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Naegleria fowleri is a free-living amoeba found in lakes, soil, hot springs, and poorly chlorinated 
swimming pools. It is pathogenic to humans, causing a rare and fatal brain infection known as primary 
amoebic meningoencephalitis (PAM). A previous study utilized RNA-seq analysis to examine genes 
expressed in N. fowleri cysts and trophozoites, focusing on the nf-profilin gene, which showed high 
expression in cysts. Profilin is a small actin-binding protein that regulates nf-actin polymerization and 
cell movement. Sequence analysis revealed 83% similarity with non-pathogenic N. gruberi and 38% 
similarity with Acanthamoeba castellanii. Nf-profilin was found to be associated with N. fowleri lysates 
but not with lysates from other amoebae, as shown by Western blot analysis. Immunofluorescence 
assays demonstrated that nf-profilin primarily localized to the cell membrane in N. fowleri cysts, while 
nf-actin localized to the cytoplasm, pseudopodia, and food-cup structures. Real-time RT-PCR indicated 
higher expression of the nf-profilin gene in cysts compared to trophozoites. In co-culture experiments 
with target cells, Nf-profilin was initially expressed in the cytoplasm of N. fowleri cysts and the 
morphology of cyst gradually transitioned to the trophozoite form. Concurrently, the expression of 
Nf-profilin protein decreased, while Nf-actin protein began to appear in the pseudopodia and food-
cups of trophozoites. In conclusion, the nf-profilin and nf-actin genes exhibited complementary 
expression patterns based on the life stage of N. fowleri, indicating their critical roles in the survival 
and proliferation. This study emphasizes the significance of actin-binding proteins in understanding the 
infection and pathogenic mechanisms of N. fowleri.
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Naegleria fowleri is a free-living amoeba commonly found in warm freshwater environments such as lakes, 
rivers, hot springs, and poorly chlorinated swimming pools1,2. N. fowleri is a thermophilic pathogenic amoeba 
that thrives at 37 °C but can survive in higher temperatures, up to approximately 45 °C3,4. The rise in global 
temperatures is expanding N. fowleri habitat and population due to its preference for warmer environments5,6.

The life cycle of N. fowleri consists of three stages: trophozoite, flagellate, and cyst. The cyst stage is a dormant 
form that enables the organism to survive harsh environmental conditions. In contrast, the active trophozoite 
form can enter the human body through the nasal passage, leading to severe brain infections4,7,8. When 
contaminated water enters the nasal passage during activities like swimming or diving, the amoeba can travel 
along the olfactory nerve to the brain. This pathogen can cause a rare and severe brain infection called primary 
amoebic meningoencephalitis (PAM)9. PAM progresses rapidly and is often fatal, with symptoms including 
severe headache, fever, nausea, vomiting, stiff neck, confusion, seizures, and coma. With a mortality rate of 
approximately 97%, the disease is difficult to diagnose due to its resemblance to bacterial or viral meningitis10. 
While treatments like Amphotericin B or Miltefosine are used to manage PAM, no fully effective treatment 
currently exists11–13. Preventing exposure by keeping contaminated water from entering the nasal passages 
remains the primary method of avoiding N. fowleri infection7. Thus, rapid diagnosis and treatment are critical 
to improving survival rates.

The pathogenic mechanisms of N. fowleri are not well understood. Previous research suggests that a 
cytopathic effect induces cell death after amoeba-host cell contact7. N. fowleri invades the central nervous 
system (CNS) through the olfactory nerve and destroys brain tissue, forming structures called amoebastomes 
or food-cups14. Additionally, N. fowleri adheres to host cells via fibronectin and integrin-like proteins, with 
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involvement from protease kinase C15,16. The pathogenic mechanisms of N. fowleri are thought to involve two 
main processes: contact-dependent and contact-independent. In the contact-dependent process, the amoeba 
attaches to target cells, leading to their destruction, with genes such as nfa1, nf-hsp70, and nf-actin playing key 
roles in pathogenicity14,17–20. In the contact-independent process, N. fowleri secretes proteins that damage target 
cells such as phospholipase, secretion of proteases and extracellular secreted proteins (ESP)9,21,22.

In previous studies, we analyzed genes differentially expressed in N. fowleri trophozoites and cysts using RNA-
seq 23. These studies revealed proteins involved in differentiation, growth, and cell death during cyst formation. 
In this study, we focused on the differential expression of nf-profilin during amoebic life stages and examined the 
correlation between nf-profilin and nf-actin in target cells. Profilin is an important small actin-binding protein 
that regulates the cytoskeleton and cell movement24,25. It binds to G-actin (monomeric actin) and regulates the 
polymerization of F-actin (actin filaments)14,26. Additionally, profilin interacts with various proteins involved in 
cytoskeletal organization, membrane dynamics, and signal transduction pathways, contributing to its diverse 
cellular functions27,28. Actin, a cytoskeletal protein, plays a key role in actin polymerization, triggered by structural 
changes and external stimuli, and it forms food-cups during the phagocytic process14,20,29,30. Based on this, we 
observed differential nf-profilin expression during the amoebic life cycle. We also examined the expression levels 
and correlation of nf-profilin and nf-actin in target cells using fluorescence microscopy. This data will be crucial 
for understanding the pathogenic mechanisms underlying fatal primary amoebic meningoencephalitis.

Results
Expression of the nf-profilin gene during cyst formation
To induce encystation, we modified the previously reported method31. N. fowleri was starved for 18  h in 
incomplete Nelson’s medium to induce cyst formation, after which the medium was replaced with encystment 
medium. Microscopy showed that the amoebae’s vacuoles expanded, their pseudopodia disappeared, and they 
transformed into a rounded shape. Most N. fowleri cells formed precysts, and cyst formation was observed 
(Fig. 1). We investigated the expression of the nf-profilin gene in N. fowleri trophozoites and cysts. Total RNA 
was isolated, and cDNA was synthesized. RT-PCR analysis showed that the nf-profilin gene (450 bp) was more 
highly expressed during cyst formation (Fig. 2). In contrast, pathogenesis-related genes, such as nfa1 and nf-
actin, exhibited higher expression in trophozoites. The nae3 gene is the 18 S rRNA of N. fowleri and the primer 
used to identify of N. fowleri. The nae3 and nf-gapdh genes were used as controls.

Characterization and homology analysis of the nf-profilin gene
The open reading frame (ORF) of the nf-profilin gene is 450 bp and encodes a 150 amino acid protein with a 
predicted molecular weight of 16.5 kDa (Fig. 3). No introns were found in the nf-profilin gene in the genomic 
DNA of N. fowleri. Homology analysis revealed that the nf-profilin gene is conserved from protozoa to humans 
(Table 1). The deduced amino acid sequence of nf-profilin gene showed 83% homology with non-pathogenic N. 
gruberi, 33% homology with Acanthamoeba castellanii, and 18% homology with human profilin gene (Table 1). 
Recombinant Nf-profilin-(His) fusion protein was expressed in E. coli as a 22.5 kDa recombinant protein and 
purified (Fig.  4). Cross-reactivity tests using N. fowleri cyst lysates with anti-mouse Nf-profilin antibodies 
demonstrated specific reactivity with N. fowleri cysts but not with Acanthamoeba spp. lysates (Fig. 4).

Fig. 1.  Live image of N. folweri (A) trohpozoites and (B) encystic forms (× 200).
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Cellular localization of Nf-profilin
The localization of Nf-profilin protein in N. fowleri trophozoites and cysts was examined using an 
immunofluorescence assay (Fig. 5). The expression of Nf-profilin is shown in green color (FITC); it is more 
prominently marked in N. fowleri cysts compared to N. fowleri trophozoites. Nf-profilin was strongly expressed 
in the cytoplasm of N. fowleri cysts, while in trophozoites, it was weakly expressed at the cell membrane and the 
tips of pseudopodia. In contrast, Nf-actin was strongly expressed in amoebastomes (food-cup formations) of 
trophozoites but weakly expressed in the cytoplasm of cysts (Fig. 6).

Differential expression of Nf-profilin in N. fowleri co-cultured with CHO cells
N. fowleri cysts and trophozoites were co-cultured with CHO cells to observe morphological changes and 
phagocytosis (Fig. 7). The number of CHO cells decreased and became rounded as the co-culture progressed. In 
experimental group II, where N. fowleri cysts were co-cultured with CHO cells, the cysts were initially observed 
floating near the CHO cells and transitioning to a pre-cyst form after 3 h. By 6 h, the cysts had excysted and 
transformed into trophozoites. After 12 h, the trophozoites were observed actively destroying the CHO cells. 
By 24 h, no cysts remained, and the number of CHO cells had significantly decreased (Fig. 7). In experimental 
group I, where N. fowleri trophozoites were co-cultured with CHO cells, phagocytosis began within 1 h, and 
the number of amoebae increased, eventually surpassing the number of CHO cells (Fig. 7). We also synthesized 
cDNA and performed RT-PCR to determine the expression level of the nf-profilin gene during co-culture 
(Fig. 8). In experimental group I, nf-profilin expression remained low throughout the co-culture (~ 24 h). In 

Fig. 2.  Nf-profilin and nf-actin gene expression level of N. foweleri trophozoites and cysts. T, N. fowleri 
trophozoites; C, N. fowleri cysts; nfa1, pseudopodia-specific gene of N. fowleri; Nae3 and Nf-GAPDH were used 
for the control genes. M; DNA size marker.
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contrast, experimental group II showed the highest expression of nf-profilin after 1 h of co-culture, followed 
by a decrease in expression at 3 h, which remained low for the remainder of the 24 h period. Conversely, nf-
actin and nfa1 were highly expressed in trophozoites and were not significantly affected by co-culture duration. 
Quantitative real-time PCR analysis revealed that after 6 h of co-culture, there was no significant difference in nf-
profilin expressions in trophozoites or cysts, respectively (Fig. 9). However, in experimental group II, nf-profilin 

Fig. 4.  (A) Band patterns of SDS-PAGE and Western blot of the IPTG-induced recombinant protein (Nf-
profilin). M, molecular weight marker; UN, uninduced E. coli lysate, IN, IPTG induced E. coli lysate; PU, 
purified recombinant Nf-profilin protein using Ni-NTA resin; N, normal mouse sera (1:1000); Nf-P, anti-Nf-
profilin antibody (1:1000). (B) Cross reactivity of anti-Nf-profilin antibody. lane 1, A. castellanii; lane 2, A. 
polyphaga; lane 3, N. fowleri.

 

Other species Percentage of Identity (%)

profilin [Naegleria gruberi strain NEG-M] 83 Non-pathogenic amoeba

Acanthamoeba castellanii str. Neff profilin 33 Other amoeba spp.

Entamoeba histolytica profilin 38 Protozoa

Human gene for profilin 18 Human

Table 1.  Identity with profilin gene amino acid sequence of other species.

 

Fig. 3.  (A) Construction of expression vector. The pET-30a vector containing His-tag. Cloning of nf-profilin 
gene into the pET-30a vector. (B) Amplified PCR product of nf-profilin gene of pET-30a/nf-profilin. M, DNA 
size marker; lane A, amplified PCR product of nf-profilin gene of pET-30a/nf-profilin.
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Fig. 6.  Localization of (A) Nf-profilin and (B) Nf-actin in trophozoites and cysts by confocal microscope. 
Green fluorescence (FITC) indicates Nf-profilin or Nf-actin, and blue fluorescence (DAPI) indicates cell nuclei. 
The bright fields were shown in the inner box (× 800). Upper panels, N. fowleri trophozoites; Lower panels, N. 
fowleri cysts. Scale bar, 10 μm.

 

Fig. 5.  Cellular expression of the Nf-profilin in trophozoites and cysts by immunofluorescence assay. The 
light microscopic findings were shown in the inner box (× 400). Upper panels, N. fowleri trophozoites; Lower 
panels, N. fowleri cysts. Scale bar, 10 μm.
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expression (4.124) was 2.5 times higher than in experimental group I (1.608) after 1 h of co-culture (p < 0.05) 
(Fig. 9). Nf-profilin expression remained constant after 6 h in experimental group II, showing a similar pattern to 
experimental group I. The results were analyzed using the comparative 2-ΔΔCT method, which normalizes the 
CT value of Nf-GAPDH as a control and compares it to the CT value of nf-profilin gene.

Localization of Nf-profilin protein in N. fowleri co-cultured with CHO cells
We further investigated nf-profilin expression in N. fowleri trophozoites and cysts co-cultured with CHO cells 
using immunofluorescence assays. As shown Fig. 10 (N. fowleri cysts co-cultured with CHO cells), Nf-profilin 
was localized in the cytoplasm of N. fowleri cysts near the CHO cells after 1 h of co-culture. After 3 h, cysts 
developed pseudopodia and vacuoles, with Nf-profilin concentrated inside the rounded amoebae or at the 

Fig. 8.  Nf-profilin gene expression levels in N. fowleri co-cultured with CHO cells using RT-PCR. lane 1, 
CHO cells in DMEM (Control G I); lane 2, CHO cells in mixture medium with DMEM and Nelson’s medium 
(Control G II); lane 3, CHO cells with N. fowleri trophozoites (Exp G I); lane 4, CHO cells with N. fowleri cysts 
(Exp G II). The nf-actin and nfa1 genes were used for the trophozoite-dominant gene, CHO GAPDH, Nf-
GAPDH and Nae3 genes were used for the controls. M, DNA size marker.

 

Fig. 7.  Microscopic observation of N. fowleri co-cultured with CHO cells. Control G I, CHO cells in 
DMEM; Control G II, CHO cells in DMEM mixed with Nelson’s medium; Exp G I, CHO cells with N. fowleri 
trophozoites; Exp G II, CHO cells with N. fowleri cysts (× 400). Arrow, N. fowleri, Scale bar, 20 μm.
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ends of pseudopodia. After 6 h, N. fowleri had fully transformed into trophozoites with pseudopodia and food-
cup formations. Some trophozoites showed multiple nuclei, and Nf-profilin expression decreased, primarily 
localizing inside the amoebae (Fig. 10). By 12 h, N. fowleri trophozoites had adhered to and engulfed the CHO 
cells, leading to the disruption of the CHO cells. Nf-profilin expression was minimal, primarily at the tips 
of pseudopodia or within the trophozoites. In contrast, Nf-profilin expression remained consistently low in 
experimental group I (N. fowleri trophozoites co-cultured with CHO cells) (Fig. 11).

Additionally, we observed the expression of Nf-actin protein, which is related to Nf-profilin. In experimental 
group II (N. fowleri cysts co-cultured with CHO cells), Nf-actin expression was very weak at 1  h (Fig.  12). 
However, once amoebastomes (food-cup formations) began to develop at 3  h, Nf-actin was distributed 
throughout the cytoplasm, with strong expression in the food-cups. By 6 h, N. fowleri cysts had almost fully 
transitioned into trophozoites, and Nf-actin expression was strongly localized in the food-cups of amoebae 
attached to CHO cells (Fig. 12). In contrast, in experimental group I (N. fowleri trophozoites co-cultured with 
CHO cells), Nf-actin was strongly expressed in trophozoites attached to CHO cells, showing phagocytic activity 
from the 1 h mark (Fig. 13). As co-culture time increased, the number of target cells decreased or ruptured due 
to trophozoites activity.

Discussion
N. fowleri, which is ubiquitous, often infects humans through the nasal or olfactory nerve during water activities32. 
Reports indicate that N. fowleri has been found in tap water. In a 2020 CDC study, N. fowleri was discovered in 
3 out of 11 tap water samples in Texas, leading to the declaration of a disaster zone33. Recent global warming 
and rising temperatures have expanded the habitats of N. fowleri, potentially resulting in an increased incidence 
of infections34. PAM exhibits clinical symptoms that closely resemble those of viral or bacterial meningitis, 
complicating accurate diagnosis. Therefore, early diagnosis is difficult, yet essential for prompt treatment.

Based on previous studies, we can propose the following hypotheses regarding the pathogenic mechanisms 
of N. fowleri: (1) Contact-independent mechanism − N. fowleri secretes proteins that damage target cells21; (2) 
Contact-dependent mechanisms − N. fowleri produces genes involved in the development of amoebastomes or 
food-cups, leading to the destruction of target cells20,35. The nfa1 gene related to this process is reported to be 
specifically expressed in the pseudopodia19. Additionally, the hsp70 gene has been identified as a molecular 
chaperone involved in the formation of food-cups36. The cytoskeletal protein, Nf-actin, is associated with the 

Fig. 9.  Nf-profilin gene expression level of N. fowleri co-cultured with CHO cells using quantitative RT-PCR 
analysis. Control G I, CHO cells in DMEM; Control G II, CHO cells in DMEM mixed with Nelson’s medium; 
Exp G I, CHO cells with N. fowleri trophozoites; Exp G II, CHO cells with N. fowleri cysts.
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polymerization of fibrillar actin (F-actin) and globular actin (G-actin) and is highly expressed in the food-cup 
during phagocytosis14,20.

N. fowleri consists of a nucleus and cytoplasm and contains various organelles, including food vacuoles, 
contractile vacuoles, and cytoplasmic vacuoles. Additionally, N. fowleri undergoes encystation, a process during 
which it transitions from the trophozoites to the cysts in response to environmental stress or adverse conditions. 
Cyst formation is recognized as an important factor that reduces the effectiveness of treatment37. The cyst form has 
limited many functions required for pathogenicity, including migration, division, and phagocytosis, compared to 
the trophozoite form. We propose that identifying the mechanisms that inhibit cyst-related genes would greatly 
contribute to understanding the pathogenicity of the amoebae. Recently, we conducted a transcriptome analysis 
of N. fowleri trophozoites and cysts using RNA-seq 23. Our findings revealed that nf-profilin is highly expressed 
in the cyst stage of N. fowleri. The profilin is known to be a small actin-binding protein that plays a crucial role 
in regulating the actin cytoskeleton by promoting the exchange of ADP for ATP in G-actin, thereby facilitating 
actin filament assembly (F-actin)38–40. It also interacts with various proteins involved in cellular processes such 
as cell migration, division, and membrane trafficking, contributing to essential functions like wound healing and 
maintaining cell shape29,30. As a follow-up to these findings, we designed a study to clone and characterize nf-
profilin, as well as to investigate the intercellular interaction between nf-profilin and nf-actin. Our experimental 
approach consisted of first cloning and characterizing nf-profilin, then observing its expression in two stages of 
N. fowleri (trophozoites and cysts), and finally examining its intercellular interaction with nf-actin.

This study compared nf-profilin gene expression levels between N. fowleri trophozoites and cysts and analyzed 
amoebic phagocytic activity and morphological changes through separate co-culture experiments with CHO 
cells. The nf-profilin gene, with a 450 bp coding sequence, produces a 22.5 kDa recombinant protein (Nf-profilin-
His). The profilin gene of pathogenic N. fowleri exhibited 83% homology with that of N. gruberi (non-pathogenic 

Fig. 10.  Localization of Nf-profilin protein in N. fowleri cysts co-cultured with CHO cells by 
immunofluorescence assay (× 400). Arrow, N. fowleri cysts and trophozoites; Arrow head, CHO cells. Scale bar, 
20 μm.
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amoebae), 33% homology with its close relative species, Acanthamoeba castellanii, and 18% homology with the 
human profilin gene. RT-PCR results confirmed that nf-profilin expression is higher in cysts than in trophozoites, 
whereas nf-actin expression was significantly higher in trophozoites and low in cysts. Consistent with RT-PCR, 
Western blotting showed low Nf-profilin expression in trophozoites and a distinct 22.5  kDa band in cysts. 
Immunocytochemistry analysis revealed that Nf-profilin weakly localized to the pseudopodia and cytoplasm 
in trophozoites, while it was not detected in phagocytic structures such as food-cups or amoebastomes. This 
suggests Nf-profilin may not directly contribute to phagocytic functions of N. fowleri. In cysts, which do not 
engage in phagocytosis, Nf-profilin was distributed throughout the cytoplasm. These findings indicate that as N. 
fowleri transitions from cyst to trophozoite, Nf-profilin expression decreases.

Time-course observations in N. fowleri co-cultured with CHO cells showed morphological changes with 
increased co-culture duration. After one hour, trophozoites exhibited amoeboid movement, attaching to CHO 
cells and rapidly performing phagocytosis, resulting in a decrease in CHO cell numbers and increased amoebic 
proliferation. In cysts, slight floating was observed after one hour, but after three hours, pre-cyst forms developed 
protruded pseudopodia. After twelve hours, numerous amoebae had transitioned to trophozoites with active 
pseudopodia and food-cups, resulting in a significant reduction in CHO cell numbers. RT-PCR analysis of 
nf-profilin gene expression in co-cultured cysts and trophozoites demonstrated that nf-profilin expression was 
highest in cysts at one hour, decreasing as the co-culture continued, indicating a transition to the trophozoite 
form. RT-qPCR quantification showed that at one hour, nf-profilin expression was over 2.5 times higher in cysts 
than in trophozoites. These results indicate that nf-profilin is more highly expressed in cysts than in trophozoites. 
The difference in expression levels of nf-profilin and nf-actin between trophozoites and cysts may be related to 
the amoeba’s transition from cysts to trophozoites when target cells are present, and the formation of food-cup 

Fig. 11.  Localization of Nf-profilin protein in N. fowleri trophozoites co-cultured with CHO cells by 
immunofluorescence assay (× 400). Arrows, N. fowleri cysts and trophozoites; Arrow head, CHO cells. Scale 
bar, 20 μm.
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structures (amoebastome) to initiate phagocytosis. Further localization analysis using immunofluorescence found 
that in cystic amoebae, Nf-profilin initially distributed throughout the cytoplasm, with CHO cells distinguished 
by SNARF-red staining and Nf-profilin visualized via green fluorescence. After three hours, pseudopodia began 
forming in cysts, directed toward CHO cells, with Nf-profilin concentrating within the cell. By six hours, in fully 
developed trophozoites, Nf-profilin was concentrated in specific regions, such as pseudopodia or food-cups, 
with further decreased expression. In our result, it seems that the mRNA levels of Nf-profilin are higher than 
the protein levels of Nf-profilin observed in the immunofluorescence assays for trophozoites. Some reasons 
for the differences between mRNA and protein expression levels are post-transcriptional regulation, protein 
level regulation, and post-translational modifications. The complex regulatory mechanisms in the process from 
mRNA to protein lead to differences between mRNA and protein expression levels, allowing cells to respond 
quickly and precisely to environmental changes.

Actin plays a critical role in protozoan cellular functions, including survival, motility, and environmental 
interaction41–44. Actin filaments polymerize at pseudopodial leading edges, enabling movement and forming 
phagocytic cups for particle engulfment45,46. The Nf-actin supports host tissue penetration, immune evasion, and 
pathogen spread14,20. Comparative experiments with Nf-actin showed minimal expression in cysts co-cultured 
with CHO cells for one hour, but after three hours, Nf-actin expression increased in amoebae transitioning to 
trophozoites. Over time, Nf-actin expression strengthened in food-cups and amoebastomes adhering to CHO 
cells. Confocal microscopy confirmed that Nf-profilin was strongly expressed in cysts and weakly expressed 
near the nucleus and pseudopodia tips after six hours in trophozoites (Fig. S1). In contrast, Nf-actin expression 
intensified in food-cups or amoebastomes in trophozoites adhering to target cells.

In conclusion, Nf-profilin is highly expressed in cysts, reflecting a dormant state with limited motility and 
phagocytosis, while expression decreases as the amoeba transitions to trophozoites. Conversely, Nf-actin is 
scarcely expressed in cysts but increases as amoebae transform into trophozoites and interact with target cells, 

Fig. 12.  Localization of Nf-actin protein in N. fowleri cysts co-cultured with CHO cells by 
immunofluorescence assay (× 400). Arrows, N. fowleri cysts and trophozoites; Arrow head, CHO cells. Scale 
bar, 20 μm.
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with strong expression in pseudopods and food-cup structures. These results suggest Nf-profilin is not directly 
involved in adhesion and phagocytosis, whereas Nf-actin plays a key role in these processes. Both Nf-actin and 
Nf-profilin are crucial for the dynamic regulation of actin filaments. Studying Nf-profilin regulation may serve 
as a foundation for exploring N. fowleri pathogenicity and developing treatments.

Methods
Culture and encystation of N. fowleri
N. fowleri trophozoites (Carter NF69; ATCC No. 30215) were axenically cultured in Nelson’s medium containing 
5% fetal bovine serum (FBS) at 37  °C. Cyst formation was induced following previously described methods 
with modifications. Briefly, N. fowleri trophozoites were washed twice with phosphate-buffered saline (PBS), 
centrifuged at 1500 rpm for 3 min, and then placed into a 6-well plate with incomplete Nelson’s medium for 
18 h. To induce starvation, the cells were washed twice with PBS and transferred to encystment medium. After 
a 10 h incubation in the encystment medium, the N. fowleri cysts were observed under an inverted microscope 
and harvested by centrifugation.

Cultivation of target cells
The target cells, Chinese hamster ovary (CHO) cells, were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) at 37 °C in a 5% CO2 incubator. CHO cells were grown in 75-cm² flasks until a monolayer was formed. 
The cells were then detached using 5 ml of trypsin-EDTA solution, washed twice with PBS, and seeded in 6-well 
plates at a density of 5 × 10⁵ cells/ml. Monolayer-cultured CHO cells were used for all experiments.

Fig. 13.  Localization of Nf-actin protein in N. fowleri trophozoites co-cultured with CHO cells by 
immunofluorescence assay (× 400). Arrows, N. fowleri cysts and trophozoites; Arrow head, CHO cells. Scale 
bar, 20 μm.
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Gene cloning and sequence analysis
In a previous study, we identified the differentially expressed nf-profilin gene in N. fowleri cysts and trophozoites 
using RNA-seq.  To amplify the DNA by PCR, primers for the nf-profilin gene were designed based on the 
transcriptome data of N. fowleri (nf-profilin F: ​A​T​G​G​T​A​C​C​A​G​C​T​T​G​C​T​C​C​A​A, R: ​G​C​T​C​T​G​C​A​A​C​A​T​C​A​C​
A​C​A​G​A). The PCR product was subcloned for sequence analysis and to produce Nf-profilin-(6xHis) fusion 
protein in a pET30a vector.

Recombinant Nf-profilin expression and purification
An overnight culture of Escherichia coli cells containing the pET30a/nf-profilin construct was diluted 1:100 
in LB medium supplemented with ampicillin and chloramphenicol and incubated until the optical density at 
600 nm (OD600) reached 0.5–0.8. Protein expression was induced using isopropyl β-D-thiogalactopyranoside 
(IPTG), followed by a 6 h growth period. The cells were harvested, sonicated, treated with RNase and DNase, and 
centrifuged to remove debris. Recombinant Nf-profilin was purified using Ni-NTA resin, and the eluted proteins 
were concentrated using Amicon Ultra-15 filters (Millipore, Bedford, MA, USA).

Production of anti-nf-profilin monoclonal antibodies
Monoclonal antibodies were produced using methods described by Sohn et al.14. Briefly, 50 µg of Nf-profilin 
protein was mixed with 100 µg of Freund’s complete adjuvant (Sigma Chemical Co., St. Louis, MO, USA) and 
injected intraperitoneally into 6-week-old female Balb/c mice. Two subsequent boosts with 25 µg of protein 
mixed with Freund’s incomplete adjuvant (Sigma Chemical Co.) were administered. Antibody production was 
assessed by ELISA using blood samples collected from the caudal vein. A final boost was given 5 days before cell 
fusion. For hybridoma production, splenocytes from immunized mice were fused with myeloma cells in DMEM 
containing PEG. Hybridoma cells were cultured in HAT medium, selected, and cloned by limiting dilution. 
Monoclonal antibody-producing clones were expanded, and ascitic fluid was collected from mice injected with 
these clones. The antibodies were purified using a Protein A column, concentrated using Amicon Ultra tubes, 
and stored at -20 °C until use.

Immunofluorescence assay
The localization of Nf-profilin in N. fowleri was assessed using an immunofluorescence assay. N. fowleri and 
CHO cells were fixed in 10% formalin in 0.9% saline for 10 min at room temperature. Cells were washed twice 
with PBS, permeabilized with 1% ammonium hydroxide for 5 min at room temperature, and washed with 0.05% 
Tween-20 and saline. After blocking with 3% bovine serum albumin (BSA) in PBST, the cells were incubated 
overnight at 4  °C with either anti-nf-profilin monoclonal antibodies or nf-actin antibodies (diluted 1:100 in 
3% BSA). Following several PBS washes, the cells were incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse antibodies (Sigma Chemical Co.) diluted 1:100 for 2 h at 4 °C. CHO cells were stained 
with 10 µM 5-(and 6)-chloromethyl SNARF-1 (Molecular Probes, Eugene, OR, USA) for 30 min at 37 °C in a 
5% CO2 incubator to label live cells. Cell fluorescence was examined using either an Axiovert 200 M microscope 
or an LSM710 confocal microscope (Carl Zeiss GmbH, Jena, Germany). Images were processed using Adobe 
Photoshop 7.0 software.

cDNA synthesis and reverse transcription PCR
Total RNA was extracted from N. fowleri samples using an RNeasy® Mini kit (Qiagen, Hilden, Germany). For 
cDNA synthesis, 5 µg of total RNA was reverse-transcribed using oligo(dT) primers. The reaction was incubated 
at 42 °C for 1 h, followed by a denaturation step at 94 °C for 5 min, and then held at 4 °C. Reverse transcription 
PCR (RT-PCR) was performed using primers specific for the nf-profilin gene. The PCR conditions were: initial 
denaturation at 95  °C for 5 min, followed by 35 cycles of denaturation at 95  °C for 30 s, annealing at 57  °C 
for 30 s, extension at 72 °C for 30 s, and a final extension at 72 °C for 10 min. Real-time RT-PCR was used to 
quantify nf-profilin gene expression in N. fowleri co-cultured with target cells. qRT-PCR was performed using a 
QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) with SYBR Premix Ex 
Taq (Tli RNaseH Plus; RR420) (Takara Bio Inc., Shiga, Japan). All qRT-PCR reactions were run in duplicate, and 
individual gene amplification signals were normalized to N. fowleri glyceraldehyde-3-phosphate dehydrogenase 
(NfGAPDH).

Statistical analysis
All experiments were performed in triplicate to ensure reproducibility. Statistical differences between groups or 
samples were analyzed using the Student’s t-test, with significance set at p < 0.05.

Data availability
The data generated during the current study are available from the corresponding author upon reasonable re-
quest.
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