
Pore-forming toxin-mediated ion dysregulation leads to
death receptor-independent necroptosis of lung
epithelial cells during bacterial pneumonia
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We report that pore-forming toxins (PFTs) induce respiratory epithelial cell necroptosis independently of death receptor signaling
during bacterial pneumonia. Instead, necroptosis was activated as a result of ion dysregulation arising from membrane
permeabilization. PFT-induced necroptosis required RIP1, RIP3 and MLKL, and could be induced in the absence or inhibition of
TNFR1, TNFR2 and TLR4 signaling. We detected activated MLKL in the lungs from mice and nonhuman primates experiencing
Serratia marcescens and Streptococcus pneumoniae pneumonia, respectively. We subsequently identified calcium influx and
potassium efflux as the key initiating signals responsible for necroptosis; also that mitochondrial damage was not required for
necroptosis activation but was exacerbated by MLKL activation. PFT-induced necroptosis in respiratory epithelial cells did not
involve CamKII or reactive oxygen species. KO mice deficient in MLKL or RIP3 had increased survival and reduced pulmonary
injury during S. marcescens pneumonia. Our results establish necroptosis as a major cell death pathway active during bacterial
pneumonia and that necroptosis can occur without death receptor signaling.
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It is estimated that 450 million individuals develop pneumonia
annually.1 Those most susceptible for respiratory tract infec-
tions are infants and the elderly with pneumonia ranked as the
eighth leading cause of death worldwide.2 During bacterial
pneumonia, most pathogens release cytotoxic products that
are capable of killing respiratory cells. Principal among these
are pore-forming toxins (PFTs), the most common cytotoxic
product produced by pathogenic bacteria.3–5 PFTs target
eukaryotic cell membranes and at high concentrations form
lytic pores. At lower concentrations, pores caused by PFTs
result in ion dysregulation, disruption of cell signaling and
function, and in some instances apoptotic or pyroptotic death.6

At the gross level, PFTs have been implicated in immune cell
depletion, pulmonary damage, vascular leakage, consolida-
tion of the alveoli and development of acute respiratory
distress syndrome.7–12 Importantly, and despite decades of
research, the molecular basis for how PFTs kill host cells
continues to be elucidated.5

Necroptosis is a pro-inflammatory cell death program that is
caspase-independent. Similar to pyroptosis, but without
activation of the inflammasome, it results in cell membrane
rupture and the release of cytoplasmic components that act as
alarmins. Necroptosis was originally observed in vitro when
stimulation of Fas/CD95 or tumor necrosis factor receptor 1
(TNFR1) occurred simultaneously to inhibition of caspase
activation with the pan-caspase inhibitor Z-VAD-FMK.13–15

Today, necroptosis is considered to be central in the
generation of an immune response in tissues following sterile
injury, such as an ischemic episode.16 Necroptosis is also
understood to contribute to the persistent inflammation that is
observed in many chronic diseases such as cancer and
atherosclerosis.17

During necroptosis, engagement of TNFR1 by tumor
necrosis factor (TNF) leads to the formation of a membrane-
bound complex containing TNFR1, the adaptor protein
TRADD and the receptor interacting protein kinase (RIP)1
(i.e., complex I). Subsequently, and only when caspase-8 is
inhibited, the adaptor protein FADD is recruited to cytoplasmic
complex II (consisting of TRADD, TRAF2, RIP1, FADD, pro-
caspase-8 and FLIP) and this leads to the activation of RIP3
and its substrate the mixed-lineage kinase domain-like protein
(MLKL).18,19 Phosphorylated MLKL (pMLKL) is the effector of
necroptosis and translocates to cellular membranes to induce
their dissolution and the release of intracellular contents.20–24

Toll-like receptor (TLR)4 and TLR3 signaling also activates
necroptosiswhen caspases are inhibited.25–27 This occurs in a
TRIF-, RIP1-, RIP3- and MLKL-dependent manner.18 Like-
wise, DAI (also known as ZBP1/DLM-1) has been shown to
detect intracellular dsRNA and activate RIP3 in virus-infected
cells.28,29 Most recently, necroptosis has been shown to
involve the activation of calmodulin-dependent protein kinase
II (CamKII) by RIP3, the latter occurs in response to reactive
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oxygen species (ROS)-mediated injury30 and ROS-mediated
intracellular Ca++ alterations.31 Thus, necroptosis is primarily
thought to be a death receptor-dependent form of inflamma-
tory cell death, albeit pathogen recognition receptors and
other sensors of intracellular damage are increasingly being
implicated.
In the past few years, a considerable body of evidence has

emerged showing that necroptosis has mixed but highly
important roles in the airway during pneumonia. In a mouse
model of Influenza A infection, blocking of RIP3 activity
increased viral titers and worsened disease outcomes.32 Both
murine cytomegalovirus and herpes simplex viruswere shown
to block necroptosis, thus enabling the development of mature
viral particles.33 The current consensus indicates that
necroptosis is protective during viral pneumonia and a way
for infected lung cells to abort viral replication.18 In stark
contrast, necroptosis is detrimental during bacterial pneumo-
nia. Our laboratory has shown that bacterial PFTs cause a
rapid and necroptosis-dependent depletion of alveolar macro-
phages and this worsened outcomes.8,34 Our group and Kitur
et al.35 have also shown that treatment of mice with
necroptosis inhibitors substantially reduced pulmonary injury
during Serratia marcescens (Sma) or Staphylococcal pneu-
monia, respectively, and this was PFT-dependent.8 Impor-
tantly, other than alveolar macrophages, no other lung cell
type has been specifically examined to learn the impact of
necroptosis during bacterial pneumonia.
Herein, we report for the first time that PFT-producing

bacteria and purified PFTs induce respiratory epithelial cell
necroptosis. Contrary to other systems where necroptosis
becomes engaged as a result of death receptor signaling, we
report that RIP1/RIP3/MLKL activation following PFTexposure
is instead the result of Ca++ and K+ dysregulation that occurs
following PFT-inducedmembrane damage. Our results suggest
necroptosis may occur under a broader context of cellular
insults, expand our molecular understanding of bacterial
pathogenesis and programmed cell death, and add to the
existing body of evidence that suggest blocking necroptosis is a
way to protect against injury during bacterial infection. Our
studies also establish PFTs as an important molecular tool for
the study of necroptosis as no caspase inhibition was required.

Results

PFTs induce tissue damage and death of respiratory
epithelium. Sma is a Gram-negative opportunistic pathogen
that secretes a 165 kDa PFT called ShlA. The latter is
responsible for the hemorrhagic phenotype observed during
Sma pneumonia.8 Other PFTs that are significant contri-
butors to tissue damage during bacterial pneumonia
include Streptococcus pneumoniae (Spn) pneumolysin, a
cholesterol-dependent cytolysin, and Staphylococcus aureus
α-toxin.35–38

As evidence for the former, the lungs from mice infected
intratracheally with Sma demonstrated edema, lung consoli-
dation, hemorrhage and the presence of cellular debris. These
pathological hallmarks were absent in the lungs collected
from mice challenged with an isogenic ShlA-deficient
mutant (ΔshlA; Figure 1a). Mice infected with ΔshlA also had

significantly less albumin (Figure 1b), a marker of vascular
leakage, and lactate dehydrogenase (Figure 1c), a marker of
cell death, present within isolated bronchoalveolar lavage fluid
(BALF). Similar results were observed in mice intratracheally
challenged with recombinant pneumolysin (rPly) but not with
the heat inactivated control (HI-rPly; Supplementary Figure 1).
In vitro, death of A549 human type II pneumocytes and
LA-4 mouse bronchial epithelial cells was also found to be
ShlA-dependent (Figure 1d) and pneumolysin-dependent
(Figure 1e) following infection with the corresponding patho-
gen and its isogenic mutant. Together, these results highlight
the major role of PFTs in mediating acute lung injury during
bacterial pneumonia.

Figure 1 Sma induces pore-forming toxin-dependent tissue damage and
respiratory epithelial cell death. C57BL/6 mice (four to six per cohort) were
challenged intratracheally with 5.0 × 106 CFU of S. marcescens (Sma) or an isogenic
ShlA-deficient mutant (ΔshlA). Infected mice were killed at 24 h post-infection for (a)
pathological evaluation of their lungs and BALF, and determination of (b) albumin and
(c) lactate dehydrogenase (LDH) levels in BALF. Percent cytotoxicity measured by
LDH release for A549 human type II pneumocytes and LA-4 mouse bronchial
epithelial cells infected with (d) Sma or ΔshlA at MOI 10, alternatively (e)
S. pneumoniae (Spn) or an isogenic mutant deficient in pneumolysin (Δply) at MOI
100. Mann–Whitney U-tests were applied for two-group comparisons: *Po0.05,
**P⩽ 0.01, ***P⩽ 0.001. In vitro assays show the averaged value from more than
three separate experiments
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Pore-forming toxins trigger alveolar epithelial cell
necroptosis in vitro. To directly test whether PFTs killed
lung epithelial cells via necroptosis, A549 cells were
pretreated with inhibitors or siRNA targeting various points
in the necroptosis pathway and then challenged with
bacteria or purified PFTs. Pharmacological inhibitors of
RIP1 (Figure 2a), RIP3 and MLKL (Figure 2b), all conferred
protection against Sma-induced death. Similarly, siRNA
knockdown of RIP3 and MLKL conferred protection against
Sma challenge (Figure 2c). Our efforts to purify active
recombinant ShlA were unsuccessful; instead we tested the
specific role for purified rPly and α-toxin. Both PFTs induced
A549 cell death that could be blocked with chemical inhi-
bitors of RIP1, RIP3 and MLKL (Figures 2d and e). The
treatment of cells with siRNA to knock down RIP3 and
MLKL also protected against purified PFT-induced cell death
(Figures 2f and g). Moreover, using immunofluorescent
microscopy, we detected phosphorylated MLKL (pMLKL),
at the plasma membrane of Sma-infected A549 cells
(Figure 2h). Of note, diverse PFT-producing bacteria

including Spn, S. aureus, Listeria monocytogenes and
uropathogenic Escherichia coli, also caused RIP1-
dependent death in A549 cells (Supplementary Figure 2).
Moreover, pharmacological inhibition and siRNA knockdown
of caspase-1 did not protect A549 cells against Sma or rPly-
induced death (Supplementary Fig S3), thereby ruling out
caspase-1-dependent pyroptosis. Collectively, these results
establish necroptosis as a principal cause of lung cell death
following exposure to a PFT.

Necroptosis occurs in the lungs of mice and nonhuman
primates experiencing severe pneumonia. Supporting an
important role for necroptosis in vivo, we observed an
increase in total airway levels of MLKL and pMLKL during
development of sublethal Sma pneumonia in mice and their
subsequent decrease during resolution (Figure 3a). Immuno-
fluorescent (IF) and immunohistochemical staining for pMLKL
prominently localized the protein to the bronchial epithelium
of Sma-infected mouse lung sections, although pMLKL was
also detected throughout the parenchyma (Figure 3b). We

Figure 2 Pore-forming toxins cause respiratory epithelial cell necroptosis. Percent cytotoxicity as measured by LDH assay of S. marcescens-infected (MOI 10) A549 cells
pretreated with (a) RIP1 inhibitors necrostatin-1 s (N1s, 10 μM), necrostatin-1 (N1, 10 μM), necrostatin-5 (N5, 10 μM), necrostatin-7 (N7, 10 μM), (b) the RIP3 inhibitor GSK’ 872
(10 μM), the MLKL inhibitor necrosulfonamide (NSA; 10 μM), or mock-treated with media containing an equivalent DMSO concentration. (c) Immunoblots for RIP3 and MLKL
and corresponding percent cytotoxicity of S. marcescens-infected A549 cells transfected with siRNA against RIP3 and MLKL. Percent cytotoxicity of (d) pneumolysin (rPly:
0.32 μg/ml) or (e) α-toxin (3.9 μg/ml) challenged A549 cells pretreated with Nec-5, GSK’ 872, NSA or mock-treated. Percent cytotoxicity of (f) rPly and (g) α-toxin challenged
A549 cells transfected with siRNA against RIP3, MLKL or a scrambled control. (h) Immunofluorescent staining of a S. marcescens-infected A549 cell. Cell nucleus (DAPI, blue),
phosphorylated MLKL (pMLKL, green), cellular membrane (red, Dil cellular membrane label, Emission: 565 nm), Merge (orange). Mann–Whitney U-test was used for two-group
comparisons. For multi-group comparisons, Dunn’s multiple-comparison post-test was used: *Po0.05, **P⩽ 0.01, ***P⩽ 0.001. The mean value for in vitro experiments was
averaged from more than three separate experiments. Dotted lines in panels indicate the average LDH level detected in supernatants of uninfected controls
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also observed elevated pMLKL levels in lung samples from
nonhuman primates, that is, baboons, with experimental
pneumococcal pneumonia (Figure 3c). Immunohistochemis-
try also showed widespread staining for pMLKL throughout
the consolidated lungs of infected baboons (Figure 3d).
Finally and importantly, pretreatment of primary normal
human bronchial epithelial cells with inhibitors of RIP1,
RIP3 and MLKL protected against cell death in vitro caused
by Sma and rPly (Figure 3e). Thus, our collective results
indicate that lung epithelial cell necroptosis occurs during
Gram-negative and Gram-positive bacterial pneumonia, it is
triggered by PFTs and this is conserved across a wide range
of mammalian species.

PFT-induced respiratory cell necroptosis is independent
of TNFR signaling and TLR4. As indicated, TNFR1 or TLR4
signaling during caspase-8 inhibition can lead to activation
of the necroptosis pathway.18 Pretreatment of cells with
SPD304, which inhibits TNF-α trimerization and recognition
by TNFR1,39 or with R7050, which blocks TNFR1 association
with TRADD and RIP1,40 did not confer protection against
Sma- or rPly-induced A549 death (Figure 4a), or death of
normal human primary bronchial epithelial cells (Supple-
mentary Figure 4). Furthermore, mice lacking TNFR1/TNFR2
(TNFR1/2 KO) had equivalent Sma burden and levels of LDH
and albumin in isolated BALF as did wild-type controls
(Figures 4b–e). Lung pathology also showed no discernable

Figure 3 MLKL is active in murine and nonhuman primate respiratory epithelium during severe bacterial pneumonia. (a) Eight-week-old C57BL/6 mice (six to nine mice per
cohort) were infected intratracheally with S. marcescens and killed at 4, 12, 24, 48 and 72 h post-infection for immunoblots for MLKL and pMLKL and its quantification. Relative
levels in protein expression were determined by comparing the ratio of the detected band versus total protein levels as determined using Image J software. (c) IF and
Immunohistochemistry of lung sections stained for pMLKL. Healthy baboons were challenged intrabronchially with Spn using a video-assisted bronchoscope and killed 5–7 days
after infection for tissue collection. (c) Immunoblot for MLKL, pMLKL and actin (loading control) in the right middle lobe and left upper lobe of infected baboons versus uninfected
control. (d) IHC for pMLKL (images taken at × 200). Primate data are from three infected baboons (B1–3) and an uninfected control (mock). (e) Percent cytotoxicity of
Sma-infected (MOI 10) or pneumolysin (rPly: 0.32 μg/ml) challenged normal human primary epithelial cells pretreated with RIP1 inhibitor necrostatin-1 s (N1s, 10 μM), the RIP3
inhibitor GSK’ 872 (10 μM) and the MLKL inhibitor necrosulfonamide (NSA; 10 μM), or mock-treated with media containing an equivalent DMSO concentration. For multi-group
comparisons, Dunn’s multiple-comparison post-test was used: *Po0.05, **P⩽ 0.01, ***P⩽ 0.001. The mean value for in vitro experiments was averaged from more than three
separate experiments
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differences (Figure 4f). The levels of pMLKL detected by
immunoblot were also equivalent in lung lysates from Sma-
infected TNFR1/2 KO mice and wild-type controls (Figure 4g).
Together, these results rule out a requirement of TNFR
signaling during Sma pneumonia and PFT-induced respira-
tory epithelial cell necroptosis.
As Sma carries lipopolysaccharide, the ligand for TLR4,41

and recombinant pneumolysin has also been shown to bind to
TLR4,42 we also tested a role for TLR4 in PFT-induced
necroptosis. Inhibition of TLR4 with the amino monosacchar-
ide C34, which blocks TLR4 signaling by docking at the TLR4
receptor ligand site,43 did not protect against Sma-, rPly- or
α-toxin-induced death of A549 cells (Figure 5a). In normal
human primary bronchial epithelial cells, modest but signifi-
cant protection was observed against rPly but not Sma
(Supplementary Figure 5). Similar to our results with TNFR1/2
KO mice, lung tissue and BALF from Sma-infected TLR4 KO
mice showed no differences in bacterial load, LDH in BALF
and albumin in the BALF versus controls (Figures 5b–e).
Pathological analysis of tissues also showed no discernible
differences between TLR4 KO and wild-type mice (Figure 5f).
Finally, MLKL and pMLKL levels were not different between
groups (Figure 5g). Based on these results, we conclude that
PFTs induced respiratory epithelial cell death in a manner that
is independent of TLR4.

PFT-induced lung epithelial cell necroptosis is the result
of ion dysregulation. Ion dysregulation can occur as a
result of PFT-mediated pore formation.6 For this reason, we

explored whether membrane permeabilization and ion
dysregulation induced activation of the necroptosis pathway
in lung epithelial cells. The challenge of lungs cells with
Sma or rPly resulted in increased intracellular Ca++ levels.
The latter equivalent to levels seen in ionomycin-treated cells
(Figure 6a). Briefly, ionomycin is an ionophore specific for
Ca++.44 Further implicating an important role for ion dysregu-
lation in the activation of necroptosis, necrostatin-5 protected
against cell death induced by ionomycin and the ionophore
nigericin (K+), but not gramicidin (Na+; Supplementary
Figure 6a). Cell death caused by ionomycin and nigericin
could also be blocked with Nec1s, GSK’ 872 and necrosulfo-
namide, the respective inhibitors of RIP1, RIP3 and MLKL
(Figure 6b). That necroptosis was activated in cells experien-
cing Ca++, and K+ dysregulation was verified by detection of
pMLKL in ionomycin- and nigericin-challenged A549 cells
using fluorescent microscopy (Figure 6c).
Directly implicating ion dysregulation following PFT expo-

sure as an initiating signal for necroptosis, we observed
that blocking cell membrane permeabilization with glycine45

protected A549 cells from Sma- or rPly-induced death
(Figure 6d). Moreover, cells in calcium-free media experi-
enced reduced cell death following challenge with Sma or rPly
(Figure 6e). Cell death was further diminished by the addition
of potassium choloride to the calcium-free media, that in turn
reduced K+ efflux, in cells challenged with rPly (Figure 6e).
Of note, no additional protective effect for Nec1s in rPly-
challenged cells was observed in the absence of calcium or in
media without calcium supplemented with potassium.

Figure 4 TNF-α or TNFR inhibition does not protect against PFT-mediated respiratory epithelial cell necroptosis. (a) Percent cytotoxicity of A549 cells infected with Sma or
challenged with rPly pretreated with a small inhibitor of TNF-α (SPD304) or a selective inhibitor of TNFR1 (R7050) as determined using an LDH assay. (b–g) TNFR KO mice and
wild-type controls of same age (five to seven mice per cohort) were infected intratracheally with S. marcescens. After 24 h, levels of (b) bacterial titers in lungs and (c) BALF, (d)
LDH and (e) albumin were determined. (f) H and E staining of lung tissue. (g) Immunoblots for pMLKL and MLKL in lung tissue. Mann–Whitney U-test was used for two-group
comparisons. For multi-group comparisons, Dunn’s multiple-comparison post-test was used: NS denotes no significance. The mean value for in vitro experiments was averaged
from more than three separate experiments
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Similarly, Nec1s only protected A549 cells treated with
ionomycin when calcium was present in media (Supple-
mentary Figure 6b). Finally and in cells challenged with rPly,
cell membrane dissolution and levels of detectable pMLKL
and pRIP3 was reduced or their activation delayed, respec-
tively, when ion dysregulation was inhibited by the removal
of Ca++ and addition of K+ to the media (Supplementary
Figures 7a and b). This observation corresponded to the
changes in levels of intracellular calcium in rPly-challenged
cells (Supplementary Figure 7c). Together, these results
indicate a primary role for ion dysregulation during PFT-
mediated activation of necroptosis.

Mitochondrial damage does not contribute to PFT-
induced necroptosis. PFTs have also been implicated in
causing mitochondrial damage.46,47 Supporting this notion,
we observed increased supernatant levels of cytochrome C

(Figure 7a), reduced levels of ATP (Figure 7b) and increased
levels of cellular ROS (Figure 7c), after challenge with Sma or
rPly. We also observed dispersal of J-aggregates (Figure 7d),
a sign of mitochondrial membrane permeabilization and
depolarization.48 Inhibition of MLKL with necrosulfonamide
diminished the release of cytochrome C and dispersal of
J-aggregates in cells challenged with Sma or rPly (Figures 7e
and d), indicating that necroptosis was contributing in some
manner to mitochondrial damage. Recent studies have
shown that RIP3 and Ca++ alterations due to ROS activate
CamKII, which results in mitochondrial damage.30,31 Ruling
out a role for ROS-activated CamKII during PFT-induced
necroptosis, pretreatment of A549 cells with the CamKII
inhibitor KN-62 had no protective effect on cell death following
challenge with Sma or rPly (Figure 7f). Moreover, blocking
generation of mitochondrial derived ROS with TTFA,
rotenone, antimycin (Figure 7g) and neutralization of cellular

Figure 5 TLR4 inhibition does not protect against PFT-mediated respiratory epithelial cell necroptosis. (a) Percent cytotoxicity of A549 cells infected with Sma or challenged
with either rPly or α-toxin pretreated with a selective inhibitor of TLR4 (C34) as determined using an LDH assay. (b–g) Six- to 8-week-old TLR4 KO mice and wild-type controls of
the same age (four to seven mice per cohort) were infected intratracheally with Sma. After 24 h post-infection, levels of (b) bacterial titers in lungs and (c) BALF, (d) LDH and (e)
albumin were determined. (f) H&E staining of lung tissue (scale bar represents 75 μm). (g) Immunoblots for pMLKL and MLKL in lung tissue. Mann–Whitney U-test was used for
two-group comparisons. For multi-group comparisons, Dunn’s multiple-comparison post-test was used: NS denotes no significance. The mean value for in vitro experiments was
averaged from more than three separate experiments
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ROS with DPI, catalase and N-acetylcysteine (Figure 7h)
also had no effect on Sma-induced A549 cell death. Thus,
mitochondrial damage is exacerbated by MLKL during PFT-
induced necroptosis and this does not involve ROS or
CamKII.

Pneumonia-induced respiratory tissue damage is
mediated by RIP3-MLKL-dependent necroptosis. Finally,
we sought to substantiate a detrimental role for lung epithelial
cell necroptosis during pneumonia using genetic models.
Mice deficient in RIP3 and MLKL had prolonged survival
versus wild-type controls following intratracheal challenge
with Sma (Figure 8a). RIP3 KO and MLKL KO mice infected
with Sma had reduced number of erythrocytes and lower
concentrations of albumin and LDH present in isolated BALF
(Figures 8b, c, e and f), indicating preservation of the
alveolar–capillary barrier. Hematoxylin and eosin (H&E)-
stained lung sections from RIP3 KO and MLKL KO mice
also showed diminished alveolar consolidation and edema as

compared with wild-type controls, this was particularly
evident for MLKL KO mice (Figure 8h). No differences in
bacterial titers in BALF of WT versus KO mice were observed
at the time of killing (Figures 8d and g). The latter indicates
that the observed differences in lung damage were mediated
by the activation of necroptosis.

Discussion

Herein, we report that bacterial PFTs induce respiratory
epithelial cell necroptosis and this requires RIP1, RIP3 and
MLKL. Moreover, PFT-induced necroptosis is initiated in a
manner that is independent of death receptor signaling. It is
instead activated as a result of PFT-mediated membrane
permeabilization. We show that mice and nonhuman primates
experience necroptosis during severe pneumonia and
report that blocking of necroptosis is beneficial to the
respiratory tissue during bacterial infection. These findings
firmly establish necroptosis as a key cell death pathway active

Figure 6 Ion dysregulation initiates respiratory epithelial cell necroptosis. (a) Intracellular calcium levels (μg/well) in A549 cells infected with Sma (MOI 10) or challenge with
rPly (0.32 μg/ml), lipopolysaccharide (LPS, 1 μg/ml), ionomycin (Io, 20 μM), nigericin (Ni, 20 μM) or mock-treated. (b) Percent cytotoxicity of A549 alveolar epithelial cells
pretreated with necrostatin-1 s (Nec1 s, 10 μM), the RIP3 inhibitor GSK’ 872 (10 μM) and the MLKL inhibitor necrosulfonamide (NSA; 10 μM), then challenged with Io or Ni as
determined using an LDH assay. (c) Immunofluorescent staining of Io- or Ni-challenged A549 cells. Cell nucleus (DAPI, blue), phosphorylated MLKL (pMLKL, green). (d) Percent
cytotoxicity of A549 cells pretreated with glycine (10 μM), an inhibitor of membrane permeabilization, and challenged with Sma or rPly. (e) Percent cytotoxicity of A549 alveolar
epithelial cells infected with Sma or challenged with rPly in the presence or absence of calcium in the culture media and calcium-depleted media supplemented with potassium.
Mann–Whitney U-test was used for two-group comparisons. For multi-group comparisons, Dunn’s multiple-comparison post-test was used: **P⩽ 0.01, ***P⩽ 0.001,
****P⩽ 0.0001. The mean value for in vitro experiments was averaged from more than three separate experiments
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during pneumonia, the eighth leading cause of death
worldwide.2

Up to this point, the bulk of our knowledge on necroptosis
came from studies that relied on cell death induced by the pro-
inflammatory cytokine TNFα or following TLR engagement in
the presence of a pan-caspase inhibitor.18,25,49 Notably, our
results showed that PFTs induce necroptosis independently of
TNFR1, TNFR2 or TLR4 and without the chemical inhibition
of caspases. We also rule out a role for CamKII-mediated
mitochondrial damage. Our data demonstrates that it is
instead ion dysregulation caused by PFT-mediatedmembrane
permeabilization that leads to the activation of necroptosis
during bacterial pneumonia. This was evidenced by the fact
that necroptosis of lung cells could be initiated with ionophores
specific for Ca++ and K+; in addition, MLKL activation and PFT-
mediated killing was abrogated when cells were in calcium-
free media supplemented with potassium. These findings
imply that necroptosis is either directly activated by ion
dysregulation or that an intermediate and as-of-yet unknown
molecule that acts as a sensor instead activates necroptosis.

Before this report, in vitro dysregulation of intracellular Ca++

levels has been shown to result in decreased ATP levels
and induction of necrostatin-1 preventable death.50,51 Our
data solidify the notion that Ca++ and K+ dysregulation by
themselves are sufficient triggers to activate the necroptosis
machinery leading to MLKL activation. MLKL then targets and
exacerbates mitochondrial damage and this presumably
explains the reduced ATP levels that are observed. With this
view in mind, an expanded role for necroptosis can be
speculated during diverse conditions where ion dysregulation
occurs. One example being neurodegenerative diseases such
as Alzheimer, Huntington's and Parkinson,52,53 where it has
been shown that annular protofibrils that resemble bacterial
PFTs trigger cell death via ion dysregulation.52 Studies
investigating this possibility are now warranted.
Similar to PFT-induced necroptosis, how ion dysregulation

activates pyroptosis is currently an open question. More
specifically, it remains unknown how NLRP3 (i.e., cryopyrin) is
activated by changes in K+ concentrations. During pyroptosis,
P2X7, Pannexin 1 and PFTs cause the efflux of K+, which is

Figure 7 MLKL activity during PFT-induced necroptosis exacerbates mitochondrial damage. (a) Cytochrome C (ng/ml) levels in supernatants from A549 cells challenged with
Sma or rPly. (b) ATP levels in cell pellets of A549 cells challenged with Sma,ΔshlA or rPly. (c) Reactive oxygen species levels in cell pellets of A549 cells challenged with Sma or
rPly. (d) A549 cells pretreated with necrosulfonamide (NSA, 10 μM) were challenged with Sma or rPly. Mitochondrial permeabilization was visualized using a probe for
J-aggregates (mitochondrial membrane potential dye, red). (e) Cytochrome C levels in supernatants from A549 cells, pretreated with necrosulfonamide (NSA, 10 μM) and
challenged with Sma or rPly. (f) Percent cytotoxicity of Sma-infected or rPly-challenged A549 cells following pretreatment with CamKII inhibitor (KN-62, 10 μM) as determined
using an LDH assay. (g) Percent cytotoxicity of Sma-infected A549 cells following pretreatment with rotenone (5 μM, 10 μM), 2-thenoyltrifluoroacetone (TTFA, 5 μM, 10 μM),
antimycin (5 μM, 10 μM) or (h) diphenyleneiodonium (DPI, 10 μM), catalase (10 μM) or N-acetylcysteine (100 μM). Mann–Whitney U-test was used for two-group comparisons.
For multi-group comparisons, Dunn’s multiple-comparison post-test was used: *Po0.05, **P⩽ 0.01, ****P⩽ 0.0001. The mean value for in vitro experiments was averaged from
more than three separate experiments
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alone sufficient to activate the NLRP3 inflammasome and
caspase-1. It is unknown whether NLRP3 directly senses K+

efflux or whether another intermediate event or sensors trigger
this mechanism.54 In context of our findings herein, it is now
also unclear as to how specificity in cell death pathway
activation following ion dysregulationmight be occurring.What
leads to cell death by pyroptosis versus necroptosis during ion
dysregulation? Perhaps intensity of signal or co-stimulation of
a second receptor in a cell type-specific manner drives the
decision process. Of note, both activation of caspase-1 or
MLKL results in pore formation in the plasma membrane
leading to further increases in K+ efflux and Ca++ influx.20,55

Thus ion dysregulation can be both an initiator and positive
feedback mechanism for pyroptosis and necroptosis, both
pro-inflammatory modes of cell death.
Necroptosis has been linked to the host defense during viral

infections.32,33,56–59 For example, during Influenza A infection
in vitro, RIP3 activated parallel pathways of necroptosis and
apoptosis and thereby eliminated infected cells. In the latter
report, RIP3 KO mice, but not MLKL KO mice, experienced
increased viral titers and elevated mortality when challenged
with Influenza A, thereby suggesting that factors other than or
in addition to MLKL driven membrane disruption were
important for this protection.32 In contrast to a protective role,
our results unambiguously suggest PFT-mediated necroptosis

is detrimental to the host pulmonary epithelium during
bacterial pneumonia. Our findings are complementary to
those previously described for alveolar macrophages,34,35 and
strongly suggest that PFT-producing bacteria exploit necrop-
tosis to enhance disease pathology and promote infection.
Our results also suggest that necroptosis inhibition may be a
viable adjunct therapy to antimicrobials in individuals experi-
encing severe bacterial infections.
In conclusion, we have described for the first time the

occurrence of respiratory epithelial cell necroptosis during
bacterial pneumonia. We show that ion dysregulation at the
membrane level is responsible and that mitochondrial damage
is exacerbated by the activation of MLKL. Our results expand
on our molecular understanding of how PFTs kill and add to
the body of evidence that blocking necroptosis is a way to
protect against bacterial infection. We propose that PFTs are
valuable tools to study necroptosis in cells without caspase
inhibition.

Materials and Methods
Bacterial strains and growth conditions. A clinical isolate of
S. marcescens (Sma) was obtained from Dr. James Jorgensen at the University
of Texas Health Science Center at San Antonio, San Antonio, TX, USA. An isogenic,
unmarked shlA deletion (ΔshlA) was constructed by deleting the majority of the
ShlA coding region (leaving behind the first five and the last five codons) via allelic

Figure 8 RIP3- and MLKL-deficient mice are protected against tissue damage and hemorrhage during in vivo bacterial pneumonia. (a) Survival of C57BL/6 MLKL KO mice,
RIP3 KO mice and their respective wild-type controls (four to six mice per cohort) following a lethal dose of Sma (5 × 106 CFU) administered intratracheally. (b–h) C57BL/6
(b–d, h) RIP3 KO mice, (e–h) MLKL KO mice and their respective wild-type controls were infected intratracheally with Sma (four to nine mice per cohort). Twenty-four hours post
infection, the levels of (b and e) albumin, (c and f) LDH and (d and g) bacterial titers in BALF were determined. (h) Representative images of H&E-stained lung tissue from above
mice. Mann–Whitney U-test was used for two-group comparisons: *Po0.05, **P⩽ 0.01, ***P⩽ 0.001. Log-rank Mantel–Cox test was used for survival curves
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exchange as previously described.8 Sma was grown on Luria-Bertani (LB) agar
plates and incubated overnight at 30˚C. A single colony was transferred to the LB
broth and incubated overnight with rolling, then back diluted 1:50 for three additional
hours, also at 30 °C. Spn serotype 4 strain TIGR4 wild-type and an isogenic
pneumolysin-deficient mutant (Δply) were grown as previously described.60 rPly
was purified from transformed E. coli also as previously described.60 Listeria
monocytogenes, Staphylococcus aureus, uropathogenic Escherichia coli, were
grown as previously described.34 The inoculums were prepared by diluting the
bacteria into sterile phosphate-buffered saline (PBS) to the final desired
concentration (75 μl volume inoculum). The amount of colony-forming units
(CFU) inoculated was confirmed at the time of infection by serial dilution of the
inoculum, plating on agar plates and extrapolation from colony counts.

Mice and baboon infections. Female 6–8-week-old wild-type C57BL/6
mice and TNFR p55/p75 knockout (in a C57BL/6 background) from Jackson
Laboratories (Sacramento, CA, USA) were used. MLKL and RIP3 knockout mice in
the C57BL/6 background were obtained from Warren Alexander (Walter and Eliza
Hall Institute of Medical Research Parkville, VIC, Australia) and Vishva Dixit
(Genentech, San Francisco, CA, USA), respectively. TLR4 KO mice were obtained
from Drs. Sue Michalek and Sadis Matalon (University of Alabama at Birmingham,
Birmingham, AL, USA). Oropharyngeal aspiration was performed on each mouse
as previously described.8 Briefly, after being anesthetized (2% vaporized isoflurane),
each mouse was hung upright by its incisors, the tongue gently pulled outward with
blunt forceps and the respective inoculum pipetted into the oropharynx
accompanied by coverage of the nares to achieve forced inhalation. All mice
experiments were performed with a protocol (IACUC #20270) approved by the
University of Alabama at Birmingham Institutional Animal Care and Use Committee
and in agreement with the NIH Guide for the Care and Use of Laboratory Animals.
Healthy baboons, with a median age 11 ratio years old (interquartile range: 10–19)
were intrabronchially challenged with Spn (1 × 109 CFU) using a bronchoscope.
During severe pneumonia (5–7 days after infection), the animals were killed and
lung tissue was collected. All baboon experiments were performed using a protocol
approved by the Southwest National Primate Research Center Institutional Animal
Care and Use Committee and in agreement with the NIH Guide for the Care and
Use of Laboratory Animals (IACUC #1443PC0).

Histology. After killing by pressurized CO2 asphyxiation and pneumothorax, the
lungs were inflated with 0.5 ml of optimal cutting temperature medium (Tissue-Tek
OCT, Sakura, Torrance, CA, USA), surgically removed, transferred to molds,
covered in OCTand snap-frozen. The tissue sections were stained with hematoxylin
and eosin, or respective antibodies and reagents for immunofluorescence or
immunohistochemistry (pMLKL, 1:1000 overnight, ab196436, Abcam, Cambridge,
MA, USA). The images were captured using a Zeiss AxioXam MRm Rev3 and/or
MRc cameras attached to a Zeiss AxioImager Z1 epifluorescent microscope (Carl
Zeiss, Thornwood, NY, USA) or a Leica LMD6 with DFC3000G-1.3 megapixel
monochrome camera (Leica Biosystems, Buffalo Grove, IL, USA).

BALF and cytospins. Using an 18-gauge Angiocath Autoguard catheter
(Becton Dickinson, Sandy, UT, USA), we performed tracheotomies in killed mice as
previously described.8 Briefly, after the animals were tracheotomized, a three-way
stopcock (Baxter, Deerfield, IL, USA) attached to two 3 ml syringes was used to
wash lungs three times with 0.5 ml of PBS and collect BALF. BALF was then
centrifuged and re-suspended in 0.5 ml PBS. Cell concentration was determined
using the Cellometer Slide Chamber (Nexcelom Biosciences, Lawrence, MA, USA).
Using a Cytospin 4 Centrifuge (Thermo Fisher Scientific, Suwanee, GA, USA), we
fixed a concentration of 105 cells in 250 μl to Shandon CytoSpin-coated slides,
following the manufacturer’s instructions. The slides were stained for differentiation
of blood cell types with Protocol Hema 3 stain set (Thermo Fisher Scientific), and
inspected using microscopy (Carl Zeiss, × 10 magnification) for total number of
PMNs and monocytes. For determination of bacterial burden in the lungs, BALF was
serially diluted, plated and bacterial titers extrapolated from colony counts following
overnight incubation.

Cell lines. A549 and LA-4 cells were grown in DMEM with 10% FBS and
incubated at 37 °C with 5% CO2. Normal human bronchial epithelial cells (NHBEC)
were grown in bronchial epithelial cell basal medium supplemented with bronchial
epithelial growth medium SingleQuots (Lonza, Allendale, NJ, USA) and incubated at
37 °C with 5% CO2. For cytotoxicity assays, the cells were plated at a final
concentration of 5 × 104 in 96-well plates and incubated as above.

Inhibitors and other chemicals. Necrostatin-1(#N9037), -5 (#N0164), -7
(#N3040), SPD304 (#S1697), C34 (#SML0832), Ionomycin (#I9657), Nigericin
(#481990), Glycine (#410225), DPI (#300260), NAC (#A8199), rotenone (557368),
antimycin (#A8674) and TTFA (#T27006) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). GSK’ 872 (#2673) and Necrostatin-1 s (#2263) were obtained
from BioVision (Milpitas, CA, USA). Necrosulfonamide (#5025) and R7050 (#5432)
were obtained from Tocris Bioscience (Avonmouth, Bristol, UK). KN-62 (#sc-3560)
was obtained from Santa Cruz (Dallas, TX, USA).

Silencing RNA. Commercially available siRNA targeting RIP3 (#61482) or
MLKL (93430; Santa Cruz) were used to transfect A549 alveolar epithelial cells
following the manufacturer's instructions.

In vitro infection of cells. For in vitro studies, bacterial cells were grown as
described above. After back dilution, bacteria was added to adherent mammalian
cells at a multiplicity of infection (MOI) 10 for S. marcescens and 100 for
S. pneumoniae in their respective media without phenol red+2% FBS for up to 4 h.
For inhibition or protection experiments, cells were first pretreated with various
concentrations of selected chemicals listed below for 1 h, and then exposed to
bacteria, toxins or cytotoxic reagents. The concentration of rPly used has been
previously shown to cause cardiomyocyte cytotoxicity60 and 75% lysis in a
hemolysis assay. In some instances, the cells were infected in DMEM media that
lacked calcium and/or that had potassium chloride (130 mM) added.

Cell death assays. Cell death was evaluated by detection of the cytoplasmic
enzyme lactate dehydrogenase (LDH) in the culture supernatants as previously
described.34 Briefly, the cells were spun down at 200 × g for 5 min and 50 μl
supernatant was removed from each well and passed to a new 96-well plate and
immediately assayed for the presence of LDH using either the Cytotox 96 Assay kit
(Promega, Madison, WI, USA) or Pierce LDH cytotoxicity kit (Thermo Fisher
Scientific) according to the manufacturer’s recommendations. Note that positive
controls were treated with lysis buffer to liberate all cytoplasmic content
approximately 30 min before supernatant harvest. 50 μl of reconstituted substrate
solution was added to the supernatants, and then incubated for 30 min in the dark;
the addition of 50 μl of stop solution provided by manufacturer terminated the
reaction. The absorbance was measured at 490 nm in a BioTek Synergy H4 plate
reader (BioTek, Winooski, VT, USA) or iMark Absorbance Microplate Reader
(Bio-Rad Laboratories, Hercules, CA, USA).

ROS and ATP measurement. ROS concentration in cells was measured
using the cell-permeant 2',7'-dichlorodihydrofluorescein diacetate indicator of ROS
(H2-DCF; Life Technologies, Carlsbad, CA, USA). ROS probe was added to each
well to a final working concentration of ~ 5 mM, followed by a 30 min incubation at
37 °C. After incubation, a short recovery time of 15 m was allowed for cellular
esterases to hydrolyze the acetoxymethyl ester or acetate groups. Fluorescence
was measured with a fluorescent plate reader. ATP was measured using an ATP
Assay Kit (Abcam). Cell culture supernatant was deproteinized using 10 kDa spin
columns (Abcam). ATP standard curve and filtrate dilutions were combined with ATP
reaction mix on a plate and incubated at room temperature for 30 min protected
from light. Colorimetric output was measured with a microplate reader.

Immunoblots and quantification. Whole-cell extracts were prepared with
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS and 50 mM TrisHCl)
containing protease/phosphatase inhibitors (Pierce, Thermo Scientific, Waltham,
MA, USA). The samples were run on TGX Stain-free polyacrylamide gels (Bio-Rad)
by SDS-PAGE, under reducing conditions. Total protein was visualized before
transfer on stain-free gels on a ChemiDoc XRS+ (Bio-Rad). Proteins were
transferred onto nitrocellulose using a Trans-Blot Turbo Transfer System (Bio-Rad).
Western blots were performed using standard methods and visualized using a Bio-
Rad ChemiDoc XRS+ and Image Lab Software. The proteins from human cells
were detected with antibodies against MLKL (3 μg/ml, ab118348, Abcam), pMLKL
(1:1000, ab187091, Abcam), pRIP3 (1:1000, ab 209384, Abcam) and RIP3 (1:200,
sc-7881, Santa Cruz). The mouse samples were detected with antibodies against
MLKL (1:1000, ab172868, Abcam) and pMLKL (1:1000, ab196436, Abcam).
Corresponding secondary antibody, horseradish peroxidase conjugated goat anti-
rabbit or anti-mouse IgG, was used at 1:10 000 dilution (Jackson ImmunoResearch,
West Grove, PA, USA). To confirm protein load, membranes were also probed with
antibody against cytoskeletal actin at 1:5000 (Bethyl Laboratories Inc., Montgomery,
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TX, USA). Image J was used to do densitometry analysis on protein blots. The
protein levels were normalized to actin levels in the same sample.

ELISA. Albumin (Bethyl Laboratories Inc.) levels in BALF were measured using
kits following the manufacturer’s instruction. Calcium Detection (Colorimetric ELISA)
was performed following the manufacturer's instructions (Abcam).

Mitochondrial depolarization assay. Mitochondrial membrane potential
was visualized using MitoPT JC-1 dye (ImmunoChemistry, Bloomington, MN, USA)
following the manufacturer's instructions.

Statistical analysis. Prism 5 (GraphPad Software, La Jolla, CA, USA) was
used for graph development and statistical analysis. Survival curves were made
using the Kaplan–Meier method and significance calculated using the log-rank test.
Mann–Whitney U-tests were applied for two-group comparisons, and nonparametric
ANOVA (Kruskal–Wallis) and Dunn's post hoc analysis were used for multiple-group
comparisons.
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