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Bacterial toxins can exhibit anticancer activities. Here we investigated the anticancer effects of the listeriolysin O toxin produced
by Listeria monocytogenes. We found that supernatants of Listeria monocytogenes strains (wild type, 1189, and 1190) were cytotoxic
to the Jurkat cell line and human peripheral blood mononuclear cells (PBMC) in a concentration-dependent manner. The
supernatant of strain 1044, not producing listeriolysin O, was inactive. The supernatants of Listeria strains were also cytotoxic
toward B cells of chronic leukemia patients, with no significant differences in activities between strains. We also tested supernatants
of Bacillus subtilis strains BR1-90, BR1-S, and BR1-89 producing listeriolysin O. BR1-S and BR1-89 were cytotoxic to PBMC and
to Jurkat cells, the latter being more sensitive to the supernatants. BR1-90 was not hemolytic or cytotoxic to PBMC, but was
cytotoxic to Jurkat cells in the concentration range of 10–30%, suggesting that listeriolysin O is selectively effective against T cells.
Overall, the response of human peripheral blood mononuclear and human leukemia cell lines to bacteria supernatants containing
listeriolysin O depended on the bacteria strain, target cell type, and supernatant concentration.

1. Introduction

The anticancer role of bacteria was recognized over a hun-
dred years ago, when the American physician William Coley
began the first well-documented use of bacteria and their
toxins to treat end-stage cancers. He developed a safe vaccine
composed of killed bacteria species [1], which was used
to successfully treat sarcomas, carcinomas, lymphomas, and
melanomas [2].

Most pathogenic bacteria produce toxins; these impor-
tant pathogenic factors are generally proteins with enzymatic
activity that can be classified into several groups. The first
class includes hydrolytic enzymes, such as phospholipases,
proteases, metalloproteases, glycosidases, deaminases, and
deoxyribonucleases, which disrupt target molecules. Another
class interferes with host metabolism modifies metabolic
components; this group includes transferases, such as glu-
cosyl transferases and ADP-ribosylating toxins, or lyases
like adenylate cyclase [3]. A third group of toxins, the

cytolysins, acts on the cytoplasmic membranes, without
enzymatic activity or intracellular penetration; this group
includes receptor-targeted toxins and membrane-damaging
toxins, which are produced by numerous Gram-positive and
Gram-negative bacteria. Cytolysins may combine cytolytic
abilities with enzymatic activity, and some phospholipases
can hydrolyze lipids in the cell membrane together with
membrane-lysing activity.

Pore-forming cytolysins are membrane-damaging toxins
without enzymatic activity. These highly specialized proteins
damage target cells by inserting hydrophobic regions into
the cellular membrane phospholipid bilayer [3]. The largest
and most homogenous group of pore-forming cytolysins are
the cholesterol-dependent cytolysins (CDCs). The CDCs are
exclusively produced by Gram-positive pathogens, and share
similar amino acid sequences and biochemical properties
[4]. Like other toxins, CDCs are usually secreted by a
bacterial cell such that their activity can be directly exerted on
eukaryotic cells. Efficient secretion machinery is typical for
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most pathogenic bacteria and nonpathogenic bacteria that
are able to substantially modify their surroundings.

Listeria monocytogenes is an intracellular pathogen that
efficiently secretes pathogenicity determinants, including
three toxins. One of its toxins is listeriolysin O (LLO), a
CDC that is crucial for pathogen intracellular survival [5, 6].
The two other toxins are phospholipases, designated PlcA
and PlcB, which both enhance LLO cytolytic activity [7]
and L. monocytogenes virulence [8, 9]. Bacillus subtilis is a
nonpathogenic, model Gram-positive bacterium; it is well
known for its enormous secretion machinery, and is widely
used in both research and industry for efficient protein
production [10–12]. Listeria and Bacillus secretion genes are
closely related and share similar secretion apparatus. The
main secretory pathway of both organisms is SecA, which is
used to transport LLO [13]. These similarities enable highly
effective expression and secretion of listeriolysin O in B.
subtilis [14]. We previously used LLO-secreting B. subtilis in
in vitro experiments with the human Jurkat cell line [15, 16].
Therefore, in the present study, we used both B. subtilis and
L. monocytogenes for cytolysin production.

Here we present the results of in vitro experiments of
the hemolytic and cytotoxic activities of bacteria culture
supernatants on human peripheral blood leukocytes, both
normal and leukemia. We used L. monocytogenes strains
that synthesized LLO and mutant strains that produced
variants of this toxin, along with engineered B. subtilis strains
harboring the wild-type or mutated hlyA gene. The use of
LLO-producing B. subtilis strains is an attractive idea because
it allows the study of this toxin in the isolation from other
pathogenesis factors [15]. This technique also potentiates the
practical use of such toxins, since the use of B. subtilis is safer
than use of the original pathogenic host.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions. The bacterial
strains used in this study are listed in Table 1.

Bacteria were grown in LB broth (Sterbios, Warsaw,
Poland) or brain heart infusion broth (BHI; Beckton Dick-
inson, Difco, New Jersey, USA) at 37◦C with shaking at
120 rpm. L. monocytogenes strains were grown overnight in
BHI, then diluted in BHI broth containing 1% Amberlite
(Merck) to enhance cytotoxin production, and cultured until
reaching early stationery phase. B. subtilis overnight cultures
were grown in LB and then diluted and grown in BHI until
OD 1.5 was reached. To induce LLO synthesis, isopropyl-β-
D-thiogalactoside (IPTG) was added to a final concentration
of 0.5 mM. Samples were taken for assays, and all strains had
similar OD values. Overall proteins extracts were analyzed by
PAGE to check LLO content. All stock bacteria cultures were
stored at −20◦C as suspensions of cells in 20% glycerol.

2.2. Construction of B. subtilis Mutant Strains. L. mon-
ocytogenes strains 1189 and 1190 [18] were grown overnight
in BHI, washed with PBS and pretreated with lysozyme
before DNA isolation with chromosomal DNA isolation
kit (A&A Biotechnology). Chromosomal DNA was matrix

for PCR (Qiagen PCR kit) with following primers: left: 5′

GCTCTAGAAGAGAGGGGTGGCAAACGGT 3′ (XbaI site
underlined) and right: 5′ GCGGTCGACGGTACCTTTCGT-
GTGTGTTAAGCGGT 3′ (KpnI and SalI sites underlined).
PCR products and destination vector pAG58 were digested
with XbaI and SalI enzymes (Fermentas) and purified with
Clean-up kit (A&A Biotechnology). Vector and insert DNA
were ligated (Fermentas) and transformed to E. coli for con-
struct verification. Selected clones were subject for plasmid
isolation and recombinant plasmids were transformed into
B. subtilis MB4 strain [21] to produce BR1-89 and BR1-90
(harboring hly gene from L. monocytogenes strains 1189 and
1190, resp.).

2.3. Eukaryotic Cell Isolation and Growth Conditions. The
following target Eukaryotic cells were used: sheep red blood
cells (SRBC; Biomed, Warsaw, Poland), human acute T
cell leukemia cell line (Jurkat; ATCC TIB 152), peripheral
blood mononuclear cells (PBMC) from healthy humans, and
PBMC from B-cell chronic lymphocytic leukemia (B-CLL)
patients.

The Jurkat cells were grown in RPMI 1640 (Gibco) cul-
ture medium containing 10% inactivated calf serum (NCS)
with 100 U penicillin and 0.1 mg streptomycin per mL, or
in DMEM medium (Sigma) with 10% inactivated calf serum
(NCS). NCS contained 150 mg/dL cholesterol.

Human peripheral blood mononuclear cells (PBMC)
were isolated and cultured in vitro for 2–7 days before cyto-
toxicity experiments. For the in vitro peripheral blood exper-
iments, patients gave their consent, and the procedure was
accepted by the Bioethical Commission at the Medical Center
of Postgraduate Education, Warsaw (Feb 27, 2008). PBMC
isolation from both healthy subjects and B-CLL patients was
performed by overlaying 10 mL of peripheral blood diluted
with PBS (1 : 1) over 5 mL of Histopaque 1077 (Sigma) that
was prepared in a test tube, followed by centrifugation for
30 min at 540×g. The interlayer of PBMC containing lym-
phocytes and monocytes was separated, diluted with 5 mL
of culture medium, and centrifuged 5 min at 200×g. Then
the washed cells were suspended in new culture medium and
counted using the Burker camera. The concentration of the
cell suspension was adjusted to a final value of 2 × 106/mL
before culture. The cultures were established in Falcon vessels
(dishes) or in 6-well flat-bottom plates, in RPMI 1640 with
10% NCS and antibiotics; half of the medium volume was
changed twice per week.

2.4. Supernatants of Bacteria Culture Medium. Bacterial
cultures were centrifuged for 5 min at 4300×g. The culture
medium supernatant was passed through a 0.22 μm filter
(Millipore), then frozen at −20◦C in the presence of 5 mM
cysteine and 10% glycerol (pH 6), and stored for later use in
the activity assays.

2.5. Hemolytic Activity Assay. Hemolytic activity was assayed
on sheep erythrocytes (SRBC). The erythrocytes were
washed three times with PBS, and suspended to a final
concentration of 10% in PBS (pH 7.4). The supernatant
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Table 1: List of bacterial strains.

Strain Characteristics References

L. monocytogenes 10403S Wild type [17]

L. monocytogenes 1189 10403S strain harbouring point mutation in hly gene resulting in Cys484Ala
substitution in LLO protein. [18]

L. monocytogenes 1190 10403S strain harbouring point mutation in hly gene resulting in Cys484Ser
substitution in LLO protein. [18]

L. monocytogenes 1044 Nonhemolytic derivative of 10403S. Insertional mutant in hlyA gene. [19]

L. monocytogenes MAC
Mackaness strain, hypervirulent isolate harbouring natural prfA∗ mutation,
overproducing determinants of pathogenesis. [20]

B. subtilis MB4
Asporogenic derivative of strain ZB307 containing a
spoIIE::Tn9I7fQHU181::1ac55 insertion [21, 22]

B. subtilis BR1-S MB4/pAG58/hly [16]

B. subtilis BR1-89 MB4/pAG58/hlyC484A This work

B. subtilis BR1-90 MB4/pAG58/hlyC484S This work

was diluted by adding 20 μL to a final volume of 1 mL
1% erythrocyte suspension. The prepared solution was
incubated for 30 min at 37◦C, and then centrifuged for 3 min
at 150×g. The released hemoglobin was measured spec-
trophotometrically at 410 nm. Hemolytic units (HU) were
calculated after setting 0 HU as the activity of the negative
control, and 100 HU as total hemolysis as determined in an
erythrocyte sample lysed with 0.01% SDS.

2.6. Western Blot Analysis of Supernatants. B. subtilis super-
natants derived proteins and molecular weight marker
(PageRuler Plus Prestained Protein Ladder, Fermentas) were
separated by SDS-PAGE and were transferred to nitrocellu-
lose membrane by using the BIO-RAD Trans-Blot system
according to the manufacturer’s protocol. The membrane
was blocked in 5% skimmed milk in Tris-buffered saline
(TBS) pH 7.6. Primary rabbit polyclonal anti-LLO antibody
(Abcam) and secondary goat polyclonal antibody (Abcam)
conjugated with alkaline phosphatase were used at 1/1500
and 1/10000 dilutions, respectively. The membrane was
developed using Calbiochem NBT/BCIP reagent.

2.7. Fluorescence Microscopy Cytotoxicity Assay. Bacterial
supernatant activity on Jurkat cells was observed using the
florescence microscope. Supernatants were obtained from L.
monocytogenes strains producing LLO (MAC, 1190, 1189,
and 10403S), as well as from a strain not producing LLO
(1044) as the negative control. B. subtilis strains producing
LLO were used (BR1-S, BR1-89 and BR1-90) and parental
strain (MB4) as the negative control. We mixed 900 μL of
the Jurkat cell suspension in a well with 100 μL of bacterial
supernatant, and incubated the mixture for 60 min (L. mono-
cytogenes supernatants) or 30 min (B. subtilis supernatants)
at room temperature. The final cell concentration was 1 ×
106/mL. Next, 100 μL of calcein-ethydine testing solution
was applied for 30 min. Green calcein fluorescence indicated
living cells, while damaged cells were observed as the red

fluorescence of ethydine binding to the cell nucleus. The
cell preparation was photographed with the Olympus IX70
microscope in three independent fields of view (760.9 μm
per 570.7 μm), and each experiment was repeated three
times. Live (Green fluorescence) and dead (red fluorescence)
cells were counted automatically using DP-Soft (analySIS)
application.

2.8. Cytometric Assays. The activities of L. monocytogenes
supernatants (strains MAC, 1190, 1189, 10403S, and 1044)
were tested on Jurkat cells. We mixed 20 μL of the 1 ×
106/mL Jurkat cell suspension with 30 μL of the bacterial
supernatant, which was diluted with physiological salt solu-
tion (PSS) at different proportions such that the amounts of
bacterial supernatant were 1, 2, 3, 4, 5, 10, 20, 30, 40, and
50% of the total assay volume of 50 μL. The final cell con-
centration was 0.4 × 106/mL and the final concentration of
FCS from the culture medium was 4% (6 mg cholesterol/dL).
The mixture was immediately incubated for 30 min at room
temperature.

After incubation, 300 μL of PSS and 1 μL of propidium
iodide (PI) solution (0.1 mg/mL water) were added. Pro-
pidium iodide penetrates the cell membrane of damaged
cells and binds to the cell nucleus, such that the percentage
of living cells is indicated by the PI-unstained events in
a fluorescence quadrant reading of FSC/PI fluorescence.
We used a FACSCalibur cytometer to collect 5000 events
from each sample, which were then analyzed using the Cell
Quest application (Becton Dickinson). All experiments were
repeated three times.

Similar analyses were performed with PBMC suspensions
from normal peripheral blood cells and from cells of B-
CLL patients. The supernatants of B. subtilis strains with the
hly gene (BR-1-89, BR-1-90, and BR-1-S) were also tested
similarly by cytometry, and compared with the supernatant
of wild-type strain B. subtilis MB4 and with the negative
control BHI medium.
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2.9. Statistical Analysis. The cytometric results are presented
as median values and percentile values, P25 and P75. Statisti-
cal analysis of cytometric experiments was performed using
the global linear model (GLM) after logit transformation
of values. Tukey’s post hoc test was also used. Results of
hemolytic tests and fluorescence microscopic measurements
are presented as mean values ± SD. Analysis of variance
was performed with ANOVA. Differences where P was <0.05
were considered to be significant. The statistical application
SAS 9.2 was used.

3. Results

3.1. Hemolytic Activity of Bacterial Strains. The cytolytic
activities of bacterial supernatants were tested on SRBC.
After spectrophotometric measurements, HU was calculated;
the absorbance of the negative control was assumed to be 0
HU (spontaneous hemolysis), and the absorbance following
lysis caused by 0.01% SDS was set as 100 HU. Activities of L.
monocytogenes supernatants in neutral conditions (pH 7.4)
are shown in Figure 1(a). The control nonhemolytic strain
1044 showed 0 HU. The highest activity was recorded for
the MAC strain (74 HU). The remaining strains presented
decreasing activities, from strain 10403S to 1190. The
differences between the hemolytic activities of these strains
were not statistically significant.

The results of hemolytic assays with supernatants of B.
subtilis strains are presented in Figure 1(b). No hemolytic
activity was observed with the control strain MB4 or with the
BR1-S (−) strain grown without IPTG. The mean hemolytic
activity of the supernatant of strain BR1-S (+) induced with
IPTG was 54 HU. The highest activity was observed with the
BR1-89 + IPTG supernatant on SRBC (87 HU). Strain BR1-
90 + IPTG showed minimal activity (5 HU). Western blot
analysis confirmed the presence of a LLO 58-kDa streak in
B. subtilis supernatants (Figure 2). Other bands are result of
nonspecific rabbit polyclonal anti-LLO antibody binding.

3.2. Cytotoxic Activity of Bacterial Supernatants on Jurkat
Cells Determined by Fluorescence Microscopy. We assessed the
cytotoxic effects of toxins produced by L. monocytogenes and
B. subtilis strains on Jurkat cells. Eukaryotic cell viability was
evaluated microscopically after staining with calcein AM and
ethidium homodimer, and the cytotoxicity assay results are
shown in Figure 3.

The strongest cytotoxic effect on Jurkat cells was recorded
for L. monocytogenes MAC strain (35% of dead cells).
Cytotoxicity of 1189 and 1190 is at similar level (over 20%)
while the activity of L. monocytogenes wild-type (10403S)
is surprisingly low. Overall, higher cytotoxicity levels were
observed for L. monocytogenes strains than for B. subtilis.
These results, however, are not directly comparable as
in hemolytic test (Section 3.1) since different incubation
time was used for each experiment. Actually, B. subtilis
supernatants tend to be more active (Figure 1), possibly due
to a higher cytotoxins content, therefore 30 min incubation
of Jurkat cells with B. subtilis supernatants was sufficient
while 60 min was necessary to observe significant cytotoxicity

in case of L. monocytogenes supernatants. The highest
cytotoxicity (over 10% dead cells) among B. subtilis strains
was observed following treatment with the supernatant of
the B. subtilis BR1-89 strain producing listeriolysin O in
which cysteine 484 was substituted by alanine. Significant
cytotoxicity was also observed with the supernatant of the
BR1-S strain producing unmodified toxin. Strains BR1-90
and MB4 displayed minimal cytotoxicity toward Jurkat cells.

3.3. Activity of L. Monocytogenes Supernatants Against Jurkat
Cells or Peripheral Blood Mononuclear Cells; Cytometric
Assays. Propidium iodide was used to evaluate cell survival;
damaged cells fluoresced above the background level due
to the fluorochrome binding to the DNA of apoptotic and
necrotic cells. Table 2 presents the survival analysis of Jurkat
cells treated with rising concentrations of supernatants of L.
monocytogenes strains (1189, 1190, 10403S, and 1044).

Supernatants of all strains were active when compared
with the supernatant of the negative control strain 1044
(GLM: P < 0.05, Tukey: P < 0.05), there were no statistically
significant differences in cytotoxic activity between super-
natants of the tested LLO-containing strains. Similar results
were observed when examining the Jurkat cell line with
a fluorescence microscope (Figure 3). In this experiment,
additionally MAC strain supernatant activity was measured
and it proved to be the highest (Tukey: P < 0.05)

The activities of the supernatants depended on their
concentration (GLM: P < 0.05). The cytotoxicity of the
supernatants of Listeria strains 1189 and 1190 to Jurkat cells
started at a concentration of 10%, while the supernatant
of the wild-type strain 10403S was active already at a
concentration of 3-4%. These results were comparable to
those of the hemolytic test, and are presented in Table 3.

Similar cytotoxic analyses were performed on the PBMC
of healthy subjects (Table 3) and of B-cell chronic lym-
phocytic leukemia patients (Table 4). On PBMC of healthy
subjects, the most active supernatant was that of the Listeria
MAC strain; statistically significant differences were observed
at supernatant concentrations of 10–50%. We also observed
somewhat different results with the supernatant of the
10403S strain as compared with 1189 and 1190; however,
these differences were not significant. As observed in other
analyses, the supernatant of the 1044 strain was inactive in
the tested concentration range (Tables 3 and 4). There were
no differences in the activities of supernatants of different
Listeria strains on the PBMC of B-CLL patients (Tukey: P >
0.05, GLM: P < 0.05), as presented in Table 4.

In summary, the Listeria monocytogenes supernatants
of the wild-type strain and mutant strains 1189 and 1190
were active in concentrations of 10–20%. The control strain
1044 supernatant was inactive at all tested concentrations.
Statistically significant differences in the activities of super-
natants of all tested strains were observed when compared
with the activity of the control strain supernatant (P <
0.05). The cytotoxic activities of the tested samples were
significantly concentration dependent (P < 0.05) (Tables 2–
4). The supernatant of the MAC strain had a significantly
different activity on PBMC from healthy subjects compared
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Figure 1: Hemolytic activity of L. monocytogenes (a) and B. subtilis (b) strains. Spectrophotometric measurements of the hemolytic activity
of the bacterial supernatants of Listeria monocytogenes (a) and Bacillus subtilis (b) strains tested on sheep erythrocytes (SRBC). The negative
control was 20 μL of BHI medium, 2% of final sample volume, exactly as in the tested supernatants. Hemolysis of the negative control
was defined as zero hemolytic units (HU). The positive control absorbance was set to 100 HU, defined as the hemolysis caused by 20 μL
of 0.5% SDS (0.01% final concentration). BR1-S (−) is B. subtilis strain grown without IPTG, BR1-S (+) the same strain induced with
IPTG. Hemolytic activity of the bacterial strains was calculated according to the absorbance of controls. The average of three independent
experiments (n = 3) is indicated with bars showing standard deviation.

Table 2: Survival of Jurkat cells treated with different concentrations of L. monocytogenes strain supernatants.

Strain Supernatant concentrations

1% 2% 3% 4% 5% 10% 20% 30% 40% 50%

1189
Median 97,5% 96,0% 97,5% 94,0% 92,5% 70,0% 64,0% 49,0% 13,0% 2,0%

P25–P75 96,5–98,3 93,3–98,5 92,3–99,0 89,3–98,5 84,3–98,0 56,3–85,8 49,8–78,5 34,8–63,5 0,0–38,0 0,0–18,0

1190
Median 99,0% 98,0% 95,5% 95,0% 93,5% 81,0% 81,5% 64,0% 19,0% 11,0%

P25–P75 98,8–99,3 96,0–100,3 92,0–99,3 91,3–98,3 90,0–96,0 76,8–86,8 72,0–86,8 50,0–78,0 0,0–47,5 0,0–32,0

10403S
Median 97,5% 84,0% 83,0% 71,0% 67,0% 58,5% 57,5% 30,5% 26,0% 10,5%

P25–P75 90,3–101,0 71,5–94,8 63,8–98,8 45,0–95,8 42,3–93,0 49,0–68,8 43,5–73,5 16,3–55,5 18,0–41,8 0,0–33,0

1044
Median 100,5% 101,0% 101,0% 100,5% 100,5% 100,0% 99,5% 99,0% 98,0% 98,0%

P25–P75 99,8–101,3 100,8–101,3 100,5–101,3 100,0–101,0 99,8–101,0 99,8–100,3 97,8–101,0 97,0–101,0 94,8–101,0 93,8–101,0

The supernatant of the 1044 mutant strain was used as a control sample not containing LLO. The percent given is that of living cells in the PI assay with
different final supernatant concentrations of 1–50%, following incubation for 30 min at 22◦C (median values, P25–P75, n = 4). The incubation medium
contained 4% inactivated NCS.

Table 3: Survival of PBMC cells of healthy person treated with different concentrations of L. monocytogenes strain supernatants.

Strain Supernatant concentrations

10% 20% 30% 40% 50%

1044
Median 100,0% 99,0% 98,0% 98,0% 98,0%

P25–P75 96,5–100,5 89,0–100,5 90,5–99,5 89,0–98,5 86,5–98,0

10403S
Median 78,0% 47,0% 8,0% 8,0% 7,0%

P25–P75 57,0–84,0 29,0–55,5 5,5–11,5 6,5–10,0 4,5–7,0

MAC
Median 14,0% 2,0% 2,0% 1,0% 0,0%

P25–P75 9,5–33,5 2,0–20,0 1,0–4,0 0,5–3,0 0,0–3,0

1189
Median 76,0% 65,0% 49,0% 18,0% 11,0%

P25–P75 54,5–82,0 35,0–79,0 25,0–61,6 9,5–20,0 6,0–15,5

1190
Median 78,0% 69,0% 30,0% 17,0% 21,0%

P25–P75 60,5–83,5 47,5–74,0 17,0–38,0 9,5–21,5 10,5–23,5

The supernatant of the 1044 mutant strain was used as a control sample not containing LLO. The percent given is that of living cells in the PI assay with
different final supernatant concentrations of 1–50%, following incubation for 30 min at 22◦C (median values, P25–P75, n = 4). The incubation medium
contained 4% inactivated NCS. The activity of the MAC supernatant was significantly higher (P < 0.05) than those of the 10403S, 1189, and 1190 strains.
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Table 4: Survival of PBMC cells of B-CLL patient treated with different concentrations of L. monocytogenes strain supernatants.

Strain Supernatant concentrations

10% 20% 30% 40% 50%

1044
Median 101,0% 93,0% 98,0% 91,0% 84,0%

P25–P75 100,5–102,0 88,5–94,5 95,5–98,0 90,5–94,5 80,0–92,0

10403S
Median 53,0% 27,0% 12,0% 3,0% 9,0%

P25–P75 31,0–80,5 16,0–63,5 8,0–38,5 2,0–17,0 7,0–22,0

MAC
Median 71,0% 62,0% 49,0% 23,0% 20,0%

P25–P75 36,5–83,5 31,0–65,0 24,5–51,0 11,5–38,0 10,0–25,0

1189
Median 49,0% 23,0% 14,0% 11,0% 19,0%

P25–P75 47,5–72,5 20,5–61,5 13,0–41,5 8,0–30,0 12,0–25,0

1190
Median 98,0% 72,0% 70,0% 23,0% 6,0%

P25–P75 65,5–98,0 55,0–85,0 48,0–85,0 17,5–60,0 5,5–7,0

Patients were not previously treated for leukemia. Cells were cultured in vitro for 6 days before the experiment. The percent given is that of living cells in the PI
assay with different final supernatant concentrations of 10–50%, following incubation for 30 min at 22◦C (median values, P25–P75, n = 3). The incubation
medium contained 4% inactivated NCS. The activity of the MAC supernatant was not significantly different than that of supernatants of the 10403S, 1189,
and 1190 strains.

to the activities of other supernatants (P < 0.05) (Table 3);
there was no statistically significant difference between
supernatants of the strains 1189 and 1190. The differences
between activities of supernatants of strains 1189, 1190,
and MAC were not observed with PBMC cells from B-
CLL patients. Overall, the responses of eukaryotic cells to
bacteria supernatants depended on the products of the
bacteria strain, the type of target eukaryotic cells, and the
concentration of the supernatant in the experimental sample.

3.4. Activity of B. Subtilis Supernatants Against Peripheral
Blood Mononuclear Cells or Jurkat Cells. The supernatants
of hemolytically active samples from Bacillus subtilis with
the hly gene coding for LLO (strains BR1-S, BR1-89, and
BR1-90 grown with IPTG induction) exhibited cytotoxic
activity in cytometric PI assays with the mononuclear cells
of healthy subjects and with Jurkat cells (Tables 5 and 6).
The bacterial culture medium contained IPTG to induce LLO
expression and secretion. The tested concentration range of
the original supernatants was 1–30% (Table 5) and there
were two negative controls: BHI medium only and the
supernatant of wild-type strain MB4 B. subtilis. The cytotoxic
activity to PBMC targets was observed with supernatants
of BR1-89 and BR1-S incubated with IPTG, starting from
a concentration of 10% or 20%, respectively. For BR1-
90 + IPTG, only the 30% supernatant concentration was
effective (Table 6). Negative controls with BHI medium or
supernatant of the MB4 strain were not cytotoxic under the
examined conditions.

The cytotoxic activity of B. subtilis IPTG supernatants
on Jurkat cells was concentration dependent (P < 0.0001).
The supernatant of strain BR1-89 was more active; however,
the difference from BR1-S was not statistically significant
(P > 0.05). The BR1-90 supernatant was active with Jurkat
cells within the concentration range 10–30%. However, in
this concentration range, the supernatant was inactive on
PBMC from a healthy subject. The Jurkat cells appeared

LLO

W 1 2 3 4 5

250 (kDa)

130 (kDa)

100 (kDa)

70 (kDa)

50 (kDa)

35 (kDa)

Figure 2: Western blot analysis of B. subtilis supernatants. Results of
Western blot analysis of Bacillus subtilis supernatants with anti-LLO
polyclonal antibody. 1: control wild-type strain MB4 supernatant,
2: BR1/S + IPTG, 3: BR1/S without IPTG, 4: BR1/89 + IPTG, 5:
BR1/90 + IPTG. W: molecular weight marker. The LLO location is
indicated.

more sensitive than PBMC to all tested supernatants (P <
0.0001), and this difference was most pronounced with low
concentrations of BR1-89+IPTG supernatant (Table 6).

Anti-LLO western blot analysis of supernatants produced
by B. subtilis revealed a 58-kDa protein (Figure 2). This LLO
band was present in supernatants of strains BR1/S + IPTG,
BR1/89 + IPTG, and BR1/90 + IPTG; however, it was not
present in the supernatant of BR1/S without IPTG. The
supernatants of BR1/90 contained several streaks reacting
with anti-LLO antibody, probably fragments of LLO. Some
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Figure 3: Cytotoxicity of L. monocytogenes (a) and B. subtilis (b) strains supernatants on Jurkat cells. Cytotoxicity of bacterial strain
supernatants on the Jurkat cell line. Listeria monocytogenes (a) and Bacillus subtilis (b) supernatants were added to Jurkat cell cultures, and
incubated for 1 h or 30 min, respectively. Eukaryotic cells were stained for viability, and after 30 minutes were observed under fluorescent
microscope. The DP-Soft program was used to determine the level of cytotoxicity induced by proteins produced by the bacterial strains. The
bars indicate the means of the counts from three independent experiments, and the bars show the standard deviations.

Table 5: Survival of PBMC cells of healthy persons treated with different concentrations of B. subtilis supernatants.

Strain Supernatant concentrations

1% 2% 3% 4% 5% 10% 20% 30%

MB4
Median 101,3% 101,3% 100,0% 100,0% 100,0% 97,4% 96,1% 94,7%

P25–P75 100,7–102,0 100,7–101,3 98,0–101,3 100,0–100,7 100,0–100,7 96,7–100,0 94,7–97,4 94,1–95,4

BHI medium
Median 100,0% 98,7% 98,7% 100,0% 100,0% 98,7% 96,1% 96,1%

P25–P75 99,3–101,3 98,0–101,3 98,0–100,7 98,7–100,7 99,3–100,0 96,7–100,0 96,1–97,4 94,7–96,7

BR1-90
Median 98,7% 100,0% 103,9% 100,0% 100,0% 98,7% 97,4% 90,8%

P25–P75 97,4–100,7 99,3–100,7 100,7–104,6 99,3–101,3 95,4–100,0 97,4–100,0 96,7–97,4 90,1–92,8

BR1-89
Median 98,7% 101,3% 100,0% 98,7% 98,7% 92,1% 47,4% 7,9%

P25–P75 98,7–100,0 95,4–102,0 98,7–100,7 98,0–99,3 98,0–98,7 92,1–92,8 35,5–67,1 5,3–30,9

BR1-S
Median 98,7% 97,4% 100,0% 97,4% 94,7% 96,1% 75,0% 35,5%

P25–P75 98,7–100,7 97,4–100,0 100,0–100,7 90,1–100,0 93,4–98,7 95,4–100,0 57,2–85,5 23,0–55,3

The BHI medium and the supernatant of the MB4 wild-type strain were used as a control sample not containing LLO. The percent given is of living cells in
the PI assay for different final IPTG-treated supernatant concentrations of 1–30%, when Jurkat cells were incubated for 30 min at 22◦C (median values, P25–
P75, n = 4). The incubation medium contained 4% inactivated NCS. The activities of BR1-89, BR1-90, and BR1-S were not significantly different from each
other. Their activities were all significantly higher compared with that of the control supernatant.

Table 6: Survival of Jurkat cells treated with different concentrations of B. subtilis supernatants.

Strain Supernatant concentrations

1% 2% 3% 4% 5% 10% 20% 30%

MB4
Median 101,4% 109,3% 108,6% 109,3% 111,4% 111,4% 119,3% 121,4%

P25–P75 96,4–106,4 108,2–110,0 106,8–112,5 104,3–113,6 109,6–115,0 109,6–114,3 117,9–120,4 118,9–123,6

BHI medium
Median 105,0% 104,3% 100,7% 105,0% 101,4% 100,7% 100,7% 96,4%

P25–P75 104,3–106,8 100,7–106,4 98,9–102,1 102,9–107,5 100,7–102,5 99,6–102,5 99,3–101,4 94,6–97,5

BR1-90
Median 105,6% 104,9% 102,8% 98,6% 93,7% 73,2% 40,8% 8,5%

P25–P75 102,–109,2 101,4–108,5 96,8–107,0 90,1–104,2 83,1–102,5 62,0–89,4 34,5–44,0 8,1–8,5

BR1-89
Median 98,1% 93,1% 83,8% 68,1% 32,5% 4,4% 0,0% 0,0%

P25–P75 94,1–101,6 91,3–95,6 78,1–88,8 64,4–68,8 23,4–38,4 3,4–5,3 0,0–0,3 0,0–0,3

BR1-S
Median 100,0% 98,7% 96,8% 94,3% 78,5% 25,9% 1,9% 1,3%

P25–P75 99,1–101,3 97,2–100,6 96,2–98,1 88,0–96,8 76,3–85,4 17,4–35,1 1,3–2,5 0,9–1,6

The BHI medium and the supernatant of the MB4 wild-type strain were used as a control sample not containing LLO. The percent given is of living cells in
the PI assay for different final supernatant concentrations of 1–30%, when PBMC were incubated for 30 min at 22◦C (median values, P25–P75, n = 3). The
incubation medium contained 4% inactivated NCS. The activity of BR1-90 was not significantly different from that of the control supernatant of the MB4
strain; however, supernatant activities of BR1-89 and BR1-S were significantly higher.
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fragments were complexed to events of MW > 58 kDa. The
supernatant was not hemolytic.

In summary, the supernatants of B. subtilis BR1-S and
BR1-89 strains were cytotoxic to normal PBMC and to
Jurkat T-leukemia cells. The Jurkat cells were more sensitive
to the supernatantsthan PBMC of a healthy person. The
supernatant of the BR1-90 strain was not hemolytic and not
cytotoxic to PBMC within the range of 1–30%, or to Jurkat
cells in the range of 1–5%; however, it was cytotoxic to Jurkat
cells within the range of 10–30%, suggesting that LLO is
selectively effective against T-leukemia cells.

4. Discussion

Listeria monocytogenes is commonly used in biomedical
research, due to its unique cell translocation cycle and the
extensive available knowledge of its biology. It is most often
used as a vector for inducing cell-mediated immunity. In
this experiment, we present another approach—the direct
use of the cytotoxic potential of listerial toxins. Such activity
could be used as an alternative to traditional chemotherapy.
We used L. monocytogenes strains synthesizing LLO and
mutant strains producing variants of this toxin, along with
engineered B. subtilis strains harboring a wild-type or
mutated hlyA gene. Although optimal activity of LLO is
displayed in acidic conditions [23], we tested the activity
of bacterial supernatants at neutral pH. In such conditions,
both the wild-type strain and the mutant L. monocyto-
genes strains used in this study have previously shown no
detectable hemolytic activity [24]. Therefore, we enhanced
the toxin productions of these strains using the well-known
“active charcoal phenomenon” [25] that maximizes PrfA-
dependant gene expression. We also used mutant strains
containing prfA∗ mutations [26] that lead to overproduction
of pathogenicity determinants, such as the MAC strain. Both
approaches proved effective, since we recorded significant
cytolytic activity directed against leukemia cells in vitro,
comparable to the activity of the supernatants in optimal
conditions (pH 5.6 with a reducing agent) isolated from
the same strains but grown under standard conditions
[24]. The experimental model used in the present study
was valuable for in vitro hemolytic and cytotoxic assays of
bacterial products containing LLO on human normal and
leukemia leukocytes. The tested bacteria strains containing
the hly gene secreted listeriolysin O into the culture medium
(supernatant). These supernatants exhibited hemolytic or
cytotoxic activities as compared with supernatants of the
control samples not secreting listeriolysin O. The presence
of LLO in active supernatants was confirmed by western
blot analysis. The results of hemolytic and cytoxicity tests
cannot be directly compared to each other; however, the
results were similar, as supernatants of Listeria and Bacillus
strains not secreting LLO were negative at a broad range
of concentrations, and the supernatants of LLO-secreting
bacteria were active. Differences in cytotoxic activity between
supernatants of different tested strains of Listeria or Bacillus
were not significant, except for the greater hemolytic activi-
ties of supernatants of Listeria strain MAC and Bacillus strain

BR1-89. The supernatants appeared to be cytotoxic to human
leukocytes in a concentration-dependent way.

The employment of B. subtilis strains producing LLO is
an attractive idea because it enables the study of this toxin in
isolation from other pathogenesis factors [15]. Such practice
also potentiates the practical use of such agents due to the
much greater safety of B. subtilis-derived proteins compared
to working with the original pathogenic host. In the
present study, we recorded significant differences between
Bacillus strains expressing different LLO variants, which were
not observed between L. monocytogenes strains expressing
different LLO variants, here or in our previous [24] study.
The main reason for the observed similar activities of L.
monocytogenes supernatants containing different LLO vari-
ants is most likely the high phospholipase activity obscuring
subtle changes in LLO activity [7].The cytotoxic activity may
depend on variations of cell membrane cholesterol present
in different target cells [27, 28]. It has been suggested that
domains of the cell membrane enriched in cholesterol and
sphingolipids are responsible for the formation of lipid rafts
involved in the regulation of several biological processes
[29, 30]. The cell membrane cholesterol binding of LLO has
been demonstrated for the mouse monocyte-macrophage
cell line J774 and for erythrocyte membranes [27]. In
our experiment, the observed supernatant cytotoxicity was
different toward the various target cell populations. The
most sensitive were the human T-leukemia Jurkat cells, while
normal peripheral blood PBMC and PBMC of B-cell chronic
lymphocytic leukemia patients were more refractory.

This finding that LLO activity is apparently directed more
to T cells than B cells may have some medical consequences,
especially in T-cell lymphoma. Angioimmunoblastic T-cell
lymphoma is a distinct peripheral T-cell lymphoma entity
with peculiar clinical and pathological features [31]. These
patients typically have a poor outcome when treated with
conventional chemotherapy regimens, and future efforts
should be directed at evaluating the use of LLO activity to
create promising innovative therapies.
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