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Abstract
Background/Aims: The ribosome-inactivating proteins include the biothreat agent, ricin toxin 
(RT). When inhaled, RT causes near complete destruction of the lung epithelium coincident 
with a proinflammatory response that includes TNF family cytokines, which are death-
inducing ligands. We previously demonstrated that the combination of RT and TNF-related 
apoptosis inducing ligand (TRAIL) induces caspase-dependent apoptosis, while RT and TNF-α 
or RT and Fas ligand (FasL) induces cathepsin-dependent cell death in lung epithelial cells. We 
hypothesize that airway macrophages constitute a major source of cytokines that drive lung 
epithelial cell death. Methods: Here, we show that RT-induced apoptosis of the monocytic cell 
line, U937, leads to the bystander killing of the lung epithelial cell line, A549.  U937 cells were 
treated with ricin. Following this, A549 cells were treated with supernatants from U937 cells 
and death was measured by WST-1 viability assay Results: Upon RT-induced U937 cell death, 
released RT and FasL contributed to A549 cell death. U937 cells also released nuclear protein 
HMGB1. The release of RT, FasL, and HMGB1 triggered A549 cell necroptosis, rather than 
cathepsin-dependent killing observed previously with RT and FasL.  Reactive oxygen species 
(ROS) were produced in A549 cells due to HMGB1 ligation of the receptor for advanced 
glycation end products (RAGE). Conclusion: These findings demonstrate the potential for 
bystander necroptosis of lung epithelial cells during RT toxicosis which may perpetuate or 
increase the proinflammatory response.
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Introduction

Ricin toxin (RT) comprises 1-5 % of the total dry weight of the castor bean plant, Ricinus 
communis [1–3]. In its mature form, RT is a 60-65 kDa glycoprotein capable of inhibiting 
protein synthesis in mammalian cells (1-3). RT is classified by the Centers for Disease Control 
and Prevention (CDC) on the list of select agents and toxins due to its extreme toxicity when 
inhaled as an aerosol [1–5].

RT is the prototypic A-B toxin, comprised of a catalytic A subunit (RTA) linked via a 
single disulfide bond to the cell-binding B subunit (RTB) [6, 7]. RTB binds β1-4 galactose 
and N-acetylglucosamine that are part of glycolipids and glycoproteins on the cell surface 
[8]. RT enters the cell via the endocytic pathway and is thus trafficked to the Golgi as well as 
the endoplasmic reticulum (ER) [9]. In the ER, the disulfide bond between RTA and RTB is 
reduced by protein disulfide isomerase and the two subunits dissociate [9, 10]. RTA is then 
translocated across the ER membrane and delivered into the cytoplasm where it inactivates 
ribosomes with high efficiency [10, 11]. Specifically, RTA cleaves a glycosidic bond in the 
sarcin-ricin loop (SRL) resulting in the removal of an adenine from 28s rRNA [10, 11]. This 
damage to the ribosome prevents the binding of elongation factor 2 causing protein synthesis 
to cease [11–13]. RT is highly toxic when inhaled [14–16]. The damage to the airway by RT 
leads to acute respiratory distress syndrome (ARDS) and a potent inflammatory response 
[16–19].

As stated, RT causes a vast amount of damage to lung epithelial cells when inhaled 
[16–19].  Additionally, our previous work showed that the cytokines TNF-related apoptosis-
inducing ligand (TRAIL), TNF-α, and Fas ligand (FasL) modulate the toxicity of RT [20, 21]. 
We demonstrated that addition of TRAIL sensitized A549 and Calu-3 human lung epithelial 
cells to RT-induced caspase-dependent apoptosis [21]. However, RT combined with TNF-α 
or FasL induced a cathepsin-dependent, caspase-independent death that was inhibited by 
the pan-caspase inhibitor, zVAD-fmk [21]. We propose that cytokines contribute to the vast 
damage of ARDS in vivo, considering that proinflammatory and death-inducing cytokines are 
abundant components in the bronchoalveolar lavage fluid of animals following inhalation of 
RT [15, 22–26]. Monocytes and macrophages are other key target cells for RT [22, 27]. In fact, 
macrophages are responsible for the high level of inflammatory cytokines during RT toxicity 
[28]. Thus, we hypothesize that RT-induced death of monocytes/macrophages contributes 
to bystander damage to lung epithelial cells. Here, we use biochemical approaches to provide 
a detailed characterization of U937 and A549 cell death responses to RT. U937 cells were 
chosen for this study as they are a model for human monocytic cells and have been used 
successfully in the characterization of eukaryotic programmed cell death [29–35]. We show 
that RT-induced apoptosis of U937 cells leads to RT-induced necroptosis of bystander A549 
cells due to the release of several factors. Defining these cell death responses and identifying 
multiple steps at which they can be prevented may lead to new therapeutic approaches to 
RT toxicity.

Materials and Methods

Reagents, antibodies, and inhibitors
Ricin toxin (Ricinus communis agglutinin II) was purchased from Vector Laboratories and used at 

the concentrations noted. RT was dialyzed in 1x PBS using 10K MW-cutoff Slide-A-Lyzer dialysis cassettes 
(Pierce, Rockford, IL, USA) prior to experimentation. Recombinant human FasL (Super Fas ligand, Enzo 
Life Sciences, Farmingdale, NY, USA) was used at a concentration of 100 ng/mL unless noted otherwise. 
Recombinant human HMGB1 (Millipore-Sigma) was used at a concentration of 100 ng/mL.

All inhibitors were purchased from ApexBio (Houston, TX, USA) unless otherwise noted. Pan-
caspase inhibitor zVAD-fmk, was used at a concentration of 50 µM. Caspase-3/7 inhibitor zDEVD was used 
at a concentration of 30 µM. Caspase-1 inhibitor, zYVAD-fmk was used at a concentration of 10 µM. The 
ferroptosis inhibitor, ferrostatin-1, was used at a concentration of 1 µM. Cathepsin inhibitor 1 (CATI-1) 
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was used at a concentration of 20 µM. N-acetylcysteine (Millipore-Sigma) was used at a concentration of 
10 mM. NADPH oxidase inhibitor, VAS2870 (Millipore-Sigma), was used at a concentration of 5 µM. The 
RIP1 inhbitor, necrostatin-1s (Millipore-Sigma), was used at a concentration of 50 µM. The RIP3 inhibitor, 
GSK’872 (MedChemExpress), and the MLKL inhibitor, GW806742x (MedChemExpress), were each used at 
a concentration of 1 µM.

All neutralizing mAbs were used at a concentration of 1 µg/mL. FasL neutralizing mAb, NOK-1, was 
purchased from Becton-Dickenson while TNF-α neutralizing mAb, J1D9, and TRAIL neutralizing mAb, 
HS501 (Cat # ALX-804-300-C100) were purchased from Axxora (Farmingdale, NY, USA). RTA and RTB 
neutralizing mAbs were kindly provided by the Wadsworth Center (NYS Department of Health). The RAGE 
mAb was purchased from R and D Systems (Minneapolis, MN, USA, Cat # AF1145) while the HMGB1 mAb 
was purchased from AbCam (Cambridge, UK, Cat # ab18256).

Cell culture
A549 lung epithelial cells (ATCC, Manassas, VA, USA) were cultured in Ham’s F-12K medium (Sigma) 

with 10 % FBS. Cells were grown in a humidified incubator with 5 % CO2 at 37 oC. Cells were cultured in 
75-cm2 cell culture flasks and subcultured when they reached ~80 % confluence at a 1:5 dilution. Cells were 
lifted using TrypLE Express (Thermo Fisher, Waltham, MA, USA) at 37 oC. U937 suspension cells (ATCC) 
were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum in a humidified incubator 
at 37 °C and 5 % CO2. Cells were maintained at a maximum of 10 passages for the experiments in this work. 
Cells were cultured in 75-cm2 cell culture flasks and subcultured when they reached 1 x 106 cells/mL at a 
1:5 dilution.

Cell death assays
A549 lung epithelial cells were seeded at 1200 cells/well in 96-well plates (Celltreat, Pepperell, MA, 

USA) and allowed to culture for 24 h in Ham’s F-12K medium (Thermo Fisher) with 10 % FBS (VWR, Radnor, 
PA, USA) at 37 oC and 5 % CO2. Following this, cells were washed and the following was added to wells in 
Ham’s F-12K medium: (1) RT or (2) RT combined with 100 ng/mL FasL. Cells were incubated at 37 oC 
with 5 % CO2 for 24 h followed by WST-1 assay (Takara, Kusatsu, Shiga Prefecture, Japan) according to the 
manufacturer’s instructions.

U937 cells at a concentration of 5x105/mL were treated with RT in 96-well plates (Celltreat). Following 
treatment, cells were incubated for 24 h at 37 oC with 5 % CO2. This was followed by WST-1 assay (Takara) 
according to the manufacturer’s instructions.

For bystander cell death assays, U937 cells (5x105/mL) were treated with RT for 1 h at 37 oC with 
5 % CO2 in RPMI 1640. Following this, free RT was removed by centrifugation and washing. U937 cells 
were then allowed to incubate an additional 4 h at 37 oC with 5 % CO2 in Ham’s F-12K medium. Cells were 
centrifuged and the supernatant was removed. A549 lung epithelial cells (seeded at 1200 cells/well) were 
then treated with 100 µL of supernatants from U937 cells treated with RT. A549 cells were incubated with 
the supernatants for 24 h at 37 oC with 5 % CO2. This was followed by WST-1 assay (Takara) according to the 
manufacturer’s instructions.

For all cell death assays, cells in negative control wells were treated with media alone.  In experiments 
where inhibitors or mAbs were used, they were added to cells 1 h before the addition of RT and FasL or 
supernatants from U937 cells treated with RT. DMSO was used as vehicle control for each inhibitor. For all 
cell death assays absorbance was measured using an Eppendorf 2200 plate reader at a wavelength of 450 
nm and a reference wavelength of 600 nm. Using WST-1 absorbance (abs), percent viability was calculated 
as follows: (abs cell death stimulus)/(abs neg) x 100.

Flow cytometry
For flow cytometry analyses 10, 000 events were collected for each sample after gating out debris. 

Sample data were collected utilizing a BD FACSVerse flow cytometer. Data files were analyzed using FlowJo 
V10. Prior to analysis, cells were treated with: (1) RT, (2) RT + FasL, or (3) supernatants derived from U937 
cells treated with RT at 37 °C and 5 % CO2 for 6 h. For caspase activity, the Vybrant FAM FLICA kit (Molecular 
Probes) was used according to the manufacturer’s instructions. For Annexin/PI, the eBiosciences Annexin 
V apoptosis kit (ThermoFisher) was used according to the manufacturer’s instructions. To measure 
oxidative stress, CellROX green kit (ThermoFisher) was used according to the manufacturer’s instructions. 
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To measure mitochondrial ROS, MitoSOX superoxide indicator (ThermoFisher) was used according to the 
manufacturer’s instructions.

SDS-PAGE and western blot
A total of 6x106 A549 cells were seeded in 58 cm2 Petri dishes (Celltreat) and allowed to grow for 24 

h at 37 oC and 5 % CO2. A549 cells were then treated with (1) 0.5 ng/mL RT, (2) 0.5 ng/mL RT combined 
with 100 ng/mL FasL or (3) supernatants derived from U937 cells treated with RT for 4 h at 37 oC and 5 % 
CO2. Following this, A549 cells were lysed using 1 % triton-X-100 (Sigma) with 1x Halt protease inhibitor 
(Thermo Fisher) in 1x PBS on ice for 30 min. Cells were then sonicated on ice 3x (20 sec pulses) at an output 
of 10 %. Cell lysates were centrifuged at 14000 rpm at 4 oC to remove nuclear material. A549 cell lysates 
were run on SDS-PAGE and transferred to a PVDF membrane and blocked in 1x TBS with 0.1 % tween-20 
and 5 % milk for 30 min at room temperature. The blots were then incubated with diluted primary antibody 
in 1x TBS with 0.1 % tween-20 and 5 % milk overnight at 4 oC. All primary antibodies were obtained from 
Cell Signaling Technology (Danvers, MA, USA). Primary antibodies were used at dilutions of 1:1000 except 
for anti-GAPDH which was diluted 1:10000. After washing with 1x TBS with 0.1 % tween-20 and 5 % milk, 
the blots were incubated with secondary HRP-conjugate antibodies (1:5000) for 1 h at room temperature. 
Blots were developed by chemiluminescence and read in a Bio-Rad ChemiDoc XRS+.

ELISA
For ELISA detection of HMGB1 and FasL in U937 cell supernatants, we used the HMGB1 Express ELISA 

kit (Tecan, Männedorf, Switzerland) and Fas ligand ELISA kit (AbCam) according to the manufacturers’ 
instructions.

Statistical Analyses
Statistical analyses were carried out using GraphPad Prism 7. All cell death assays, flow cytometry, and 

ELISA were subject to statistical analysis by two-way ANOVA and Bonferroni posttest. All cell death assays 
are the results of 3 independent experiments. Immunoblots presented are representative of 3 independent 
experiments.

Results

RT-induced apoptosis of U937 cells leads to death of bystander A549 cells
We first set out to characterize RT-induced death of U937 cells. These cells were treated 

with multiple concentrations of RT for 24 h at 37oC and assessed for viability using WST-1. 
Across a range of toxin concentrations, RT-induced death of U937 cells was prevented by the 
pan-caspase inhibitor, zVAD-fmk [36, 37], as well as the caspase-3/7 inhibitor, zDEVD-fmk 
[36, 37] (Fig. 1A-B). The RIP1 inhibitor, necrostatin-1s (nec-1s), which prevents necroptosis 
[38], had no effect on RT-induced death of U937 cells (Fig. 1A). To determine the activity of 
caspases, we treated U937 cells with RT (1 ng/mL) for 2 h at 37 oC followed by staining with 
FLICA reagent (specific for caspase-3/7 activity) and flow cytometry. There was a ~6-fold 
increase in fluorescence in RT-treated U937 cells (Fig. 1C). This indicates that caspases-3 
and -7 are active [39]. This fluorescence was reduced by zVAD-fmk and zDEVD-fmk (Fig. 
1C). To determine if phosphatidylserine is externalized upon RT treatment, U937 cells 
were treated with 1 ng/mL RT for 2 h at 37 oC followed by staining with annexin V and 
propidium iodide (PI) and flow cytometry. Upon RT treatment there is a greater than 10-
fold increase in annexin staining, indicating the externalization of phosphatidylserine (Fig. 
1D) [40]. Annexin staining was prevented when zVAD-fmk was administered indicating 
that phosphatidylserine externalization is caspase dependent (Fig. 1D). Propidium iodide 
staining, which assesses membrane permeability [41], was not significantly affected in any 
condition (Fig. 1D).

To test the hypothesis that RT-induced death of monocytes/macrophages leads to the 
death of bystander lung epithelial cells, we co-cultured U937 and A549 cells, treated them 
with different concentrations of RT for 24 h at 37 oC, and performed WST-1 viability assay. 
For this experiment, U937 cells were removed from co-culture and viability of the A549 cells 
only was assessed. Compared to A549 cells cultured alone, those co-cultured with U937 
cells underwent a significant increase in cell death (Fig. 2A). To determine if the increase 
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in A549 death required cell-to-cell contact, we treated U937 cells with 1, 2, or 5 ng/mL RT 
for 1 h at 37 oC. After this, free RT was removed via centrifugation and washing and the 
cells were incubated an additional 4 h followed by removal of supernatants. A549 cells 
were then treated with the supernatants for 24 h at 37 oC followed by WST-1 viability assay. 
Supernatants from the U937 cells were toxic to A549 cells (Fig. 2B). In fact, supernatants 
from U937 cells treated with higher doses of RT (5 vs. 1 ng/mL, for example) induced higher 
levels of bystander A549 cell death (Fig. 2B). If U937 cells were treated with zVAD-fmk or 
zDEVD-fmk with RT, their supernatants were much less toxic to bystander A549 cells (Fig. 
2C).

Fig. 1. RT causes caspase-3/7-dependent apoptosis 
in U937 cells. U937 cells were treated with different 
concentrations of RT for 24 h at 37oC followed by 
WST-1 assay. RT-induced death of U937 cells is 
prevented by A.) the pan-caspase inhibitor, zVAD-
fmk, and B.) the caspase-3 inhibitor, zDEVD-fmk. 
The necroptosis inhibitor, necrostatin-1s (nec-
1s) had no effect on cell death. U937 cells were 
treated with 1 ng/mL RT for 2 h at 37oC followed 
by C.) FLICA staining for caspase-3/7 activity or D.) 
staining for annexin V and propidium iodide (PI) 
and flow cytometry analysis. Caspase-3/7 activity 
increases following RT treatment but is prevented 
by zVAD-fmk and zDEVD-fmk (C). Annexin staining 
increases upon treatment with RT and is prevented 
by zVAD-fmk. There is no significant change in PI 
staining. Veh = vehicle control (DMSO). Results are 
from 3 independent experiments. Each dot in the graphs represents an independent experiment. Two-way 
ANOVA with Bonferroni posttest. ***p<0.001.

Fig. 2. RT-induced apoptosis of U937 cells 
leads to death of bystander A549 lung 
epithelial cells. A.) A549 cells were treated 
with different concentrations of RT alone 
or in co-culture with U937 cells for 24 h at 
37oC. There is a significant increase in RT-
induced A549 cell death when co-cultured 
with U937 cells. B.) U937 cells were treated 
with 1, 2, or 5 ng/mL RT for 5 h at 37oC. 
A549 cells were then incubated with U937 
cell supernatants (RT SUPs) for 24 h at 
37oC. Supernatants from RT-treated U937 
cells induce death of A549 cells compared 
to supernatants from untreated U937 cells 
(con SUP). C.) U937 cells were treated with 
1 ng/mL RT for 5 h at 37oC in the presence 
or absence of pan-caspase inhibitor, zVAD-
fmk, and caspase-3 inhibitor, zDEVD-fmk. A549 cells were then incubated with U937 cell supernatants for 
24 h at 37oC. A549 cell death induced by these supernatants was prevented if U937 cell death was blocked 
with zVAD or zDEVD. Vehicle = DMSO. Results are from 3 independent experiments. Each dot in the graphs 
represents an independent experiment. Two-way ANOVA with Bonferroni posttest. ***p<0.001, **p<0.01.
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Death of bystander A549 cells is due to the release of Fas ligand (FasL) and RT from U937 
cells
To determine the cause of toxicity in these supernatants, we treated U937 cells with 1, 2, 

or 5 ng/mL RT for 1 h at 37 oC. After this, free RT was removed via centrifugation and washing 
and the cells were incubated an additional 4 h. Cytokine neutralizing mAbs were added to 
these supernatants after which supernatants were used to treat A549 cells for 24 h at 37 oC 
followed by WST-1 assay. Supernatants derived from RT-treated U937 cells were less toxic to 
A549 cells following incubation with a neutralizing mAb against FasL (Fig. 3A). Neutralizing 
mAbs against TRAIL or TNF-α had no effect on the toxicity of the supernatants (Fig. 3A). 
This suggests that U937 cells attacked by RT release FasL which contributes to the death of 
bystander A549 cells. To measure the amount of FasL released from RT-treated U937 cells 
we performed a FasL ELISA. Supernatants derived from RT-treated U937 cells contained 
measurable amounts of FasL compared to supernatants from untreated U937 cells (Fig. 3B). 
Supernatants from U937 cells treated with higher doses of RT (5 vs. 1 ng/mL, for example) 
contained higher concentrations of FasL (Fig. 3B). To determine if RT released from U937 
cells attacked by the toxin contributes to death of bystander A549 cells, we treated U937 
cells with 1 ng/mL RT for 1 h at 37 oC. After this, free RT was removed via centrifugation and 
washing and the cells were incubated an additional 4 h. RT neutralizing mAbs were added 
to these supernatants after which supernatants were used to treat A549 cells for 24 h at 
37 oC followed by WST-1 assay. Supernatants derived from U937 cells treated with RT and 
incubated with neutralizing mAbs to RTA and RTB exhibited a significant decrease in toxicity 
against A549 cells (Fig. 3C). This suggests that RT is released from dying U937 cells and 
contributes to the death of bystander A549 cells.

Bystander A549 cell death differs from A549 cell death induced by purified FasL and RT
The results of Fig. 3 suggest that U937 cells attacked by RT release FasL and RT into 

their supernatants which drives the death of bystander A549 cells. Previously, we showed 
that purified RT combined with FasL induces cathepsin-dependent death of A549 cells [21]. 
Therefore, we decided to compare A549 cell death induced by purified RT and FasL vs. A549 

Fig. 3. Death of bystander A549 
cells is driven by release of Fas 
ligand (FasL) and RT from RT-
treated U937 cells. A.) U937 
cells were treated with 1 ng/
mL RT for 5 h at 37oC. A549 cells 
were then treated with U937 
cell supernatants for 24 h at 
37oC in the presence or absence 
of cytokine neutralizing mAbs 
(1 µg/mL). Death of bystander 
A549 cells was prevented when 
FasL was neutralized in U937 cell 
supernatants. B.) U937 cells were 
treated with 1, 2, or 5 ng/mL RT 
for 5 h at 37oC. Supernatants were 
removed and subjected to FasL 
ELISA. There is a dose dependent 
increase in the release of FasL from 
U937 cells following RT treatment. Con SUP = untreated U937 cells. C.) Cells were treated as described in 
part A except different neutralizing mAbs were used. Death of bystander A549 cells was prevented when RT 
was neutralized in U937 cell supernatants. RT A mAb = against catalytic domain, RT B mAb = against binding 
domain. Results are from 3 independent experiments. Each dot in the graphs represents an independent 
experiment. Two-way ANOVA with Bonferroni posttest. ***p<0.001.
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cell death induced by supernatants derived from RT-treated U937 cells. For this, we treated 
A549 cells with 0.1, 0.2, or 0.5 ng/mL purified RT combined with 100 ng/mL purified FasL 
for 24 h at 37 oC which resulted in a dose-dependent induction of cell death (Fig. 4A).  In 
a separate set of experiments, we treated U937 cells with 1, 2, or 5 ng/mL RT for 1 h at 
37 oC. After this, free RT was removed via centrifugation and washing and the cells were 
incubated an additional 4 h. Supernatants were used to treat A549 cells for 24 h at 37 oC. 
A549 cell death induced by 0.5 ng/mL purified RT and 100 ng/mL FasL was not significantly 
different from death induced by supernatants derived from U937 cells treated with 1 ng/
mL RT (Fig. 4A). Therefore, we considered these to be equivalent lytic doses and compared 
them throughout the remainder of this report. For the following experiments, we treated 
A549 cells with 0.5 ng/mL purified RT and 100 ng/mL purified FasL or with supernatants 
derived from U937 cells treated with 1 ng/mL RT. When A549 cells were treated with zVAD-
fmk, death by purified RT and FasL was prevented but death by supernatants from U937 
cells was not affected (Fig. 4B). The ability of zVAD-fmk to inhibit A549 cell death by purified 
RT and FasL is consistent with our previous report, even though caspases do not drive this 
death [21]. The cathepsin inhibitor, CATI-1, prevented A549 cell death by purified RT and 
FasL (Fig. 4C), consistent with our previous report [21]. CATI-1 had no effect on A549 cell 
death induced by supernatants from RT-treated U937 cells (Fig. 4C). To further determine 

Fig. 4. Death of bystander A549 
cells differs from A549 cell death 
induced by purified RT and Fas 
ligand (FasL). A.) WST-1 assay 
showing A549 cell death induced 
by purified RT (0.1, 0.2, and 0.5 ng/
mL) and FasL (100 ng/mL) vs. A549 
cell death induced by supernatants 
from U937 cells treated with 1, 2, 
or 5 ng/mL RT. A549 cell death 
induced by purified RT (0.5 ng/
mL) and FasL (100 ng/mL) was not 
significantly different from A549 
cell death induced by supernatant 
from U937 cells treated with 1 ng/
mL RT. A549 cells were treated 
with purified RT (0.5 ng/mL) and 
FasL (100 ng/mL) or supernatants 
from U937 cells treated with 1 ng/
mL RT for 5 h at 37oC. For Fig.s 
B-E, A549 cells were incubated 
with purified RT (0.5 ng/mL) and 
FasL (100 ng/mL) or supernatants 
from U937 cells treated with 1 
ng/mL RT (RT SUPs) for 24 h at 
37oC followed by WST-1 assay. B.) 
Flowchart describing experimental 
setup for direct and bystander 
A549 WST-1 viability assays. C.) 
The pan-caspase inhibitor, zVAD-fmk and D.) the cathepsin inhibitor, CATI-1, prevented A549 cell death 
induced by purified RT and FasL but did not prevent death of bystander A549 cells treated with U937 cell 
supernatants. A549 cell death induced by purified RT and FasL or U937 cell supernatants was not affected 
by E.) caspase-1 inhibitor, zYVAD-fmk or F.) ferroptosis inhibitor, ferrostatin. Vehicle = DMSO. Results are 
from 3 independent experiments. Each dot in the graphs represents an independent experiment. Two-way 
ANOVA with Bonferroni posttest. ***p<0.001.
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the mode of cell death we treated A549 cells with the caspase-1 inhibitor, zYVAD-fmk, which 
prevents pyroptosis [42], or ferrostatin, an inhibitor of ferroptosis [43]. Neither inhibitor 
affected A549 cell death induced by purified RT and FasL or A549 cell death induced by 
supernatants derived from RT-treated U937 cells (Fig. 4D-E). These results clearly indicate 
that there is a fundamental difference in the mode of cell death induced by purified RT and 
FasL vs. supernatants derived from RT-treated U937 cells.

Death of bystander A549 cells depends on reactive oxygen species (ROS), HMGB1, and the 
receptor for advanced glycation end products (RAGE)
Next, we determined if reactive oxygen species (ROS) were involved in the death of 

bystander A549 cells. For this, we treated A549 cells with 0.5 ng/mL purified RT and 100 
ng/mL purified FasL or with supernatants derived from U937 cells treated with 1 ng/mL 
RT in the presence or absence of the antioxidant, N-acetylcysteine (NAC), followed by WST-
1 viability assay. Consistent with our previous report, NAC partially inhibited A549 cell 
death by purified RT and FasL (Fig. 5A). There was an even greater inhibition by NAC, when 
A549 cell death was induced by RT-treated U937 cell supernatants (Fig. 5A). To determine 
the contribution from NADPH oxidases (NOX), we ran a similar experiment with the NOX 
inhibitor, VAS2870 [44], used in place of NAC. While it did not inhibit A549 cell death by 
purified RT and FasL, it did inhibit cell death by supernatants from RT-treated U937 cells 
(Fig. 5B). To measure oxidative stress, we treated A549 cells with 0.5 ng/mL purified RT and 
100 ng/mL purified FasL or with supernatants derived from U937 cells treated with 1 ng/
mL RT followed by staining with cellROX green reagent and flow cytometry. There was an 
approximately 8-fold increase in cellROX staining in A549 cells treated with supernatants 
from RT-treated U937 cells, indicating increased oxidative stress (Fig. 5C). To measure 
mitochondrial ROS, we conducted a similar experiment using mitoSOX red reagent in place of 
cellROX green. There was an approximately 6-fold increase in mitoSOX staining in A549 cells 
treated with supernatants from RT-treated U937 cells, indicating increased mitochondrial 
ROS (Fig. 5D).

Fig. 5. Supernatants from 
U937 cells treated with RT 
induce reactive oxygen species 
(ROS) in bystander A549 
cells. For A-B, A549 cells were 
treated with purified RT (0.5 
ng/mL) and FasL (100 ng/
mL) or supernatants from 
U937 cells treated with 1 ng/
mL RT (RT SUPs) for 5 h at 
37oC. A549 cells were treated 
with purified RT and FasL or 
U937 cell supernatants for 24 
h at 37oC followed by WST-
1 assay. A.) The antioxidant, 
N-acetylcysteine, prevents 
A549 cell death induced 
by purified RT and FasL or 
U937 cell supernatants. B.) 
The NADPH oxidase inhibitor, VAS2870, prevents A549 cell death induced by supernatants derived from 
RT-treated U937 cells. For C-D, A549 cells were treated with purified RT (0.5 ng/mL) and FasL (100 ng/
mL) or supernatants from U937 cells treated with 1 ng/mL RT (RT SUPs) for 2 h at 37oC followed by 
staining for ROS and flow cytometry.  C.) CellROX staining increases significantly when A549 cells are 
treated with supernatants from RT-treated U937 cells indicating increased oxidative stress. D.) MitoSOX 
staining increases significantly when A549 cells are treated with supernatants from RT-treated U937 cells 
indicating increased mitochondrial ROS. Con = supernatants from untreated U937 cells. Results are from 3 
independent experiments. Each dot in the graphs represents an independent experiment. Two-way ANOVA 
with Bonferroni posttest. *p<0.05, ***p<0.001.
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That A549 cell death induced by supernatants derived from RT-treated U937 cells 
depends heavily on ROS suggests that other factors may be involved in death of bystander 
A549 cells. The receptor for advanced glycation end products (RAGE) induces ROS upon 
ligation [45–47], therefore we tested if RAGE was involved in the death of bystander A549 
cells. For this, we treated A549 cells with 0.5 ng/mL purified RT and 100 ng/mL purified 
FasL or with supernatants derived from U937 cells treated with 1 ng/mL RT in the presence 
or absence of a RAGE neutralizing mAb followed by WST-1 viability assay. Death of bystander 
A549 cells was greatly inhibited by the RAGE neutralizing mAb (Fig. 6A). A common ligand 
for RAGE is the nuclear protein HMGB1, which is released from necrotic cells [48, 49]. To 
determine if U937 cells release HMGB1 following RT-induced apoptosis, we treated U937 
cells with 1, 2, or 5, ng/mL RT for 1 h. Free RT was then removed by centrifugation and 
washing and the cells were incubated an additional 4 h. Following this, supernatants were 
subjected to HMGB1 ELISA. This experiment determined that there is a dose-dependent 
increase in the release of HMGB1 from U937 cells treated with RT (Fig. 6B). To determine if 
released HMGB1 drives the death of bystander A549 cells, we treated A549 cells with 0.5 ng/
mL purified RT and 100 ng/mL purified FasL or with supernatants derived from U937 cells 
treated with 1 ng/mL RT in the presence or absence of an HMGB1 neutralizing mAb followed 
by WST-1 viability assay. Indeed, death of bystander A549 cells was prevented when the 
HMGB1 neutralizing mAb was administered (Fig. 6C). Moreover, both the RAGE and HMGB1 
neutralizing mAbs prevented the increase in cellROX staining in bystander A549 cells (Fig. 
6D).

Death of bystander A549 cells is driven by necroptosis
The cell death pathway of necroptosis depends on and is driven by ROS [33–35, 50], 

therefore, we determined if bystander A549 cells die via this pathway. For this, we treated 
A549 cells with 0.5 ng/mL purified RT and 100 ng/mL purified FasL or with supernatants 

Fig. 6. Death of bystander A549 
cells depends on HMGB1 and 
receptor for advanced glycation 
end products (RAGE). A.) A549 
cells were treated with purified 
RT (0.5 ng/mL) and FasL (100 
ng/mL) or supernatants from 
U937 cells treated with 1 ng/
mL RT (RT SUPs) for 5 h at 37oC. 
A549 cells were treated for 24 h 
at 37oC followed by WST-1 assay. 
A549 cell death induced by U937 
cell supernatants was prevented 
when A549 cells were pretreated 
with neutralizing mAbs against 
RAGE (1 µg/mL). B.) U937 cells 
were treated with 1, 2, or 5 ng/mL 
RT for 5 h at 37oC. Supernatants 
were removed and subjected to 
HMGB1 ELISA. There is a dose dependent increase in the release of HMGB1 from U937 cells following RT 
treatment. Con SUP = untreated U937 cells. C.) Cells were treated as described in part A except a different 
neutralizing mAb (1 µg/mL) was used. A549 cell death induced by U937 supernatants was prevented when 
an HMGB1 neutralizing mAb was added to the supernatant. D.) A549 cells were treated with neutralizing 
mAbs and supernatants from U937 cells treated with 1 ng/mL RT for 5 h at 37oC followed by cellROX green 
staining and flow cytometry. The increased staining in cellROX in bystander A549 cells is prevented by 
neutralizing mAbs against RAGE and HMGB1. Results are from 3 independent experiments. Each dot in the 
graphs represents an independent experiment. Two-way ANOVA with Bonferroni posttest. ***p<0.001.
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derived from U937 cells treated with 1 ng/mL RT in the presence or absence of necrostatin-1s 
(nec-1s, RIP1 inhibitor) [38], GW806742x (MLKL inhibitor) [51], or GSK’872 (RIP3 inhibitor) 
[52] followed by WST-1 viability assay. Death of bystander A549 cells was prevented by all 3 
inhibitors (Fig. 7A-C). To confirm the activation of RIP1, RIP3, and MLKL in bystander A549 
cells, we treated them with 0.5 ng/mL purified RT and 100 ng/mL purified FasL or with 
supernatants derived from U937 cells treated with 1 ng/mL RT followed by preparation of 
lysates and western blot. In A549 cells treated with supernatants derived from U937 cells 
treated with RT, there was a robust increase in the phosphorylation of RIP1, RIP3, and MLKL 
(Fig. 7D). These results collectively indicate that bystander A549 cells die by necroptosis. 
Indeed, when A549 cells were treated with 0.5 ng/mL purified RT, 100 ng/mL FasL, and 
100 ng/mL HMGB1 they died in a manner that was prevented by nec-1s, GW806742x, and 
GSK’872 (Fig. 7E).

Fig. 7. A549 cell death induced 
by supernatants from RT-treated 
U937 cells is necroptosis. A549 
cells were treated with RT (0.5 
ng/mL) and FasL (100 ng/mL) 
or supernatants from U937 cells 
treated with 1 ng/mL RT (RT SUPs) 
for 5 h at 37oC. A549 cells were 
treated for 24 h at 37oC followed 
by WST-1 assay. A549 cell death 
induced by U937 cell supernatants 
was prevented by A.) RIP1 
inhibitor, necrostatin-1s (nec-1s), 
B.) MLKL inhibitor, GW806742x 
and C.) RIP3 inhibitor, GSK’872. D.) 
A549 cells were treated with RT 
(0.5 ng/mL) and FasL (100 ng/mL) 
or supernatants from U937 cells 
treated with 1 ng/mL RT (RT SUPs) 
for 5 h at 37oC. A549 cells were 
treated for 2 h at 37oC followed by 
cell lysis, SDS-PAGE, and western 
blot. The phosphorylated forms 
of RIP1, RIP3, and MLKL (p-RIP1, 
p-RIP3, and p-MLKL, respectively) 
increase in A549 cells after 
exposure to supernatants from 
U937 cells treated with RT. E.) A549 cells were treated with RT (0.5 ng/mL) and FasL (100 ng/mL) or 
supernatants from U937 cells treated with 1 ng/mL RT (RT SUPs) for 5 h at 37oC. A549 cells were treated 
for 2 h at 37oC followed by FLICA staining for caspase-3/7 activity. There does not appear to be activation 
of caspases-3 and -7 in any condition. F.) A549 cells were treated with 0.5 ng/mL purified RT, 100 ng/mL 
FasL, and 100 ng/mL HMGB1 in the presence or absence of necroptosis inhibitors for 24 h at 37oC followed 
by WST-1 viability assay. Nec-1s, GW806742x (GW), and GSK’872 prevented A549 cell death by purified 
RT, FasL, and HMGB1. Results are from 3 independent experiments. Each dot in the graphs represents an 
independent experiment. Two-way ANOVA with Bonferroni posttest. **p<0.01, ***p<0.001.
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Discussion

In this report, we demonstrate that RT-induced death of U937 cells leads to death of 
bystander A549 cells. Consistent with numerous previous reports [29, 30, 53], RT induced 
apoptosis of U937 cells. This apoptosis was critical for the death of bystander A549 cells as 
the inhibition of U937 cell apoptosis prevented bystander A549 cell death (Fig. 2). The death 
of bystander A549 cells depended on the release of RT, FasL, and HMGB1 from apoptotic 
U937 cells. These factors caused an increase in cellular and mitochondrial ROS leading to the 
death of these bystander A549 cells by necroptosis. This agrees with what we know about 
the activation of necroptosis as ROS have been shown to be critical for the activation of RIP1 
and necroptosis (35). We propose that this bystander necroptosis may contribute to the 
severe proinflammatory response observed in the lungs of mice and non-human primates 
following inhalation of RT.

Previously, we analyzed A549 cell death by purified RT and FasL and determined that it 
was a form of cathepsin-dependent death [21]. We compared that cell death to the death of 
bystander A549 cells, which is the focus of this report, as both instances of cell death involved 
exogenous RT and FasL (Fig. 3) [21]. We determined early in this report that there were 
fundamental differences in each instance of cell death. The death of bystander A549 cells 
was not driven by cathepsins nor was it inhibited by zVAD-fmk (Fig. 4), which inhibits A549 
cell death by purified RT and FasL [21]. This led to us identifying additional contributing 
factors to the death of bystander A549 cells. There was a higher degree of dependence on 
ROS during bystander A549 cell death vs. A549 death by purified RT and FasL (Fig. 5). As a 
result, we identified that U937 cells treated with RT also release HMGB1 following apoptosis 
(Fig. 6). This released HMGB1 and its receptor, RAGE, on A549 cells cause the increase in 
ROS (Fig. 6). It is likely that this robust increase in ROS influences bystander A549 cells to 
undergo necroptosis (Fig. 7).  

We speculate that the release of FasL and HMGB1 from monocytes attacked by RT may 
increase the toxicity of RT against cells in vivo, including lung epithelial cells. This death of 
bystander lung epithelial cells may reveal new therapeutic targets against RT toxicity. The 
involvement of extracellular FasL and HMGB1 in the death of bystander A549 cells could 
mean that they may be viable therapeutic targets for neutralizing mAbs against RT toxicity 
in addition to RT itself. The dependence of bystander A549 cell death on ROS means that 
antioxidants as well as inhibitors of NADPH oxidase may serve as viable therapeutic options 
against RT toxicity. If targeting cell death pathways, specifically, it would be logical to target 
several different pathways. This is reasonable as RT induces apoptosis of U937 monocytes/
macrophages while bystander A549 lung epithelial cells undergo necroptosis (Fig. 1 & 7). In 
vivo, there may be additional exogenous factors as well as cell death pathways which may 
need to be targeted to limit RT-induced toxicity. This work may have relevancy to cancer 
targeting as we have conducted this work using cancerous cell lines. The gene for RT could 
be transfected into tumor cells [54] to eliminate them. The potency of this approach may be 
improved in combination with FasL and/or HMGB1.
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