDa, and their open reading frames
were 1,038 and 939 bp, which encode 345 and 313 amino acids, respectively [57]. The rN-
fCPB and rNfCPB-L are crucial in the proteolytic effects on immunoglobulin, collagen, fi-
bronectin, hemoglobin and albumin [57]. Additionally, the attachment to the host tissue
(proteolysis of collagen and fibronectin), immune system evasion (proteolysis of immuno-
globulins), and nutrient uptake (proteolysis of albumin and hemoglobin) may be facilitated
by rNfCPB and rNfCPB-L. Ultimately, the pathogenicity of N. fowleri is complex in its abil-
ity to destroy target cells, which includes both contact-dependent mechanisms such as
Nfal and contact-independent mechanisms such as NfCPB located in pseudopodia [58].
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Nf-actin gene concerned with contact-dependent
mechanisms in N. fowleri

Attachment to host cells plays an important role in the cytopathogenicity of N. fowleri and
is the first step in the pathogenesis caused by N. fowleri infection [59,60]. N. fowleri tropho-
zoites invade the central nervous system via the olfactory nerve and subsequently digest
neuronal tissues through cytolysis and phagocytosis [61-63]. Acanthamoeba can also in-
duce a potent cytopathic effect leading to host cell death following adhesion [64]. N. fowleri
trophozoites employ a contact-dependent mechanism, utilizing food-cup structure or
amoebastomes to attach to target cells and induce cell destruction [30,65-67]. The mole-
cules involved in the formation of food cup structures and amoebastomes were studied;
using immunofluorescence assays, cytoskeleton proteins (myosin and tubulin) were shown
in dispersed cellular location in trophozoites [53]. Conversely, actin was concentrated in
the cytoplasm, pseudopodia, and the food-cup structure. There are numerous reports indi-
cating that cytoskeleton proteins are involved in various cellular functions, including adhe-
sion [68], motility [69], and phagocytosis [69-70]. With the motility association with cyto-
skeleton gene in N. fowleri [66], the nf-actin gene cloned with a coding sequence of 1.2 kbp,
producing a 50 kDa recombinant fusion protein (rNf-actin) [53]. We submitted the nf-ac-
tin gene sequence of N. fowleri to GenBank (no. EU980397) and conducted a comparative
analysis of its homology with other actin genes [53]. It exhibited 82.0% sequence identity
with the non-pathogenic N. gruberi, but there was no identical sequence found in other
mammalian and human actin genes. Furthermore, when N. fowleri was co-cultured with
target cells, Nf-actin expression was significantly concentrated in the food-cup structure,
indicating its involvement in trogocytosis [53]. Our study demonstrated that treatment of
N. fowleri with actin inhibitor resulted in reduced food cup formation and in vitro cytotox-
icity [53,71].

Furthermore, cellular characterization of the actin gene related to contact-dependent
mechanisms in N. fowleri was performed [71]. A eukaryotic transfection vector was con-
structed with Ubi-pEGFP-C2/nf-actin which possessed the ubiquitin promoter instead of
the CMV promoter [72]. We analysed the expression level of Nf-actin by western blot and
RT-PCR in overexpression or knockdown N. fowleri. N. fowleri was transfected with anti-
sense oligonucleotides targeting the nf-actin gene for the knockdown system [53]. The Nf-
actin knockdown in N. fowleri showed reduced levels of mRNA and protein [53].

Adhesion to target cells is a crucial event in the pathogenicity of N. fowleri infection. Pro-
tozoa have been previously reported to be recognized by extracellular matrix (ECM) com-
ponents [73-76]. Specifically, N. fowleri binds to fibronectin through mediation of a 60 kDa
fibronectin binding protein [22], while Acanthamoeba binds to lamininl, collagen IV, and
fibronectin [77]. The nf-actin overexpression or knockdown in N. fowleri was used to as-
sess the adhesion activity of actin to ECM components [53]. The nf-actin overexpressing N.
fowleri exhibited significantly increased adhesion levels to fibronectin and fibrinogen com-
pared to wild type N. fowleri [53]. These results indicate that the Nf-actin protein plays a
crucial role in adhesion to target cells, contributing to the pathogenicity of N. fowleri. Ad-
ditionally, phagocytosis is recognized as a key step in protozoan pathogenesis, with previ-
ous studies highlighting the involvement of actin polymerization in bacterial invasion of
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host cells [78,79]. We examined the phagocytic activity using pre-labelled zymosan parti-
cles in nf-actin overexpressing or knocked-down N. fowleri [53]. Our results demonstrate a
significant increase in phagocytic activity in nf-actin overexpressing N. fowleri compared to
both nf-actin knockdown and wild-type strains [53]. LDH release assay conducted to eval-
uate the effect of Nf-actin on the cytotoxicity of N. fowleri showed that nf-actin overexpres-
sion significantly increased cytotoxicity compared to nf-actin knocked-down and wild-
type strains [53]. These results showed that Nf-actin play an important role in inducing cy-
totoxic effects on target cells during N. fowleri pathogenesis [53]. Moreover, nf-actin over-
expressing N. fowleri significantly enhances cytotoxicity, cell adhesion, and phagocytosis,
highlighting its pivotal role in these cellular processes [53]. The fact that Nfal has a very
high homology with myohemerythrin may suggest a relationship with actin in the cyto-
skeleton. Since the above 2 proteins involved in cytotoxicity, motility, etc. are likely to be re-
lated, future research characterizing the relationship will be necessary.

Encystation of N. fowleri induced changes in nfa7 gene
expression

Naegleria fowleri undergoes encystation, converting from a trophozoite to a cyst in re-
sponse to temperature changes and unfavourable conditions. Conversely, in a more hospi-
table environment, the cyst transforms into a trophozoite through a process called excysta-
tion. These processes are important for the survival of amoebae in extreme environments.
In particular, encystation represents a significant mechanism that undermines the effec-
tiveness of therapeutic agents. Inhibiting cyst formation may enhance the therapeutic efhi-
cacy of agents used to treat amoebic infections.

Sohn et al. [80] used a modified liquid encystment medium (Buffer. 1) to induce N. fowl-
eri encystation and abundant pure cysts. The results showed successful induction of amoe-
bic cysts after 48 h with Buffer 1, followed by their recovery as trophozoites in Nelson'’s me-
dium [80]. Furthermore, differential expression levels of the nfal gene [15] and nf-actin
genes (GenBank accession no. EU980397) [81] were confirmed, with mRNA levels ob-
served to be higher in the trophozoites. A liquid encystment medium, referred to as Buffer
1, has the potential to serve as a replacement for previous methods which involved a solid
non-nutrient agar medium with heat-inactivated Escherichia coli for N. fowleri encystation.
Moreover, Buffer 2 of pH 9 is widely used in various studies and is effective in inducing the
formation of Acanthamoeba cysts [81-83]. The actin gene exhibited overexpression in tro-
phozoites of A. castellanii and A. polyphaga, while the atg8 gene (GenBank accession no.
EU935007) showed higher expression in cysts, which is associated with cyst formation in
Acanthamoeba spp [83].

Transcriptome profiling of N. fowleri revealed several genes
involved in cellular mechanisms and immune responses

Understanding the differential gene expression between trophozoites or cysts of N. fowleri

may reveal novel pathogenic factors in amoebic infection, particularly those that contribute
to brain infection. A recent RNA-sequencing study investigated the transcriptome for drug
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treatment of Balamuthia mandrillaris [84] and the effect of Hesperidin conjugated with sil-
ver nanoparticles in N. fowleri infection [85]. We analyzed the transcription profiling per-
formed for the transcriptome analysis of N. fowleri trophozoites or cysts using RNA-se-
quencing which provides insights into biological processes [86]. The transcriptomes of tro-
phozoites or cysts were assembled, resulting in 42,220 contigs containing 11,254 genes
(C+G contact of 37.2%) [86]. A total of 146 and 163 differentially expressed genes (DEGs)
were identified in cysts and trophozoites, respectively (2-fold expression) [86]. Transcrip-
tomic genes associated with cellular motility, growth and death, signal transduction, trans-
lation, carbohydrate metabolism, lipid metabolism, and nucleotide metabolism exhibited
differential expression levels during both cyst and trophozoite stage [86]. Gene Ontology
(GO) and pathway analysis of the DEGs indicated that ‘cells, ‘cellular processes, and ‘cata-
lytic activity’ were the most enriched categories [86]. These findings are relevant to patho-
genesis of N. fowleri, especially in processes such as amoebic proliferation, differentiation,
growth, and death.

We observed increased expression of several genes related to the cytoskeleton in N. fowl-
eri trophozoites [86]. The actin-related genes (a total of 38 genes) were classified into cate-
gories of cellular processes, including cell motility, growth/death, and cellular community
[86]. There are many reports on the function of the cytoskeleton in relation to pathogenici-
ty of protozoa such as Entamoeba histolytica [87-89], Toxoplasma gondii [90], and Acan-
thamoeba spp. [91,92]. Our results show that profilin gene expression was significantly in-
creased during cyst formation, and unchanged in trophozoites. Profilin gene regulation is
known to influence the nucleation rate of actin polymerization and filament elongation
[93,94]. Moreover, our study identified elevated expression levels of specific genes in cysts,
including those related to cytoskeleton and pathogenesis, relative to trophozoites of N.
fowleri [86]. These findings suggest a significant role of cytoskeleton-related genes in the
development of N. fowleri infection. Although the mechanisms by which N. fowleri cysts
access host cells are not fully understood, our findings suggest the involvement of trans-
porters via the transcriptome. In particular, the functional roles of serine/threonine prote-
ases, kinases, and lipid metabolism-related proteins in regulating N. fowleri cysts remain
elusive but are presumed to contribute to this regulatory process. Our transcriptome data
serves as a valuable resource for studying genes implicated in cellular mechanisms and im-
mune responses in other protozoan infections.

Conclusion

The Nfal of N. fowleri is one of the proteins that reacts with the serum of laboratory ani-
mals infected with N. fowleri. Through functional analysis of the Nfal protein, it has been
confirmed that inhibition at the nfal gene level can suppress the pathogenicity of N. fowl-
eri. In particular, the high expression of Nfal protein in pseudopodia may suggest an asso-
ciation with cytoskeleton proteins and proteolytic enzymes. Since N. fowleri causes patho-
genicity through contact-dependent and contact-independent mechanisms, it is clear that
the nfal gene is important. Understanding the pathogenicity of N. fowleri nfal-related fac-
tors will make an important contribution to target-based mechanisms and inhibition.
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