Parasites Hosts Dis 2023;61(4):397-404
https//doi.org/10.3347/PHD.23088

pISSN 2982-5164 « eISSN 2982-6799

Original Article

Phagocytosis-associated genes in Acanthamoeba

‘ '.) Check for updates

castellanii feeding on Escherichia coli

Min-Jeong Kim'* (@, Eun-Kyung Moon?>* (5, Hye-Jeong Jo'

i, Fu-Shi Quan® (), Hyun-Hee Kong** (:

'Department of Biomedical Science, Graduate School, Kyung Hee University, Seoul 02447, Korea; ’Department of Medical Zoology,
Kyung Hee University School of Medicine, Seoul 02447, Korea; *Medical Research Center for Bioreaction to Reactive Oxygen Species
and Biomedical Science Institute, Core Research Institute, School of Medicine, Kyung Hee University, Seoul 02447, Korea;
‘Department of Parasitology, Dong-A University College of Medicine, Busan 49201, Korea

Received: 17 August 2023
Accepted: 9 October 2023

*Correspondence
(hhkong@dau.ac.kr)

"These authors contributed equally
to this work.

Citation

Kim MJ, Moon EK, Jo HJ,

Quan FS, Kong HH.
Phagocytosis-associated

genes in Acanthamoeba castellanii
feeding on Escherichia coli.

Parasites Hosts Dis 2023;61(4):397-404.

© 2023 The Korean Society for
Parasitology and Tropical Medicine

This is an Open Access article distributed under
the terms of the Creative Commons Attribution
Non-Commercial License (https://creativecom-
mons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution,
and reproduction in any medium, provided the
original work is properly cited.

http://parahostdis.org

Abstract

Acanthamoeba species are free-living amoebae those are widely distributed in the envi-
ronment. They feed on various microorganisms, including bacteria, fungi, and algae.
Although majority of the microbes phagocytosed by Acanthamoeba spp. are digested,
some pathogenic bacteria thrive within them. Here, we identified the roles of 3 phagocy-
tosis-associated genes (ACA71_077100, ACA1_175060, and AFD36229.1) in A. castellanii.
These 3 genes were upregulated after the ingestion of Escherichia coli. However, after
the ingestion of Legionella pneumophila, the expression of these 3 genes was not al-
tered after the consumption of L. pneumophila. Furthermore, A. castellanii transfected
with small interfering RNS (siRNA) targeting the 3 phagocytosis-associated genes failed
to digest phagocytized E. coli. Silencing of ACA7_077100 disabled phagosome forma-
tion in the E. coli-ingesting A. castellanii. Alternatively, silencing of ACA7_175060 enabled
phagosome formation; however, phagolysosome formation was inhibited. Moreover,
suppression of AFD36229.1 expression prevented E. coli digestion and consequently
led to the rupturing of A. castellanii. Our results demonstrated that the ACA7_077100,
ACA1_175060, and AFD36229.1 genes of Acanthamoeba played crucial roles not only
in the formation of phagosome and phagolysosome but also in the digestion of E. coli.

Keywords: Acanthamoeba, gene expression, gene silencing, phagocytosis, phagolyso-
some, phagosome, siRNA

Introduction

Acanthamoeba species are free-living protist pathogens that cause Acanthamoeba keratitis
and granulomatous amoebic encephalitis [1]. Acanthamoeba feed on a wide range of mi-
croorganisms including bacteria, algae, viruses, and other protists; however, these protozoa
can serve as a reservoir host [2]. To date, several endosymbiotic relationships between
clinically important pathogens and amoebae have been reported, with the survival of Legi-
onella pneumophila on Acanthamoeba being a prominent example [3-5]. The intracellular
survival of L. pneumophila, Legionella-containing vacuole, the defective organelle trans-
port/intracellular multiplication (Dot/Icm) type IV system, and several other effectors of
Legionella have been identified and their roles have been studied [6-8]. However, the genes
associated with phagocytosis and endosymbiosis in Acanthamoeba have not been exten-
sively studied.

In our previous study, differentially expressed genes (DEGs) acquired from A. castellanii
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during the phagocytosis of E. coli or endosymbiosis with L. pneumophila were compared [9].
Based on the findings of this previous study, it was hypothesized that the genes upregulated
in E. coli-ingested Acanthamoeba were involved in the phagocytosis of Acanthamoeba and
those upregulated in L. prneumophila-ingested Acanthamoeba were involved in promoting
its survival and endosymbiosis within Acanthamoeba. Among the upregulated genes in L.
pneumophila-ingested A. castellanii, ACA1_114460, ACA1_091500, and ACA1_362260
were found to be integral to the formation of excretory vesicles containing L. pneumophila
along with the lysosomal colocalization with the vesicles [10].

While elucidating the mechanism of action for these survival and lysosome colocaliza-
tion-associated genes would be beneficial, we identified another set of genes with interest-
ing expression patterns which became the focal point of the present study. Specifically, we
identified several genes that were upregulated in E. coli-ingesting Acanthamoeba whose ex-
pressions were upregulated following E. coli ingestion, but remain unaffected upon L.
pneumophila ingestion. Given this finding, we anticipated that these genes are essential for
phagocytosis and L. pneumophila somehow ensures that the expression of E. coli-induced
genes remains near basal levels to prolong their survival within the host. To confirm this
hypothesis, we selected 3 genes that meet these criteria (ACA1_077100, ACA1_175060,
and AFD36229.1) in the present study, and investigated their potential involvement in
phagocytosis. Our findings revealed that phagocytosis inhibition could be a mechanism
utilized by L. pneumophila to promote its growth and survival in host cells.

Materials and Methods

Cell culture and bacterial infection

Acanthamoeba castellanii (ATCC 30868 and ATCC 30011) were obtained from the Ameri-
can Type Culture Collection and cultured axenically in peptone-yeast-glucose (PYG) me-
dium at 25°C. Escherichia coli DH5a (Enzynomics, Seoul, Korea) was cultured in tryptone-
yeast-NaCl (LB) media at 37°C using a shaking incubator. Legionella pneumophila Phila-
delphia-1 (ATCC 33152) was cultured on a buffered charcoal yeast extract (BCYE) agar
plate at 37°C with 5% CO.. A. castellanii was infected by E. coli and L. pneumophila as pre-
viously described [11]. Briefly, E. coli and L. pneumophila were diluted in PBS until the
ODsyo absorbance reading reached 1 which corresponds to 10° CFU/ml [12]. Next, 1 x 10
of Acanthamoeba were incubated with 1 ml of E. coli and L. pneumophila suspension at 37°C
with 5% CO; for 1 h. After incubation, Acanthamoeba was washed with Page’s amoeba sa-
line (PAS) and incubated with new PYG media containing 100 pg/ml of gentamicin for 2 h
to kill extracellular bacteria. Acanthamoeba infected with E. coli (A+E) and L. pneumophila
(A+L) were washed with PAS twice and incubated in fresh PYG media for 12 h, 25°C.

Gene expression analysis by real-time PCR

Target gene expressions were determined by real-time PCR analysis. The total RNA was
purified using an RNeasy Mini kit (Qiagen, Hilden, Germany), and the cDNA was synthe-
sized using a RevertAid first-strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. Real-time PCR was conducted using
a Magnetic Induction Cycler PCR machine (PhileKorea, Seoul, Korea) as previously de-
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scribed [13] which included preincubation at 95°C for 1 min, followed by 40 cycles of 95°C
for 15 sec, and 60°C for 30 sec. All reaction mixtures were made using a Luna Universal
qPCR Master Mix (New England Biolabs, Ipswich, MA, USA) with different sense and an-
tisense primers (Supplementary Table S1).

Gene silencing

Small interfering RNAs (siRNAs) targeting ACA1_077100, ACAI_175060, and AFD36229.1
of Acanthamoeba were synthesized by Bioneer Inc (Bioneer, Daejeon, Korea), based on their
cDNA sequences (Supplementary Table S2). The siRNA (final concentration of 100 nM)
was transfected into live Acanthamoeba trophozoites at a cell density of 4x 10° cells using
the Effectene transfection reagent (Qiagen, Hilden, Germany) following the manufacturer’s
protocol. Successful transfection of siRNA was confirmed by observing cells under a fluo-
rescent microscope (Leica, Wetzlar, Germany).

Observation of phagosomes and phagolysosomes

Phagosomes and phagolysosomes of A. castellanii containing E. coli were observed with
Giemsa and LysoTracker staining. Acanthamoeba was subjected to siRNA transfection
(siRNA-A), followed by E. coli (siRNA-A+E) infection as aforementioned. For Giemsa
staining assays, cells were fixed with methanol for 5 min and stained with Giemsa solution
(Sigma-Aldrich, Burlington, MA, USA) for 10 min. For the LysoTracker stain, cells were
stained with 50 uM LysoTracker Red DND-99 (Invitrogen, Carlsbad, CA, USA) for 1 h.
Stained cells were washed with PBS, and observed under a fluorescent microscope.

Statistical analysis
Data are presented as mean + SD from three independent experiments. Student’s ¢-tests
were performed using GraphPad Prism version 8 (Dotmatics, San Diego, CA, USA). Sta-
tistical significance between the means of groups was denoted using an asterisk. P values
less than 0.05 were considered statistically significant (*P<0.05, **P<0.01, ***P<0.001,
and ***P<0.0001).

Results

Identification of up-regulated genes in Acanthamoeba feeding on E. coli

Based on our previous study involving DEGs, 3 genes (ACA1_077100, ACA1_175060, and
AFD36229.1) that were upregulated in A. castellanii after E. coli ingestion but unchanged
after L. pneumophila ingestion were selected in the present study. To confirm their expres-
sion levels, real-time polymerase chain reaction (RT-PCR) was performed using gene-spe-
cific primers (Supplementary Table S1). As depicted in Fig. 1A. ACA1_077100 was upregu-
lated in Acanthamoeba that ingested E. coli (A+E) but not in Acanthamoeba that ingested L.
pneumophila (A+L). Furthermore, the expression patterns of ACAI_175060 and
AFD36229.1 were similar to those of ACAI_077100 in both A+E and A+L (Fig. 1B, C).

siRNA-mediated gene silencing
To investigate the phagocytic roles of ACAI_077100, ACAI_175060, and AFD36229.1

Parasites Hosts Dis 2023;61(4):397-404 - https//doi.org/10.3347/PHD.23088 399



Kim et al.: Acanthamoeba genes involved in phagocytosis

ok

>
vy
O

3 r .

Relative mRNA levels
N
T
Relative mRNA levels
N
T
Relative mRNA levels
N
T

A A+E A+L A A+E A+L A A+E A+L

Fig. 1. Real-time polymerase chain reaction (RT-PCR) analysis of 3 differentially expressed genes in Acanthamoeba. A. castellaniiingested
E. coli (A+E) and L. pneumophila (A+L) for 12 h, and the gene expression ACA1_077100, ACA1_175060, and AFD36229.1 was determined
by RT-PCR. (A) ACA1_077100, (B) ACA1_175060, and (C) AFD36229.1. Data are expressed as mean + SD from 3 individual experiments. As-
terisks indicate statistical significance compared to the Acanthamoeba control (A), as determined by Student’s t-test (*P < 0.05, **P < 0.01,
***¥p <0.0001).
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Fig. 2. Real-time polymerase chain reaction (RT-PCR) analysis of the 3 differentially expressed genes in Acanthamoeba after transfection
of siRNA. A. castellanii were transfected with siRNA and coincubated with either E. coli (A+E) or L. pneumophila (A+L) for 12 h. siRNA-me-
diated gene silencing was confirmed by RT-PCR. (A) ACA1_077100, (B) ACA1_175060, and (C) AFD36229.1. Data are expressed as mean
+SD from 3 individual experiments. Asterisks indicate that the means are significantly different compared to untransfected Acantham-
oeba (***P < 0.001, ****P < 0.0001).

within A. castellanii, small interfering RNAs (siRNAs) specific for each gene (Supplemen-
tary Table S2) were synthesized. The gene silencing effects of siRNAs were validated using
RT-PCR (Fig. 2). The transfection of ACAI_077100, ACA1_175060, and AFD36229.1 se-
quence-specific siRNAs significantly suppressed the expression of the respective mRNAs
in A. castellanii during E. coli ingestion (Fig. 2A-C).

Effect of gene silencing on the phagosome formation

To visually confirm the effects of ACAI_077100, ACA1_175060, and AFD36229.1 gene si-
lencing in A+E, Giemsa staining was performed (Fig. 3). E. coli digestion was observed in
the A+E control group because none of the 3 genes was downregulated (Fig. 3B). However,
the suppression of ACAI_077100 in A+E inhibited the formation of phagosome-like struc-
tures, with E. coli dissemination occurring in the cytosols of Acanthamoeba (Fig. 3D). Fur-
thermore, the silencing of ACA1_175060 and AFD36229.1 in A+E resulted in the formation
of phagosomes containing E. coli, however, the phagocytized E. coli remained undigested
in the phagosomes (Fig. 3E, F). These phenomena were not observed in the Acanthamoeba
control group (Fig. 3A) and siRNA-transfected Acanthamoeba control group (Fig. 3C).
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Fig. 3. siRNA-transfected Acanthamoeba containing E. coli. Acanthamoeba that did and did not un-
dergo siRNA transfection were cultured with E. coli for 12 h. Those containing E. coli were stained
with Giemsa staining solution. (A) A. castellanii control, (B) A. castellanii containing E. coli, (C) siRNA-
transfected A. castellanii control, (D) ACA1_077100 siRNA-transfected A. castellanii containing E. coli,
(E) ACA1_175060 siRNA-transfected A. castellanii containing E. coli, and (F) AFD36229.1 siRNA-trans-
fected A. castellanii containing E. coli. Black arrows: E. coli in the cytoplasm of Acanthamoeba. Red
arrows: E. coli in the phagosomes of Acanthamoeba. Bar=10 um.

Effect of gene silencing on the phagolysosome formation and E. coli digestion

To verify whether the failure of E. coli digestion in the siRNA-transfected Acanthamoeba
was related to lysosomal acidifications, LysoTracker Red DNA-99 staining and fluorescent
microscopy were conducted (Fig. 4). Phagolysosome-like structures were barely detected
in uninfected Acanthamoeba (Fig. 4A) but were prevalent in A+E (Fig. 4B). Similar to the
uninfected control, siRNA transfection in Acanthamoeba did not aftect LysoTracker stain-
ing (Fig. 4C). However, LysoTracker-stained intracellular organelles were not observed in
ACA1_077100-silenced Acanthamoeba (Fig. 4D). Lysosome fusion could not occur be-
cause Acanthamoeba did not form E. coli-containing phagosomes, and E. coli was distrib-
uted in the cytosols of Acanthamoeba (Fig. 4D). These findings suggested that the ACAI_
077100 gene in A. castellanii was involved in the formation of the phagosomal membrane
during E. coli ingestion. Alternatively, silencing of ACA1_175060 led to the formation of E.
coli-containing phagosomes (Fig. 4E) but failed to form phagolysosomes (Fig. 4E). The
ACAI_175060 gene in A. castellanii was believed to play a role in the formation of the pha-
golysosome within Acanthamoeba. Fig. 4F shows the leakage of proliferating E. coli out of
AFD36229.1-silenced Acanthamoeba, possibly indicating the rupturing of Acanthamoeba.
Bacterial digestion did not occur, despite the fusion of lysosomes with E. coli-containing
phagosomes, leading to the exponential growth of E. coli and subsequent bursting of Acan-
thamoeba. These findings suggest that AFD36229.1 is crucial for the phagosomal digestion
of microbial contents in Acanthamoeba.
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Fig. 4. LysoTracker staining of siRNA-transfected Acanthamoeba containing E. coli. The Acantham-
oeba that did and did not undergo siRNA transfection were allowed to ingest E. coli for 12 h, and
those containing E. coli were stained with LysoTracker. (A) A. castellanii control, (B) A. castellanii con-
taining E. coli, (C) siRNA-transfected A. castellanii control, (D) ACA1_077100 siRNA-transfected A.
castellanii containing E. coli, (E) ACA1_175060 siRNA-transfected A. castellanii containing E. coli, and
(F) AFD36229.1 siRNA-transfected A. castellanii containing E. coli. Black arrows, E. coli in the cyto-
plasm of Acanthamoeba. Red arrow, E. coli in the phagosomes of Acanthamoeba; White arrows, E.
coli in Acanthamoeba cytoplasm or phagosomes without lysosomes. Black arrowhead, E. coli that
burst out of Acanthamoeba. Bar=10 pm.
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Discussion

In this study, we investigated the role of 3 genes (ACAI_077100, ACAI_175060, and
AFD36229.1) upregulated in A. castellanii feeding on E. coli. We observed that the ACA1_
077100 gene in Acanthamoeba was involved in the formation of the phagosomal membrane
during E. coli ingestion. We also observed that the ACA1_175060 gene played a role in the
formation of the phagolysosome within Acanthamoeba, and the AFD36229.1 gene is cru-
cial for the phagosomal digestion of bacteria in Acanthamoeba.

The 3 upregulated genes ACAI_077100, ACA1_175060, and AFD36229.1 observed in
A+E were identified to be a Rabl/RabD family small GTPase (96% sequence identity to
that of Acanthamoeba spp.), a vacuolar proton ATPase (99% sequence identity to that of
Acanthamoeba spp.), and a cyst-specific cysteine proteinase (100% sequence identity to
that of Acanthamoeba spp.), respectively (Table 1). The Rab family protein is a member of
the Ras superfamily of small G proteins; moreover, Rabl/RabD GTPase regulates the
transport of proteins from the endoplasmic reticulum to the Golgi bodies, membrane teth-
ering, and vesicle fusion in plants and humans [14,15]. Vacuolar ATPase is a proton pump
responsible for controlling the intracellular and extracellular pH of cells [16], and the cyst-
specific cysteine proteinase plays an important role in the autophagosomal degradation of
mitochondria during A. castellanii encystation [17].

Several methods are frequently employed to detect phagosome, as well as phagolyso-
some formation. Giemsa staining has been traditionally used to observe such phenomena
in numerous cell lines [18]. However, due to monochrome staining, accurately differentiat-
ing between amoebal mitochondria from E. coli was somewhat problematic. To accurately
observe phagosomes or phagolysosomes, LysoTracker reagents were used in the present
study. LysoTracker reagents are frequently used to stain acidic cellular components, such as
phagolysosomes and autophagosomes, and it is suitable for confirming whether the bacte-
rial aggregates observed under the microscope are truly phagolysosomes. In the present
study, siRNA-treated Acanthamoeba demonstrated impaired phagocytic function. Based
on this finding, we reasoned that these genes could be associated with phagocytosis. Addi-
tional studies, such as gain of function studies investigating the overexpression of ACAI_
077100, ACA1_175060, and AFD36229.1 genes in A. castellanii are highly desired. Specifi-
cally, exposing A. castellanii overexpressing these genes to L. pneumophila and subsequent-
ly assessing whether phagocytosis of these pathogenic bacteria occurs within the amoeba is
worth investigating. Findings from such studies could confirm that L. pneumophila down-
regulates the expression of several genes associated with phagocytosis through an unknown
mechanism to prevent their degradation in phagosomes.

In conclusion, our study demonstrated the roles of ACA1_077100, ACA1_175060, and
AFD36229.1 genes in A. castellanii during phagocytosis of E. coli. These upregulated genes
in the A+E were heavily involved in phagosome formation, phagolysosomal fusing, and
digestion of phagocytized microbial contents. However, these genes were not upregulated
in Acanthamoeba that consumed L. pneumophila. This suggested that the expression of
these genes was inhibited by Legionella for its survival within Acanthamoeba. Confirming L.
pneumophila digestion within Acanthamoeba when these gene are overexpressed would
imply that the survival of intracellular pathogen such as Legionella and Mycobacterium spp.
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is inhibited and thereby contribute to preventing the bacetrial infection with Acanthamoeba.
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