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the capacity to cause ICD. As a result, ICD inducers
have thus far been identified empirically by determining
whether mouse cancer cells responding to them would
elicit a protective immune response in vivo (1, 2, 15).

To overcome this limitation, we designed an auto-
mated epifluorescence microscopy–based platform
allowing for the detection of the known biochemical
hallmarks of ICD in human cancer cells stably ex-
pressing fluorescent biosensors. Using this platform,
which is suitable for high-content,medium-throughput
analyses, we identified cardiac glycosides (CGs) as a
class of agents that induce bona fide ICD and improve
the clinical outcome of anticancer chemotherapies.
RESULTS

Measuring ICD parameters by
fluorescent biosensors
The known parameters determining ICD are the co-
translocation of CRT and the ER chaperon ERp57 at
the cell surface (2, 16), the autophagy-dependent secre-
tion of ATP (7, 10), and the release of the non–histone
chromatin protein HMGB1 (2), which occur before,
during, and after apoptosis, respectively (2, 7, 13). Hu-
man osteosarcoma U2OS cells were used to screen
a chemical library encompassing all the 120 anti-
cancer drugs that are currently used in the clinic (final
Fig. 1. A fluorescent biosensor–based platform for the identification of
ICD inducers. (A) Schematic representation of the bioassay with represent-

addition of the drugs. (C) Relationship between the loss of quinacrine
staining (represented by positive values), the formation of cytoplasmic
ative confocal fluorescence microphotographs of control (CTR) and MTX-
treated cells. (B to D) Human osteosarcoma U2OS cells expressing the
indicated biosensors were exposed to a collection of 120 different cytotoxic
agents (final concentration, 1 mM), and ICD-related parameters were mea-
sured. Each point represents the mean of duplicate determinations for each
drug. Scale bar, 10 mm. (B) Relationship between CRT-GFP granularity (a
parameter that indicates the clustering of CRT at the cell periphery) and
ERp57-GFP granularity or CRT-HT exposure, as determined 4 hours after
GFP-LC3 puncta, the intracellular ATP concentration, as determined with an
ATP-sensing FRET probe (ATeam), and the extracellular ATP concentrations,
as determined by means of a commercial luciferase-based assay. (D) Rela-
tionship between HMGB1-GFP release (represented by positive values),
plasma membrane permeabilization (PMP) (monitored with PI), pyknosis
(nuclear shrinkage, represented by positive values), and extracellular HMGB1
concentrations (measured by ELISA). P values calculated with the Pearson
test are indicated in each graph.
Fig. 2. Identification of ICD inducers among 120 anticancer agents. (A and B) Human osteo-
sarcomaU2OS cells stably coexpressing CRT-GFP andH2B-RFP (histone 2B–red fluorescent pro-

tein) or HMGB1-GFP and H2B-RFP as well as wild-type (WT) U2OS cells were treated with
compounds from the National Cancer Institute’s Developmental Therapeutics Program oncol-
ogy drug set [final concentration, 1 mM (A) or 10 mM (B)] for the indicated time, followed by the
assessment of ICD-related parameters. Results (means, n = 3; each point represents one agent)
have been sorted according to mean Z score for each agent to highlight the nonlinear time
dependency of the appearance of distinct ICD characteristics. (C) Hierarchical clustering of drug
effects. (D) Hits. Greenand redvalues indicatepositive andnegative effects (Z score), respectively.
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concentrations, 1 and 10 mM), and ICD-
related parameters were measured (time
points, 4, 12, and 24 hours) by robotized
epifluorescence microscopy followed by
automated image analysis (Fig. 1A). The
translocation of a CRT-GFP (green fluo-
rescent protein) fusion protein (14) from
the perinuclear ER to the cellular periph-
ery paralleled a similar relocalization of
ERp57-GFP (16), as well as the exposure
of a CRT-HaloTag fusion protein on the
cell surface (detectedwith aplasmamem-
brane impermeant HaloTag ligand) (14)
(Fig. 1B). The staining obtained with an
ATP-sensitive fluorophore, quinacrine (17),
was comparable to the ATP-dependent
signal given by a fluorescence resonance
energy transfer (FRET)–based biomarker
relying on the e subunit of the bacterial
F1FO–ATP synthase flanked by cyan and
yellow fluorescent proteins (18). The re-
duction of intracellular ATP could be de-
tectedwith quinacrine as well as bymeans
of a luciferase-based assay to measure ex-
tracellular ATP concentrations. Moreover,
the loss of quinacrine-dependent fluores-
cence was paralleled by the aggregation
of a GFP-LC3 fusion protein in cytoplas-
mic puncta (autophagosomes or auto-
phagolysosomes) (19) (Fig. 1C), in accord
with the observation that autophagy is
required for ATP release from dying tu-
mor cells (10). HMGB1 release was de-
tected as a loss in the nuclear fluorescence
of anHMGB1-GFP chimera (20) or as an
accumulation of extracellular HMGB1
[detected by enzyme-linked immuno-
sorbent assay (ELISA)] and occurred in
conjunctionwith plasmamembrane break-
down [as measured with the vital dye
propidium iodide (PI)], in turn reflecting
primary or secondary (postapoptotic)
necrosis (21) but notwith apoptotic chro-
matin condensation (Fig. 1D). Among
the seven compounds that most effective-
ly triggered the known hallmarks of ICD,
as determined by the hierarchical cluster-
ing of data onCRT translocation, nuclear
HMGB1 loss, and cellular ATP release
(Fig. 2, A and B), were several known
ICD inducers (Fig. 2, C and D), namely,
three anthracyclines [daunorubicin, doxo-
rubicin, and mitoxantrone (MTX)] (1, 2),
as well as bortezomib (22). In addition,
this list included two vinca alkaloids with
known immunogenic side effects (vincris-
tine and vinorelbine) (23, 24), as well as
the tyrosine kinase inhibitor crizotinib, for
Fig. 3. Identification of ICD inducers among 1040 FDA-approved drugs. (A toC) HumanosteosarcomaU2OS
cells stably coexpressing CRT-GFP and H2B-RFP or HMGB1-GFP and H2B-RFP as well as WT U2OS cells were

treated with FDA-approved or experimental drugs at a final concentration of 1 mM for the indicated time and
then assessed for CRT-GFP granularity (a surrogate marker of CRT exposure), cytoplasmic quinacrine fluores-
cence (after staining with the ATP-sensitive dye quinacrine), and nuclear HMGB1-GFP fluorescence. Nuclear
shrinkage (an indicator of apoptotic cell death) wasmonitored by the H2B-RFP signal or uponHoechst 33342
staining. Z scores of two independent experiments conducted induplicates upon interplate normalization are
depicted in (A) and (B). The sum of the Z scores of themonitored ICD hallmarks is shown in (C). P values were
calculated with respect to the values shown in (C). (D) A heat map of CRT exposure, ATP release, HMGB1
translocation, and nuclear shrinkage is presented for the entire library (left panel) and for compounds that
belong to the upper 1% percentile (right panel). (E) Representative images depict the formation of CRT-
containing granules, the secretion of ATP from quinacrine+ ATP–containing vesicles, and the release of
HMGB1 from the nucleus, 4, 12, or 24 hours, respectively, after the administration of MTX, DIG, or DIGT. Scale
bars, 10 mm. (F toH) WTU2OS cells were treatedwith 1 mMMTXor increasing concentrations of DIG andDIGT
(10, 50, and 100 nM) for 4, 12, or 24 hours and then subjected to cytofluorometric immunodetection of CRT
exposure (F), luciferase-based detection of ATP (G), and the assessment of extracellular HMGB1 by ELISA (H),
respectively. Columns report the percentage of live cells exhibiting CRT exposure (CRT+PI� ) and the concen-
trations of extracellular ATP andHMGB1 (mean ± SEM; n= 3; *P< 0.05, **P< 0.01, and ***P< 0.001, two-tailed
Student’s t test, compared to CTR cells).
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