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Legionella strains of the same species and serogroup are known to cause Legionnaires' disease (a
potentially fatal atypical pneumonia) or Pontiac fever (a mild, flu-like disease), but the bacterial factors
that define these dramatic differences in pathology have not been elucidated. To gain a better under-
standing of these factors, we compared the characteristics of Legionella feeleii strains that were isolated
from either a sample of freshwater implicated in an outbreak of Pontiac fever (ATCC 35072, serogroup 1,
LfPF), or a patient with Legionnaires' disease (ATCC 38549, serogroup 2, LfLD). Growth of LfPF and LfLD in
BYE broth was slower than the positive control, Legionella pneumophila strain JR32. However, LfLD grew
faster than LfPF at 42 °C. After in vitro infection to J774 murine or U937 human macrophage cell lines and
A549 human lung epithelial cell line, LfLD showed a higher cell infection rate, stronger internalization by
host cells, and greater cytotoxicity than that of LfPF. Large amounts of IL-6 and IL-8 were secreted by
human host cells after infection with LfLD, but not with LfPF. LfLD possessed mono-polar flagellum while
LfPF was unflagellated. When LfLD was cultured at 25, 30 and 37 °C, the bacteria had higher motility rate
at lower temperatures. Based on our results, this is the first study that showed distinct characteristics

between LfPF and LfLD, which may give important leads in elucidating differences in their virulence.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Legionellae are gram-negative bacteria, which ubiquitously live
in natural or artificial aquatic environments, such as lakes, streams,
spa baths, fountains, and air-conditioned cooling systems [1]. The
bacteria can cause human respiratory diseases, known as Pontiac
fever (a mild, flu-like disease) or Legionnaires' disease (an atypical
pneumonia). The illness can be transmitted by inhalation of aero-
solized droplet water contaminated with the bacteria [2]. However,
it cannot be transmitted from person to person. It had been re-
ported that Legionella pneumophila [3], Legionella micdadei [4],
Legionella anisa [5], Legionella longbeachae [6] and Legionella feeleii
[7] can cause Pontiac fever, which is a self-limiting, flu-like disease
without pneumonia [8]. It has a short incubation period, and short
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illness duration, usually within 48 h, and the causative bacteria
have not been isolated yet from Pontiac fever patients. While the
disease progresses acutely and shows a high attack rate of
approximately 95%, the mortality rate is zero [9]. On the other hand,
some Legionella species cause a severe community-acquired
pneumonia (CAP), which is mainly due to L. pneumophila (91.5%),
followed by L. longbeachae (3.9%), Legionella bozemanii (2.4%),
L. micdadei, and L. feeleii [10,11]. CAP caused by Legionella has a
fatality rate of approximately 10%, which can increase up to 27% if
adequate therapy is not carried out [12]. Patients with Legionnaires'
disease usually have fever, cough, chills, headache, and suffer from
pneumonia. The underlying mechanisms of Pontiac fever or Le-
gionnaires' disease, however, have not been elucidated.

Legionella is an intracellular pathogenic organism, which can
proliferate in mammalian cells, such as macrophages or epithelial
cells [2,13,14]. It has been demonstrated that flagella played a
crucial role in enhancing bacterial infection capacity when human
macrophage-like cell lines were infected with L. pneumophila [15].
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The innate immune system is the first defense line of humans that
prevents them from being infected by microbial pathogens. Toll-
like receptor (TLR) family plays an important role in recognizing
pathogen-associated molecular patterns (PAMPs), such as bacterial
flagellin, and mediates the secretion of cytokines in order to induce
the immune response to eradicate the infectious agents [16].

In this study, we focused on the comparison of the virulence-
related traits of L. feeleii ATCC 35072 (serogroup 1, hereinafter
referred to as LfPF) and L. feeleii ATCC 35849 (serogroup 2, here-
inafter referred to as LfLD). Until now there is no in-depth report on
the comparison of the pathogenicity of L. feeleii strains. To under-
stand the virulence-related traits of Legionella species causing
Pontiac fever and pneumonia, we compared LfPF and LfLD in terms
of their growth at high temperatures, their in vitro infection ca-
pacity, intracellular growth, cytotoxicity, and cytokine induction. In
this paper, we report some distinct characteristics of LfPF and LfLD.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Both L. feeleii serogroup 1 (ATCC 35072) and L. feeleii serogroup 2
(ATCC 35849) were obtained from Gifu Type Culture Collection
(GTC). ATCC 35072 strain was isolated from the water of an infec-
tion source of an outbreak of Pontiac fever in 1984 in Canada [7].
Since it is a mild and self-limiting disease, until now there is no
clinical report on the isolation of the causative agent from the pa-
tients. ATCC 35849 strain was isolated from a patient with Le-
gionnaires' disease in 1985 [17]. L. pneumophila serogroup 1 strain
JR32 [18], a restriction-deficient derivative of Philadelphia-1 which
was used as a positive control, was donated by Dr. Hiroshi Miya-
moto (Saga University). All bacteria were cultured on buffered
charcoal yeast extract (BCYE) agar plates or in buffered yeast extract
(BYE) broth [19]. The pH was adjusted to 6.9 with 10 M potassium
hydroxide.

2.2. Effect of temperature on bacterial growth in vitro

Legionella strains were harvested from BCYE agar plates after 2
days of incubation at 37 °C and suspended in BYE broth. The optical
density of the culture was measured at 660 nm (ODggg) starting
around 0.1, and the bacterial suspension was incubated at 37, 40,
and 42 °C with shaking. The values of ODggg at different culture
temperatures were recorded at 12 h intervals until 36 h.

2.3. Cell culture

J774, U937 and A549 cells were used in this study and cultured
as described previously [14,20]. J774 macrophages (JCRB9108) were
derived from murine macrophage-like cells. A549 cells (JCRBO076)
were from human cancerous lung tissue and possess the charac-
teristics of type Il pneumocytes. Both of these cell lines were
cultured in RPMI 1640 medium (SIGMA) with 10% fetal bovine
serum (GIBCO Laboratories, Grand Island, N.Y.). The cells were
harvested by treating with trypsin and EDTA, and then cultured in
chamber slides or 24-well plates. The human macrophage-like
cells, U937 (JCRB9021), were cultured in suspension in RPMI 1640
with the addition of 10% fetal bovine serum and 2 mM glutamine. In
order to transform U937 cells into adherent cells, they were
differentiated with phorbol 12-myristate 13-acetate (PMA, final
concentration of 10-8 M) (Sigma) in a test tube and cultured in a 24-
well plate for 16 h before use [21]. All cell types were cultured in 75-
cm? flasks (NUNC) and incubated at 37 °C or 40 °C with 5% CO,.

2.4. Bacterial infection of cells and Gimenez staining

J774 macrophages and A549 epithelial cells were cultured using
Millicell EZ slides (MILLIPORE). Legionella spp. were harvested from
BCYE agar plates after 2 days of incubation. The bacteria were
added to each well of cell monolayers to give a multiplicity of
infection (MOI) of 10 or 100. J774 macrophages were infected for
1.5 h and A549 epithelial cells were infected for 2 h. After the
in vitro co-culture, host cells were washed twice with 0.5 ml PBS to
remove non-adherent bacterial cells. The cultures were treated
with cell medium supplemented with 100 pg/ml gentamicin,
incubated for another 1 h at 37 °C to kill the extracellular bacteria,
and washed twice with PBS. At 12, 24, and 48 h post-infection, the
infected cultures were stained by Gimenez staining [13,22]. Briefly,
the cells were stained for 2 min with 1 ml carbol fuchsin mixed
with 2.5 ml phosphate buffer (pH 7.45), then with 5% malachite
green for another min, and washed gently with running water.
After drying, slide glasses were observed under a light microscope.
Three microscopic fields were evaluated for each post-infection
time and in each microscopic field, more than 200 host cells were
counted for each cell line and bacterial strain. The infected and non-
infected host cells were counted in the same microscopic fields, and
the percentage of the host cells infected with bacteria was
calculated.

2.5. Intracellular growth assay

The experiments were carried out as described previously [14]
but using both 37 and 40 °C of culture temperatures. Briefly, host
cells (4 x 10°/well) were cultured in 24-well tissue culture plates
(Greiner CELLSTAR) overnight. At 37 °C, Legionella spp. were added
to each well of the A549 cell monolayers to give a multiplicity of
infection (MOI) of 100, and MOI of 10 for J774 and U937 macro-
phages. The infected A549 cells were incubated at 37 °C in 5% CO;
for 2 h, while the macrophages were incubated for 1.5 h, and
washed twice with PBS to remove non-adherent bacterial cells. The
cultures were treated with 100 pg/ml gentamicin in RPMI 1640
medium for another 1 h to kill the bacteria that were not inter-
nalized into the host cells, and then washed twice with PBS to
remove residual gentamicin. Fresh RPMI medium (0.5 ml) was
added to the wells and the cells were cultured in a CO, incubator at
37 or 40 °C. At 0 h, 1 ml sterile distilled water was added to the
wells, and after 4, 12, 24, 48 h of in vitro infection, the culture su-
pernatants were transferred to test tubes and 0.5 ml sterile distilled
water was added to the wells. Host cells were scraped by a rubber
policeman from the bottom of the wells and were also transferred
to the test tubes. After serial dilution in sterile distilled water, the
lysates were plated on BCYE agar plates to determine the intra-
cellular bacterial growth. CFUs at 0 h were considered as the time
point when the bacteria were internalized into the host cells.

In order to obtain similar numbers of CFUs at 0 h, the host cells
were infected with the bacteria at different MOIs at 40 °C. Similar to
37 °C, intracellular bacterial numbers were counted at 0, 24 and
48 h of in vitro infection.

2.6. Cytopathogenicity assay

Cytopathogenicity of Legionella strains was estimated by
infecting ]774 and U937 macrophages as previously described using
Alamar Blue dye [20,23]. The macrophages were cultured overnight
in 96-well microtiter plates (Falcon no. 3072; Becton Dickinson
Labware, Oxnard, Calif.), at a density of 5 x 10%/well, and infected
with bacteria for 1.5 h at a MOI of 100. After in vitro phagocytosis,
cells were treated with 100 pg/ml gentamicin in RPMI 1640 culture
medium for 1 h, and washed twice with PBS to remove extracellular
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bacteria. After 24 h of in vitro infection, the monolayers were
treated with 10% Alamar Blue (Invitrogen) for 4 h. Alamar Blue is a
redox potential indicator and its color changes from blue to red
(reduced form) when glucose in the RPMI 1640 medium is oxidized
by macrophages. Legionella cells are not involved in the process
because they cannot oxidize glucose. The specific absorbance of
oxidized Alamar blue was measured at 570 nm with a Bio-Rad
SmartSpec 3000 spectrophotometer. The percentage of cell death
was calculated by the following equation: [1- (value of absorbance
of infected cells/value of absorbance of uninfected cells)] x 100.

2.7. Minimum inhibitory concentration (MIC) of gentamicin

MIC of gentamicin (Sigma) was determined by the microdilution
method as described previously [24,25]. Legionella strains were
harvested from BCYE agar plates after 2 days of incubation at 37 °C.
One hundred microliters bacterial suspensions in BYE broth were
prepared and mixed with 100 pl serially diluted antibiotic in 96-
well plates. The inoculum size was approximately 10° CFU per
well, and the MIC was defined as the minimum concentration of
gentamicin solution that inhibited bacterial growth after culture at
37 °C for 3 days.

2.8. Cytokine assay

U937 macrophages and A549 epithelial cells were cultured in
24-well culture plates, at a density of 8 x 10°/well and 3 x 10°/well,
respectively. The cells were infected with Legionella spp. at a MOI of
10 in U937 macrophages and 100 in A549 cells. After 24 and 48 h of
infection, supernatants harvested from wells were centrifuged at
200x g for 5 min and 4400x g for 3 min prior to measurement. The
levels of cytokines produced were measured by BD Cytometric
Bead Array Cytokines Kit (BD Biosciences) according to the manu-
facturer's instruction.

2.9. Bacterial motility

Legionella strains were harvested from BCYE agar plates at 25
and 30 °C after 4 days of incubation or at 37 °C after 2 days of in-
cubation. The bacteria were suspended in sterile distilled water,
and 10 pl of each bacterial suspension was transferred to slide
glasses. The bacteria were observed under a dark-field microscope
and were qualitatively assessed as positive or negative for motility.

2.10. Identification of flagella expression

Legionella strains were harvested from BCYE agar plates at 25
and 30 °C after 4 days of incubation or at 37 °C after 2 days of in-
cubation. The bacteria were suspended in 2% ammonium acetate to
remove the medium, and stained by 2% sodium phosphotungstate.
The samples were applied to copper Formvar-coated grids and
observed under JEM-ARM 200F (JEOL) transmission electron
microscope.

2.11. Statistical analyses

All experiments were performed at least three times. The two-
tailed, unpaired t-test was performed to calculate P values. For
the percentage of bacterial infection assay, all the data were
analyzed by Wilcoxon test with the JMP12 software (SAS Institute
Japan). Data were expressed as averages + standard deviations.

Differences were considered statistically significant when P < 0.05.

3. Results
3.1. Effects of temperatures on growth of L. feeleii strains in broth

L. feeleii ATCC 35072 (serogroup 1, LfPF), L. feeleii ATCC 35849
(serogroup 2, LfLD), and L. pneumophila JR32 were cultured at 37,
40, and 42 °C with shaking, and optical densities (OD) of the bac-
terial cultures were measured (Fig. 1). Growth of L. feeleii strains
was significantly slower than that of L. pneumophila JR32 at all
temperatures. The two strains of L. feeleii grew well at 37 and 40 °C,
but not at 42 °C. The growth of LfPF was significantly (P < 0.01)
slower than that of LfLD at 42 °C.

3.2. Bacterial infection of cells and Gimenez staining

The ability of Legionella to infect host cells at 37 °C was deter-
mined using J774 macrophages (Fig. 2A) or A549 cells (Fig. 2B) at a
MOI of 10 or 100, respectively. After 12, 24 and 48 h infection, the
infected host cells were stained with Gimenez stain and the per-
centage of host cells infected with bacteria was calculated by
observing more than 200 host cells from 3 independent experi-
ments under a light microscope at the indicated time points.
L. feeleii LfPF and LfLD showed significantly different infection
ability to host cells. LfLD was observed to have significantly stron-
ger infection ability than that of LfPF and L. pneumophila JR32. LfPF
showed the weakest infection ability among the bacterial strains
used. The same phenomenon could be observed by Gimenez
staining (Fig. 3). L. feeleii LfLD exhibited the strongest infection
capacity in both epithelial cells (Fig. 3C) and macrophages (Fig. 3D).

3.3. Intracellular bacterial growth

Intracellular bacterial growth at 37 °C was observed after J774
(Fig. 4A) and U937 (Fig. 4C) macrophages or A549 epithelial cells
(Fig. 4E) were infected with the different Legionella strains. CFUs at
different times of infection represents internalization of bacteria by
host cells (0 h), the initial killing ability of host cells (4 h), and
intracellular growth (12 h and thereafter). The minimum inhibitory
concentration (MIC) of gentamicin was 0.78 pg/ml for L. feeleii
strains and 1.56 pg/ml for L. pneumophila JR32. Hence, gentamicin
treatment (100 pg/ml) was thought to be effective in killing the
bacteria that were not internalized and were present outside the
host cells.

LfLD exhibited a stronger infection capacity at 37 °C, which was
at least 10 times higher than the positive control, L. pneumophila
JR32, while LfPF showed the weakest infection ability, using the

.. 37°C ,.  40°C , .  42°C
1.5 1.5 1 1.5
g
1 1 1
a
o
0.5 1 0.5 1 0.5 1
0+ T T () T 0+ T T ]

0 12 24 3 0 12 24 36 0 12 24 36
Incubation time (hours)

Fig. 1. Growth curves of L{fPF (@), LfLD (M) and Legionella pneumophila strain JR32
( A) in BYE broth according to temperatures (37, 40 and 42 °C). ODgg of the culture
was measured at 12 h intervals until 36 h. All data represent independent experiments
performed in triplicates.



82 C. Wang et al. / Microbial Pathogenesis 89 (2015) 79—86

50 1 A

%

24 48

40 1 e =
30 J . ek

Percentage of infected cells
®

12 24 48
Incubation time (hours)

Fig. 2. The percentage of host cells infected with L. feeleii ATCC 35072 (LfPF, 00), L. feeleii
ATCC 35849 (LfLD, M) and L. pneumophila JR32 (H). J774 macrophages (A) or A549 (B)
epithelial cells were infected at 37 °C, at a MOI of 10 or 100, respectively. After 12, 24
and 48 h infection, cultures of infected cells were stained by Gimenez stain. The
percentage of bacterial infection was calculated based on the observations from 3
independent experiments at each time, and calculated as follows: (infected cells/total
cells) x 100 (%) (**, P < 0.01; *, P < 0.05).

same MOI. Decrease in CFU (initial intracellular bacterial killing) at
4 h of infection was observed in all the bacterial strains (Fig. 4A
and C).

After 4 h post-infection, LfPF and LfLD were able to initiate
multiplication in J774 (Fig. 4A) and U937 (Fig. 4C) macrophages. In
contrast, the intracellular growth of L. pneumophila JR32 became
predominant at 48 h post-infection. After 24 and 48 h infection, all
bacteria were found to be able to proliferate inside the host cells
and the CFUs increased for about 10—100 times.

The infected macrophages or epithelial cells were then incu-
bated at 40 °C for 48 h after in vitro infection (Fig. 4B, D, and F) to
determine whether the bacteria could proliferate in host cells at
higher temperature. The host cells were infected with the bacteria
at different MOIs to obtain similar CFUs at O h. Intracellular growth
was not observed in either of the strains after 48 h infection of
macrophages (Fig. 4B and D). LfPF showed reduced numbers after 2
days infection of A549 cells (Fig. 4F), but LfLD could maintain the
initial bacterial burden observed after internalization, which in-
dicates that LfLD may be able to survive at high temperature (40 °C)
during infection of human epithelial cells.

3.4. Cytotoxicity of L. feeleii infection in macrophages

The cytopathogenicity of LfPF and LfLD to J774 or U937 macro-
phages were examined at a MOI of 100 using the Alamar blue
method. The cultures of infected cells were incubated at 37 °C, 5%
CO, for 24 h, and the redox potential of the culture medium was
measured. LfLD was cytotoxic to the host cells, as around 93% of
J774 (Fig. 5A) or 70% of U937 (Fig. 5B) were killed after 24 h
infection. LfLD showed the strongest cytopathogenicity among the
bacterial strains used, followed by L. pneumophila JR32.

AS549 J774

®

Fig. 3. Features of Gimenez-stained intracellular colonies of Legionella. A549 epithelial
cells (A, C, E) and ]J774 macrophages (B, D, F) were infected with L. feeleii ATCC 35072
(LfPF; A, B), L. feeleii ATCC 35849 (LfLD; C, D), or L. pneumophila JR32 (E, F) at 37 °C, at a
MOI of 100. At 24 h post-infection, cultures of infected cells were stained by Gimenez
staining, and observed under light microscope. In A and B, only one infected host cell
could be found in the microscopic field. Bars, 1 pm.

3.5. Stimulatory ability of L. feeleii for cytokine production

Cytokines produced by host cells infected with Legionella spp.
were measured using Cytokine Kits after 24 and 48 h infection at a
MOI of 10 for U937 macrophages or at a MOI of 100 for A549
epithelial cells. Secretion levels of IL-6, IL-8, and IL-10, which were
triggered by infection with L. feeleii strains showed statistically
significant differences in U937 macrophages (Fig. 6A) and A549
epithelial cells (Fig. 6B). The amounts of IL-6 or IL-8 elicited through
the stimulation by LfLD were greater than that of LfPF, and even
larger than the positive control L. pneumophila JR32. However, the
expression of IL-10 (Fig. 6A) at the same time points had opposite
results. LfLD was found to induce the least level of IL-10, which was
even less than the negative control. There was no IL-10 detected in
the supernatant of infected A549 cells (data not shown). Although
IL-2, IL-4, IL-12p70, TNF-a, IFN-v, and IL-1B were also measured
simultaneously, they were not detected in any supernatants (data
not shown).

3.6. Motility of Legionella strains

Motility of LfPF, LfLD, and L. pneumophila JR32 cultured in BCYE
at 25, 30, or 37 °C was observed under a dark-field microscope.
There were more motile LfLD cultured at 25 compared to those
grown at 30 °C. However, motility of this strain could not be seen at
37 °C. LfPF did not express motility after being cultured at 25, 30, or
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Fig. 4. Kinetics of intracellular Legionella growth and the effect of culture temperature.
After in vitro phagocytosis, J774 (A, B), U937 (C, D) macrophages and A549 epithelial
cells (E, F) were cultured at 37 °C (A, C, E) or at 40 °C (B, D, F). L. feeleii ATCC 35072
(LfPF, @), L. feeleii ATCC 35849 (LfLD, M), L. pneumophila JR32 (A) were used to infect
J774 (A) or U937 (C) macrophages at a MOI of 10, or A549 cells (E) at a MOI of 100. At
40 °C, MOI was changed to obtain similar CFUs at 0 h of infection (B, D, F). All data are
representative of independent infection experiments performed in triplicates.

37 °C. Similar to LfLD, L. pneumophila JR32 also expressed bacterial
motility at 25 and 30 °C, but not at 37 °C (Table 1).

3.7. Electron microscopy of flagella of Legionella strains

The presence of flagella of Legionella strains was determined by
negative staining and observed by transmission electron micro-
scopy. It was found that LfLD showed mono-polar flagellum at all
temperatures (Fig. 7) while LfPF did not possess flagellum (Table 1).
At 25 and 30 °C, the flagellum of LfLD showed a smooth wave
morphology. However, at 37 °C, it expressed non-wavy flagellum.
L. pneumophila JR32 showed smoothly waved mono-polar flagel-
lum at each temperature (data not shown).

4. Discussion

We compared the characteristics of L. feeleii strains that were
isolated from Pontiac fever-related environment (LfPF) and a pa-
tient with Legionnaires' disease (LfLD). The differences between the
two strains were observed in terms of their growth in BYE broth at
42 °C, infection ability, internalization by host cells, cytotoxicity to
host cells, and stimulatory ability for IL-6 and IL-8 production.

LfLD showed better resistance to higher temperature than LfPF,
based on the culture results at 42 °C. This may be an advantage for
LfLD in order to survive inside the bodies of pneumonia patients
with high fever. It is considered that heat shock proteins (HSP) may
play a role in protecting LfLD from the effects of high temperatures
[26,27].

100 1 —_— A

80 1
60 -
40 1

20 1

LfPF LfLD JR32

100 1
B

80 1 _ =

Cytopathogenicity (%)

20 1

LfPF LfLD JR32

Fig. 5. Cytopathogenicity of L. feeleii ATCC 35072 (LfPF), L. feeleii ATCC 35849 (LfLD)
and L. pneumophila JR32. J774 (A) or U937 (B) macrophages were infected with the
bacteria at a MOI of 100 at 37 °C. The values indicated represent the percentage of dead
host cells at 24 h-bacterial infection determined by 10% Alamar Blue assay. All data
were derived from independent experiments performed at least three times (**,
P < 0.01).

According to the results of bacterial infection assays, LfLD
showed a stronger infection ability than LfPF, which was even
stronger than the positive control, L. pneumophila JR32. Internali-
zation was 100 times higher in LfLD than LfPF (Figs. 2 and 4, at 0 h),
and we thought that flagella play an important role in bacterial
infections. It has been shown that the flaA mutant of L. pneumophila
was severely deficient in the infection of macrophages [28]. Heuner
et al. reported that Western blot analysis for FlaA and flagellation in
an electron microscope were positive in L. feeleii ATCC 35849 (LfLD),
but negative in ATCC 35072 (LfPF) when cultured at 30 °C [29].
Based on the observations from transmission electron microscopy
in our study, LfLD showed mono-polar flagellum after culturing the
bacteria at 25, 30 and 37 °C while LfPF did not possess any flagel-
lum. At 37 °C, the flagellum of LfLD showed a different morphology
compared to other temperatures. In bacterial motility assays, LfLD
showed motility in cultures at 25 and 30, but not at 37 °C. On the
other hand, LfPF did not express motility at any temperature and
were unflagellated. Based on these results, it is strongly suggested
that the flagella of LfLD promoted internalization by host cells.

Legionella species are able to proliferate in host cells via so-
phisticated intracellular growth tactics [14,30,31]. The organism
can even form a special morphology during infection in host cell
cytosol [13,22]. The two strains of L. feeleii were observed to also
exhibit a multiplication capacity at 37 °C during infection of J774,
U937 macrophages or A549 epithelial cells, and the numbers of
CFUs increased at least 10 times after 48 h of infection. Differences
in intracellular bacterial CFUs at 24 and 48 h between LfPF and LfLD
are a reflection of differences in initial internalization. LfPF could
also proliferate in host cells and faster than LfLD (Fig. 4). Subse-
quently, J774, U937 or A549 cells were infected with the bacteria at
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L. feeleii ATCC 35849, or L. pneumophila JR32 at a MOI of 10 (U937) or 100 (A549) at 37 °C. Data were derived from three independent experiments, represented as

averages + standard deviations (**, P < 0.01; *, P < 0.05).

different MOIs to obtain similar CFUs at time 0 and cultured at 40 °C
for 48 h. The difference in resistance to 40 °C was clear inside U937
(Fig. 4D) and A549 cells (Fig. 4F). Although patients with Pontiac
fever and Legionnaires' disease usually have high fever, which are
approximately 40 °C [32], the former is self-limiting while pneu-
monia is a severe disease. That intracellular survival of LfLD was
stronger than that of LfPF at 40 °C may be one of the reasons why
LfLD causes severe disease in the human respiratory system.
Cytokines are important in cell signaling and are produced by a
variety of cells, such as macrophages and epithelial cells [33,34].
The cytokines produced play a critical role in response to pathogen
infection. It has been demonstrated that wild type L. pneumophila
could induce greater IL-6 and IL-8 secretion from A549 epithelial
cells than AflaA strain [33,35]. In our study, flagellated LfLD showed
stronger cytopathogenic traits and stimulated greater IL-6 and IL-8
production than non-flagellated LfPF (Figs. 5 and 6). It is

Table 1
Motility and flagellar expression of Legionella strains at different temperatures.
Bacterial strain Temperature Motility® Flagellation”
LfPF 25°C (-) (-)
30°C (=) (=)
37°C (=) (=)
LfLD 25°C (++) (+)
30°C (+) (+)
37 °C (+) (+)
L. pneumophila JR32 25°C (+) (+)
30°C (+) (+)
37 °C (=) (+)

@ Determined by dark-field microscopy. Rate (%) of motile bacteria, ++:

10—-90%, +:1-10%, —: 0%.

b Determined by transmission electron microscopy.

hypothesized that bacterial flagellin play an important role in this
distinction. The cytokines can be triggered by bacterial flagellin that
is recognized by Toll-like receptor 5 (TLR5), followed by the TLR5-
MyD88-NF-kB [16,36]. Flagellin could also be recognized by
inflammasome via NOD-like receptor protein NLRC4 to cause
pyroptosis and proinflammatory cytokine secretion [37]. Therefore,
when the organisms infect human macrophage-like or epithelial
cell lines, bacterial virulence can be promoted when the flagellar
expression is positive [15,38].

Interlukin-6 (IL-6) is secreted by human macrophages as an
important mediator of fever and stimulates acute phase protein
synthesis. The concentrations of IL-6 in the blood of patients who
suffer community-acquired pneumonia (CAP) are positively asso-
ciated with severity of the disease [39]. LfLD triggered larger
amounts of IL-6 secretion than LfPF after 48 h infection in U937
macrophages. The highly induced IL-6 may explain severe pneu-
monia due to LfLD.

Interlukin-8 (IL-8), or CXCLS, is known as a neutrophil chemo-
tactic factor, which can induce chemotaxis of target cells, directing
them to migrate toward the infection site [40]. In our study, great
amounts of IL-8 were induced in a time-dependent manner after 24
and 48 h infection of U937 macrophages or A549 cells by LfLD. This
suggests that LfLD could exhibit a more potent pathogenicity than
LfPF to human host cells. Hence, abundant IL-8 expression may
indicate that LfLD triggers pulmonary inflammation.

In contrast to IL-6 and IL-8 production, IL-10 induction by LfLD
was less than that of LfPF (Fig. 6C). IL-10 is an anti-inflammatory
cytokine that inhibits the effector function of macrophages and
expression of proinflammatory cytokines [41]. The reduction of IL-
10 expression may be benign for augmenting proinflammatory
cytokines response against LfLD infection, since the bacteria could



C. Wang et al. / Microbial Pathogenesis 89 (2015) 79—86 85

A “B

A

—y

&

Fig. 7. Transmission electron micrographs of flagella produced by L. feeleii LfLD. The bacteria were grown at 25 (A, D), 30 (B) and 37 °C (C, E), negatively stained, and observed under
JEM-ARM 200F (JEOL) transmission electron microscope. LfLD showed flagellum with smooth wave morphology (arrow) at 25 (A) and 30 °C (B), but it expressed a non-wavy shape
(arrowhead) at 37 °C (C), bars, 0.5 um. Panels D and E are higher magnification of the flagellum at 25 and 37 °C, bars, 0.1 pm.

cause severe disease. In the case of L. pneumophila, however, IL-10
could enhance bacterial growth after infecting human monocytes
and alveolar macrophages, which indicates that the induced IL-10
may promote bacterial replication in human legionellosis [42].
Hence, inhibition of IL-10 secretion could help in controlling the
pathogen and reducing the severity of illness [43].

The innate immune system plays a critical role in preventing
infection in mammalian lungs. The alveolar epithelial cells and
macrophages are the front defenders in the lung and important in
sensing pathogenic infection and inducing cytokine secretion to
cause inflammation. Once the pathogens succeed in evading the
immunity defense, they will injure the pulmonary epithelial tissue.
Hence, the pathogenesis of pneumonia is due to both host cell
injury by bacterial virulence and its ability to induce host inflam-
mation [44]. Proinflammatory cytokine production is a double-
edged sword for the host. It works as a host defense or innate
immunity when produced moderately. Conversely, it works as a
pathogenic factor when produced massively. In the case of LfLD
infection, it stimulates excess production of IL-6 and IL-8, and it
may develop into pneumonia.

Although our study has to be proven using more L. feeleii strains
in order to investigate the difference in the virulence-related traits,
cases of L. feeleii infection are rare and strains available to the study
are limited. Animal experiments are also necessary in order to
elucidate the pathogenesis of the disease. We are currently per-
forming experiments to produce flaA mutant of LfLD. Although all
the experimental results and our conclusion are based on in vitro
studies, this paper presents the first data that reports the differences
in the characteristics of LfPF and LfLD. Taken together, our study
showed that LfLD had stronger infection ability and cytopathic ef-
fects on macrophages than LfPF when host cells were infected.
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