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1 | INTRODUCTION

Abstract

Inhalation of trace amounts of ricin toxin, a plant-derived ribosome-inactivating
protein, results in ablation of alveolar macrophages, widespread epithelial dam-
age, and the onset of acute respiratory distress syndrome (ARDS). While ricin's
receptors are ubiquitous, certain cell types are more sensitive to ricin-induced
cell death than others for reasons that remain unclear. For example, we demon-
strate in side-by-side studies that macrophage-like differentiated THP-1 (dTHP-1)
cells are hyper-sensitive to ricin, while lung epithelium-derived A549 cells are
relatively insensitive, even though both cell types experience similar degrees of
translational inhibition and p38 MAPK activation in response to ricin. Using a
variety of small molecule inhibitors, we provide evidence that ER stress contrib-
utes to ricin-mediated cytotoxicity of dTHP-1 cells, but not A549 cells. On the
other hand, the insensitivity of A549 cells to ricin was overcome by the addition
of (TNF)-related apoptosis-inducing ligand (TRAIL; CD253), a known stimulator
of extrinsic programmed cell death. These results have implications for under-
standing the complex pathophysiology of ricin-induced ARDS in that they dem-
onstrate that intrinsic (e.g., ER stress) and extrinsic (e.g., TRAIL) factors may
ultimately determine the fate of specific cell types following ricin intoxication.
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toxin exposure. One such provocateur is ricin, a type II
ribosome-inactivating protein (RIP) or ribotoxin found

Acute respiratory distress syndrome (ARDS) is a life- in castor beans (Ricinus communis)." Ricin's B subunit
threatening complication brought about by a variety of  (RTB) is a Gal/GalNAc-specific lectin that adheres to gly-
insults ranging from physical injury to viral infection to coproteins and glycolipids on cell surfaces and promotes

Abbreviations: ARDS, acute respiratory distress syndrome; ATII, alveolar type II epithelial cells; AUC, area under the curve (statistical analysis);
CH, cycloheximide; dTHP-1, differentiated THP-1 cells (as by PMA exposure); DTT, dithiothreitol; ER, endoplasmic reticulum; ERAD, endoplasmic
reticulum-associated degradation; ERS, endoplasmic reticulum stress; ISR, integrated stress response; MAPK, mitogen-activated protein kinase; MR,
mannose receptor; PCD, programmed cell death; RIDD, regulated IRE1-dependent decay; RIP, ribosome-inactivating protein; RSR, ribotoxic stress
response; RT, ricin toxin; RTA, ricin toxin subunit A; RTB, ricin toxin subunit B; SAPK, stress-activated protein kinase; SRL, sarcin-ricin loop; Tg,
thapsigargin; TGN, trans-golgi network; Tm, tunicamycin; TRAIL, TNF-related apoptosis-inducing ligand, CD253; UPR, unfolded protein response.
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the uptake and transport of ricin's A subunit (RTA) to the
trans-Golgi network (TGN) and endoplasmic reticulum
(ER).** RTA is liberated from RTB in the ER and translo-
cated into the cell cytoplasm, where it depurinates a con-
served residue within the sarcin-ricin loop (SRL) of 28S
RNA, thereby arresting ribosome activity.® With an esti-
mated K, ~1500 ribosomes per minute, a single molecule
of RTA can wreak havoc on protein synthesis in any given
cell type.”® Compounding the effects of SRL depurination
is the activation of the ribotoxic stress response (RSR)
and subsequent stimulation of the MAP kinase pathway,
namely p38 and JNK phosphorylation.”™* In effect, ribo-
some damage triggers the onset of pro-inflammatory and
pro-apoptotic pathways that contributes to ricin-induced
ARDS as evidenced by high levels of pro-inflammatory
cytokines like IL-1 and IL-6 in serum and bronchoalveolar
lavage (BAL) fluids."

While translation inhibition and concomitant activa-
tion of RSR are hallmarks of ricin intoxication, evidence
indicates that ribosome damage is not the sole determi-
nant of cell fate. In yeast, for example, Li et al identified
RTA point mutants that induced ribosome depurination
without a cost to cell viability."” In the context of the lung,
widespread depurination of rRNA in epithelial cells is
measurable at time points where the integrity of the epi-
thelium was not yet compromised.'® Similarly, we reported
that the lung-derived Calu-3 and A549 epithelial cell lines
treated with high doses of ricin remained viable for days,
despite significant reductions in protein synthesis.'”'®
However, when Calu-3 and A549 cells were treated con-
currently with ricin and (TNF)-related apoptosis-inducing
ligand (TRAIL; CD253), a known stimulator of extrinsic
programmed cell death (PCD), cell viability plummeted.
These results suggest that ricin-induced cell death of A549
cells occurs in response to protein synthesis inhibition
plus a secondary insult like TRAIL.

Alveolar- and lung tissue-resident macrophages, in con-
trast, are hypersensitive to ricin toxin (RT), as evidenced
by a virtual ablation of these cell types within hours after
ricin exposure by inhalation."*'*'*"*! In the liver, Kupffer
cells are similarly sensitive to ricin-induced killing in vitro
and ex vivo.**** The sensitivity of macrophages is borne
out in vitro, as ricin has been shown to trigger apopto-
sis in numerous macrophage and monocytic cell lines of
mouse and human origin.*»*>*° The sensitivity of mac-
rophages to ricin is due in part to the mannose receptor
(MR), which recognizes the mannose side chains or RTA
and RTB and facilitates toxin uptake by a mechanism that
remains poorly understood.?**° Nonetheless, other factors
likely contribute to the rapid onset of apoptosis observed
in macrophages following ricin exposure, especially given
the importance of stress and signaling pathways in cell
fate determination. Indeed, in this report we implicate ER
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stress as a driver of macrophage cell death following RT
exposure.

2 | MATERIALS AND METHODS

2.1 | Cell culture conditions

A549 cells (ATCC Cat# CRL-7909, RRID:CVCL_0023)
were grown in Kaighn's Modified Ham's f-12 media with
Pen/Strep and 10% FBS. Cells were passaged at 1:10 after
growing to approximately 90% confluence. THP-1 cells
were grown in antibiotic-free RPMI-1640 supplemented
with 10% HI FBS, 0.2 mM L-glutamine, and 0.05 mM
2-mercaptoethanol. The culture was maintained between
2.0and 8.0 x10’ cells/ml at 37°C and 5% CO,. Experiments
were performed at or below passage 15 in both cell types.
THP-1 cells (ATCC Cat# TIB-202, RRID:CVCL_0006)
were differentiated prior to all experiments using 50 ng/
ml PMA. Cells were seeded in complete media plus PMA
(Cell Signaling Technology Cat# 4174) and incubated
for approximately 65 h. Following PMA-induced differ-
entiation, cells were washed two times with sterile PBS
and returned to the incubator in complete media for
24 h. After the initial recovery period, cells were washed
once more with sterile PBS and returned to the incuba-
tor in complete media. Experiments with a prolonged
pre-treatment were initiated 6-8 h later, and all other
experiments were initiated approximately 24 h later, al-
lowing for a minimum recovery period of 30 h post-PMA
exposure.

2.2 | Cytotoxicity and protein
synthesis assays

A detailed protocol for the CellTiter-Glo viability assay,
including combinatorial treatment as performed in
herein, has been published elsewhere.>’ THP-1 cells were
seeded at 2.5 x 10° cells per well in 96-well plates and
differentiated with PMA in the assay plates as described
above. THP-1 cells were exposed to ricin for 2 h and
were allowed 18-22 h of recovery prior to assessing vi-
ability. A549 cells were seeded at 10 x 10 cells per well
~24 h prior to the onset of treatment. A549 cells were
exposed to ricin for 4 h and were allowed 40-44 h to re-
cover prior to assessing viability. Protein synthesis levels
were examined using the O-propargyl-puromycin (OPP)
integration-based fluorescent protein synthesis assay kit,
following the manufacturer's protocol for the 96-well
plate format (Cayman Biochemical Cat# 601100). A 4-h
ricin exposure period was used for both cell types for the
purpose of that assay.
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2.3 | Celllysis, protein collection, and
western blotting

THP-1 cells were seeded at ~1.5 X 10° cells/cm? in 6-well
plates with PMA and allowed to differentiate as described
above. A549 cells were seeded at 8.5 x 10* cells/cm? and
allowed to grow until near confluence (~24 h). Cells were
treated with ricin (20 ng/ml) and collected by scraping at
3, 6, and 9 h timepoints. Cells were lysed in RIPA buffer
containing a protease/phosphatase inhibitor cocktail
(Cell Signaling Technology Cat# 5872). To reduce sample
viscosity, DNA was sheared by bead beating at 4 m/s for
3 s using 1 mm glass beads. Protein concentration was
interpolated by BCA assay (Pierce Cat# 23225). Samples
were diluted into reducing sample buffer, boiled, and
20 ug of total protein was separated by electrophoresis on
precast 4%-15% polyacrylamide gradient gels (Bio-Rad
Cat# 4561083) in accordance with the manufacturer's
protocol.

For western blotting, proteins were transferred to
PVDF membranes (Abcam Cat# ab133411) in a high
field wet tank transfer. The membranes were retrieved,
rinsed briefly in water, and fixed (7% glacial acetic acid
10% MeOH) for 15 min before blocking in TBS plus 0.5%
Tween-20 for 1 h at room temperature. Antibody incuba-
tion was performed in TBS plus 0.1% Tween-20 and 5%
BSA, overnight at 4°C. For direct comparison between
phospho-epitope and total protein pool, membranes were
first probed with the phospho-specific antibody (except in
the case of IRE1, as signal from the p~antibody was stron-
ger), then stripped, and re-probed with the associated
non-phospho-specific antibody to detect the total pool of
that protein. Membranes were cut into swatches contain-
ing the molecular weight range of target proteins, probed
first with o-p~p38 (1:1000, Cell Signaling Technology
Cat# 4511, RRID:AB_2139682), a-IRE1 (1:1000, Cell
Signaling Technology Cat# 3294, RRID:AB_823545), or
a-p~PERK (1:1000, Cell Signaling Technology Cat# 3179,
RRID:AB_2095853) followed by and an HRP-conjugated
2’ antibody (1:5000, Cell Signaling Technology Cat# 7074,
RRID:AB_2099233), imaged, then stripped, and re-probed
with o-p38 (1:1000, Cell Signaling Technology Cat#
8690, RRID:AB_10999090), a-p~IRE1 (1:1000, Thermo
Fisher Scientific Cat# PA1-16927, RRID:AB_2262241),
or a-PERK (1:1000, Cell Signaling Technology Cat#
3192, RRID:AB_2095847). Membrane swatches probed
with a-DR5 (1:2500, Cell Signaling Technology Cat#
8074, RRID:AB_10950817) were signal bleached with
excess ECL, then re-probed with HRP-conjugated a-f
tubulin (1:4000, Cell Signaling Technology Cat# 5346,
RRID:AB_1950376) to serve as a loading control. Blots
were imaged using ECL Plus western blotting substrate
(Pierce Cat# 32132) and developed on x-ray film. Films

were digitized on a scanner and ImageJ was used for semi-
quantitative assessment of band density.

Images shown are representative of at least three rep-
licate experiments. The bar graphs depict average results
from among these replication sets, which show reproduc-
ible trends. However, statistical comparisons were not
made due to the inherent loss of quantitative information
inherent to film-based imaging.

2.4 | Statistical analysis
All statistical analyses were performed using GraphPad
Prism 7.

The ECy, of ricin was calculated from the viability
curve by nonlinear regression (variable slope, four param-
eters) without any imposed constraints. For dTHP-1 cells,
the relative ECy, derived from this nonlinear regression
approximates an absolute ECs, as cell viability ranged
from <0.1% to approximately 100% over the range of ricin
concentrations used. A similar value could not be estab-
lished for A549 cells, as treatment with ricin alone cannot
reduce this cell type to a value approaching 0% viability at
any concentration.

Viability and protein synthesis assay data were an-
alyzed using one-way ANOVA followed by pairwise
comparison with correction for multiple comparisons.
Brown-Forsythe and Welch ANOVA tests were used for
normally distributed data, followed by Dunnett's T3 mul-
tiple comparisons test. Data sets with non-normal distri-
butions were compared using the Kruskal-Wallis one-way
ANOVA followed by Dunn's multiple comparisons test.
When assessing the ability of combinatorial treatment to
shift the viability of cells across a range of ricin concentra-
tions, multiple unpaired t-tests with Welch correction were
performed, using the two-stage step-up method to correct
for multiple comparisons via false discovery rate. For ease
of visibility in the figures, data were presented with an ac-
companying area under the curve analysis, giving the total
area under each curve plus or minus the 95% confidence
interval, rather than indicating the p values at each data
point along the curve. AUC values had non-overlapping
95% confidence intervals in all treatments, which agreed
with the significant results obtained from multiple ¢-tests
between ricin-only and combinatorial treatment.

Area under the curve was not calculated for the un-
treated control condition (green reference lines through-
out), nor for the groups testing for independent toxicity
(orange reference lines) or displaying toxicity of ricin alone
(red reference lines). These lines represent the mean
group viability with its associated 95% confidence interval
and are shown solely for the purpose of comparison with
experimental treatments.
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3 | RESULTS
3.1 | Differential sensitivity of A549 and
THP-1 cells to RT

As noted in the introduction, differential sensitivity of var-
ious human cell lines to RT has been reported, although
it is unclear whether the observed differences are tech-
nical (e.g., different toxin potencies) or biological in na-
ture. THP-1 cells, for example, are reportedly exquisitely
sensitive to ricin. The THP-1 cell line is derived from an
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acute monocytic leukemia and exhibits multiple mono-
cytic characteristics.®> When treated with PMA, THP-1
cells differentiate into macrophage-like cells.**** On the
other end of the spectrum, A549 cells are reportedly rela-
tively insensitive to RT, unless sensitized with TNF-o or
TRAIL."***! The A549 cell line is derived from an alveo-
lar cell carcinoma and exhibits characteristics of alveolar
type II epithelium (ATII).*

To compare the sensitivity of the two aforementioned
cell types to RT at near identical parameters, PMA-
differentiated THP-1 (dTHP-1) cells and A549 cells were
each exposed to a range of toxin concentrations (0.5-
500 ng/ml) for 4 h, washed, and then examined for cell
viability 24 h later. When compared side-by-side, the dis-
crepancy in sensitivity of the two cell types to ricin was
stark. The viability of dTHP-1 cells, expressed as area under
the curve (AUC) was 1428 +93, while the viability of the
A549 cells was 31,210 +1100. The absolute half-maximal
inhibitory concentration (ICy,; the concentration required
to reduce viability by half) of ricin in dTHP-1 cells was
8.24 ng/ml +0.54. In contrast, we were unable to establish
an ICy, for A549 cells, as no concentration of ricin was
reliably capable of reducing viability to <50% (Figure 1A).

We postulated that the relative insensitivity of A549
cells to ricin as compared to dTHP-1 cells could sim-
ply be due to ineffective toxin uptake and/or inefficient
retrograde transport thereby limiting RTA-mediated
ribosome inactivation.*® To address this possibility,
we measured both cell viability and protein synthesis

FIGURE 1 Comparative sensitivity of A549 and dTHP-1 cells
to ricin toxin. (A) Side-by-side 96-well plate cytotoxicity assays were
used to compare ricin sensitivity across a range of doses between
A549 and dTHP-1 cells. Cells were exposed to ricin for 4 h, washed,
and allowed to recover for 24 h prior to assay development. Data
presented are the mean of eight replicate wells with the 95%
confidence interval. Viability as expressed by AUC +95% CI (area
under the curve with 95% confidence interval) was significantly
different, with a value of 1428 +93 for THP-1 cells and 31210
+1100 for A549 cells. (B) Cytotoxicity and (C) protein synthesis
inhibition were compared side-by-side in both cell types following
4 h exposure to 20 ng/ml ricin (RT) or 50 pg/ml cycloheximide
(CH). Circles represent A549 cells, triangles represent dTHP-1
cells. In panel (B), viability was significantly reduced in both cell
types following ricin treatment (p < 0.0001). When comparing
ricin-treated dTHP-1 and A549 cells, dTHP-1 cells exhibited a
significantly greater reduction in viability (p < 0.0001). In panel
(C), both RT and CH treatment significantly reduced protein
synthesis compared to the untreated controls (p < 0.0001). Within
each cell type, RT and CH treatment were equally effective at
inhibiting protein synthesis. Although ricin treatment had a
significantly greater suppressive effect on protein synthesis in A549
cells (p = 0.0065), its lethality was significantly lower in this cell
type. (a) N = 7-8, (b) N = 14-16, (c) N = 8-10. The significance of
ek and ****” correspond to <0.001 and <0.0001, respectively
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levels side-by-side in dTHP-1 and A549 cells that had
been exposed to ricin (20 ng/ml) for 4 h. Under those
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conditions, A549 cell viability was ~50% and dTHP-1
cell viability was <5% (Figure 1B). At the same time,
protein synthesis, as measured by OPP incorporation,
was reduced by 78% +6.8 and 54% +10.3, respectively
(Figure 1C). This disconnect between ricin-induced
protein synthesis arrest and cell death has been reported
by others.'>*” This phenomenon was underscored when
dTHP-1 and A459 cells were treated with cyclohexim-
ide (50 pg/ml), a protein synthesis inhibitor that steri-
cally blocks the translocation step of peptide elongation
without causing direct ribosome damage.'"*® Protein
synthesis in A549 and dTHP-1 cells was reduced by 82%
+4.4 and 67% +7.2, respectively, without a significant
impact on cell viability (Figure 1B,C). Thus, other fac-
tors besides translational inhibition drive sensitivity to
ricin-induced cell death.

We next investigated whether differences in the RSR
might account for different sensitivities of A549 and
dTHP-1 cells to toxin-induced death. Stress-activated
protein kinases activated by the RSR drive ricin-induced
apoptosis, and increased activation in dTHP-1 cells
could explain their hypersensitivity to cell death. To
examine this question, we measured the levels of phos-
phorylated p38 (p~p38) in dTHP-1 and A549 cells at 3
and 6 h following toxin exposure. Phospho-p38 is the
primary indicator of ricin-induced RSR.****° In both
cell types, the level of p~p38 relative to total p38 levels
increased >2-fold following ricin treatment (Figure 2A-
C). Therefore, the relative insensitivity of A549 cells to
ricin is not simply due to a failure of toxin uptake or
trafficking, or a difference in the efficiency of ribosomal
damage within cells.

FIGURE 2 Ribotoxic stress is evident in both A549 and
dTHP-1 cells. (A) The relative abundance of phosphorylated

p38 in response to 6 h ricin treatment (black bars, 20 ng/ml)

was dramatically increased over the baseline level observed

in untreated cells (white bars) in both A549 and dTHP-1 cells.

Bars represent semi-quantitative densitometric analysis of the
phosphorylated form of each protein relative to the total pool

of that protein. (C, D) Digitized film images of western blots.
Membrane swatches bearing electrophoresed whole cell lysate
from A549 cells (left) and dTHP-1 cells (right) were probed with
anti-phospho-p38 monoclonal antibody (Cell Signaling Technology
Cat# 4511, RRID:AB_2139682) and then stripped and re-probed
with anti-p38 polyclonal antibody (Cell Signaling Technology Cat#
8690, RRID:AB_10999090). Representative blot results are shown
from among three to four replicate experiments. —, indicates the
absence of ricin; +, indicates the presence of ricin. Lysates were
collected after 3 or 6 h of ricin exposure. Results from 3 h lysates
were variable between experiments and were thus excluded from
the bar graph. Refer to Figures S1 and S2 to observe the original
films from which these images were derived
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3.2 | Examination of cell type-specific
ricin-induced ER stress.

We postulated that ER stress might contribute to the dif-
ferential sensitivity of dTHP-1 and A459 cells. ER stress
can be induced by Ca** imbalance, unfolded proteins in
the ER lumen, disruption of post-translational modifica-
tion processes, and/or disruption of ER-to-Golgi traffick-
ing. ER biosynthetic capacity varies by cell type, with
highly secretory cells like macrophages operating at or
near the ER stress-activating threshold.**° In the case of
RT, the unfolding of RTA that occurs in the ER during
retro-translocation may be a stress-inducing event.*"*?
Depurination of ER-associated ribosomes could also in-
duce stress through disruption of ER proteostasis.

Unfavorable ER conditions are detected by three ded-
icated sensor proteins: IRE1, PERK, and ATF6. Each
sensor is responsible for activating a set of regulatory re-
sponses aimed at re-establishing ER homeostasis, which
are collectively referred to as the unfolded protein re-
sponse (UPR). When UPR reprogramming fails to return
the ER to a state of normal function, downstream effec-
tors of both PERK and IRE1 have been shown to trigger
apoptosis.**** We therefore theorized that if ER stress was
contributing to an apoptotic cell fate, these two sensor
proteins were most likely to be relevant. As both PERK
and IRE1 are subject to activating phosphorylation in re-
sponse to ER stress,” we assessed relative phosphoryla-
tion of PERK (p~PERK) and IRE1 (p~IRE1) in A549 and
dTHP-1 cells following exposure to doses of ricin shown
to be sufficient to activate p38 mitogen-activated protein
kinase (see above; 20 ng/ml). In dTHP-1 cells, there were
significant increases in the relative abundance of p~IRE1
(Figure 3A,C) and p~PERK (Figure 3B,D), as compared to
control (untreated) cells. In A549 cells, however, IRE1 and
PERK phosphorylation levels were unchanged following
ricin treatment. These results are consistent with ricin
triggering an ER stress response in dTHP-1 cells but not
A549 cells.

With increasing severity of ER disruption, UPR pro-
cesses skew farther toward a pro-apoptotic cell fate. We
therefore expected that if UPR effectors were indeed con-
tributing to ricin-induced cell death, then chemical induc-
tion of severe ER stress would sensitize A549 cells to ricin,
and further exacerbate the sensitivity of dTHP-1 cells. To
test this hypothesis, dTHP-1 and A549 cells were treated
with ricin and three commonly utilized endoplasmic re-
ticulum stress (ERS)-inducing compounds: tunicamycin
(Tm), a natural antibiotic that inhibits glycosylation in
the Golgi compartment46; dithiothreitol (DTT), a reduc-
ing agent that induces protein misfolding throughout
the cell and retention of improperly folded proteins in
the ER*’; and thapsigargin (Tg), a non-competitive sarco/
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endoplasmic reticulum Ca’* ATPase (SERCA) inhibitor
that causes release of Ca** from the ER.*® To control for
potential cytotoxic effects caused by aggressive induction
of ERS, all combinatorial treatment experiments included
atreatment group exposed to the ERS-inducing compound
alone. When the ERS-only group exhibited reduced viabil-
ity compared to untreated control cells, the viability of the
dual-treated group was normalized using the independent
toxic effect as a baseline to more clearly distinguish syner-
gistic effects of the treatment.

As predicted, we found that each of the three com-
pounds further sensitized dTHP-1 cells toricin. Specifically,
Tm shifted the viability AUC to 554.5 +76.5 from 1504
+103 in ricin-only treatment, and DTT shifted the viability
AUC to 709.1 +70.1 from 1677 +73 (Figure 4A,B). Tg sig-
nificantly enhanced ricin sensitivity at all concentrations
exceeding 10 nM without exhibiting independent toxicity
(Figure 4C). Tm and Tg co-treatment were effective with a
2 h pre-treatment followed by 2 h co-treatment with ricin,
while DTT combinatorial treatment was effective with 2 h
pre-treatment followed by 2 h ricin-only treatment.

We had previously found that A549 cells, which are
less sensitive to ricin-induced cell death, did not exhibit
an ER stress response following ricin exposure. To better
understand the relevance of the lack of ER stress asso-
ciated with ricin exposure in the fate of these cells, we
utilized combinatorial treatment with chemical induc-
ers of ER stress in an attempt to increase ricin sensitiv-
ity. Treatment with all three compounds significantly
sensitized A549 cells to ricin-induced cell death. Tm
co-treatment shifted the viability AUC to 30,830 +1609
as compared to 33,962 +1236 with ricin-only treatment
(Figure 5A). DTT pre-treatment notably increased the
maximum efficiency of ricin-induced cell death and
shifted the viability AUC to 27,082 +3935 from 41,420
+2200 in ricin-only treated cells (Figure 5B). Tg combina-
torial treatment shifted the viability AUC to 20,541 +1344
from 23,326 +769 (Figure 5C). A549 cells also exhibited
lower independent toxicity in response to ER stress-
inducing treatment, tolerating treatments that utilized
higher concentrations of the chemical inducers over a
longer duration of exposure than dTHP-1 cells. Tm and Tg
combinatorial treatment required 2 h pre-treatment and
4 h co-treatment with ricin, while DTT was effective in a
2 h pre-treatment followed by 4 h ricin-only treatment.
While the increase in ricin-induced cell death caused by
co-treatment with ERS inducers was statistically signif-
icant, it did not reach a degree of killing comparable to
that seen in dTHP-1 cells. This would suggest that while
the ability of the ER to cope with ricin-mediated disrup-
tion in A549 cells factors into the determination of cell
fate following ricin exposure, it is not the primary deter-
minant of their reduced ricin sensitivity.
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3.3 | Suppression of ER stress reduced
ricin sensitivity of dTHP-1 cells

Given the apparent interaction between UPR and
ricin-induced cell death, we expected that suppression
of ER stress would de-sensitize dTHP-1 cells. To test
this possibility, we employed the chemical chaperone
TUDCA.* TUDCA is a bile salt derivative that supple-
ments the folding capacity of the ER, theoretically rais-
ing the threshold at which ER dysfunction would elicit
a response from the luminal sensor proteins. Indeed,
we found that dTHP-1 cell survival following ricin ex-
posure was substantially enhanced by combinatorial
treatment with >100 uM TUDCA (Figure 6A). For ex-
ample, 300 uM TUDCA significantly shifted the viabil-
ity AUC from 1604 +174 with ricin alone to 3302 +207
with combined treatment (Figure 6B). To be effective,

dTHP-1

dTHP-1

T L o= e

FIGURE 3 Evidence for ER stress
in dTHP-1 but not A549 cells. The
relative abundance of phosphorylated
IRE1 (A, C) and phosphorylated PERK
(B, D) in response to 6 h ricin treatment
(black bars; 20 ng/ml) or controls (white
bars) in dTHP-1 cells. Bars represent
the semi-quantitative signal density

of the phosphorylated form of each
protein relative to the total pool of that
protein probed sequentially on the same
membrane swatch. Digitized films of
representative western blots selected

o Control
®  Ricin

from among three to four replicate
experiments. Membrane swatches
were probed with anti-phospho-PERK
(Cell Signaling Technology Cat# 3179,
RRID:AB_2095853) or anti-IRE1 (Cell
Signaling Technology Cat# 3294,
RRID:AB_823545), then stripped

and re-probed with anti-PERK (Cell
Signaling Technology Cat# 3192,
RRID:AB_2095847) or anti-phospho-IRE
(Thermo Fisher Scientific Cat# PA1-
16927, RRID:AB_2262241) antibodies.
Results at 3 h treatments were variable

3 6h
+ o+

and thus were not included in the semi-
quantitative graphs in (A) and (B). Refer
to Figures S3-S6 to observe the original
films from which these images were
derived

TUDCA needed to be provided before (18 h) and during
ricin exposure.

Though effective in protecting from ricin-induced cell
death, TUDCA’s broadly suppressive activity provides
no additional clues as to the relationship between UPR
and ricin toxicity. To investigate specific contributions of
PERK and IRE1’s respective UPR activities to the observed
protection, we co-treated dTHP-1 cells with ricin and the
IRE1-specific inhibitor KIRA6 or the PERK-specific in-
hibitors GSK2656157 and GSK2606414. We found that
KIRAG6 significantly reduced ricin-induced cell death in
dTHP-1 cells (Figure 6C), even after correction for signif-
icant independent toxicity at higher concentration. For
example, at 1 pg/ml, KIRA6 shifted the viability AUC
from 2165 +142 in ricin-only treated cells to 5879 +386
with combinatorial treatment (Figure 6D). Previous re-
ports indicate that ricin is able to prevent IRE1-mediated
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FIGURE 4 External induction of ER stress further sensitizes
dTHP-1 cells to ricin-induced death. (A) dTHP-1 cells treated

with Tm (175 ng/ml) for 2 h followed by 2 h Tm +ricin resulted

in significantly enhanced ricin-induced cell death (AUC of 554.5
+76.5 vs. 1504 +103 of ricin-only). (B) Treatment with DTT

(2.5 mM) for 2 h followed by a 2 h ricin exposure significantly
enhanced ricin-induced cell death (AUC of 709.1 +70.1 vs. 1677
+73 of ricin-only). (C) Treatment with varying concentrations of
Tg for 2 h followed by a 2 h co-treatment with ricin and Tg. Tg
significantly increased ricin-induced cell death at all concentrations
but the two lowest concentrations tested (p < 0.0014) without
independent toxicity. Tm and DTT treatment exhibited significant
independent toxicity, which was corrected for in the dual-treatment
curves. Closed symbols, ricin-only; open symbols, dual treatment,
error bars represent the 95% confidence interval (CI). Green line
and dots represent the mean and 95% CI of control; orange line and
dots represent the mean and 95% CI of the indicated ER stress-
inducing compound; red line and dots represent the mean and 95%
CI of ricin treatment. Experiments were independently repeated

in triplicate with eight replicate wells per treatment condition,

with controls for independent effects included in each trial.
Representative survival curves are shown. Graphical representation
of the unnormalized data and results of pairwise statistical testing
for treatment interactions are available in Figure S7

of our observed phenotype from IRE1-mediated RNase
activity, which we tested using MKC8866, which inhibits
both alternative splicing and regulated IRE1-dependent
decay (RIDD) of transcripts without hindering the pro-
tein's kinase activity. Pre-treatment with MKC8866 was
non-toxic to cells and enhanced ricin toxicity at high con-
centration (Figure 6E), suggesting that neither XBP1 ac-
tivation via alternative splicing nor RIDD are involved in
IRE1-dependent enhancement of ricin-induced cell death
in agreement with the existing literature.

In contrast, co-treatment with PERK inhibitors
GSK2656157 and GSK2606414 did not interact with
ricin-induced cell death, arguing against a role for PERK
in the relationship between ricin sensitivity and ERS
(Figure 6F,G). Although PERK is activated by ER stress,
the regulatory program it enacts is part of the integrated
stress response (ISR), and not unique to UPR. Three other
ISR kinases can initiate the same shared stress response
from other areas of the cell under a wide variety of stress
conditions. All four ISR kinases trigger the same regula-
tory cascade through phosphorylation of their shared sub-
strate, eIF2a. The apparent lack of PERK involvement in
ricin-induced cytotoxicity may therefore be due to redun-
dant activation of PERK’s downstream effector eIF2a by
another ISR kinase.

Phospho-elF2a has been shown to protect against
apoptosis in the context of ER stress, an activity that can
be enhanced by the small molecule drug salubrinal which
prevents its dephosphorylation.”* We next treated dTHP-1
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cells with salubrinal to determine if this ISR effector could
be leveraged to protect ricin exposed cells. Combinatorial
treatment with salubrinal also had no effect on cell viabil-
ity (Figure 6H), indicating that this pathway may already
be saturated, or otherwise dispensable in the determina-
tion of cell fate in this context.

FIGURE 5 Treatment with ER stress inducers enhanced ricin
toxicity in A549 cells. (A) A549 cells treated with Tm (500 ng/

ml) for 2 h followed by a 4 h Tm +ricin co-treatment significantly
enhanced ricin-induced cell death (AUC of 30,830 +1609 vs. 33,962
+1236 of ricin-only). (B) Treatment with DTT (5 mM) for 2 h prior
to a 4 h ricin exposure significantly enhanced ricin-induced cell
death (AUC of 27,082 +3935 vs. 41,420 +2200 of ricin-only) (C)
Treatment with Tg (10 nM) for 2 h followed by a 4 h Tg +ricin
co-treatment significantly enhanced ricin-induced cell death (AUC
of 20,541 +1344 vs. 23,326 +769 of ricin-only). Closed symbols,
ricin-only; open symbols, dual treatment, error bars represent the
95% CI. The green line and dots represent the mean and 95% CI

of control cell viability; orange line and dots represent the mean
and 95% CI of cell viability for the indicated ER stress-inducing
compound. Tm and DTT treatment exhibited independent toxicity,
which was corrected for in the combinatorial treatment curves.
Experiments were independently repeated in triplicate with six

to eight replicate wells per treatment condition with controls for
independent effects included in each trial. Representative survival
curves are shown. Graphical representation of the unnormalized
data and results of pairwise statistical testing for treatment
interactions are available in Figure S8

3.4 | TRAIL sensitizes A549 cells, but not
dTHP-1 cells, to ricin-induced apoptosis

We previously reported that pre-treatment of Calu-3 and
A549 cells with TRAIL, a TNF superfamily cytokine ac-
tive in both homeostasis and pathogenesis in the lung,
sensitized them to RT-induced PCD. Indeed, treatment
of A549 cells with TRAIL and ricin shifted the viability
AUC to 5278 +321 from 36,190 +4027 with maximal kill-
ing reaching 95.6% +0.34 compared with only 69.3% +4.8
in ricin-only treated cells (Figure 7A). In dTHP-1 cells,
however, the addition of TRAIL at a range of concentra-
tions had no significant effect on ricin-induced cell death
(Figure 7B,C). The apparent lack of TRAIL sensitization
was not due to the absence of TRAIL’s primary death
receptor, DR5, as this protein was observed in whole
cell lysate of both cell types by western blot (Figure 7D).
Unexpectedly, DR5 expression decreased compared to
total protein loading over the course of ricin exposure in
both cell types, suggesting a preferential degradation of
this molecule as a possible means to avoid TNF-mediated
death spiral. This is particularly interesting, as DR5 ex-
pression is upregulated downstream of PERK activation
in the context of ER stress.”

4 | DISCUSSION

Ricin is internalized by a wide variety of cell types and
inactivates ribosomes with high efficiency.” However, the
cellular and molecular mechanisms ultimately responsible
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for triggering PCD in response to ricin intoxication re-
main elusive, but clearly involve more than SRL depurina-
tion alone.”’ In this report, we confirmed that dTHP-1
and A459 cells are differentially sensitive to ricin-induced
cell death: dTHP-1 cells resemble alveolar macrophages
(and Kupffer cells) in being hypersensitive to ricin intoxi-
cation, while A459 cells were confirmed to be relatively
resistant to toxin-induced killing.'®* Neither protein syn-
thesis inhibition nor RSR activation per se could account
for the different cell fates between dTHP-1 and A549 cells.
Rather, we put forth evidence that ER stress contributes

-ASEB:ioAdvances — WILEYJ—69

of ricin-induced cell death in dTHP-1 cells, but not A549
cells. For secretory cells like macrophages, we speculate
that perturbation of ER homeostasis, coupled with the
ricin-induced alterations in ribosome function overwhelm
pro-survival signaling and tip the scale toward PCD.****>*
In the case of A549 cells (and possibly lung epithelial cells
in general), we speculate that extracellular ligands such
as TRAIL and TNFa synergize with the RSR to trigger
ricin-induced cell killing.”’18 Ultimately, irrespective of
cell type, “two-hits” may be necessary to efficiently trigger
ricin-induced cell death (Figure 8).
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FIGURE 6 ER stress contributes to dTHP-1 ricin sensitivity through IRE1 activity. dTHP-1 cells were pre-treated with the indicated
ERS suppressing compound for 18 h prior to 2 h co-treatment with ricin (A & C, 10 ng/ml; E-H,12.5 ng/ml). (A) Pre-treatment with
TUDCA was able to partially rescue ricin sensitivity in dTHP-1 cells. Rescue was statistically significant from 200 uM (p < 0.03). (B)
Pre-treatment with 300 uM TUDCA significantly reduced cytotoxicity of ricin exposure (AUC 3302 +207 vs. 1604 +174 of ricin-only). (C)
Specific inhibition of IRE1 with the small molecule KIRA®6 partially rescued ricin-induced dTHP-1 cell death, with significant independent
toxicity at doses exceeding 1 pg/ml. Rescue was statistically significant in all but the lowest doses (p < 0.0001). (D) Pre-treatment with 1 ug/
ml KIRAG significantly reduced cytotoxicity of ricin exposure (AUC of 5879 +386 vs. 2165 +142 of ricin-only) (E) Pre-treatment with IRE1
RNase inhibitor MKC8866 enhanced ricin toxicity at 40 uM (p < 0.001) with no effect seen at lower doses. (F and G) Specific inhibition of
PERK using the small molecule inhibitors GSK2656157 and GSK2606414 had no effect on ricin-induced cell death. GSK2656157 exhibited
significant independent toxicity above 8 pg/ml, while GSK2606414 was well tolerated. (H) Treatment with Salubrinal had no independent
toxicity and no effect on ricin-induced cell death. Green lines and dots and red lines and dots represent the mean and 95% CI of control- and
ricin-treated cells, respectively, while orange lines and dots similarly represent the independent effect of KIRA6 or TUDCA. Closed symbols,
ricin-only; open symbols, dual treatment; error bars represent the 95% CI. Data presented are the mean of at least six replicate wells. For (A),
(C), and (E, F), points in the dual-treatment group have been individually corrected for significant independent effects on viability by the
inhibitor treatment as appropriate. Graphical representation of the unnormalized data (panels B, C, and D) and results of pairwise statistical

testing for treatment interactions (panels B and D) are available in Figure S9

We propose three (non-exclusive) mechanisms by
which ricin could induce ER stress. First, unfolding of RTA
in the ER lumen prior to retro-translocation may activate
the sensor proteins IRE1, PERK, and ATF6 through re-
moval of the chaperone BiP, which is known to bind ricin
as a substrate.” Second, the subsequent escape of RTA
from the ER depends on elements of the ER-associated
degradation (ERAD) pathway responsible for the removal
of misfolded proteins from the ER.***® It is possible that
the partial engagement of ERAD by RTA reduces the flux
of normal substrates, thereby triggering a stress response.
Finally, after RTA had refolded on the cytoplasmic face
of the ER membrane, it can, in theory, depurinate both
ER-associated ribosomes and those being recruited to the
ER by the signal recognition particle (SRP) system.*” The
inability of stalled, depurinated ribosomes to engage with
open translocon complexes could permit Ca** leakage
and ER disequilibrium.*®' Depurination of already en-
gaged ribosomes could also engage IRE1, which appears
to surveille nascent peptides during co-translational trans-
location and respond directly to proteostatic disturbances
sensed in this way.®"** Although the mechanism by which
ricin induces ER stress remains to be determined, partic-
ipation of this stress response pathway in ricin-induced
cell death is consistent with the response of THP-1 cells to
Shiga toxin, a ribotoxin identical to ricin in its depurina-
tion activity of the SRL.%

The hypersensitivity of dTHP-1 cells to ricin was par-
tially dependent on pro-cell death UPR signaling down-
stream of IRE1, as evidenced by partial rescue with
KIRAG6. This effect is not reliant on IRE1’s RNase activ-
ity, as demonstrated by use of the inhibitor MKC8866,
which suppresses IRE1’s mRNA substrate splicing with-
out impinging on its kinase activity. This is consistent with
studies performed in yeast that show ricin inhibits IRE1-
mediated mRNA splicing of its primary transcriptional
regulatory effector HAC1, the homolog of mammalian

XBP1.°**" Although activation of both PERK and IRE1
was observed in dTHP-1 cells in response to ricin, only
IRE1-specific inhibition was sufficient to protect against
toxin-induced cell death. While IRE1 downstream activ-
ities are unique to ER stress, PERK acts as the ER stress
responsive kinase of the integrated stress response (ISR).
The ISR is activated by a wide variety of cellular stress
conditions, detected by four specialized sensor kinases
(including PERK) that initiate the same signaling cas-
cade through phosphorylation of their common substrate,
elF2a."' Ribosome depurination directly activates the ISR
kinase PKR,” which likely renders the downstream ef-
fects of PERK activation redundant in the determination
of cell fate following ricin intoxication.

We chose not to examine the phosphorylation of eIF2a
or expression of CHOP, which are commonly interpreted
as markers of PERK activation in studies of ER stress, as
these are general downstream effectors of ISR and inter-
pretation would therefore be confounded by the known
participation of PKR in the ribotoxic stress response.
Similarly, we did not utilize alternative splicing of XBP1
as a readout of IRE1 activity due to the known inhibition
of IRE1l-mediated splicing of the XBP-1 homolog HAC1
by ricin in yeast. Reliance only upon the direct readout
of phosphorylation states of IRE1 and PERK and the ef-
fect of specific chemical inhibitors of these proteins does
necessarily provide a limited insight into the participation
of UPR in the cellular response to ricin. However, this ap-
proach avoids known confounding inputs from other cel-
lular processes involved in the response to ricin exposure.

While chemical induction of ERS was able to sensitize
A549 cells to ricin, the effect was modest in comparison to
the previously described interaction between TRAIL and
ricin in A549 cells. This raised the question of whether
or not TRAIL sensitization would generalize between
cell types in a more substantial way. Participation of the
pro-apoptotic TNF superfamily cytokines TRAIL, TNF-a,
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Impact of TRAIL on A549 and dTHP-1 sensitivities to ricin. (A) Ricin +TRAIL co-treatment sensitizes A549 cells to ricin-

induced cell death (AUC of 5278 +321 vs. 36,190 +4027 for ricin-only treated), but (B) TRAIL has no effect on ricin cytotoxicity in dTHP-1
cells (AUC of 1924 +223 vs. 2161 +167 for ricin-only treated). (C) TRAIL co-treatment failed to influence ricin-induced dTHP-1 cell death
even at much higher doses (12.5 ng/ml ricin). (D) Western blots analysis of A549 and dTHP-1 cells demonstrate DR5/TRAILR2 expression
in both cell types, the primary death receptor for TRAIL (Cell Signaling Technology Cat# 8074, RRID:AB_10950817). a-tubulin served as
the loading control (Cell Signaling Technology Cat# 5346, RRID:AB_1950376). Closed symbols, ricin-only; open symbols, dual treatment,
error bars represent the 95% CI. Green lines and dots and red lines and dots represent the mean and 95% CI of control- and ricin-treated
cells, respectively. Orange lines and dots represent the independent effect of TRAIL. Data presented are the mean of eight replicate wells
with the 95% confidence interval. Graphical representation of the unnormalized data and results of pairwise statistical testing for treatment
interactions are available in Figure S10. Refer to Figure S11 to observe the original films from which DR5 blot images were derived

and FASL in the pathogenesis of ricin intoxication has
been extensively characterized. Ricin exposure drives
the production of TNF-« in cultured and primary macro-
phages,20’67"69 lung tissue,”’ BAL,” and primary tracheal
epithelial cells.'* In the human airway epithelial cell lines
Calu-3 and A549, TRAIL exposure significantly sensitized

cells to ricin-induced cell death. TNF-a and FASL had a
similarly potent sensitizing effect in A549 cells'” while
in Calu-3 cells TNF-o had a more modest effect.'® Here,
we extend these findings to position the activation of ex-
trinsic pro-apoptotic signaling through TRAIL as a cell
type-specific second hit that substantially determines cell
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FIGURE 8 Two two-hit models to explain cell type-specific ricin sensitivity. Under normal conditions, dTHP-1 cells exhibit ricin
hypersensitivity (A), while A549 cells exhibit ricin hyposensitivity (B) based on the percent of cultured cells remaining alive after ricin
challenge. We have identified ER stress and resulting activation of the unfolded protein response as a contributing factor to the unique
sensitivity of dTHP-1 cells, which are efficiently killed by cell-autonomous ricin-induced pro-apoptotic signaling. Supplementation with
TRAIL, a source of extrinsic pro-apoptotic activation, is sufficient to induce cell non-autonomous ricin hypersensitivity in A549 cells
(C). Addition of TRAIL to dTHP-1 cells had no effect on their response to ricin, further supporting their fully cell-autonomous cell fate

determination

fate in airway epithelial cells. In contrast, TRAIL had no
significant effect on ricin-induced cell death in dTHP-1
cells, suggesting the role of pro-apoptotic cytokines in
ricin pathogenesis is also cell type-specific. These findings
strongly support previous descriptions of pulmonary expo-
sure, in which macrophages rapidly bind and internalize
RT in the lung and initiate pro-inflammatory and pro-
apoptotic signaling processes, while ATII epithelial cells
bind toxin relatively early but do not become apoptotic
until many hours later in the pathogenic timeline.”" We
postulate that the lag between toxin reaching these cells
and their eventual apoptotic response is due to reliance
on pro-apoptotic cytokine signaling to determine cell fate.

The interaction between TRAIL and cell death in A549
cells is of particular biological interest for pulmonary ricin
exposure, as soluble TRAIL produced by macrophages is
a major driver of epithelial cell death and lung damage in
respiratory pathogenesis.n'74
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