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Background: TNF-a plays an important role in the pathogenesis of Legionella pneumophila (Lp)-induced
pneumonia. Patients undergoing anti-TNF-a therapy are at an increased risk of Lp infection. Lp infects
both phagocytic and non-phagocytic cells such as airway epithelial cells; however, the role of TNF-a in
airway epithelial cells is unknown.
Methods: Human airway epithelial cell line NCI-H292 was infected with Lp NUL1 strain. After infection,
both intracellular growth of Lp and cell death were evaluated after treating the cells with or without
TNF-a. Apoptosis was examined by performing activated caspase-3/7 staining and by using a pan-
caspase inhibitor.
Results: Lp infected and replicated in NCI-H292 cells in a time-dependent manner, and TNF-a treatment
of Lp-infected NCI-H292 cells inhibited Lp replication. Inhibitory effects of TNF-a on Lp replication were
suppressed after treatment with a TNF-a-neutralizing antibody. Lp infection increased extracellular
lactate dehydrogenase levels and decreased the number of living cells. Increased number of Lp-infected
NCI-H292 cells showed caspase-3/7 activation, indicating they underwent apoptosis. TNF-a treatment
inhibited Lp replication by increasing the apoptosis of NCI-H292 cells.
Conclusions: Thus, our results suggested that airway epithelial cells were involved in the pathogenesis of
Lp infection and that TNF-a played a protective role by inhibiting the intracellular replication of Lp and by
increasing the apoptosis of Lp-infected airway epithelial cells. However, Lp infection should be investi-
gated further in patients undergoing anti-TNF-a therapy who develop pneumonia.

© 2016 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.
1. Introduction

Legionella pneumophila (Lp) infection is characterized by life-
threatening pneumonia that is caused by the inhalation of
contaminated aerosols. Despite the availability of appropriate an-
tibiotics, Lp infection can become severe in a short period and often
requires intensive care. Therefore, it is important to determine
mechanisms underlying the pathogenesis of Lp infection to develop
better strategies for its prevention and treatment.

Although Lp mainly infects and replicates in alveolar macro-
phages, it also infects and replicates in non-phagocytic cells such as
edicine, Nagasaki University
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lung epithelial cells [1e3]. Because airway epithelial cells and
alveolar macrophages come in contact with inhaled pathogens,
they may be involved in the pathogenesis of Lp infection. Previ-
ously, we reported that lung epithelial cells produced mucins in
response to Lp infection and that this response could exert pro-
tective effects against Lp infection [3]. However, information on the
relationship between Lp and lung epithelial cells is scarce and the
role of these cells in Lp infection is unclear.

Cell death is suggested to be involved in the pathogenesis of Lp
infection. Lp-infected macrophages undergo cell death through
apoptosis [4,5], pyroptosis [6], and programmed necrosis [7].
Proinflammatory mediators, including IL-1b and high-mobility
group box 1, released by dying cells induce inflammation. There-
fore, Lp-induced cell death is an important mechanism underlying
severe inflammation in patients with Lp infection. However, in-
formation on Lp-induced cell death of lung epithelial cells is
unavailable.
us Diseases. Published by Elsevier Ltd. All rights reserved.
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TNF-a, a proinflammatory cytokine, is rapidly released by
various immune cells upon pathogen recognition. TNF-a exerts
protective effects against invasive pathogens, especially intracel-
lular pathogens, and inhibits the growth of Lp in macrophages [8].
However, TNF-a is also involved in chronic inflammatory diseases
such as rheumatoid arthritis and inflammatory bowel disease and
is a therapeutic target for treating these diseases because it is a
major cause of inflammation. Therefore, TNF-a inhibitors that
provide significant benefits such as reduction of disease activity
and improvement of symptoms are used for treating patients with
the above diseases. However, patients treatedwith TNF-a inhibitors
are at an increased risk of bacterial, fungal, and viral infections
[9,10] because important initial responses to invasive pathogens
may be suppressed in these patients. Lp is a pathogen of those risk-
elevated infection and the U.S. Food and Drug Administration
added Lp into the emerging pathogen list in the patients under the
anti-TNF-a therapy [11]. Fatal cases of Lp infection have been
observed in patients undergoing anti-TNF-a therapy [12]. More-
over, incidence of Lp-induced pneumonia is high in patients un-
dergoing anti-TNF-a therapy [13].

TNF-a inhibits intracellular bacterial proliferation in and cell
death of Lp-infected macrophages. However, the role of TNF-a in
lung epithelial cells is unknown. Therefore, we examined the effect
of TNF-a on bacterial growth in and cell death of lung epithelial
cells in the present study.

2. Materials and methods

2.1. Bacterial strain

Lp NUL1 strain (serogroup 1), which was clinically isolated from
the sputum of a patient with L. pneumophila pneumonia, was used
in this study [3,7]. The bacteria were stored at �80 �C in a Micro-
bank system (Pro-Lab Diagnostics, Ontario, Canada) until further
use. The bacteria were cultured on WadowskyeYeeeOkuda agar
plates (Eiken Kagaku, Tokyo, Japan) for 3 days. Next, a single colony
was subcultured in 3 mL buffered yeast extract (BYE) broth for 12 h
at 37 �C under constant shaking. The bacterial suspensionwas then
transferred into a fresh BYE broth and was cultured for 24 h under
the same conditions. After these processes, bacteria reach post-
exponential phase.

2.2. Cell line and Lp infection

Human airway epithelial cell line NCI-H292 (ATCC CRL-1848)
and monocyte/macrophage cell line THP-1 (ATCC TIB202) were
maintained in a continuous culture in RPMI 1640 medium (Thermo
Fischer Scientific, Waltham, MA) supplemented with 10% fetal
bovine serum in 5% CO2 at 37 �C. After cells reached confluence in
96-well plates, NUL1 was added at a multiplicity of infection (MOI)
of 50. After Lp NUL1 infection, the plate was centrifuged at 1000� g
for 5 min and the cells were incubated further for 2 h. Gentamicin
(100 mg/mL) was added to the culture medium after 2 h of incu-
bationwith Lp NUL1 to kill extracellular bacteria, and the plate was
washed twice with a fresh medium. Bacterial growth was deter-
mined by lysing the cells in distilled water. Serial dilutions of cell
lysate obtainedwere quantitatively inoculated on buffered charcoal
yeast extract agar plates, and the number of colonies formed was
counted at 72 h after incubation at 37 �C.

2.3. Treatment with TNF-a and TNF-a-neutralizing antibody

Lp-infected NCI-H292 cells were treated with recombinant TNF-
a (R&D Systems, Inc., Minneapolis, USA). For inhibition study, For
inhibition study, Lp-infected cells were coincubated with TNF-a
and TNF-a-neutralizing antibody (Hycult Biotech, Frontstraat,
Netherlands). TNF-a level in the cell culture supernatant was
measured using TNF-a Quantikine ELISA kit (R&D system), ac-
cording to the manufacturer's instructions.

2.4. Cytotoxicity assay

Cell death was evaluated by measuring lactate dehydrogenase
(LDH) levels by using a cytotoxicity detection kit (Roche Diagnostics
GmbH, Mannheim, Germany), according to the manufacturer's in-
structions. To determine cytotoxicity, the value of samples from 1%
Triton-X-treated cells was defined as 100% cell death.

2.5. Cell death evaluation

Cells were stained with 0.2% trypan blue, and positively and
negatively stained cells were counted. Cells showing trypan blue
positivity under a light microscope were considered as dead cells.
Activity of caspase-3/7 was determined using CellEvent Caspase-3/
7 Green Detection Reagent (Thermo Fischer Scientific), according to
manufacturer's instructions. After staining, the cells were observed
under light and fluorescence microscopes, and cells stained in
green were considered as apoptotic cells. Apoptosis was analyzed
by incubating the cells with 10 mM zVAD-fmk (zVAD).

2.6. Statistical analysis

All data are expressed as mean ± standard deviation (SD). One-
way analysis of variance was used to determine statistically sig-
nificant differences among the groups. Dunnett's test was used to
confirm the observed differences by comparing with the control
group. Differences were considered statistically significant at
p < 0.05.

3. Results

3.1. TNF-a inhibits the intracellular growth of Lp in airway
epithelial cells

Bacterial count in Lp-infected NCI-H292 cells was measured
(Fig. 1A). Bacterial count was 2.93 ± 0.04 log10 cfu/mL at 0 h and
increased to 6.31 ± 0.02 log10 cfu/mL at 48 h after incubation with
Lp in a time-dependent manner (p < 0.01 compared with bacterial
count at 0 h). We also confirmed that Lp did not replicate in the
culture medium alone (data not shown).

Effects of TNF-a on Lp growth were examined at 24 and 48 h. At
24 h, no significant differences were observed in bacterial count in
cells treated with TNF-a (0.1e50 ng/mL) and control cells (data not
shown). However, at 48 h, the bacterial count in cells treated with
TNF-a decreased in a dose-dependent manner, with significant
decreases observed with TNF-a concentrations of 10 and 50 ng/mL
(Fig. 1B). Effect of TNF-a on bacterial growth was inhibited after
treatment with the TNF-a-neutralizing antibody in a dose-
dependent manner (5.62 ± 0.4 log10 cfu/mL vs. 6.56 ± 0.11
log10 cfu/mL for cells treated with 50 ng/mL TNF-a plus 1000 ng/mL
anti-TNF-a antibody vs. cells treated with 50 ng/mL TNF-a alone,
p < 0.01; Fig. 1C). Direct effect of TNF-a on bacterial growth was
determined by incubating Lp with various concentrations of TNF-a
in the BYE broth. However, no differences were observed in bac-
terial count after treatment with different concentrations of TNF-a
(data not shown). To exclude the effect of endogenous TNF-a pro-
duced by NCI-H292 cells, we measured TNF-a levels in the culture
supernatant at 48 h and found that the level of endogenous TNF-a
after Lp infection was below the concentration of exogenous TNF-a
used (70.81 pg/mL).



Fig. 1. TNF-a inhibits Lp replication in airway epithelial cells. (A) Bacterial count in NCI-H292 cells infected with Lp at an MOI of 50. (B) Bacterial count in Lp-infected NCI-H292 cells
at 48 h after treatment with the indicated concentrations of TNF-a. (C) Bacterial count in Lp-infected NCI-H292 cells at 48 h after treatment with TNF-a and TNF-a-neutralizing
antibody. Error bars represent mean ± SD; *p < 0.05 and **p < 0.01.
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3.2. TNF-a enhances Lp-induced cell death

Next, we determined cell death after Lp infection because the
growth of Lp depends on cells. In the absence of TNF-a, Lp-infected
cells released significantly levels of LDH in the culture supernatant
compared with control cells (9.78% ± 0.18% vs. 56.97% ± 0.71% for
control vs. Lp-infected cells, p < 0.01; Fig. 2A). Treatment of Lp-
infected cells with TNF-a further increased LDH levels in the cul-
ture supernatant. However, no difference was observed in LDH
levels in the culture supernatant of Lp-uninfected cells treated with
or without TNF-a (Fig. 2A). Lp infection decreased the percentage of
live cells. However, the percentage of live cells after Lp infection
with TNF-a treatment decreasedmore dramatically than that of live
cells not treated with TNF-a (78.66% ± 3.21% vs. 56.66% ± 4.61% for
Lp-infected cells not treatedwith TNF-a vs. Lp-infected cells treated
with TNF-a, p < 0.01; Fig. 2B). Because cell death is observed in
macrophages during Lp infection [14] and TNF-a inhibits Lp growth
in macrophages [15], we also examined whether our experimental
strain NUL1 can induce cell death in THP-1 cells in conditions with
or without TNF-a. Similar to H292 cells, TNF-a enhanced cell death
in Lp-infected THP-1 (% live cells at 48 h; 7.33% ± 0.57% in TNF-a-
untreated cells vs. 1.66% ± 0.57% in 50 ng/mL TNF-a-treated cells,
p < 0.01) (Fig. 2C).
3.3. TNF-a induces apoptosis with inhibiting Lp replication

Apoptosis is a caspase-dependent process. Therefore, involve-
ment of apoptosis in TNF-a-induced death of Lp-infected cells was
determined by performing microscopic analysis of Lp-infected cells
stained with the Caspase-3/7 Green Detection Reagent (Fig. 3A).
Activated caspase-3/7-positive cells were more common among
Lp-infected cells treated with TNF-a than in Lp-infected cells not
treated with TNF-a. Moreover, Lp-uninfected cells did not show
caspase-3/7 activation.

To examine the effect of apoptosis on Lp growth, Lp-infected
cells were cultured with a pan-caspase inhibitor zVAD. After
Fig. 2. TNF-a enhances Lp-induced cell death. (A) LDH released from NCI-H292 cells at 48 h
staining. (C) Percentage of live cells in THP-1 cells at 48 h after trypan blue staining. Value
zVAD treatment, activated caspase-3/7-positive cells, which were
induced by Lp-infection and TNF-a treatment, were inhibited
(Fig. 3B). Consistently, the percentage of viable cells increased
significantly after zVAD treatment (43.66% ± 2.3% vs.
53.33% ± 4.16% for zVAD-untreated vs. zVAD-treated cells, p < 0.05;
Fig. 3C). Moreover, bacterial count significantly increased in zVAD-
treated cells compared with that in zVAD-untreated cells that were
treatedwith TNF-a (6.14 ± 0.11 log10 cfu/mL vs. 5.17± 0.08 log10 cfu/
mL, p < 0.01; Fig. 3D).
4. Discussion

Lp causes community-acquired pneumonia. However, it is also
recognized as a re-emerging pathogen in patients undergoing anti-
TNF-a therapy. Respiratory tract epithelial cells function as
important barriers against airborne infections and are a target of Lp
infection. In the present study, we examined the effects of TNF-a on
Lp-infected airway epithelial cells.

The relationship between Lp and alveolar macrophages has
been mainly discussed in the pathogenesis of Lp infection from
the early stage to the severe stage. However, Lp also infects and
replicates in non-phagocytic cells. Thus, Lp targets lung epithelial
cells as well as macrophages. Particularly, filamentous Lp has
been found in the lung tissue of Lp-infected patients and can
infect lung epithelial cells in vitro study [16,17]. E-cadherin and
b1-integrin receptors are required for the attachment of Lp to
lung epithelial cells, and activation of these receptors leads to
cell membrane rearrangements called “hooks” and “membrane
wraps” that promote the internalization of Lp [18]. Similarly, Lp
infected and replicated in lung epithelial cells in the present
study. Thus, our data suggest that the airway epithelium is
involved in the pathogenesis of Lp infection. However, the spe-
cific role of airway epithelial cells in Lp infection is still un-
known. Therefore, further studies examining various aspects are
required to understand the role of airway epithelial cells in Lp
infection.
after Lp infection. (B) Percentage of live cells in NCI-H292 cells at 48 h after trypan blue
s are expressed as mean ± SD; *p < 0.05; **p < 0.01; N.S., not significant.



Fig. 3. TNF-a enhances Lp-induced apoptosis with inhibiting Lp growth. (A) Activated caspase-3/7 staining at 48 h after LP infection with or without TNF-a treatment. Green cells
indicate activated caspase-3/7-positive NCI-H292 cells. Each image was taken at 1000� magnification. (B) Activated caspase-3/7 staining after zVAD treatment at 48 h. (C) Live cells
were determined by performing trypan blue staining at 48 h. (D) Bacterial count after zVAD treatment at 48 h. Values are represented as mean ± SD; *p < 0.05; **p < 0.01; N.S., not
significant.
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TNF-a induces both apoptotic and necrotic cell death [19].
Caspase-3/7 activation observed in Lp-infected cells in the present
study suggested that epithelial cells underwent apoptosis after Lp
infection. Moreover, TNF-a treatment increased Lp-induced
apoptosis by decreasing bacterial load. The meaning of cell death
of airway epithelial cells in respiratory tract infections, particularly
those caused by intracellular pathogens, could not be simple. For
instance, influenza A virus induces programmed necrosis and
apoptosis of airway epithelial cells. Programmed necrosis of the
airway epithelium in patients with influenza A virus-induced
pneumonia increases disease severity [20]. In contrast, apoptosis
of the airway epithelium decreases disease severity by limiting the
dissemination of the virus [21]. Chlamydophila pneumoniae modu-
lates the apoptotic pathway in epithelial cells and makes them
resistant to apoptosis [22], suggesting that C. pneumoniae modu-
lates cell death to promote bacterial replication. Therefore, we
believe that Lp-induced apoptosis of airway epithelial cells is
beneficial for host defense because Lp replicates only in the intra-
cellular milieu. However, structural damage of the airway epithe-
lium may allow Lp to penetrate further into the epithelial tissue.

The Lp-induced cell death was mainly examined in airway
epithelial cells but also observed inmacrophages. The pathogenesis
of Lp infection based on our findings is shown in Fig. 4. Since
humans generally have poor anti-Lp immunities such as specific
antibodies [23], the cell death might be a ubiquitous cellular phe-
nomenon as a role of inhibiting bacterial growth. Therefore, anti-
TNF-a treatment can suppress apoptosis and allow bacterial growth
in live cells. This does not conflict with a report about the bacterial
strategy which Lp has an ability to inhibit apoptosis until late stage
of intracellular replication [14]. In addition, considering the
anatomical structure, the airway epithelial cells may serve as
delaying of the expansion of pneumonia via bronchi. Thus, the
reduced apoptosis by anti-TNF-a treatment can enhance disease
severity. However, further studies should be performed to deter-
mine the pathological role of apoptosis in Lp infection.

TNF-a inhibits the intracellular replication of Lp in macro-
phages, and inhibition of TNF-a promotes bacterial growth [15],
which is similar to the effects of TNF-a on airway epithelial cells
observed in the present study. These effects of TNF-a has been also
observed in a Lp infection mouse model [24]. Notably, the sup-
pressive effect of TNF-a on bacterial load was observed at 48 h after
Lp infection and not at 24 h after Lp infection in the present and
previous studies [15,24], implying that TNF-a affected subsequent
replications rather than affecting the initial replication of Lp. These
findings also suggested that the effects of TNF-a on bacterial
growth were not cell specific and that TNF-a could be an important
cytokine for delaying the progression of Lp infection. Thus,
decreased TNF-a function could enhance the growth of Lp in a short
time after initial exposure and could rapidly lead to life-threatening
conditions.

The present study contains some limitations. Because our data
was produced by only one strain and a few cell lines, the effect of
TNF-a should be examined by other strains and cells to support our
findings. This study does not exclude completely the possibility that
TNF-a directly inhibits the bacterial growth in live cells. Thus, other
approaches will be needed to solve this possibility.



Fig. 4. Schematic illustration of the pathogenesis of Lp infection under the condition with or without anti-TNF-a therapy. Anti-TNF-a therapy can inhibit the TNF-a-induced
physiological apoptosis of Lp-infected airway epithelial cells and lead to the enhancement of bacterial growth.
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Thus, our results indicate that TNF-a is defensively involved in
the pathogenesis of Lp infection in airway epithelial cells as well as
alveolar macrophages. Further, our results indicate that TNF-a in-
hibits Lp replication in infected airway epithelial cells by inducing
their apoptosis. Therefore, Lp infection should be investigated in
patients undergoing anti-TNF-a therapy who develop severe
pneumonia.
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