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Abstract: Ricin is a member of the ribosome-inactivating protein (RIP) family of toxins and is classified
as a biothreat agent by the Centers for Disease Control and Prevention (CDC). Inhalation, the most
potent route of toxicity, triggers an acute respiratory distress-like syndrome that coincides with near
complete destruction of the lung epithelium. We previously demonstrated that the TNF-related
apoptosis-inducing ligand (TRAIL; CD253) sensitizes human lung epithelial cells to ricin-induced
death. Here, we report that ricin/TRAIL-mediated cell death occurs via apoptosis and involves
caspases -3, -7, -8, and -9, but not caspase-6. In addition, we show that two other TNF family members,
TNF-α and Fas ligand (FasL), also sensitize human lung epithelial cells to ricin-induced death. While
ricin/TNF-α- and ricin/FasL-mediated killing of A549 cells was inhibited by the pan-caspase inhibitor,
zVAD-fmk, evidence suggests that these pathways were not caspase-dependent apoptosis. We also
ruled out necroptosis and pyroptosis. Rather, the combination of ricin plus TNF-α or FasL induced
cathepsin-dependent cell death, as evidenced by the use of several pharmacologic inhibitors. We
postulate that the effects of zVAD-fmk were due to the molecule’s known off-target effects on cathepsin
activity. This work demonstrates that ricin-induced lung epithelial cell killing occurs by distinct cell
death pathways dependent on the presence of different sensitizing cytokines, TRAIL, TNF-α, or FasL.

Keywords: ricin; toxins; cytokines; toxin-mediated diseases; apoptosis; cathepsin; tumor necrosis
factor; fas; caspases

Key Contribution: In this study, we have defined the cell death pathways induced by ricin/TRAIL,
ricin/TNF-α, and ricin/FasL in human lung epithelial cells. As our analysis probed each pathway at
several steps, this work may lead to novel therapeutic approaches to ricin toxicity that target multiple
cell death pathways at different steps in addition to direct targeting of ricin.

1. Introduction

Ricin is a 60–65 kDa glycoprotein toxin derived from the castor bean plant, Ricinus communis [1–3].
The toxin, which presumably functions in plant defense, comprises 1–5% of the total dry weight of
the bean. The cytotoxicity of ricin is based on its ability to inhibit protein synthesis in all mammalian
cell types, including macrophages and epithelial cells [1–3]. Due to its potential to be aerosolized and
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deployed as a biological weapon, ricin is classified by the Centers for Disease Control and Prevention
(CDC) as a select agent [1–5].

Technically, ricin is a member of the type II family of ribosome-inactivating proteins (RIPs),
consisting of a catalytic A subunit (RTA) attached via disulfide bond to a cell-binding B subunit
(RTB) [6,7]. RTB is a lectin that binds β-1,4 galactose (Gal) and N-acetylgalactosamine (GalNAc)
moieties on glycolipids and glycoproteins on the surface of target cells [8]. Following binding, ricin
is internalized via clathrin-dependent endocytosis and then undergoes retrograde transport to the
trans Golgi network (TGN) and endoplasmic reticulum (ER) [9]. Recently, it has been shown that
fucosylation and the absence of sialylation are vital for the trafficking of ricin to these compartments [9].
Once the toxin reaches the ER, the disulfide link between the A and B subunits is reduced and RTA
alone is translocated into the cell cytoplasm [9,10]. RTA inhibits protein synthesis by virtue of its ability
to cleave a specific glycosidic bond in the so-called sarcin-ricin loop (SRL) of rRNA in the 60s ribosomal
subunit [10–12]. The SRL is critical for the binding of elongation factor 2 to the ribosome, which is
necessary for polypeptide synthesis [13,14]. Therefore, depurination of the SRL leads to the cessation
of protein synthesis [11,12]. This activity is so potent that it has been noted that a single RTA can inhibit
the function of 1500 ribosomes per minute [1]. Ricin is extremely toxic following inhalation [15,16].
Wide-scale damage caused by inhaled ricin leads to acute respiratory distress syndrome (ARDS) which
is characterized by a potent proinflammatory response [16–19].

Previously, we reported that the cytokine TNF-α related apoptosis-inducing ligand (TRAIL)
modulates the toxicity of ricin as well as the host inflammatory response to this toxin [20]. In particular,
we demonstrated that addition of TRAIL enhanced the death of Calu-3 human lung epithelial cells in a
caspase-dependent manner and evoked an inflammatory response dominated by IL-6 [20]. Considering
that TRAIL is one of a number of potent cell death ligands that accumulate during proinflammatory
responses [21–23], we wanted to evaluate the cell death modulatory activities of other cytokines in
the context of ricin toxicity. These cytokines include TNF-α and Fas ligand (FasL), both of which,
along with TRAIL, are capable of inducing several different programmed cell death pathways [21–23].
In addition, proinflammatory and death-inducing cytokines such as these are abundant components in
the bronchoalveolar lavage fluid of animals following ricin inhalation [24–29]. We hypothesize that
lung epithelial cells compromised by ricin will be primed to undergo high levels of cell death following
contact with death-inducing cytokines. We believe that this heightened cell death response to ricin will
be controlled by known programmed cell death pathways. In the current study, we use biochemical
approaches to provide a detailed characterization of A549 human lung epithelial cell death responses
to ricin administered in combination with TRAIL, TNF-α, or FasL. Defining these cell death responses
and identifying multiple steps at which they can be inhibited may lead to new therapeutic approaches
to ricin toxicity targeted against specific programmed cell death pathways.

2. Results

2.1. Ricin-Induced Death Is Primed by TRAIL, TNF-α, and FasL

To test the hypothesis that extrinsic cytokines cause an increase in ricin-induced cell death, A549
cells were treated with increasing doses of ricin in the absence or presence of 100 ng/mL TRAIL, TNF-α,
or FasL for 24 h at 37 ◦C. Over a range of toxin concentrations, addition of each of the cytokines resulted
in a significant increase in ricin-induced cell death (Figure 1A). Our previous work indicated that
ricin/TRAIL induces apoptosis of Calu-3 human lung epithelial cells [20]. Indeed, when we used the
pan-caspase inhibitor zVAD-fmk, A549 cell death induced by ricin combined with TRAIL, TNF-α, or
FasL was prevented (Figure 1B−D). Collectively, the results of Figure 1 indicate that TRAIL, TNF-α,
and FasL enhance ricin-induced cell death in a manner that is likely caspase-dependent apoptosis.
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Figure 1. Extrinsic cytokines enhance ricin-induced death of A549 cells in a zVAD inhibitable manner.
A549 lung epithelial cells were treated with ricin alone or in combination with 100 ng/mL TRAIL,
TNF-α, or FasL for 24h at 37 ◦C followed by measurement of cell death via WST-1 assay. (A) All 3
cytokines/ligands resulted in a significant increase in cell death relative to treatment with ricin alone.
A549 cell death induced by ricin combined with (B) TRAIL, (C) TNF-α, or (D) FasL is prevented by the
pan-caspase inhibitor, zVAD-fmk (50 µM). Results are the average of 3 independent experiments. Error
bars = standard deviation. Two-way analysis of variance (ANOVA), *** p < 0.001.

2.2. Cell Death Induced by Ricin/TRAIL Is Associated with Caspase Activation while Death by Ricin/TNF-α
and Ricin/FasL Is Not

To get a clear view of the involvement of caspases, the effectors of apoptosis [21], in cell death by
ricin combined with TRAIL, TNF-α, or FasL, A549 cells were treated with 1 ng/mL ricin combined with
100 ng/mL TRAIL, TNF-α, or FasL for 4 h at 37 ◦C followed by cell lysis and western blot. Treatment
with ricin or any of the cytokines alone did not result in caspase cleavage/activation (Figure 2A–C).
When combined with TRAIL, ricin induced cleavage/activation of caspases-3, -7, -8, and -9 but not
caspase-6 (Figure 2A and Figure S1). However, the combination of ricin and TNF-α or ricin and FasL
did not cause cleavage/activation of any caspase tested (Figure 2B,C). To determine if caspases were
cleaved with slower kinetics, we measured caspase cleavage in response to ricin/TNF-α or ricin/FasL
after 8 h of treatment. However, caspases were not cleaved/activated in A549 cells at this time point
(Figure S2). As a positive control for TRAIL-, TNF-, and FasL-induced apoptosis, A549 cells were
treated with 250 ng/mL cycloheximide (CHX) combined with 100 ng/mL TRAIL, TNF-α, or FasL [30–37].
Apoptosis induced by CHX combined with any of the cytokines resulted in cleavage/activation of
caspases-3, -6, -7, -8, and -9 (Figure 2D and Figure S3). These results clearly demonstrate that caspases
are activated following attack by ricin/TRAIL but are not affected by ricin/TNF-α and ricin/FasL.
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Figure 2. The combination of ricin and TRAIL induces caspase activation, while addition of TNF-α
or FasL with ricin does not. A549 lung epithelial cells were treated with 1 ng/mL ricin alone or in
combination with 100 ng/mL TRAIL, TNF-α, or FasL for 4 h at 37 ◦C followed by cell lysis and western
blot. (A) The combination of ricin and TRAIL results in cleavage/activation of caspases-3, -7, -8, and -9.
Caspase-6 is not cleaved/activated in response to ricin/TRAIL (B,C) The combination of ricin/TNF-α or
ricin/FasL does not result in the cleavage/activation of caspases. (D) A549 cells were treated with 250
ng/mL cycloheximide (CHX) combined with TNF-α, FasL, or TRAIL as a positive control for TRAIL-,
TNF-, and FasL-induced apoptosis. As expected, when cycloheximide is combined with TNF-α, FasL,
or TRAIL it results in the cleavage/activation of caspases-3, -6, -7, -8, and -9. Shown are representative
blots from 3 independent experiments.

2.3. The Combination of Ricin and TRAIL Induces Caspase-Dependent Apoptosis

The results of Figure 2 suggest that ricin/TRAIL causes activation of caspases, and thus apoptosis,
while ricin/TNF-α and ricin/FasL do not. This finding was unexpected for ricin/TNF-α and ricin/FasL.
Therefore, we decided to perform a detailed characterization of A549 cell death caused by ricin
combined with TRAIL, TNF-α, or FasL. A549 cells were treated with increasing doses of ricin and
100 ng/mL TRAIL for 24 h at 37 ◦C in the absence or presence of specific caspase inhibitors. We
determined that cell death induced by ricin combined with TRAIL depends on executioner caspases-3
and -7 (Figure 3A and Figure S4) as well as initiator caspases-8 and -9 (Figure 3C,D and Figure S4)
but not caspase-6 (Figure 3B). These results are in agreement with our caspase activation/cleavage
results of Figure 2. As a positive control for TRAIL-induced apoptosis, A549 cells were treated with
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250 ng/mL CHX combined with increasing concentrations of TRAIL [30] (Figure 3E). Cell death induced
by CHX/TRAIL was prevented by inhibition of caspases-3, -7, -8, and -9 as the combination of CHX
and TRAIL induces apoptosis [30,38,39]. These results indicate that ricin induces caspase-dependent
apoptosis of human lung epithelial cells when combined with TRAIL similar to the combination of
CHX and TRAIL.

Figure 3. A549 cell death induced by ricin/TRAIL depends on caspases-3, -7, -8, and -9. A549 lung
epithelial cells were treated with ricin alone or in combination with 100 ng/mL TRAIL in the presence
or absence of caspase inhibitors for 24 h at 37 ◦C followed by measurement of cell death via WST-1
assay. Cell death induced by the combination of ricin and TRAIL was prevented by inhibition of
(A) caspases-3 and -7 with zDEVD-fmk (30 µM) but not (B) caspase-6 with zVEID-fmk (30 µM).
Moreover, cell death by ricin/TRAIL was prevented by inhibitions of (C) caspase-8 with zIETD-fmk (30
µM) and (D) caspase-9 with zLEHD-fmk (10 µM). (E) A549 cells were treated with the combination
of 250 ng/mL cycloheximide (CHX) and TRAIL as a positive control for TRAIL-induced apoptosis.
As expected, cycloheximide/TRAIL-induced apoptosis is prevented by all caspase inhibitors tested.
Results are the average of 3 independent experiments. Error bars = standard deviation. Two-way
ANOVA, *** p < 0.001, ** p < 0.01.

2.4. Ricin Combined with TNF-α or FasL Induces Caspase-Independent Cell Death

We next characterized A549 cell death by ricin/TNF-α or ricin/FasL with respect to the findings
of Figure 2. A549 cells were treated with increasing doses of ricin and 100 ng/mL TNF-α or FasL for
24 h at 37 ◦C. Cell death induced by ricin/TNF-α or ricin/FasL was not prevented by specific inhibition
of caspases-3, -6, -7, -8, or -9 (Figure 4A–F and Figure S5). In contrast to the results with zVAD-fmk
(Figure 1C,D), these results are in agreement with those of Figure 2. As positive controls for TNF-
and FasL-induced apoptosis, A549 cells were treated with 250 ng/mL CHX combined with increasing
concentrations of TNF-α [30–37] (Figure 4G) or FasL [30,34,36] (Figure 4H). TNF- and FasL-induced
apoptosis were prevented by inhibition of caspases-3, -7, -8, and -9 (Figure 4G,H). These results indicate
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that ricin/TNF-α and ricin/FasL induce caspase-independent cell death which is distinct from the
caspase-dependent apoptosis induced by CHX/TNF-α and CHX/FasL.

Figure 4. Ricin/TNF-α and ricin/FasL both induce caspase-independent death of A549 cells. A549
lung epithelial cells were treated with ricin alone or in combination with 100 ng/mL TNF-α or FasL
in the presence or absence of caspase inhibitors for 24 h at 37 ◦C followed by measurement of cell
death via WST-1 assay. Cell death induced by ricin/TNF-α and ricin/FasL was not prevented by
inhibition of (A,B) caspases-3 and -7 with zDEVD-fmk (30 µM), (C,D) caspase-8 with zIETD-fmk (30
µM), or (E,F) caspase-9 with zLEHD-fmk (10 µM) (G,H) A549 cells were treated with the combination
of 250 ng/mL cycloheximide (CHX) and TNF-α or cycloheximide and FasL as positive controls for
TNF- and FasL-induced apoptosis. As expected, cycloheximide/TNF- and cycloheximide/FasL-induced
apoptosis is prevented by all caspase inhibitors tested. Results are the average of 3 independent
experiments. Error bars = standard deviation. Two-way ANOVA, *** p < 0.001.

Since cell death induced by ricin/TNF-α and ricin/FasL was prevented by the pan-caspase inhibitor,
zVAD-fmk but not inhibition of specific apoptotic caspases (Figures 1C,D and 4 and Figure S5), we
investigated the involvement of alternative caspases and apoptosis effectors in both instances of cell
death. Inhibition of caspase-1, the central effector caspase of pyroptosis [40,41], did not prevent cell
death by ricin/TNF-α or ricin/FasL (Figure 5A,B). Caspase-2 is thought to have initiator and effector
roles in some forms of apoptosis [42] yet its inhibition did not prevent cell death by ricin combined
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with either cytokine (Figure 5C,D). During intrinsic apoptosis, Bax is critical for mitochondrial outer
membrane pore formation and cytochrome c release [21]. However, when Bax was inhibited there was
no effect on the cell death induced by ricin/TNF-α or ricin/FasL (Figure 5E,F) in contrast to its effect
on apoptosis induced by CHX/TNF-α or CHX/FasL (Figure S6). Furthermore, cytochrome c was not
observed in the cytoplasm of cells treated with ricin/TNF-α or ricin/FasL (Figure S7).

Figure 5. A549 cell death induced by ricin in combination with TNF-α or FasL does not depend
on caspase-1, -2, or Bax. A549 lung epithelial cells were treated with ricin alone or in combination
with 100 ng/mL TNF-α or FasL in the presence or absence of various pharmacologic inhibitors. Cell
death induced by the combination of ricin with TNF-α or FasL was not prevented by inhibition of
(A,B) caspase-1 with zYVAD-fmk (10µM), (C,D) caspase-2 with zVDVAD-fmk (50µM), or (E,F) Bax with
a peptide-based inhibitor (Bax-inhibiting peptide v5, 100 µM). Results are the average of 3 independent
experiments. Error bars = standard deviation. Two-way ANOVA, *** p < 0.001.

Necroptosis is another major pathway of cell death in addition to apoptosis which may be induced
by TNF-α and FasL [23,43]. Thus, we investigated the involvement of RIP1, the initiator kinase of
necroptosis [23,43], in cell death by ricin combined with TNF-α or FasL. Cell death induced by ricin
combined with either cytokine was not prevented by the RIP1 inhibitor, necrostatin-1s (Figure S8).
Collectively, the results of Figure 5 and Figure S7 indicate that ricin/TNF-α and ricin/FasL do not induce
one of the classical non-apoptotic cell death pathways. Additionally, the pattern of Mcl1 protein loss
does not differ between ricin/TRAIL vs. ricin/TNF-α or ricin/FasL in A549 cells (Figure S9). Thus, we
believe the distinct cell death responses to ricin combined with different cytokines is not the result of
altered kinetics of protein synthesis inhibition.

2.5. Cell Death Induced by Ricin/TNF-α and Ricin/FasL Depends on Cathepsins

Treatment with zVAD-fmk (pan-caspase inhibitor) prevented cell death induced by ricin/TNF-α
and ricin/FasL (Figure 1C,D) yet it does not appear as though caspases are activated during these
instances of cell death (Figures 2 and 4, Figure S2 and Figure S5). Importantly, zVAD-fmk may have
off-target effects against cathepsins in addition to its specific effects on caspases [44,45]. Therefore,
we wondered if the effects of this inhibitor were due to deactivation of cathepsins. Interestingly,
zFA-fmk, an inhibitor of executioner caspases-2, -3, -6, and -7 [46] as well as cathepsins B, L and
S [47], caused significant inhibition of cell death induced by ricin combined with either TNF-α or
FasL (Figure 6A,B). In addition, E64d, an inhibitor of calpains as well as cathepsins B, H, and L [48],
blunted A549 cell death by ricin/TNF-α or ricin/FasL (Figure 6C,D). However, calpeptin, an inhibitor of
calpains as well as cathepsins L and K [49], had no effect on cell death by ricin/TNF-α or ricin/FasL
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(Figure S10). Cathepsin inhibitor 1 (CATI-1) has activity against cathepsins L and S with cathepsin B
being its primary target [50]. Inhibition with CATI-1 prevented A549 cell death by ricin combined with
TNF-α or FasL (Figure 6E,F). Importantly, CATI-1 had not effect on apoptosis induced by ricin/TRAIL
(Figure S11). Cathepsin-dependent cell death is often associated with a dependence on reactive oxygen
species (ROS) [51]. We investigated the involvement of ROS in cell death induced by ricin/TNF-α and
ricin/FasL using the antioxidant, N-acetylcysteine. Scavenging of ROS by N-acetylcysteine (NAC)
resulted in a significant prevention of cell death induced by ricin/TNF-α or ricin/FasL (Figure S12).
Collectively, these results indicate that when combined with TNF-α or FasL, ricin induces cell death
that depends on cathepsins with a likely role for ROS.

Figure 6. Cell death induced by ricin/TNF-α or ricin/FasL depends on cathepsins. A549 lung epithelial
cells were treated with ricin alone or in combination with 100 ng/mL TNF-α or FasL for 24 h at 37 ◦C
followed by measurement of cell death via WST-1 assay. Cell death induced by ricin/TNF-α and
ricin/FasL was partially prevented by inhibition of cathepsins with (A,B) zFA-fmk (50 µM), (C,D)
E64d (50 µM), or (E,F) cathepsin inhibitor 1 (CATI-1, 20 µM). Results are the average of 3 independent
experiments. Error bars = standard deviation. ANOVA, *** p < 0.001, ** p < 0.01.

The dominant cell line used in this study was A549 human lung epithelial cells, a cell line derived
from lung carcinoma. These cells were chosen as they represent a model of human alveolar, type II
pneumocytes for drug and toxin metabolism [52,53]. To determine if our results were unique to A549
cells, we conducted experiments with Calu3 human lung epithelial cells. Previously, we showed that
ricin/TRAIL induces caspase-dependent apoptosis in Calu3 cells [20]. Here we show that Calu3 cells
appear to be insensitive to cell death by ricin/TNF-α or ricin/FasL (Figure S13). Therefore we tested
another human cell line, U937 monocytes, as alveolar macrophages are another target cell of ricin upon
inhalation. Indeed, ricin/TRAIL induced caspase-dependent apoptosis in U937 cells while ricin/TNF-α
and ricin/FasL induced cathepsin-dependent cell death (Figure S14). While the results obtained in
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U937 cells supports our findings in A549 cells, these are also a cell line derived from cancerous tissue.
Future work should focus on comparing these findings to those obtained in primary lung epithelial
cells and macrophages.

3. Discussion

3.1. Distinct Cell Death Modalities

Our results indicate that ricin induces distinct cell death modalities in A549 human lung epithelial
cells depending upon the TNF family cytokine with which it is paired. As ricin is the common factor
in each of these scenarios, it is tempting to speculate that the cytokines administered with ricin and
their downstream signaling pathways are the primary factors in producing these distinct outcomes.
However, when combined with CHX, another molecule that inhibits protein synthesis [54], TRAIL,
TNF-α, and FasL all induced caspase-dependent apoptosis (Figures 3E and 4G–H). Therefore, there
is something unique about the combination of ricin with each of these cytokines which produces
different cell death responses. While ricin and CHX both inhibit protein synthesis, they do so by distinct
mechanisms: ricin via depurination of rRNA [10,11,13,14] and CHX via occupation of the ribosomal E
site [54]. It is possible that these fine mechanistic differences account for the distinct outcomes of cell
death depending upon whether TNF family cytokines are paired with ricin or CHX. In addition, there
is evidence that the protein synthesis inhibition activity of ricin does not correlate with execution of
cell death in other systems [55]. The fact that the cell death caused by ricin does not correlate with
protein synthesis inhibition may also provide an explanation for the difference in these cell death
outcomes. While TRAIL, TNF-α, and FasL have common upstream signaling events, each pathway
eventually diverges [56,57]. Thus, there is precedent for induction of distinct cell death pathways in
response to TRAIL, TNF-α, and FasL. The final intersection point in these signaling pathways is likely
the death-inducing signaling complex (DISC) [58,59]. We speculate that following DISC formation the
signaling pathway induced by ricin/TRAIL diverges from that induced by ricin/TNF-α and ricin/FasL
accounting for these distinct cell death outcomes. Future work will include a detailed study on these
signaling responses to address this.

Of note is the fact that ricin alone did not appear to induce caspase-dependent apoptosis in
A549 cells throughout this work. This is in contrast to in vivo findings as well as results from other
human cell types [60,61]. In HeLa cervical cells, MCF7 mammary cells, and U937 monocytes, ricin
alone induces caspase-dependent apoptosis [60,61]. The cell death that ricin induces in human lung
epithelial cell lines is less certain. The inability of ricin alone to induce apoptosis in A549 cells does not
appear to be a unique feature of this cell line as we obtained similar results in Calu3 lung epithelial
cells [20]. Therefore, while ricin induces apoptosis in other human cell types, lung epithelial cells may
exhibit a different cell death modality in response to this toxin.

3.2. Cathepsin-Dependent Cell Death

We originally hypothesized that the combination of ricin with TRAIL, TNF-α, or FasL would
produce caspase-dependent apoptosis. However, this was only the case when ricin was combined with
TRAIL (Figures 2A and 3). The fact that the pan-caspase inhibitor, zVAD-fmk, prevented cell death by
ricin/TNF-α and ricin/FasL suggested that, like TRAIL, these cytokines also provoke caspase-dependent
apoptosis when administered with ricin (Figure 1C,D). However, it is clear that there is no role for
caspases in cell death by ricin/TNF-α or ricin/FasL (Figure 4A–F and Figure S5). Moreover, these
signaling molecules remain inactivated in response to ricin/TNF-α and ricin/FasL (Figure 2B,C and
Figure S2). In addition, we confirmed that alternative caspases (caspases-1 and -2) and downstream
apoptosis effectors (Bax) do not play a role in cell death by ricin/TNF-α or ricin/FasL (Figure 5).

Cathepsins are proteases originally discovered to be resident to lysosomes but are present in
the cytoplasm and nucleus as well [62]. These molecules may have roles in apoptosis, necroptosis,
and pyroptosis [51,62,63]. The results presented in Figure 6 clearly indicate that ricin/TNF-α and
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ricin/FasL each induce cathepsin-dependent death of A549 human lung epithelial cells. However, we
believe that this is a distinct cathepsin-driven cell death pathway and not a component of another cell
death pathway (e.g., apoptosis, necroptosis, etc.). Indeed, we ruled out contributions from apoptosis
(Figures 2B,C and 4), necroptosis (Figure S2), and pyroptosis (Figure 5A,B) to cell death induced by
ricin/TNF-α and ricin/FasL. Cathepsin-driven cell death is often accompanied by ROS activity [51].
Therefore, our findings that N-acetylcysteine (NAC) prevents cell death by ricin/TNF-α or ricin/FasL
(Figure S4) are consistent with known mechanisms of cathepsin-dependent cell death, particularly
since we have ruled out contributions from apoptosis, necroptosis, and pyroptosis (Figures 4 and 5A,B
and Figure S8). It is possible that the cathepsin-dependent cell death induced by ricin/TNF-α and
ricin/FasL is a form of lysosome-dependent cell death, which requires the release of cathepsins from
lysosomes via permeabilization [51,63]. However, cathepsins are known to be resident to the cytoplasm
as well [62], making lysosomal involvement in these pathways unclear. If lysosomal permeabilization
is the basis for cathepsin involvement in these pathways, it is likely to be ROS-mediated, particularly
in light of the results from Figure S12. The other major stimulus for lysosomal permeabilization is
Bak/Bax [51], whose involvement we have ruled out (Figure 5E,F).

Interestingly, in Figure S11 NAC did not prevent cell death induced by ricin alone. This is in
contrast to other reports that ROS are involved in cell death induced by ricin [64,65]. Data on the
involvement of ROS in ricin-induced death of human lung epithelial cells are lacking, however. As
noted earlier, ricin alone clearly induces caspase-dependent apoptosis in human monocytes, mammary
cells, and cervical cells [60,61]. However, in this work as well as our prior work we have shown that
ricin alone does not induce caspase-dependent apoptosis of human lung epithelial cells lines A549
(Figures 2–4) and Calu3 [20]. We hypothesize that NAC did not affect cell death by ricin alone in A549
cells as these cells undergo a cell death response to ricin which differs from the caspase-dependent
apoptosis that ricin induces in other human cell types. This also agrees with the accepted concept that
ROS have a key role in apoptosis [66].

3.3. Therapeutic Implications

Enhancement of ricin-induced cell death by TNF family cytokines presents new potential
therapeutic targets against ricin toxicity. Targeting these cell death ligands directly with neutralizing
antibodies represents a viable therapeutic option as does targeting ricin with neutralizing antibodies.
We explored this previously at the cellular level [20]. Our identification of activated cell death pathways
in response to ricin combined with TNF family cytokines reveals further potential therapeutic targets
(i.e., specific components of each cell death pathway). However, the finding that different cytokines
induce distinct cell death pathways in combination with ricin suggests that a combinatorial approach
may be best in the context of ricin toxicity. Rather than targeting apoptosis, which would limit
ricin/TRAIL-induced cell death only, both caspase-dependent apoptosis and cathepsin-dependent
cell death should be targeted. In addition, we cannot rule out contributions from other cytokines
and cell death pathways to ricin-induced cell death in the in vivo setting. This could result in the
targeting of multiple cell death pathways at various steps to limit ricin-induced toxicity. Another
potential therapeutic implication of this work may extend to the targeting of tumors, as we have
utilized cell lines derived from cancerous tissue throughout this research. Recent research on cancer
therapeutics has partly focused on transfection of cytotoxic genes into tumor cells [67]. Ricin may serve
as a good candidate for such targeted cancer therapy, particularly if combined with administration of
TNF family cytokines.

4. Materials and Methods

4.1. Reagents and Inhibitors

Ricin toxin (Ricinus communis agglutinin II) was purchased from Vector Laboratories and used at
the concentrations noted. Ricin was dialyzed in 1× PBS using 10K MW-cutoff Slide-A-Lyzer dialysis
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cassettes (Pierce, Rockford, IL, USA) prior to experimentation. Cycloheximide (Sigma, St. Louis,
MO, USA) was used at a concentration of 500 ng/mL unless noted otherwise. Recombinant human
TRAIL (Peprotech, Rocky Hill, NJ, USA), TNF-α (Shenandoah Biotechnology, Warwick, PA, USA), and
FasL (Super Fas ligand, Enzo Life Sciences, Farmingdale, NY, USA) were used at a concentration of
100 ng/mL unless noted otherwise. All caspase inhibitors are irreversible and were purchased from
ApexBio (Houston, TX, USA). Pan-caspase inhibitor zVAD-fmk, executioner caspase and cathepsin
inhibitor zFA-fmk, and caspase-2 inhibitor zVDVAD were each used at a concentration of 50 µM.
Caspase-3/7 inhibitor zDEVD, caspase-8 inhibitor zIETD, and caspase-6 inhibitor zVEID were each used
at a concentration of 30 µM. Caspase-1 inhibitor zYVAD-fmk and caspase-9 inhibitor zLEHD-fmk were
each used at a concentration of 10 µM. Necrostatin-1s (EMD Millipore, Burlington, MA, USA) was used
at a concentration of 50 µM. Bax-inhibiting peptide v5 (EMD Millipore) was used at a concentration of
100 µM. E64d was used at a concentration of 10 µM. Cathepsin inhibitor 1 (CATI-1, ApexBio) was used
at a concentration of 20 µM. N-acetylcysteine (Sigma) was used at a concentration of 10 mM.

4.2. Cell Culture

A549 lung epithelial cells (CCL-185, ATCC, Manassas, VA, USA) were cultured in Ham’s F-12K
medium (Thermo Fisher) with 10% FBS as recommended by the ATCC. Cells were grown in a
humidified incubator with 5% CO2 at 37 ◦C. 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 ◦C. Cells were maintained at a maximum of
10 passages for the experiments in this work.

4.3. 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 ◦C and 5% CO2. Following this, cells were washed and the following
was added to wells in Ham’s F-12K medium: (1) ricin, (2) 100 ng/mL cell death ligand/cytokine (TRAIL,
TNF-α, or FasL), or (3) ricin combined with 100 ng/mL cell death ligand/cytokine. Cells in negative
control wells were treated with media alone. In some experiments (Figure 1B), CHX was used in place
of ricin. In experiments where inhibitors were used, they were added to cells 1 h before the addition of
ricin and cell death ligands/cytokines. Appropriate vehicle controls were used for each inhibitor. After
the addition of ricin and cell death ligands/cytokines, cells were incubated for 24 h at 37 ◦C and 5%
CO2. Cell death was then measured using the WST-1 assay (Takara, Kusatsu, Shiga Prefecture, Japan)
according to the manufacturer’s instructions. 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 + ricin)/(abs neg) × 100.

4.4. Immunoblots

A total of 6 × 106 A549 cells were seeded in a 58 cm2 Petri dish (Celltreat) per condition and
allowed to grow for 24 h at 37 ◦C and 5% CO2. A549 cells were then treated with (1) 1 ng/mL ricin,
(2) 100 ng/mL cell death ligand/cytokine (TRAIL, TNF-α, or FasL), or 3.) 1 ng/mL ricin combined with
100 ng/mL cell death ligand/cytokine for 4 h at 37 ◦C and 5% CO2. Following this, A549 cells were
lysed using 1% triton-X-100 (Sigma) with 1× Halt protease inhibitor (Thermo Fisher) in 1× PBS on ice
for 30 min. Cells were then sonicated on ice 3× (20 sec pulses) at an output of 10%. Cell lysates were
centrifuged at 14000 rpm at 4 ◦C to remove nuclear material. A549 cell lysates were run on SDS-PAGE
and transferred to a PVDF membrane and blocked in 1× 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 1×
TBS with 0.1% tween-20 and 5% milk overnight at 4 ◦C. All primary antibodies were obtained from
Cell Signaling Technology (Danvers, MA, USA), unless otherwise indicated. Primary antibodies were
used at the following dilutions: anti-human caspase-3 (1:1000), anti-human/mouse caspase-6 (1:1000),
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anti-human/mouse caspase-7 (1:1000), anti-human caspase-8 (1:1000), anti-human caspase-9 (1:1000),
and anti-human GAPDH (1:10,000). After washing with 1× 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+.

4.5. Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 7. All cell death assays 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.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/8/450/s1,
Figure S1: The combination of ricin/TRAIL induces caspase activation, Figure S2: Ricin/TNF-α and ricin/FasL do
not induce caspase activation in A549 cells after 8 h, Figure S3: The apoptotic stimuli CHX/TRAIL, CHX/TNF-α,
and CHX/FasL induce caspase cleavage, Figure S4: Ricin/TRAIL induces caspase cleavage that is prevented by
pharmacologic inhibitors, Figure S5: A549 cell death by ricin/TNF-α and ricin/FasL does not depend on caspases-6
or -9, Figure S6: The apoptotic stimuli CHX/TNF-α and CHX/FasL induce Bax-dependent cell death, Figure S7:
Cell death induced by ricin in combination with TNF-α or FasL does not depend on RIP1 kinase, Figure S8: Mcl1
protein loss does not differ between ricin/TRAIL, ricin/TNF-α, and ricin/FasL, Figure S9: Cell death induced
by ricin/TNF-α and ricin/FasL does not depend on calpains or cathepsins L and K, Figure S10: The cathepsin
inhibitor, CATI-1, has no effect on A549 cell death by ricin/TRAIL, Figure S11: Cell death induced by ricin/TNF-α
or ricin/FasL is inhibited by N-acetylcysteine, Figure S12: Calu3 human lung epithelial cells are insensitive to cell
death by ricin/TNF- or ricin/FasL, Figure S13: Calu3 human lung epithelial cells are insensitive to cell death by
ricin/TNF-α or ricin/FasL,. Figure S14: Ricin/TRAIL induces caspase-dependent apoptosis while ricin/TNF-α and
ricin/FasL induce cathepsin-dependent cell death in U937 human monocytes.

Author Contributions: Conceptualization, T.J.L. and N.J.M.; methodology, T.J.L. and W.D.M.; formal analysis,
T.J.L., A.L.H., and C.G.K.; investigation, A.L.H., C.G.K., and C.A.P.; data curation, T.J.L.; writing—original draft
preparation, T.J.L.; writing—review and editing, T.J.L., A.L.H., W.D.M., and N.J.M.; supervision, T.J.L. and W.D.M.;
project administration, T.J.L.; funding acquisition, T.J.L, N.J.M.

Funding: This research was funded by the National Heart, Lung, and Blood Institute (NHLBI) of the National
Institutes of Health (NIH), grant number NIH R15-HL135675-01, awarded to T.J.L and the National Institutes of
Allergy and Infectious Diseases (NIAID) of the NIH, contract number HHSN272201400021C, awarded to N.J.M.
The content is solely the responsibility of the authors and does not necessarily represent the official views of the
NIH. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bradberry, S.M.; Dickers, K.J.; Rice, P.; Griffiths, G.D.; Vale, J.A. Ricin poisoning. Toxicol. Rev. 2003, 22, 65–70.
[CrossRef] [PubMed]

2. Audi, J.; Belson, M.; Patel, M.; Schier, J.; Osterloh, J. Ricin poisoning a comprehensive review. J. Am. Med.
Assoc. 2005, 294, 2342–2351. [CrossRef] [PubMed]

3. Lopez Nunez, O.F.; Pizon, A.F.; Tamama, K. Ricin Poisoning after Oral Ingestion of Castor Beans: A Case
Report and Review of the Literature and Laboratory Testing. J. Emerg. Med. 2017, 53, e67–e71. [CrossRef]
[PubMed]

4. Anderson, P.D. Bioterrorism: Toxins as weapons. J. Pharm. Pract. 2012, 25, 121–129. [CrossRef] [PubMed]
5. Gopalakrishnakone, P.; Balali-Mood, M.; Llewellyn, L.; Singh, B.R. Biological Toxins and Bioterrorism; Springer:

Dordrecht, The Netherlands, 2015; ISBN 9789400758698.
6. Falach, R.; Sapoznikov, A.; Gal, Y.; Israeli, O.; Leitner, M.; Seliger, N.; Ehrlich, S.; Kronman, C.; Sabo, T.

Quantitative profiling of the in vivo enzymatic activity of ricin reveals disparate depurination of different
pulmonary cell types. Toxicol. Lett. 2016, 258, 11–19. [CrossRef] [PubMed]

7. Lord, J.M.; Roberts, L.M.; Robertus, J.D. Ricin: structure, mode of action, and some current applications.
FASEB J. 2018, 8, 201–208. [CrossRef]

8. Taubenschmid, J.; Stadlmann, J.; Jost, M.; Klokk, T.I.; Rillahan, C.D.; Leibbrandt, A.; Mechtler, K.; Paulson, J.C.;
Jude, J.; Zuber, J.; et al. A vital sugar code for ricin toxicity. Cell Res. 2017, 27, 1351–1364. [CrossRef] [PubMed]

9. Spooner, R.A.; Michael Lord, J. Ricin trafficking in cells. Toxins (Basel) 2015, 7, 49–65. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6651/11/8/450/s1
http://dx.doi.org/10.2165/00139709-200322010-00007
http://www.ncbi.nlm.nih.gov/pubmed/14579548
http://dx.doi.org/10.1001/jama.294.18.2342
http://www.ncbi.nlm.nih.gov/pubmed/16278363
http://dx.doi.org/10.1016/j.jemermed.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28987302
http://dx.doi.org/10.1177/0897190012442351
http://www.ncbi.nlm.nih.gov/pubmed/22523138
http://dx.doi.org/10.1016/j.toxlet.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27298272
http://dx.doi.org/10.1096/fasebj.8.2.8119491
http://dx.doi.org/10.1038/cr.2017.116
http://www.ncbi.nlm.nih.gov/pubmed/28925387
http://dx.doi.org/10.3390/toxins7010049
http://www.ncbi.nlm.nih.gov/pubmed/25584427


Toxins 2019, 11, 450 13 of 15

10. Spooner, R.A.; Watson, P.D.; Marsden, C.J.; Smith, D.C.; Moore, K.A.H.; Cook, J.P.; Lord, J.M.; Roberts, L.M.
Protein disulphide-isomerase reduces ricin to its A and B chains in the endoplasmic reticulum. Biochem. J.
2004, 383, 285–293. [CrossRef]

11. Endo, Y.; Tsurugi, K. The RNA N-glycosidase activity of ricin A-chain. Nucleic Acids Symp. Ser. 1988, 19,
139–142.

12. RNA N-glycosidase activity of ricin A-chain. Mechanism of action of the toxic lectin ricin on eukaryotic
ribosomes. J. Biol. Chem. 1987, 262, 8128–8130.

13. Sperti, S.; Montanaro, L.; Mattioli, A.; Stirpe, F. Inhibition by ricin of protein synthesis in vitro: 60S ribosomal
subunit as the target of the toxin (Short Communication). Biochem. J. 1973, 136, 813–815. [CrossRef] [PubMed]

14. Shi, X.; Khade, P.K.; Sanbonmatsu, K.Y.; Joseph, S. Functional role of the sarcin-ricin loop of the 23s rRNA in
the elongation cycle of protein synthesis. J. Mol. Biol. 2012, 419, 125–138. [CrossRef]

15. Griffiths, G.D.; Phillips, G.J.; Holley, J. Inhalation toxicology of ricin preparations: Animal models,
prophylactic and therapeutic approaches to protection. Inhal. Toxicol. 2007, 19, 873–887. [CrossRef]
[PubMed]

16. Wilhelmsen, C.L.; Pitt, M.L.M. Lesions of acute inhaled lethal ricin intoxication in rhesus monkeys. Vet.
Pathol. 1996, 33, 296–302. [CrossRef] [PubMed]

17. Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, J.R.; Mercat, A.; Herridge, M.;
Randolph, A.G.; Calfee, C.S. Acute respiratory distress syndrome. Nat. Rev. Dis. Prim. 2019, 5, 18. [CrossRef]
[PubMed]

18. Pincus, S.H.; Bhaskaran, M.; Brey, R.N.; Didier, P.J.; Doyle-Meyers, L.A.; Roy, C.J. Clinical and pathological
findings associated with aerosol exposure of macaques to ricin toxin. Toxins (Basel) 2015, 7, 2121–2133.
[CrossRef]

19. Gal, Y.; Mazor, O.; Falach, R.; Sapoznikov, A.; Kronman, C.; Sabo, T. Treatments for pulmonary ricin
intoxication: Current aspects and future prospects. Toxins (Basel) 2017, 9, 311. [CrossRef]

20. Rong, Y.; Westfall, J.; Ehrbar, D.; LaRocca, T.; Mantis, N.J. TRAIL (CD253) Sensitizes Human Airway Epithelial
Cells to Toxin-Induced Cell Death. mSphere 2018, 3, e00399-18. [CrossRef]

21. Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled demolition at the cellular level. Nat. Rev. Mol.
Cell Biol. 2008, 9, 231–241. [CrossRef]

22. Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320.
[CrossRef]

23. Vandenabeele, P.; Galluzzi, L.; Vanden Berghe, T.; Kroemer, G. Molecular mechanisms of necroptosis: an
ordered cellular explosion. Nat. Rev. Mol. Cell Biol. 2010, 11, 700–714. [CrossRef]

24. Korcheva, V.; Wong, J.; Lindauer, M.; Jacoby, D.B.; Iordanov, M.S.; Magun, B. Role of apoptotic signaling
pathways in regulation of inflammatory responses to ricin in primary murine macrophages. Mol. Immunol.
2007, 44, 2761–2771. [CrossRef]

25. Wong, J.; Korcheva, V.; Jacoby, D.B.; Magun, B. Intrapulmonary delivery of ricin at high dosage triggers a
systemic inflammatory response and glomerular damage. Am. J. Pathol. 2007, 170, 1497–1510. [CrossRef]

26. DaSilva, L.; Cote, D.; Roy, C.; Martinez, M.; Duniho, S.; Pitt, M.L.M.; Downey, T.; Dertzbaugh, M. Pulmonary
gene expression profiling of inhaled ricin. Toxicon 2003, 41, 813–822. [CrossRef]

27. David, J.; Wilkinson, L.J.; Griffiths, G.D. Inflammatory gene expression in response to sub-lethal ricin
exposure in Balb/c mice. Toxicology 2009, 264, 119–130. [CrossRef]

28. Lindauer, M.; Wong, J.; Magun, B. Ricin toxin activates the NALP3 inflammasome. Toxins (Basel) 2010, 2,
1500–1514. [CrossRef]

29. Wong, J.; Magun, B.E.; Wood, L.J. Lung inflammation caused by inhaled toxicants: A review. Int. J. COPD
2016, 11, 1391–1401. [CrossRef]

30. Knight, M.J.; Riffkin, C.D.; Muscat, A.M.; Ashley, D.M.; Hawkins, C.J. Analysis of FasL and trail induced
apoptosis pathways in glioma cells. Oncogene 2001, 20, 5789–5798. [CrossRef]

31. Laster, S.M.; Wood, J.G.; Gooding, L.R. Tumor necrosis factor can induce both apoptic and necrotic forms of
cell lysis. J. Immunol. 1988, 141, 2629–2634.

32. Babu, D.J.; Soenen, S.; Raemdonck, K.; Leclercq, G.; De Backer, O.; Motterlini, R.A.; Lefebvre, R.
TNF-α/Cycloheximide-Induced Oxidative Stress and Apoptosis in Murine Intestinal Epithelial MODE-K
Cells. Curr. Pharm. Des. 2012, 18, 4414–4425. [CrossRef]

http://dx.doi.org/10.1042/BJ20040742
http://dx.doi.org/10.1042/bj1360813
http://www.ncbi.nlm.nih.gov/pubmed/4360718
http://dx.doi.org/10.1016/j.jmb.2012.03.016
http://dx.doi.org/10.1080/08958370701432124
http://www.ncbi.nlm.nih.gov/pubmed/17687718
http://dx.doi.org/10.1177/030098589603300306
http://www.ncbi.nlm.nih.gov/pubmed/8740703
http://dx.doi.org/10.1038/s41572-019-0069-0
http://www.ncbi.nlm.nih.gov/pubmed/30872586
http://dx.doi.org/10.3390/toxins7062121
http://dx.doi.org/10.3390/toxins9100311
http://dx.doi.org/10.1128/mSphere.00399-18
http://dx.doi.org/10.1038/nrm2312
http://dx.doi.org/10.1038/nature14191
http://dx.doi.org/10.1038/nrm2970
http://dx.doi.org/10.1016/j.molimm.2006.10.025
http://dx.doi.org/10.2353/ajpath.2007.060703
http://dx.doi.org/10.1016/S0041-0101(03)00035-7
http://dx.doi.org/10.1016/j.tox.2009.08.003
http://dx.doi.org/10.3390/toxins2061500
http://dx.doi.org/10.2147/COPD.S106009
http://dx.doi.org/10.1038/sj.onc.1204810
http://dx.doi.org/10.2174/138161212802481291


Toxins 2019, 11, 450 14 of 15

33. Jin, S.; Ray, R.M.; Johnson, L.R. TNF-α/cycloheximide-induced apoptosis in intestinal epithelial cells requires
Rac1-regulated reactive oxygen species. Am. J. Physiol. Liver Physiol. 2008, 294, G928–G937. [CrossRef]

34. Vercammen, D.; Vandenabeele, P.; Beyaert, R.; Declercq, W.; Fiers, W. Tumour necrosis factor-induced necrosis
versus anti-Fas-induced apoptosis in L929 cells. Cytokine 1997, 9, 801–808. [CrossRef]

35. Lin, Y.; Choksi, S.; Shen, H.M.; Yang, Q.F.; Hur, G.M.; Kim, Y.S.; Tran, J.H.; Nedospasov, S.A.; Liu, Z.G. Tumor
Necrosis Factor-induced Nonapoptotic Cell Death Requires Receptor-interacting Protein-mediated Cellular
Reactive Oxygen Species Accumulation. J. Biol. Chem. 2004, 279, 10822–10828. [CrossRef]

36. LaRocca, T.J.; Sosunov, S.A.; Shakerley, N.L.; Ten, V.S.; Ratner, A.J. Hyperglycemic conditions prime cells for
RIP1-dependent necroptosis. J. Biol. Chem. 2016, 291, 13753–13761. [CrossRef]

37. McCaig, W.D.; Patel, P.S.; Sosunov, S.A.; Shakerley, N.L.; Smiraglia, T.A.; Craft, M.M.; Walker, K.M.;
Deragon, M.A.; Ten, V.S.; LaRocca, T.J. Hyperglycemia potentiates a shift from apoptosis to RIP1-dependent
necroptosis. Cell Death Discov. 2018, 4, 55. [CrossRef]

38. Mori, T.; Doi, R.; Toyoda, E.; Koizumi, M.; Ito, D.; Kami, K.; Kida, A.; Masui, T.; Kawaguchi, Y.; Fujimoto, K.
Regulation of the resistance to TRAIL-induced apoptosis as a new strategy for pancreatic cancer. Surgery
2005, 138, 71–77. [CrossRef]

39. Hellwig, C.T.; Kohler, B.F.; Lehtivarjo, A.K.; Dussmann, H.; Courtney, M.J.; Prehn, J.H.M.; Rehm, M. Real
time analysis of tumor necrosis factor-related apoptosis-inducing ligand/cycloheximide-induced caspase
activities during apoptosis initiation. J. Biol. Chem. 2008, 283, 21676–21685. [CrossRef]

40. Shi, J.; Gao, W.; Shao, F. Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death. Trends Biochem.
Sci. 2017, 42, 245–254. [CrossRef]

41. Kovacs, S.B.; Miao, E.A. Gasdermins: Effectors of Pyroptosis. Trends Cell Biol. 2017, 27, 673–684. [CrossRef]
42. Bouchier-Hayes, L. The role of caspase-2 in stress-induced apoptosis. J. Cell. Mol. Med. 2010, 14, 1212–1224.

[CrossRef]
43. Linkermann, A.; Green, D.R. Necroptosis. N. Engl. J. Med. 2014, 370, 455–465. [CrossRef]
44. Lawrence, C.P.; Kadioglu, A.; Yang, A.-L.; Coward, W.R.; Chow, S.C. The Cathepsin B Inhibitor, z-FA-FMK,

Inhibits Human T Cell Proliferation In Vitro and Modulates Host Response to Pneumococcal Infection In
Vivo. J. Immunol. 2006, 177, 3827–3836. [CrossRef]
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Brömme, D.; Puizdar, V.; Fonović, M.; et al. Inhibition of papain-like cysteine proteases and legumain by
caspase-specific inhibitors: When reaction mechanism is more important than specificity. Cell Death Differ.
2003, 10, 881–888. [CrossRef]

46. Lopez-Hernandez, F.J.; Ortiz, M.A.; Bayon, Y.; Piedrafita, F.J. Z-FA-fmk inhibits effector caspases but not
initiator caspases 8 and 10, and demonstrates that novel anticancer retinoid-related molecules induce
apoptosis via the intrinsic pathway. Mol. Cancer Ther. 2003, 2, 255–263.

47. Ahmed, N.K.; Martin, L.A.; Watts, L.M.; Palmer, J.; Thornburg, L.; Prior, J.; Esser, R.E. Peptidyl fluoromethyl
ketones as inhibitors of cathepsin B. Implication for treatment of rheumatoid arthritis. Biochem. Pharmacol.
1992, 44, 1201–1207. [CrossRef]

48. Matsumoto, K.; Mizoue, K.; Kitamura, K.; Tse, W.C.; Huber, C.P.; Ishida, T. Structural basis of inhibition of
cysteine proteases by E-64 and its derivatives. Biopolym. Pept. Sci. Sect. 1999, 51, 99–107. [CrossRef]

49. Siklos, M.; BenAissa, M.; Thatcher, G.R.J. Cysteine proteases as therapeutic targets: Does selectivity matter?
A systematic review of calpain and cathepsin inhibitors. Acta Pharm. Sin. B 2015, 5, 506–519. [CrossRef]

50. Demuth, H.U.; Schierhorn, A.; Bryan, P.; Höfke, R.; Kirschke, H.; Brömme, D. N-peptidyl, O-acyl
hydroxamates: Comparison of the selective inhibition of serine and cysteine proteinases. Biochim. Biophys.
Acta—Protein Struct. Mol. Enzymol. 1996, 1295, 179–186. [CrossRef]

51. Wang, F.; Gómez-Sintes, R.; Boya, P. Lysosomal membrane permeabilization and cell death. Traffic 2018, 19,
918–931. [CrossRef]

52. Cooper, J.R.; Abdullatif, M.B.; Burnett, E.C.; Kempsell, K.E.; Conforti, F.; Tolley, H.; Collins, J.E.; Davies, D.E.
Long term culture of the a549 cancer cell line promotes multilamellar body formation and differentiation
towards an alveolar type II Pneumocyte phenotype. PLoS ONE 2016, 11, e0164438. [CrossRef]

53. Foster, K.A.; Oster, C.G.; Mayer, M.M.; Avery, M.L.; Audus, K.L. Characterization of the A549 cell line as a
type II pulmonary epithelial cell model for drug metabolism. Exp. Cell Res. 1998, 243, 359–366. [CrossRef]

http://dx.doi.org/10.1152/ajpgi.00219.2007
http://dx.doi.org/10.1006/cyto.1997.0252
http://dx.doi.org/10.1074/jbc.M313141200
http://dx.doi.org/10.1074/jbc.M116.716027
http://dx.doi.org/10.1038/s41420-018-0058-1
http://dx.doi.org/10.1016/j.surg.2005.03.001
http://dx.doi.org/10.1074/jbc.M802889200
http://dx.doi.org/10.1016/j.tibs.2016.10.004
http://dx.doi.org/10.1016/j.tcb.2017.05.005
http://dx.doi.org/10.1111/j.1582-4934.2010.01037.x
http://dx.doi.org/10.1056/NEJMra1310050
http://dx.doi.org/10.4049/jimmunol.177.6.3827
http://dx.doi.org/10.1038/sj.cdd.4401247
http://dx.doi.org/10.1016/0006-2952(92)90385-V
http://dx.doi.org/10.1002/(SICI)1097-0282(1999)51:1&lt;99::AID-BIP11&gt;3.0.CO;2-R
http://dx.doi.org/10.1016/j.apsb.2015.08.001
http://dx.doi.org/10.1016/0167-4838(96)00038-6
http://dx.doi.org/10.1111/tra.12613
http://dx.doi.org/10.1371/journal.pone.0164438
http://dx.doi.org/10.1006/excr.1998.4172


Toxins 2019, 11, 450 15 of 15

54. Schneider-Poetsch, T.; Ju, J.; Eyler, D.E.; Dang, Y.; Bhat, S.; Merrick, W.C.; Green, R.; Shen, B.; Liu, J.O.
Inhibition of eukaryotic translation elongation by cycloheximide and lactimidomycin. Nat. Chem. Biol. 2010,
6, 209–217. [CrossRef]

55. Li, X.P.; Baricevic, M.; Saidasan, H.; Tumer, N.E. Ribosome depurination is not sufficient for ricin-mediated
cell death in Saccharomyces cerevisiae. Infect. Immun. 2007, 75, 417–428. [CrossRef]

56. Jin, Z.; El-Deiry, W.S. Distinct Signaling Pathways in TRAIL- versus Tumor Necrosis Factor-Induced Apoptosis.
Mol. Cell. Biol. 2006, 26, 8136–8148. [CrossRef]

57. Bang, S.; Jeong, E.J.; Kim, I.K.; Jung, Y.K.; Kim, K.S. Fas- and tumor necrosis factor-mediated apoptosis uses
the same binding surface of FADD to trigger signal transduction: A typical model for convergent signal
transduction. J. Biol. Chem. 2000, 275, 36217–36222. [CrossRef]

58. Guicciardi, M.E.; Gores, G.J. Life and death by death receptors. FASEB J. 2009, 23, 1625–1637. [CrossRef]
59. Lavrik, I. Death receptor signaling. J. Cell Sci. 2005, 118, 265–267. [CrossRef]
60. Sikriwal, D.; Batra, J.K. Ribosome inactivating proteins and apoptosis. Plant Cell Monogr. 2010, 18, 167–189.
61. Tesh, V.L. The induction of apoptosis by Shiga toxins and ricin. Curr. Top. Microbiol. Immunol. 2012, 357,

137–178.
62. Turk, V.; Stoka, V.; Vasiljeva, O.; Renko, M.; Sun, T.; Turk, B.; Turk, D. Cysteine cathepsins: From structure,

function and regulation to new frontiers. Biochim. Biophys. Acta Proteins Proteomics 2012, 1824, 68–88.
[CrossRef]

63. Boya, P.; Kroemer, G. Lysosomal membrane permeabilization in cell death. Oncogene 2008, 27, 6434–6451.
[CrossRef]

64. Suntres, Z.E.; Stone, W.L.; Smith, M.G. Ricin—Induced Toxicity: The Role of Oxidative Stress. J. Med. CBR
Def. 2005, 3, 1–21.

65. Oda, T.; Iwaoka, J.; Komatsu, N.; Tsuyoshi, M. Involvement of N-acetylcysteine-sensitive pathways in
ricin-induced apoptotic cell death in U937 cells. Biosci. Biotechnol. Biochem. 1999, 63, 341–348. [CrossRef]

66. Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med.
2010, 48, 749–762. [CrossRef]

67. Ling, C. Cytotoxic genes from traditional Chinese medicine inhibit tumor growth both in vitro and in vivo. J.
Integr. Med. 2014, 12, 483–494.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nchembio.304
http://dx.doi.org/10.1128/IAI.01295-06
http://dx.doi.org/10.1128/MCB.00257-06
http://dx.doi.org/10.1074/jbc.M006620200
http://dx.doi.org/10.1096/fj.08-111005
http://dx.doi.org/10.1242/jcs.01610
http://dx.doi.org/10.1016/j.bbapap.2011.10.002
http://dx.doi.org/10.1038/onc.2008.310
http://dx.doi.org/10.1271/bbb.63.341
http://dx.doi.org/10.1016/j.freeradbiomed.2009.12.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Ricin-Induced Death Is Primed by TRAIL, TNF-, and FasL 
	Cell Death Induced by Ricin/TRAIL Is Associated with Caspase Activation while Death by Ricin/TNF- and Ricin/FasL Is Not 
	The Combination of Ricin and TRAIL Induces Caspase-Dependent Apoptosis 
	Ricin Combined with TNF- or FasL Induces Caspase-Independent Cell Death 
	Cell Death Induced by Ricin/TNF- and Ricin/FasL Depends on Cathepsins 

	Discussion 
	Distinct Cell Death Modalities 
	Cathepsin-Dependent Cell Death 
	Therapeutic Implications 

	Materials and Methods 
	Reagents and Inhibitors 
	Cell Culture 
	Cell Death Assays 
	Immunoblots 
	Statistical Analyses 

	References

