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Abstract: Identification of novel agents for bladder cancer treatment is highly desirable due to the
high incidence of tumor recurrence and the risk of progression to muscle-invasive disease. The key
feature of the cholesterol-dependent toxin listeriolysin O mutant (LLO Y406A) is its preferential
activity at pH 5.7, which could be exploited either directly for selective targeting of cancer cells or the
release of accumulated therapeutics from acidic endosomes. Therefore, our goal was to compare the
cytotoxic effect of LLO Y406A on cancer cells (RT4) and normal urothelial cells (NPU), and to identify
which cell membranes are the primary target of LLO Y406A by viability assays, life-cell imaging,
fluorescence, and electron microscopy. LLO Y406A decreased viability, altered cell morphology,
provoked membrane blebbing, and induced apoptosis in RT4 cells, while it did not affect NPU cells.
LLO Y406A did not cause endosomal escape in RT4 cells, while the plasma membrane of RT4 cells
was revealed as the primary target of LLO Y406A. It has been concluded that LLO Y406A has the
ability to selectively eliminate cancer urothelial cells through pore-forming activity at the plasma
membrane, without cytotoxic effects on normal urothelial cells. This promising selective activity
merits further testing as an anti-cancer agent.

Keywords: bladder cancer; cancer urothelial cells; normal urothelial cells; listeriolysin O; blebbing;
calcium influx; pore-forming toxin; cytolysin; cytotoxicity

1. Introduction

Bladder cancer is the fourth most common cancer in men and the eighth most common
in women [1–3]. While the treatment of muscle-invasive tumors often involves a radical
cystectomy, non-muscle-invasive tumors are usually treated locally with cystoscopic tumor
excision and anticancer drug post-treatment [2]. The identification of new agents with
tumor-specific cytotoxicity for local tumor treatment can decelerate or stop progression and
eliminate residual tumor cells post-cystoscopy, resulting in lower healthcare expenses and
extended life expectancy. Anti-cancer agents could be small peptides and toxins capable
of destroying cancer cells at concentrations that do not significantly affect healthy cells.
As a potential therapy for bladder cancer, we investigated the use of the bacterial toxin
listeriolysin O (LLO) in urothelial in vitro models. LLO is a pore-forming toxin produced by
the facultative intracellular pathogenic bacterium Listeria monocytogenes (L. monocytogenes)
and is its major virulence factor. LLO induces the internalization of L. monocytogenes
into host cells. This internalization pathway requires the formation of LLO pores in the
plasma membrane of the host cells, and subsequent calcium flux controls L. monocytogenes
internalization [4]. Inside cells, LLO is responsible for the pore formation in endosomal
compartments, leading to bacterial escape into the cytosol. Two membrane-active enzymes,
a broad-range phospholipase C (PlcB) and a phospahtidylinositol-specific phospholipase
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C (PlcA) work together with LLO to form pores in membranes of endosomes, called the
primary vacuoles [5,6]. LLO belongs to the family of cholesterol-dependent cytolysins that
form pores in cholesterol-rich membranes [7–9]. Cholesterol concentration above 35% mol,
which is typical for membrane rafts, is a prerequisite for efficient binding of LLO to the
membranes [10–12]. A distinctive property of LLO is its pH-dependent stability, which
exhibits an optimum at ~5.5, a condition found in late endosomes [13,14]. While LLO alone
is not stable in solution at neutral pH, in the presence of cell membranes, it can rapidly bind
to the membrane and form pores even at neutral pH [13,15,16]. To maintain the integrity of
the plasma membrane, cells employ many membrane repair mechanisms, i.e., endocytosis,
clogging, patching, and vesicle shedding as a defense against the pore-forming activity of
cytolysins [17,18]. Membrane repair mechanisms, in particular, are likely to be important
determinants of the outcome of L. monocytogenes infection.

Many LLO mutants with different pH-dependent pore-forming, membrane-binding,
and cholesterol-binding activities have been constructed [16,19–22]. The LLO mutant with
a substitution (Try→Ala) at the site 406 (LLO Y406A) used in this study was shown to be
capable to form transmembrane pores at pH 5.7, however, with only minimal pore-forming
activity at the neutral pH in vitro [11]. Thus, LLO Y406A can be considered as a favorable
membrane-damaging agent for selective action in membranes with an acidic environment.

In the present study, RT4 cells, a model of low-grade tumor derived from papillary
superficial human bladder cancer [23], and porcine normal urothelial (NPU) cells were
used. NPU cells were accepted as an appropriate surrogate model for healthy human
urothelial cells in terms of morphological and functional studies [24–27]. In previous
studies, we showed significantly higher cholesterol and a membrane raft content and a
higher activity of endocytosis in RT4 compared to NPU cells [26,28], both of which indicate
a specific targeting of LLO Y406A to cancer cells. Herein, we examined cytotoxicity of LLO
Y406A on RT4 and NPU cells, its impact on cell morphology, endosomal escape, plasma
membrane integrity, and apoptosis. LLO Y406A showed evident cytotoxicity against RT4
cells with the plasma membrane as the primary target for LLO Y406A, while no escape
of endosomal contents was observed in these cells. Therefore, we have highlighted LLO
Y406A as a selective agent to eliminate cancer urothelial cells, while showing no deleterious
effects on normal urothelial cells.

2. Results
2.1. Cytotoxicity of LLO Y406 and wt LLO on NPU and RT4 Cells

We used NPU and RT4 cells to assess cell-dependent susceptibility to LLO Y406A in
comparison to the wt LLO. The viability was determined using the CellTiter-Glo assay by
measuring cellular ATP levels. Treatment of cells with final 0.1 µM LLO Y406A did not
affect the viability of NPU and RT4 cells (Figure 1A). However, treatment with 0.5 µM LLO
Y406A significantly decreased the viability of RT4 cells, from 100% to 42.9%, while the same
concentration of LLO Y406A resulted in 95.1% viability of NPU cells (Figure 1A). For a com-
parison with low-grade bladder cancer RT4 cells, we treated high-grade invasive urothelial
cancer cells T24 with 0.5 µM LLO Y406A and measured a drop in viability from 100% to
41.1%, which was not significantly different from RT4 cells (Supplementary Figure S1). The
viability of both NPU and RT4 cells decreased significantly after incubation with 2.5 µM
LLO Y406A compared to untreated NPU and RT4 cells. Both 0.5 µM and 2.5 µM LLO
Y406A caused a more prominent decrease in the viability of RT4 cells than NPU cells,
however, no significant drop in viability of NPU cells was observed with 0.5 µM LLO
Y406A. Application of 0.5 µM wt LLO was detrimental to both cell cultures and resulted
in a decrease in viability to 1.2% in RT4 cells and 2.1% in NPU cells. Parallel experiments
with wt LLO showed that the viability of NPU cells and RT4 cells decreased at much lower
toxin concentrations compared to LLO Y406A. The viability of NPU cells and RT4 cells sig-
nificantly decreased already with 0.03 µM wt LLO compared to untreated cells (Figure 1A).
However, NPU cells remained unaffected by 0.001 and 0.01 µM wt LLO treatment, while
RT4 cells were susceptible to 0.01 µM wt LLO and responded with 73.3% viability. After
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treatment with 0.5 µM LLO Y406A, some RT4 cells changed the morphology from typical
polygonal (Figure 1B) to spherical (Figure 1B, arrows) and released extracellular vesicles in
the medium (Figure 1B’, arrowheads). To mimic the in vivo situation in two-dimensional
culture, we established co-cultures with NPU and RT4 cells (Figure 1C) to reveal the effect
of LLO Y406A treatment. In co-cultures, we observed cell-free surfaces surrounded by
RT4 cells after 0.5 µM LLO Y406A treatment (Figure 1D, asterisks). The cell-free surfaces
resulted from detachment of RT4 cells as confirmed by analysis of the cell suspension in the
medium (Figure 1E). The quantification of the fluorescence signal of DiI-labeled RT4 cells
in control and LLO Y406A-treated monocultures of RT cells and co-cultures revealed that
RT4 cells detached to a similar extent in co-cultures as in monocultures (Figure 1F). These
results indicate that NPU cells do not change the sensitivity of RT4 cells to the LLO Y406A.

To compare the short- and long-term effects of LLO Y406A, apoptosis was analyzed 1
and 24 h after 0.5 µM LLO Y406A incubation. Apoptosis in RT4 cells was monitored by
immunofluorescence of the active form of caspase 3 (Cas3) (Figure 1G). Incubation with
LLO Y406A, induced apoptosis in RT4 cells, which was detected 24 h after incubation with
LLO Y406A for 2 h, which corresponds to the maximum time for urine retention in the
patient [29]. We quantified the fluorescence signal of Cas3-positive cells (Figure 1G’) and
measured a 5.9-fold increase in Cas3 presence when we compared the 24- and 1-h response
after LLO Y406A treatment and a 6.0-fold increase in Cas3 when we compared the 24-h
response with the untreated RT4 cells.

Transmission electron microscopy revealed that in untreated RT4 cells, no vesicles
were observed at the cell surface (Figure 2A), while after LLO Y406A treatment vesicles
appeared (Figure 2B, arrows). The cell surface of untreated (Figure 2C) and LLO Y406A
treated NPU cells (Figure 2D) was similar and vesicles were not observed.

Evaluation of viability after treatments with LLO Y406A and wt LLO revealed LLO
Y406A as the preferred toxin variant for selective elimination of >50% RT4 cells while
maintaining high viability of NPU cells (~95%). Although 2.5 µM LLO Y406A eliminated
RT4 cells even more rigorously, 0.5 µM LLO Y406A outperformed the effect because fewer
NPU cells were sacrificed. wt LLO was excluded as a potential agent in cancer cell treatment
since concentrations of the wt LLO that were toxic to >40% of RT4 cells were considerably
toxic also to NPU cells. Therefore, we chose the final concentration of 0.5 µM LLO Y406A,
which was markedly toxic to cancer urothelial cells and non-toxic to normal urothelial cells
and used it for the treatment of cancer urothelial cells in the following experiments.

2.2. LLO Y406A Does Not Cause Endosomal Escape and Is Mainly Located at He
Plasma Membrane

Fluorescent dextrans are commonly used as macropinocytotic probes to study endocy-
tosis. We co-incubated LLO Y406A and FITC-dextran to identify dispersion of endosomal
content as an indication of the pore-forming activity of LLO Y406A in endosomal mem-
branes. The pattern of FITC-dextran distribution was dotted in the control untreated RT4
cells (Figure 3A), reflecting endosomes with intact membranes. One h after treatment
with 0.5 µM LLO Y406A, a portion of RT4 cells displayed homogeneous FITC-dextran
distribution (Figure 3A, asterisks). Incubation with 5.0 µM mCherry-LLO Y406A and
dextran revealed preferential labeling at the plasma membrane, indicating binding of
mCherry-LLO Y406A to the cell surface (Figure 3B,B’, arrows). We treated RT4 cells
for 2 h with 5.0 µM mCherry-LLO Y406A, which decreased the viability of RT4 cells to
81.9% (Supplementary Figure S2). mCherry-LLO Y406A binding to the plasma membrane
presumably led to the pore-formation that enabled leaking of dextran into cells and its ho-
mogenous distribution in RT4 cells. Furthermore, cells with mCherry-LLO Y406A labeling
released vesicles (Figure 3B’, arrowheads), presumably as an outcome of the repair mecha-
nism [17]. Utilizing another marker for acidic endosomal compartments LysoTracker, we
found a similar dotted staining pattern in control and LLO Y406A-treated cells (Figure 3C),
indicating that LLO Y406A had no activity in endosomes.
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Figure 1. Cell viability and morphology of urothelial cells upon listeriolysin O (LLO) incubation.
NPU and RT4 cells were treated for 2 h with LLO Y406A or wt LLO and viabilities measured 1 h
post-treatment. (A) Cell viability of NPU and RT4 cells in control (−), 0.1, 0.5, and 2.5 µM LLO
Y406A, and in 0.001, 0.01, 0.03, and 0.5 µM wt LLO. The data are presented as mean± SEM, * p < 0.05,
** p < 0.005, *** p < 0.001. (B) Morphology of RT4 cells in medium without LLO Y406A and after
0.5 µM LLO Y406A treatment (B’). Morphology of RT4 cells changes from polygonal to spherical
(arrows). LLO Y406A-treated RT4 cells release vesicles (arrowheads). Cells were imaged with a phase-
contrast microscope. The vesicle in the right bottom corner is ×5 enlarged. (C) Co-cultures of NPU
and RT4 cells, labeled with red lipophilic dye DiI, in control medium. (D) Co-cultures after 0.5 µM
LLO Y406A treatment have free surfaces (asterisks) with individual RT4 cells (arrows). (E) After
LLO Y406A treatment, detached cells were collected and imaged. The representative image shows
that the majority of cells are RT4 cells. (F) Quantification of DiI fluorescence in RT4 monocultures
and RT4-NPU co-cultures reveals similar values (p > 0.05). (G) Immunofluorescence of Cas3 (red) in
control untreated RT4 cell and 1 h and 24 h after 0.5 µM LLO Y406A treatment. Nuclei are stained
with DAPI (blue). (G’) Quantification of the number of apoptotic Cas3-positive RT4 cells, per all RT4
cells in a field of view (fields of view = 10, from three independent experiments). Scale bars: (B–E)
are 50 µm and (G) are 20 µm.
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Figure 2. Ultrastructure of urothelial cells after incubation with LLO Y406A. RT4 and normal porcine
urothelial (NPU) cells were untreated (A,C) or treated with 0.5 µM LLO Y406A for 2 h (B,D). One h
after LLO Y406A treatment RT4 cells release extracellular vesicles (arrows, B), which are not observed
in NPU cells (D).

At the fluorescence-microscopy level, neither dextran nor LysoTracker revealed disper-
sion of endosomal content into the cytosol after LLO Y406A treatment. Plasma membrane
labeling with mCherry-LLO Y406A implies that LLO Y406A perforates the plasma mem-
brane of RT4 cells, thereby allowing passage of dextran into the cytosol.

To reveal the escape of endosomal content after LLO Y406A treatment, which could
not be resolved by light microscopy, we utilized transmission electron microscopy. As a
proof of concept, we used gold nanoparticles (gold NPs) as candidate markers to be co-
delivered with LLO Y406A. We prepared gold NPs with an average size of 10 ± 2 nm [30]
(Supplementary Figure S3). In the control medium, RT4 cells internalized gold NPs
(Figure 4A, arrows) by endocytosis as is evident from gold NPs presence in endosomes
(Figure 4A, arrows). In RT4 cells, which were treated with gold NPs and 0.5 µM LLO Y406A,
gold NPs persisted inside endosomes (Figure 4B, asterisk) and no NPs were distributed
freely within the cytoplasm. In RT4 cells treated with LLO Y406A, extracellular vesicles
were frequently observed (Figure 4C, arrows). On the other hand, in NPU cells that
were treated only with gold NPs, no internalization of NPs was observed (Figure 4D) as
was previously discovered for magnetic NPs [28]. Furthermore, LLO Y406A and gold
NPs co-incubation did not cause any blebbing of the plasma membranes in NPU cells
(Figure 4E).
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Figure 3. LLO Y406A does not cause endosomal escape, but plasma membrane perforation and blebbing in RT4 cells. (A)
FITC-dextran shows dotted pattern fluorescence in control (LLO Y406A-) cells. After co-incubation with 0.5 µM LLO Y406A
and FITC-dextran, part of RT4 cells exhibits the cytosolic distribution of dextran (asterisks). (B) FITC-dextran and 5.0 µM
mCherry-LLO Y406A co-incubation results in the plasma membrane labeling with mCherry-LLO Y406A (arrows). Part
of the cells shows a homogenous distribution of dextran (asterisks). (B’) Magnification of the region in B (white frame) is
shown in the x-z and y-z view. Plasma membrane (arrows) and extracellular vesicles (arrowheads), emanating from the
plasma membrane, are labeled with mCherry-LLO Y406A. (C) The distribution of LysoTracker is similar in untreated and in
LLO Y406A-treated cells and has a dotted pattern shown in the magnified insets. Nuclei are stained with DAPI (blue). Scale
bars are 20 µm.
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Figure 4. LLO Y406A does not cause endosomal escape of gold nanoparticles (NPs) but causes blebbing in RT4 cells. RT4
cells internalize gold NPs after 2-h incubation with gold NPs followed by 1-h incubation in the control medium. (A) Gold
NPs are concentrated inside endosomes (arrows). (B) After co-treatment with 0.5 µM LLO Y406A and gold NPs, gold
NPs persist in endosomes (asterisks) and show no release of gold NPs into the cytosol. (C) LLO Y406A treatment causes
the release of extracellular vesicles from the cell surface (arrows). (D) NPU cells do not internalize gold NPs. (E) After
co-treatment with LLO Y406A and gold NPs, no gold NPs are released in the cytosol of NPU cells (E). Scale bars (A–C) are
300 nm, (D,E) are 600 nm.

Our results confirmed that LLO Y406A did not perforate endosomal membranes,
because gold NPs were not released from endosomes into the cytosol. We speculate that
the prevention of endosomal escape could be due to the absence of necessary virulence
factors, membrane-active phospholipase C enzymes that contribute to pore formation
in endosomes during Listeria infection [31] or by the increased physical resistance of the
endolysosomal compartment in these cells [9]. However, our results strongly demonstrate
that LLO Y406A is mainly attached to the plasma membrane and acts there and hence the
amount of internalized LLO Y406A is probably too low for pore formation in endosomes.

2.3. LLO Y406A Induces Calcium Influx and Cell Blebbing in RT4 Cells

It has been shown before that the pore-forming activity of LLO is not necessarily
restricted to intracellular targets but can also be directed to the plasma membrane of
cells [8,15,32–34]. Thus, we utilized Fluo-4, a calcium indicator, to examine the activity of
LLO Y406A at the plasma membrane of RT4 cells. An evident increase in fluorescence of
Fluo-4 inside RT4 cells was found already 20 s after LLO Y406 incubation in comparison to
untreated cells (Figure 5A). This calcium influx was immediately followed by blebbing, i.e.,
40 s after LLO Y406A treatment (Figure 5A, arrows). Blebbing progressed to the release
of extracellular vesicles into the extracellular space 60 s after LLO Y406A application
(Figure 5A, arrowheads). By the same experimental design with NPU cells, no Fluo-4
fluorescence or blebbing was observed (Figure 5B). In RT4 cells, the significant increase in
intercellular calcium after LLO Y406A application was confirmed by quantifying the gray
values of the Fluo-4 fluorescence intensity. The latter was shown to be 1.8-fold higher in
LLO Y406A-treated than in untreated RT4 cells (Figure 5C).
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Figure 5. LLO Y406A induces an influx of calcium into RT4 cells. (A) Fluorescence of the calcium indicator Fluo-4 in RT4
cells without LLO Y406A and 20, 40, and 60 s after 0.5 µM LLO Y406A incubation. Cell blebbing occurs 40 s after LLO
Y406A incubation (arrows), followed by the release of extracellular vesicles 60 s after LLO Y406A incubation (arrowheads).
(B) Fluorescence of Fluo-4 in NPU cells without LLO Y406A and 20, 40, and 60 s after 0.5 µM LLO Y406A incubation. LLO
Y406A did not induce calcium influx in NPU cells. No fluorescence of Fluo-4 (upper row) and no changes in morphology
(bottom row) appeared during 60 s after 0.5 µM LLO Y406A incubation. Images of RT4 and NPU cells were acquired with
the same exposure time (558.47 ms). Scale bars are 20 µm. (C) Quantification of Fluo-4 fluorescence, presented as gray
values of the fluorescence intensity signal (a.u.), in RT4 cells in the absence of LLO Y406A and 60 s after treatment with LLO
Y406A. Presented are averages ± SEM, ** p < 0.005.

This examination revealed that LLO Y406A activity is targeted specifically to the
plasma membrane of RT4 cells, resulting in calcium influx, immediate membrane blebbing,
and shedding of extracellular vesicles.
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3. Discussion

The novelty of this study is the selective pore-forming activity of LLO Y406A for
urothelial cells in vitro where cancer cells respond with high sensitivity, while the sensitivity
of normal cells is only negligible. To our knowledge, this is the first study in which wt
LLO or its mutants have been used on urothelial cells. To date, wt LLO activity has been
studied in a variety of other cell types, including colon epithelial cells Caco-2 and HT-29/B6,
embryonic kidney cells HEK 293, human brain endothelial cells, and Jurkat cells, each
without comparing the response of wt LLO in cancer vs. normal cells [34–38]. Herein,
we initially planned to use LLO Y406A, designed for activity at a narrow pH optimum of
5–6 [11] to prevent pore-forming activity at the plasma membrane with usually neutral pH
surrounding, which should induce selective pore-forming activity in acidic endosomes.
In RT4 cells, 0.5 µM LLO Y406A treatment decreased viability to 43%, whereas normal
urothelial cells survived the same treatment with 95%. A larger proportion of RT4 cells died
presumably due to membrane damage and detachment from the growth surface caused
by LLO Y406A activity and partially by the apoptosis. This effect was detected 24 h after
LLO Y406A treatment and supports a remarkable cytotoxic activity of LLO Y406A. These
results highlighted the mutant LLO Y406A as a promising therapeutic agent due to (a) high
selectivity to attack RT4 cells and (b) high efficiency to eliminate RT4 cells in general and
in comparison to wt LLO. The low toxicity of LLO Y406A to NPU cells is an important
advantage of this agent and suggests its potential for in vivo studies, where NPU cells
tend to be protected from impairment in terms of maintaining the blood-urine barrier and
minimizing side effects. Co-cultures of RT4 and NPU cells proved LLO Y406A selectivity
for RT4 cells. A similar trend of selective elimination of RT4, but not NPU cells, was
observed after incubation with the cholesterol-sphingomyelin binding protein ostreolysin
A/pleurotolysin B (OlyA/PlyB) [26]. Since OlyA/PlyB and LLO Y406A require cholesterol
for binding, the difference in activity on RT4 and NPU cells is probably connected to the
higher concentration of cholesterol in RT4 cells (23 µg/mg proteins) compared to NPU
cells with 17 µg cholesterol per mg proteins [26].

In addition to cholesterol content, another possible reason for the cell-type specific
action of LLO Y406A is the acidic microenvironment that likely surrounds RT4 cells. The
acidity is provided by lactate as a metabolic product of cancer cell-specific glycolysis
known as the Warburg effect [39,40]. This effect is strongly implicated in bladder cancer
as it is associated with an aggressive tumor and promotes metastatic spread by exerting
an inhibitory action on anti-cancer immune effectors [41–43]. Even though RT4 cells were
incubated with LLO Y406A in a pH-neutral culture medium, it is likely, that the local
acidity at the plasma membrane was still suitable for the activity of this cytolysin. The
mCherry-LLO Y406A labeling at the plasma membrane of RT4 cells provided evidence in
this direction. LLO Y406A tropism to RT4 urothelial cells might be favored by a specific
class of glycans that are absent from the NPU cells [44,45]. Further studies are needed
to determine whether RT4 cells are decorated with the glycan class that represents LLO
receptors [46].

In addition to the evident binding of LLO Y406A to the plasma membrane, its pore-
forming activity has been proven with the calcium influx into RT4 cells. It happened within
the first 20 s after LLO Y406A application. However, the exact size of pores has yet to
be determined. According to the hydrodynamic diameter of 2.3 nm of 3 kDa dextran
that entered the cytosol and ~10 nm of gold NPs that could not enter, we can roughly
estimate the pore size to be between 2 and 10 nm [47]. We found that RT4 cells responded
rapidly to LLO Y406A with blebbing and the release of extracellular vesicles. It has been
shown that blebbing is a repair mechanism by which pores smaller than 100 nm become
quarantined and detached by extracellular vesicles [18,48,49]. Streptolysin O, a cholesterol-
dependent cytolysin, caused sequestration of the damaged membrane around the pores
and subsequent shedding into extracellular vesicles in Teu-2 urothelial cells and 3T3
fibroblasts [50,51]. Thus, we can speculate that membrane blebbing is a general mechanism
in urothelial cells in response to the pore-forming toxins. The mechanism of blebbing
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probably helps to recover the integrity of the plasma membrane and contributes to cell
recovery and proliferation. On the other hand, released LLO Y406A vesicles (microvesicles)
can target other RT4 cells and continue with the pore-forming activity, thereby prolonging
and enhancing the anti-cancer effect of LLO Y406A. For example, biologically active LLO-
containing vesicles, toxic to human breast cancer cells and murine macrophages, were
formed by epithelial cells after infection with L. monocytogenes [52].

4. Materials and Methods
4.1. Cell Cultures

Monocultures: Human cancer urothelial RT4 and T24 cells (ATTC, Manassas, VA, USA)
were cultured in advanced Dulbecco’s modified Eagle’s medium (A-DMEM)/F12 (1:1),
5% heat-inactivated fetal bovine serum (FBS), 10,000 U/mL penicillin, and 10,000 µg/mL
streptomycin solution (determined as control medium) at 37 ◦C in a humidified atmosphere
with 5% CO2. The porcine normal urothelial (NPU) cells from the fourth to twelfth
passage were prepared from at least three porcine normal urinary bladders (biological
replicates) as described previously [53]. NPU cells were cultured in MCDB153 (Sigma-
Aldrich, Taufkirchen, Germany)/A-DMEM (1:1), 2.5% FBS, 0.1 mM phosphoethanolamine
(Sigma), 0.5 µg/mL hydrocortisone (Sigma), 5 µg/mL insulin (Sigma), 4 mM glutamax,
10,000 U/mL penicillin, and 10,000 µg/mL streptomycin solution (control medium). The
culture media and supplements were purchased from Gibco, Invitrogen (Vienna, Austria),
unless otherwise stated.

Co-cultures: The NPU cells (1 × 105 cells/cm2) and RT4 cells (1 × 105 cells/cm2)
were cultured for 2 days in Petri dishes or in 96-well plates. To discriminate RT4 cells
from NPU cells, RT4 cells were labeled with the orange—red-fluorescent lipophilic dye
DiI (1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate; V22885, Thermo
Fisher Scientific, Waltham, MA, USA) before co-culturing. Briefly, 4 µl DiI was added
to 1 × 106 RT4 cells for 30 min at 37 ◦C, cells were rinsed five times with fresh control
medium and seeded with unlabeled NPU cells. Co-cultures were left untreated or were
treated with 0.5 µM LLO Y406A, grown for an hour in a control medium. The medium was
collected and detached cells were pelleted (200× g, 5 min) and fixed in 4% formaldehyde
in phosphate-buffered saline (PBS; pH 7.4). The attached cells were either fixed in 4%
formaldehyde in phosphate-buffered saline (PBS; pH 7.4) or DiI fluorescence was measured
with a microplate reader (Safire2, Tecan, Mannedorf, Switzerland). Fixed cells were rinsed
with PBS and embedded in Vectashield with DAPI (Vector Laboratories, Burlingamme, CA,
USA), and analyzed with 10×/NA 0.3 objective on a fluorescence microscope AxioImager
Z.1. (Zeiss, Oberkochen, Germany).

4.2. Cell Viability Measurement

The RT4 cells and NPU cells were cultured for 2 days in 96-well plates (Costar, Ken-
nebunk, ME, USA), each at a seeding density of 1 × 105 cells/cm2. Cells were treated
with 0.1, 0.5, 2.5 µM LLO Y406A and 0.005, 0.01, 0.03 µM wild-type LLO (wt LLO) for 2 h
in control medium, washed and left in fresh control medium for 1 h, or were untreated.
Cell viability was tested with CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. The luminescence was
measured using a microplate reader (Safire2). Data from viability assays are expressed as
percentages of luminescence of treated to untreated cells, as an average ± standard error of
the mean (SEM) of 3 independent experiments, each performed in triplicate.

4.3. Preparation, Expression and Purification of Recombinant Proteins

The wt LLO and LLO Y406A were prepared as previously described [11]. Proteins
were expressed in Escherichia coli BL21(DE3) pLysS cells in Terrific Broth medium. Cells
were grown at 37 ◦C with shaking until A600 reached ~1 and protein expression was
induced with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside. After shaking for 20 h at
20 ◦C, the cells were harvested by centrifugation at 4 ◦C and 4410× g for 5 min. Cells
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were resuspended in a minimal amount of lysis buffer (50 mM NaH2PO4/Na2HPO4,
250 mM NaCl, 10% (v/v) glycerol, pH 6.5) and 2-sulfanylethanol was added to a final
concentration of 5 mM. Protease inhibitor phenylmethanesulfonyl fluoride was added
to a final concentration of 2 mM. The cell suspension was sonicated and debris was
removed by centrifugation at 50,000× g, 4 ◦C for 1 h. The supernatant was filtered through
0.22 µm filter, aliquoted, and frozen at −80 ◦C until use. For protein purification, the cell
lysate was loaded to Ni-NTA, (Qiagen, Hilden, Germany) column, washed extensively
with the wash buffer (50 mM NaH2PO4/Na2HPO4, 250 mM NaCl, 60 mM imidazole,
pH 6.5), and the bound fraction eluted with the same wash buffer except the imidazole
concentration was 300 mM. Tobacco etch protease (TEV) was added to a final concentration
of ~30 µg/mL and the solution was dialyzed 1:60 overnight at 4 ◦C in a dialysis buffer
(30 mM NaH2PO4/Na2HPO4, 150 mM NaCl, pH 6.5). The dialyzed sample was loaded
again on Ni-NTA column and the unbound fraction, containing purified protein was
concentrated with Amicon Ultra 30 kDa MWCO (Merck, Darmstadt, Germany) for the final
step, size exclusion chromatography. The Superdex 200 column (GE Healthcare, Chicago,
IL, USA) was equilibrated with GF buffer (20 mM 2-(N-morpholino)ethanesulfonic acid
(MES), 150 mM NaCl, pH 5.7). Fractions of pure protein (determined with SDS-PAGE)
were pooled, concentrated, aliquoted, and flash frozen in liquid nitrogen and stored at
−80 ◦C.

The gene for mCherry-LLO Y406A recombinant protein was inserted into pET17b
plasmid. The mCherry was linked to LLO Y406A at the N-terminus using a linker with
amino acid sequence GGGSGGGSPR. C-terminally to the LLO Y406A sequence, the TEV
protease cleavage site, and a hexa-histidine tag were added. mCherry-LLO Y406A pro-
tein was expressed in E. coli BL21(DE3) cells as described above for wt LLO and LLO
Y406A. The cell lysate was loaded onto Ni-NTA (Qiagen, Hilden, Germany) column for
protein purification. The column was washed with 50 mM NaH2PO4/Na2HPO4 pH 7.5,
250 mM NaCl, 5% v/v glycerol and the bound recombinant protein was eluted with 50 mM
NaH2PO4/Na2HPO4 pH 7.5, 250 mM NaCl, 300 mM NaCl, 5% v/v glycerol. 6xHis-Tag was
cleaved with TEV protease in dialysis buffer (30 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM
NaCl, 5% glycerol) overnight at 4 ◦C. After dialysis, the protein solution was loaded to the
Ni-NTA column and the unbound fraction with the purified protein was concentrated in
Amicon Ultra 30 kDa MWCO (Merck, Darmstadt, Germany) and the buffer exchanged so
the final protein solution was in 20 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM NaCl, 5%
glycerol, 1 mM DTT) and stored at −80 ◦C until used.

Stock solutions of LLO-Y406A (69.1 µM), mCherry-LLO Y406A (22.8 µM) and wt LLO
(101.0 µM) were mixed in control medium alone or combination with FITC-dextran or gold
nanoparticles (see preparation below) at 22 ◦C in a laminar flow hood.

4.4. Endosomal Escape

To reveal endosomal escape, RT4 cells were co-incubated with 0.5 µM LLO Y406A and
0.5 mg/mL FITC-dextran (3kDa, D3306, Thermo Fisher Scientific, Waltham, MA, USA) for
2 h, washed in control medium, and cultured in control medium for 1 h. Alternatively, RT4
cells were co-incubated with 5.0 µM mCherry-LLO Y406A and FITC-dextran following the
same protocol. Then cells were then fixed in 4% formaldehyde in PBS (pH 7.4) at 22 ◦C for
15 min and mounted in Vectashield with DAPI (4,6-diamidino-2-phenylindole) for nuclear
staining (Vector Laboratories). Additionally, LysoTracker Red DND-99 (L7528, Molecular
Probes Life Technologies, Waltham, OR USA) was used. In brief, RT4 cells were incubated
with 50 nM LysoTracker at 37 ◦C for 45 min. Cells were then washed and LLO Y406A
was added to a final concentration of 0.5 µM for 2 h and washed with control medium.
One h later, cells were fixed in 4% formaldehyde in PBS at 22 ◦C for 15 min and mounted
in Vectashield with DAPI. Cells were analyzed using a 20×/NA 0.75 and 63×/NA 1.4
objectives on a fluorescence microscope AxioImager Z.1 with an Apotome device for optical
section generation (Zeiss).



Int. J. Mol. Sci. 2021, 22, 3305 12 of 15

4.5. Immunolabeling

For caspase 3 (Cas3) labeling, RT4 cells were incubated with 0.5 µM LLO Y406A for 2 h,
washed in control medium, and cultured for 1 and 24 h in control medium, then fixed in
4% formaldehyde at 22 ◦C for 15 min, and incubated in a blocking-permeabilization buffer
(0.5% bovine serum albumin, 0.1% saponin, 0.1% gelatin, 50 mM NH4Cl, 0.02% NaN3)
at 37 ◦C for 30 min. Then cells were incubated with rabbit anti-cleaved Cas3 antibodies
(1:100, ab2302, Abcam, Cambridge, UK) overnight at 4 ◦C, washed with PBS, and incubated
with Alexa Fluor 555-conjugated anti-rabbit secondary antibodies (1:400, Thermo Fisher
Scientific, Waltham, MA, USA) at 37 ◦C for 30 min. In parallel, untreated RT4 cells were
processed for Cas3 immunolabeling using the same protocol as for LLO Y406A-treated
cells. The cells were mounted in Vectashield with DAPI for nuclear staining and observed
under fluorescence microscope AxioImager Z1. Cas3 positive cells and nuclei were counted
using the Cell Counter Plugin (Fiji, release 2.2.2., NIH, Bethesda, MD, USA).

4.6. Fluo-4 AM Calcium Staining

The RT4 and NPU cells (1 × 105 cells/cm2) were seeded on glass-bottom dishes
(MatTekCorporation, Ashland, MA, USA) and grown for 2 days. Cells were washed with
HBSS+ (Hanks buffer with Ca2+, Mg2+, without Phenol Red, 10 mM HEPES, 10 mM glucose)
buffer and incubated with 2 µM Fluo-4 AM (F14201, Molecular Probes Life Technologies,
Eugene, OR, USA) at 37 ◦C for 45 min in the dark. Cells were then washed with HBSS+
buffer and FluoroBright DMEM microscopy medium without FBS (Gibco) was added to
the cells. Imaging was made with Zeiss Axio Imager Z.1 fluorescence microscope at 37 ◦C
(Filter set 10, 488010, Zeiss) and images were acquired using the AxioVision program. Then
LLO Y406A was added at the final concentration 0.5 µM and 20 s later images were taken
at 10-s intervals with the same settings as in pre-treatment. Gray values of the fluorescence
intensity (a.u.) were measured with AxioVision 4.8 software (Zeiss) in three independent
experiments, each time in 10 cells.

4.7. Generation of Gold Nanoparticles

The procedure for gold nanoparticles (gold NPs) preparation was adopted from Hayat
(Hayat 1989). Gold NPs were prepared by reduction of HAuCl4 with sodium citrate. The
starting solution of 106 mL of 2.2 mM (0.064%, w/v) sodium citrate was brought to a boil
and 1 mL of 24.3 mM HAuCl4 (0.955%, w/v) was added with rapid mixing. The reaction
was completed within 1–2 min and the solution was further boiled for 15 min. Gold NPs in
solution were centrifuged at 6500× g for 30 min at 4 ◦C. Nine tenths of the supernatant
was discarded to increase the concentration of gold NPs in the solution. Next, 5 µL of the
gold NPs solution were deposited onto copper grids and air-dried. Images of gold NPs
were taken at 20,000–100,000×magnifications with a Philips CM100 transmission electron
microscope (Philips, Tokyo, Japan) at 80 kV using an AMT camera (Advanced Microscopy
Techniques Corp., Woburn, MA, USA).

4.8. Transmission Electron Microscopy

The RT4 and NPU cells treated with 0.5 µM LLO Y406A, with 0.5 µM LLO Y406A and
gold NPs, and the untreated cells were fixed with 4% formaldehyde and 2% glutaraldehyde
in 0.1 M cacodylate buffer for 2 h at 4 ◦C. After overnight washing in 0.33 M sucrose in
cacodylate buffer, the cells were incubated with 1% OsO4 for 1 h at 22 ◦C. The cells were
then dehydrated and embedded in Epon (Serva, Heidelberg, Germany). Ultrathin sections
were stained with uranyl acetate and lead citrate (Merck, Darmstadt, Germany). The
sections were examined with a Philips CM100 transmission electron microscope at 80 kV
using an AMT camera.

4.9. Statistical Analysis

The data are presented as average ± SEM of three independent experiments, each
performed in triplicates. Data were analyzed with Student’s two-tailed t-test or one-way
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Anova test (MS Excel for Windows 2011, version 14.3.2). Statistically significant results
were represented by * p < 0.05; ** p < 0.005; and *** p < 0.001.

5. Conclusions

LLO Y406A has great selectivity for the urothelial cancer cells, which is the most
important feature of an effective anticancer drug. We envision the use of LLO Y406A
in combination with other conventional drugs such as Bacillus Calmette–Guérin (BCG)
or mitomycin C that are used after bladder tumor resection to destroy remnant tumor
cells [54,55]. LLO Y406A fulfils many attributes as an anti-cancer agent: it is a small
56 kDa protein, soluble in urine, with highly selective activity at the plasma membrane of
cancer urothelial cells that results in the efficient elimination of cancer urothelial cells. By
intravesical instillation, LLO Y406A could be directly applied, without any preparation of
the drug, i.e., encapsulation into liposomes. Many advantages of this agent merit further
investigation of LLO Y406A as a specific therapeutic against bladder papillary tumors
which we intend to examine in animal models of bladder cancer such as orthotopic bladder
cancer models to approach the translation of this experimental work to the clinics.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/7/3305/s1, Figure S1: Comparison in the viability of T24 and RT4 cells after 0.5 µM LLO
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S3: Transmission electron microscopy of gold NPs.
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