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Introduction

Traditionally, anticancer agents are developed according to a 
preclinical “pipeline” that involves several steps. First, chemicals 
are probed for their cytostatic and cytotoxic activity on cultured 
human cancer cells. Second, selected compounds are evaluated 
for their anticancer effects on human neoplasms developing in 
severely immunodeficient mice. Alongside, the same compounds 
are generally subjected to strict toxicological evaluations in 
various animal species.1-3 This procedure is widely applied 
and the National Cancer Institute (NCI) has been launching 
or supporting initiatives to test tens of thousands of putative 
anticancer agents on a panel of 60 human cancer cell lines 
representing different types of malignancy. As a result of these 
efforts, a relative small collection of compounds (879 among 
the 37 836 initially available) has been selected to represent a 
broad range of growth inhibition patterns, yielding the so-called 
Mechanistic Diversity Set. This drug library is freely available to 

investigators worldwide (source http://dtp.nci.nih.gov/branches/
dscb/mechanistic_explanation.html).

Although for a long time antineoplastic agents were assumed 
to operate mostly via cancer cell-autonomous mechanisms, i.e., 
by directly inhibiting the proliferation or triggering the demise 
of malignant cells, accumulating evidence indicates that multiple 
chemotherapeutics that have been successfully employed in the 
clinics for decades also elicit novel (or reactivate silent) anticancer 
immune responses.3-7 Thus, anthracyclines loose their therapeutic 
activity in mice bearing transplantable as well as chemically 
or transgene-induced tumors if the host immune system is 
compromised by pharmacological or genetic interventions, 
such as the injection of CD8+ T cell-depleting antibody or the 
knockout of recombination activating gene 2 (Rag2), respectively. 
Conversely, these conventional antineoplastic agents exert 
optimal effects when the immune system is intact, both in rodent 
tumor models and in cancer patients, a setting that allows for the 
(re)activation of anticancer immunosurveillance.8-16
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Immunogenic cell death (ICD) inducers can be defined as agents that exert cytotoxic effects while stimulating an 
immune response against dead cell-associated antigens. When initiated by anthracyclines, ICD is accompanied by 
stereotyped molecular changes, including the pre-apoptotic exposure of calreticulin (CRT) on the cell surface, the 
lysosomal secretion of ATP during the blebbing phase of apoptosis, and the release of high mobility group box 1 (HMGB1) 
from dead cells. By means of genetically engineered human osteosarcoma U2OS cells, we screened the 879 anticancer 
compounds of the National Cancer Institute (NCI) Mechanistic Diversity Set for their ability to promote all these hallmarks 
of ICD in vitro. In line with previous findings from our group, several cardiac glycosides exhibit a robust propensity to elicit 
the major manifestations of ICD in cultured neoplastic cells. This screen pointed to septacidin, an antibiotic produced by 
Streptomyces fibriatus, as a novel putative inducer of ICD. In low-throughput validation experiments, septacidin promoted 
CRT exposure, ATP secretion and HGMB1 release from both U2OS cells and murine fibrosarcoma MCA205 cells. Moreover, 
septacidin-killed MCA205 cells protected immunocompetent mice against a re-challenge with live cancer cells of the 
same type. Finally, the antineoplastic effects of septacidin on established murine tumors were entirely dependent on 
T lymphocytes. Altogether, these results underscore the suitability of the high-throughput screening system described 
here for the identification of novel ICD inducers.
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One of the mechanisms through which anthracyclines exert 
immunostimulatory effects relies on immunogenic cell death 
(ICD), a non-conventional type of apoptosis that is associated 
with the activation of an adaptive immune response against dead 
cell-associated antigens.14-16 Thus, upon subcutaneous delivery to 
immunocompetent syngeneic mice in the absence of any adjuvant, 
murine cancer cells undergoing ICD are able to elicit an immune 
response that protects the animals against a subsequent challenge 
with living cells of the same type. Importantly, only a few stimuli 
have been show to induce bona fide ICD so far, including various 
anthracyclines (e.g., doxorubicin, epirubicin, mitoxantrone), 
cyclophosphamide, oxaliplatin, ionizing irradiation, and 
hypericin-based photodynamic therapy.17-21

Using anthracyclines as model ICD inducers, we have been 
characterizing the molecular mechanisms that differentiate 
immunogenic from non-immunogenic instances of cell death. 
So far, we have identified 3 major mechanisms that are required 
(though perhaps not sufficient) for dying cells to stimulate adaptive 
immunity: (1) the early, pre-apoptotic exposure of calreticulin 
(CRT) on the cell surface, which originates from the activation 
of an endoplasmic reticulum (ER) stress response;19,22-24 (2) the 
autophagy-dependent, lysosomal secretion of ATP via caspase-
activated pannexin 1 channels;12,25-28 and (3) the release into the 
extracellular space of the nuclear protein high mobility group box 
1 (HMGB1), as this can occur during secondary necrosis.29-32 

By binding to specific pattern recognition receptors expressed 
by myeloid cells, including (but perhaps not limited to) CD91, 
purinergic receptor P2X, ligand-gated ion channel, 7 (P2RX7), 
purinergic receptor P2Y, G-protein coupled, 2 (P2YR2), and 
Toll-like receptor 4 (TLR4), CRT, ATP, and HMGB1 attract 
dendritic cell precursors to the proximity of dying cancer cells 
and stimulate them to take up dead cell-associated antigens, 
mature, and ignite cytotoxic T-lymphocyte responses.9,12,33

Based on this knowledge, we developed an automated 
screening platform enabling the identification of compounds 
that induce CRT exposure, ATP secretion, and HMGB1 
release (in vitro) within large chemical libraries. We first tested 
this platform on the ensemble of anticancer agents that are 
currently approved by the US Food and Drug Administration 
(FDA), unveiling the unsuspected ability of several cardiac 
glycosides (including digoxin and digitoxin) to render 
cell death immunogenic.34-36 Thus, digoxin and digitoxin 
turned out to convert the immunologically silent demise of 
murine cancer cells exposed to cisplatin or mitomycin C into 
bona fide ICD, as determined in vaccination experiments. 
Moreover, cardiac glycosides improved the efficacy of non-
immunogenic chemotherapeutics against tumors established in 
immunocompetent, but not immunodeficient, mice. Finally, 
we found that a cohort of carcinoma patients receiving cardiac 
glycosides along with non-immunogenic chemotherapy (owing 

Figure 1. A fluorescence microscopy-based screening platform for the identification of immunogenic cell death inducers. A–C. Wild-type (WT) 
human osteosarcoma U2OS cells or U2OS cells stably co-expressing H2B-RFP and CRT-GFP or HMGB1-GFP were treated with compounds from 
the NCI Mechanistic Diversity Set (final concentration = 1 µM) for 4, 24, or 48 h, followed by the assessment of CRT-GFP redistribution (A), loss 
of quinacrine-dependent fluorescence (B) and HMGB1 release (C), respectively, by automated fluorescence microscopy. Representative images 
(scale bars = 10 μm) and quantitative data are depicted. Each point represents the average of duplicate assessments obtained for each drug, 
upon intra-plate normalization. (D) Quantitative data as obtained in A-C are depicted as a heat map. The scores associated with each immuno-
genic cell death (ICD)-related phenomenon were summed up to assign to each compound of the NCI Mechanistic Diversity Set a cumulative 
ICD score. Compounds belonging to the top 1% percentile of the resulting rank are shown (cardiac glycosides in red). See also Table S1.
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to an underlying cardiac condition) exhibited an improved 
disease outcome as compared with control patients (matched 
on several clinicopathological parameters) who received 
chemotherapy alone. Notably, this clinical benefit could not 
be documented among patients treated with ICD inducers, 
reinforcing the notion that cardiac glycosides exert antineoplastic 
effects mostly as they stimulate the immunogenicity of cell 
death.34-36 These findings demonstrate that the detection of 
ICD surrogate markers in vitro has the potential to drive the 
discovery of novel ICD inducers.

Based on these premises, we decided to screen the NCI 
Mechanistic Diversity Set for novel ICD inducers by means 
of our automated platform. We report here the results of this 

screen, allowing us to add septacidin, an antifungal antibiotic 
produced by Streptomyces fibriatus, to the growing list of bona 
fide ICD inducers.

Results

Screening of the NCI Mechanistic Diversity Set for 
candidate ICD inducers

Based on an automated screening platform previously 
developed by us,34 we determined the 3 main hallmarks of ICD 
in human osteosarcoma U2OS cells exposed to each of the 879 
chemicals included in the NCI Mechanistic Diversity Set (final 

Figure 2. Identification of stress responses accompanying immunogenic cell death. (A–D) Human osteosarcoma U2OS cells stably expressing G3BP-GFP 
or ERp57-GFP were treated with compounds from the NCI Mechanistic Diversity Set (final concentration = 1 µM) for 4 or 12 h, followed by the assess-
ment of G3BP-GFP aggregation (A) ERp57-GFP redistribution (B) propidium iodide (PI) uptake (C) or nuclear shrinkage (D) by automated fluorescence 
microscopy. Representative images (scale bars = 10 μm) and quantitative data—ranked as per cumulative immunogenic cell death (ICD) score (see 
Fig. 1D)–are reported. Each point represents the average of duplicate assessments obtained for each drug, upon intra-plate normalization. (E) The 
normalized scores for CRT-GRP redistribution, loss of quinacrine-dependent fluorescence, HMGB1 release, ERp57-GFP redistribution, G3BP-GFP aggre-
gation, PI uptake and nuclear shrinkage of the putative ICD inducers identified within the NCI Mechanistic Diversity Set as depicted in Figure 1 are 
reported in the form of heat map.
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concentration = 1 μM). In particular, we monitored and quantified 
the redistribution of a green fluorescence protein (GFP)-tagged 
variant of CRT from a diffuse to a granular pattern (4 h post-
treatment, Figure 1A), the loss of ATP-dependent intracellular 
quinacrine fluorescence (24 h posts-treatment, Figure 1B), and 
the initial steps of the release of a HMGB1-GFP chimera, i.e., its 
relocalization to the cytoplasm (48 h post-treatment, Figure 1C). 
By summing up the normalized scores individually associated 
with these phenomena we computed a cumulative ICD score to 
identify potential ICD inducers (Fig. 1D and Table S1). In line 
with previous results,34 the top 1 percentile of the corresponding 
rank included several cardiac glycosides (namely, scillaren A, 
proscillaridin, lanatoside, and digitoxigenin).

Links between stress pathways elicited by the NCI 
Mechanistic Diversity Set

ICD originates from the activation of a stereotyped ensemble 
of stress- and death-related signal transduction cascades, among 
which the ER stress response plays a prominent role.14,22,23 We 
therefore measured 2 distinct ER-stress related and 2 distinct cell 
death-related phenomena in U2OS cells exposed to each of the 
879 compounds contained in the NCI Mechanistic Diversity Set. 
In particular, we monitored the ER stress response by quantifying 
the accumulation of stalled translation foci by means of a GFP-
tagged variant of GTPase activating protein (SH3 domain) 
binding protein 1 (GTBP1, best known G3BP) (Fig.  2A),37 
or the redistribution of the CRT-interacting partner protein 
disulfide isomerase family A, member 3 (PDIA3, best known 
as ERp57) fused to GFP from a diffuse to a granular pattern 
(Fig. 2B).38 Moreover, we followed the incorporation of a vital dye 
(propidium iodide, PI) by cells that underwent plasma membrane 
permeabilization, a marker of primary as well as post-apoptotic 
necrosis (Fig. 2C),39,40 and the reduction of nuclear size that is 
associated with primary apoptosis, which can be detected upon 
staining with the cell-permeant chromatinophylic dye Hoechst 
33342 (Fig. 2D).41,42 We observed that the ability of the putative 
ICD inducers identified within the NCI Mechanistic Diversity Set 
(Fig. 1D) to promote the redistribution of CRT-GFP and ERp57 
was not always comparable. Thus, while some of these agents (e.g., 
scillaren A) appear to operate like anthracyclines, promoting the 
co-exposure of CRT and ERp57 on the cell surface,38 others (e.g., 
lanatoside C) resemble hypericin-based photodynamic therapy, 
which cause ICD independently of the translocation of ERp57 
on the outer leaflet of the plasma membrane (Fig. 2E).19,20 Along 
similar lines, we failed to observe a stringent parallelism between 
the formation of stress granules and the redistribution of CRT or 
ERp57 (Fig. 2E), suggesting that the signaling cascades elicited 
by these putative ICD inducers involve multiple manifestations 
of the ER stress response that cannot easily be linked to each 
other. Finally, we found that all the potentially immunogenic 
agents identified within the NCI Mechanistic Diversity 
Set induce either chromatin condensation in the absence of 
plasma membrane permeabilization (reflecting the first steps 
of apoptosis), either plasma membrane permeabilization in the 
absence of chromatin condensation (reflecting primary necrosis), 
or both (reflecting post-apoptotic necrosis) (Fig.  2E). These 
findings indicate that besides promoting the secretion of ATP 

Figure  3. Immunogenic cell death-inducing potential of selected 
compounds from the NCI Mechanistic Diversity Set. (A and B) Mouse 
fibrosarcoma MCA205 cells were left untreated or treated with 2 µM 
mitoxantrone (MTX) or 10 µM hedamycin, bruceantin, trichodermin, 
anisomycin, septacidin, sangivamycin, lycoricidine, or pancrastatin 
for 24 h, followed by the cytofluorometric assessment of phos-
phatidylserine exposure and plasma membrane permeabilization 
upon co-staining with FITC-AnnexinV and propidium iodide (PI). 
Representative dot plots are reported in A. In B, white and black col-
umns illustrated the percentage of dying (PI-AnnV+) and dead (PI+) 
cells, respectively (means ± SEM, n = 3). *P < 0.05 (unpaired, 2-tailed 
Student’s t test), as compared with untreated cells. (C) MCA205 cells 
were treated as in A and B, counted, and used to vaccinate immuno-
competent C57BL/6 mice (n = 5 per group) that were re-challenged 7 
d later with living cells of the same type. Control animals (n = 5) were 
vaccinated with an equivalent volume of PBS. Columns indicate the 
percentage of mice that were tumor-free 1 mo after re-challenge.
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and the release of HMGB1, the molecules identified 
in our screen also trigger 1 or more manifestations of 
ER stress and exert a cytotoxic activity against human 
osteosarcoma U2OS cells.

Validation of hits on murine cancer cells
To determine the actual immunogenic potential 

of the putative ICD inducers that we identified 
within the NCI Mechanistic Diversity Set (Fig. 1D), 
we first tested the cytotoxic potential of these agents 
(excluding cardiac glycosides) on MCA205 cells, 
methylcholanthrene-induced fibrosarcoma cells derived 
from a female C57BL/6 mouse.43 Thus, the exposure 
of MCA205 cells to 10 µM hedamycin, bruceantin, 
trichodermin, anisomycin, septacidin, lycoricidine, or 
pancrastatin for 24 h resulted in the accumulation of 
cells exposing phosphatidylserine on the outer leaflet 
of the plasma membrane (an early sign of apoptosis) 
or taking up the vital dye PI (an indication of plasma 
membrane permeabilization), as determined by 
conventional cytofluorometric assays (Fig.  3A and 
B). This was not the case of sangivamycin, which was 
unable to induce signs of incipient apoptosis in cultured 
MCA205 cells upon a 24 h incubation (Fig. 3B).

Thereafter, we set out to test the capacity of all 
these chemicals to induce bona fide ICD by the gold-
standard approach, i.e., vaccination experiments in 
histocompatible mice.14 To this aim, MCA205 cells 
were treated with 10 µM hedamycin, bruceantin, 
trichodermin, anisomycin, septacidin, sangivamycin, 
lycoricidine, or pancrastatin for 24 h, washed, and 
injected (5 × 105 cells) s.c. into the right flank of 
C57BL/6 mice (5 per group). One week later, these 
animals were re-challenged with 1 × 105 cells living 
MCA205 cells, which were injected s.c. into the 
contralateral (left) flank. Mice were then routinely 
examined for tumor growth, and the absence of 
palpable neoplastic lesions was interpreted as a sign of 
protective anticancer immunity. Of note, MCA205 cells 
succumbing to only 2 candidate ICD inducers were able 
to protect at least 1 mouse against the establishment 
of homologous tumors: hedamycin (1/5 mice) and 
septacidin (4/5 mice) (Fig. 3C). Mitoxantrone-treated 
MCA205 cells, which were employed as a positive 
control, protected 3/5 animals from a re-challenge 
with malignant cells of the same type (Fig.  3C). Of 
note, MCA205 cells dying in response to sangivamycin 
failed to confer protective immunity to C57BL/6 
mice, yet  al.owed them to control tumor growth, 
as all re-challenged animals (5/5) had significantly 
smaller tumors than their control counterparts (data 
not shown). Next, we tested MCA205 cells exposed 
to hedamycin, septacidin, and sangivamycin for (1) 
CRT surface exposure, by immunofluorescence in 
conjunction with cytofluorometry (Fig. 4A and B), (2) 
loss of intracellular ATP, by quinacrine staining and 
cytofluorometry (Fig. 4C and D), (3) accumulation of 

Figure 4. Ability of selected compounds from the NCI Mechanistic Diversity Set to 
elicit immunogenic cell death hallmarks in murine cells. (A–F) Mouse fibrosarcoma 
MCA205 cells were left untreated or treated with 2 µM mitoxantrone (MTX), 300 µM 
cisplatin (CDDP) or 10 µM hedamycin, septacidin, or sangivamycin for 24 h followed 
by the assessment of calreticulin (CRT) exposure on living cells by indirect immu-
nofluorescence in conjunction with cytofluorometry (A and B), loss of quinacrine-
dependent fluorescence by cytofluorometry (C and D), extracellular ATP levels by 
a luciferase-based assay (E) and extracellular HMGB1 concentrations by ELISA (E). 
Representative dot plots are illustrated in A and C, while quantitative data means 
± SEM, n = 3) are reported in B, D, E, and F. *P < 0.05 (unpaired, 2-tailed Student’s t 
test), as compared with untreated cells.
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extracellular ATP, by means of a luciferase-based assay (Fig. 4E), 
and (4) HMGB1 release, with a commercially available ELISA 
(Fig. 4F). Mitoxantrone and cisplatin, an oxaliplatin-like agent 
that is unable to trigger ICD,37,44,45 were employed as positive 
and negative controls, respectively. Although hedamycin 
induced a robust release of HGBM1 by MCA205 cells (Fig. 4F), 
consistent with its robust cytotoxicity (Fig.  3B), it failed to 
promote CRT exposure and ATP secretion (Fig. 4B, D, and E). 

Sangivamycin-treated MCA205 cells secreted ATP and released 
HMGB1 (Fig. 4D-F), yet did not expose CRT on their surface 
(Fig. 4B). Septacidin was the only of these agents to consistently 
induce all the hallmarks of ICD in MCA205 cells, in thus far 
resembling mitoxantrone (Fig. 4B and D–F)

Driven by these findings, we decided to validate the ICD-
inducing potential of septacidin in a further round of experiments 
in vivo. In this setting, septacidin-killed MCA205 cells protected 

Figure 5. Capacity of septacidin to induce bona fide immunogenic cell death. (A and B) Murine fibrosarcoma MCA205 cells were treated with 10 µM 
septacidin for 24 h and used to vaccinate C57BL/6 mice (n = 5), which were re-challenged 1 wk later with living cells of the same type. Control animals 
(n = 5) were vaccinated with an equivalent volume of PBS. Tumor incidence was routinely monitored thereafter. Representative images taken on day 
45 are depicted in A. Panel B reports the evolution of tumor incidence over time as a Kaplan–Meier curve. (C) Comparison of the ability of septacidin 
to promote the immunogenic demise of mouse fibrosarcoma MCA205 cells with that of other immunogenic cell death (ICD) inducers, as per published 
and unpublished vaccination experiments. Columns report the percentage of mice that failed to develop tumors upon vaccination with MCA205 cells 
succumbing to the indicated molecule and re-challenge (1 wk later) with living tumor cells of the same type. The number of animals globally employed 
for these determinations is indicated. (D and E) Living MCA205 cells were injected s.c. into wild-type (D) or nu/nu C57BL/6 mice (E) and tumor growth 
was routinely monitored thereafter. When tumor surface reached 30–40 mm2, mice (n = 5 per group) received 7.78 mg/kg septacidin, 0.33 mg/kg mito-
xantrone (MTX) or an equivalent volume of PBS, as a single intratumoral injection. * = P < 0.05 (Log-rank test), as compared with PBS-treated animals.
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4/5 (80%) C57BL/6 mice against a re-challenge with living cells 
of the same type (Fig.  5A and B). A comprehensive analysis of 
relevant scientific literature demonstrated that this is in line with 
the protective potential of cell death triggered by established ICD 
inducers (Fig.  5C), including oxaliplatin (80% protection),44 
doxorubicin (90% protection),46 and mitoxantrone (80% 
protection).22 In addition, the intratumoral injection of septacidin 
significantly reduced the growth of MCA205 fibrosarcomas 
evolving in immunocompetent mice (Fig. 5D), but not in their nu/
nu counterparts (Fig. 5E), which lack T lymphocytes. This latter 
result confirms the capacity of septacidin to mediate anticancer 
effects that at least in part depend on the immune system.

Discussion

In this study, we validated the capacity of an automated 
screening platform that we developed to identify ICD inducers 
within large chemical libraries. In 2012, we first employed 
this platform to screen all FDA-approved anticancer agents, 
leading to the discovery that cardiac glycosides can convert non-
immunogenic instances of cell death into bona fide ICD.34 In the 
present study, we adopted a similar strategy to screen the NCI 
Mechanistic Diversity Set for potential ICD inducers. In a first 
round of experiments, the compounds included in this library 
were monitored for their ability to induce the redistribution of a 
CRT-GFP chimera (4 h post-exposure), the loss of quinacrine-
dependent fluorescence (24 h post-exposure), and the release of 
a HMGB1-GFP fusion protein (48 h post-exposure) in human 
osteosarcoma U2OS cells. Next, the activity of candidate ICD 
inducers was validated in vitro, in low-throughout assays based on 
murine fibrosarcoma MCA205 cells, as well as in vivo, in gold-
standard vaccination and chemotherapy experiments involving 
MCA205 cells and syngeneic C57BL/6 mice. This approach 
led to the discovery of at least 1 novel ICD inducer, septacidin, 
confirming that this platform is suitable for the identification of 
chemicals that promote the immunogenic demise of malignant 
cells within large libraries.

Although the overall design of our screening approach appears 
to be suitable for the identification of novel ICD inducers, 
there are a few potential limitations that should be taken into 
consideration. First, the compounds of the NCI Mechanistic 
Diversity Set were tested at a homogenous concentration chosen 
arbitrarily (1 µM) and at a limited number of time points. This 
implies that hypothetical agents capable of stimulating surrogate 
ICD markers at a different concentration or with a different 
kinetics went undetected. To limit the number of such false-
negative results, it may be necessary to perform multiple rounds of 
screening involving large dose ranges and/or kinetic evaluations. 
Second, our screening relied on a single type of malignant cells, 
namely, U2OS osteosarcoma cells. As human cancer cells respond 
to antineoplastic agents with a high degree of heterogeneity,47 it 
might be advisable to express the fluorescent biosensors used 
in this study (i.e., the CRT-GFP and HMGB1-GFP chimeras) 
in distinct cancer cell lines and use them in parallel screening 
efforts. Third, although the initial screening was performed on 

human cancer cells, validation was performed in the murine 
system (MCA205 fibrosarcoma cells and histocompatible 
C57BL/6 mice). Thus, species-specific differences in the efficacy 
of the chemicals identified by the primary screen may yielded 
false-negative results at validation. Although we attempted to 
minimize this possibility (by increasing the drug concentration 
used in validation experiments to 10 µM), it might be advisable 
to take advantage of so-called “humanized” mouse models, 
allowing for the inoculation of human cancer cells into mice that 
bear a human immune system (and hence do no reject the graft 
based on species incompatibility).48 Thus, our screening approach 
is admittedly perfectible.

Notwithstanding these caveats, the number of ICD inducers 
identified within the NCI Mechanistic Diversity Set was 
surprisingly low. Indeed, only 1 out of 879 agents (~100 of which 
killed U2OS cells in vitro) could be characterized as a bona 
fide ICD inducer acting across species barriers. Unfortunately, 
no in-depth information is available on the mode of action of 
this agent, septacidin, an antifungal antibiotic produced by 
Streptomyces fibriatus.49 However, it is tempting to speculate 
that this microbial product may provoke an ultimately lethal 
stress response in mammalian cells upon the activation of 
pattern recognition receptors.50 This possibility will be actively 
investigated in our laboratory.

The fact that the percentages of bona fide ICD inducers 
identified within the NCI Mechanistic Diversity Set (< 1%) 
and among FDA-approved antineoplastic agents (> 5%) are 
significantly different from each other may reflect the rather 
distinct history of these drug collections. The Mechanistic 
Diversity Set was indeed constructed starting from preclinical 
data on growth inhibition, as obtained on 60 distinct human 
cancer cell lines (source http://dtp.nci.nih.gov/branches/dscb/
mechanistic_explanation.html). Conversely, the efficacy of 
all FDA-approved anticancer agents has been documented in 
clinical trials, a process that may have empirically favored the 
selection of ICD inducers.3,4

In essence, the present report describes a general strategy for 
the identification of ICD inducers within large chemical libraries. 
By this approach, we demonstrated that septacidin, an antifungal 
antibiotic produced by Streptomyces fibriatus, mediates antitumor 
effects that for the most part (if not entirely) depended on the 
elicitation of an anticancer immune response.

Materials and Methods

Chemicals, cell lines, and culture conditions
Unless otherwise specified, chemicals were obtained from 

Sigma–Aldrich, media and supplements for cell cultures from Life 
Technologies Inc., and plasticware from Corning Inc. Murine 
fibrosarcoma MCA205 cells (Class I MHC haplotype H-2b, 
histocompatible with C57BL/6 mice) and human osteosarcoma 
U2OS cells were cultured in RPMI-1640 medium and Dulbecco’s 
modified Eagle’s medium (DMEM), respectively. In both cases, 
cells were maintained in standard culture conditions (37 °C and 
5% CO

2
) and media were supplemented with 10% (v/v) fetal 
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bovine serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES, 
10 U/mL penicillin sodium, and 10 μg/mL streptomycin sulfate. 
U2OS cells stably co-expressing a histone 2B-red fluorescent 
protein fusion (H2B-RFP) and GFP fused to either CRT 
(CRT-GFP) or HMGB1 (HMGB1-GFP) were maintained in 
the continuous presence of 200 μg/mL zeocine plus 1 μg/mL 
blasticidine and 200 μg/mL G418 plus 1 µg/mL blasticidine, 
respectively. U2OS cells stably expressing either G3PB or ERp57 
fused to GFP (G3BP-GFP or ERp57-GFP) were cultured in the 
continuous presence of 200 µg/mL zeocine or 200 μg/mL G418, 
respectively.

High-throughput screen for CRT-/ERp57-exposing and 
HMGB1-/ATP-releasing drugs

5 × 103 U2OS cells stably co-expressing H2B-RFP and 
CRT-GFP or Erp57-GFP or HMGB1-GFP or G3BP-GFP 
were seeded into 96-well poly-L-lysine-pretreated Black/
Clear imaging plates (BD Biosciences) and allowed to adapt 
for 24 h. Thereafter, each compound of the NCI Mechanistic 
Diversity Set was added at a final concentration of 1 µM, and 
cells were incubated for additional 4, 24, or 48 h before fixation 
in PBS supplemented with 1 μg/mL Hoechst 33342 and 4% 
(w/v) paraformaldehyde for 20 min. Upon fixation, PFA was 
substituted with PBS and 4 view fields per well were acquired 
by means of a BD Pathway 855 Automated Bioimager (BD 
Biosciences), equipped with a UApo/340 × 20/0.75 objective 
(Olympus). Subsequently, images were segmented and analyzed 
for GFP granularity or HMGB1-GFP nuclear intensity using 
the BD AttoVision software v. 1.7 (BD Biosciences). To 
monitor ATP secretion, wild-type U2OS cells treated with the 
compounds of the NCI Mechanistic Diversity Set for 24 h were 
labeled with quinacrine as previously described.37 Briefly, cells 
were stained with Krebs-Ringer solution (125 mM NaCl, 5 mM 
KCl, 1 mM MgSO

4
, 0.7 mM KH

2
PO

4
, 2 mM CaCl

2
, 6 mM 

glucose, and 25 mM HEPES, pH 7.4) supplemented with 1 
µM quinacrine (Life Technologies Inc.) for 30 min at 37 °C. 
Thereafter, cells were incubated with 1 μg/mL PI and 1 μg/
mL Hoechst 33342 (both from Life Technologies Inc.) for 10 
min and rinsed with Krebs–Ringer solution. Finally, cells were 
examined on a BD Pathway 855 Automated Bioimager equipped 
with a UApo/340 × 20/0.75 objective. Nuclear morphology 
was monitored in parallel to all determinations described above 
as an indicator of cell death. Data were mined and statistically 
evaluated using the Prism software v. Five (Graph Pad software 
Inc.). Intra-plate normalization was obtained by calculating 
the ratio of each experimental value to the mean of all values 
associated with the same compound within the same plate.

Determination of cell surface-exposed CRT by 
immunofluorescence

Cells were harvested and washed with ice-cold PBS, then 
incubated with a CRT-specific antibody (Abcam) diluted in 
cold blocking buffer (5% FBS, v/v in PBS) for 30 min on ice, 
washed, and incubated with an AlexaFluor® 488-conjugated 
antibody (Life Technologies Inc.) in blocking buffer (for 30 
min). Thereafter, cells were washed, stained with 1 μg/mL PI 
in cold PBS for 5 min, and analyzed by means of a FACSCalibur 
cytofluorometer (BD Biosciences). Isotype-matched IgG 

antibodies (Cell Signaling Technology) were used as negative 
staining control. First line statistical analyses were performed by 
using the CellQuest™ software (BD Biosciences), upon gating 
on PI- events characterized by normal forward and side scatter 
(living cells).

Determination of extracellular HMGB1 and ATP 
concentrations

Extracellular HMGB1 was quantified by means of the 
HMGB1 ELISA Kit II (Shino Test Corp.), following the 
manufacturer’s instructions. Extracellular ATP concentrations 
were determined by the luciferase/luciferin-based ENLITEN 
ATP Assay (Promega), as recommended by the manufacturer. 
Absorbance and chemiluminescence were measured on a Fluostar 
OPTIMA multi-label reader (BMG Labtech).

Quantification of cell death
Cell death was assessed by means of the FITC-AnnexinV 

Detection Kit I (BD Biosciences), as per standardized 
procedures.51 Briefly, 105 cells were collected per sample, washed 
in PBS, and resuspended in 1X binding buffer (10 mM HEPES/
NaOH - pH 7.4, 140 mM NaCl, and 5 mM CaCl

2
) containing 

fluorescein isothiocyanate (FITC)-conjugated AnnexinV (BD 
Biosciences) and 0.5 μg/mL PI, following the manufacturer’s 
instructions. Cytofluorometric determinations were performed 
on a FACSCalibur cytofluorometer equipped with a 70 μm 
nozzle. First line statistical analyses were performed by using the 
CellQuest™ software (BD Biosciences), by gating on the events 
characterized by normal forward and side scatter.

Vaccination and chemotherapy experiments
All animal experiments were approved by the local Ethics 

Committee (CEEA IRCIV / IGR n°26, registered with the 
French Ministry of Research), and complied with the 63/2010/
EU directive from the European Parliament. Wild-type and 
nude (nu/nu) C57BL/6 mice (Harlan) were housed in a 
temperature-controlled environment with 12 h light/dark cycles 
and received food and water ad libitum. Murine fibrosarcoma 
MCA205 cells were incubated with either 2 μM mitoxantrone 
or 10 μM hedamycin, bruceantin, trichodermin, anisomycin, 
septacidin, sangivamycin, lycoricidine, or pancrastatin for 
24 h, and inoculated (5 × 105 cells) s.c. into the left flanks of 
6-wk old female C57BL/6 mice. Seven days later, mice received 
1 × 105 living MCA205 cells s.c. in the right flank. Tumor 
incidence was monitored routinely thereafter, and the absence of 
tumors was scored as an indication for antitumor vaccination. 
For chemotherapy experiments, 2 × 105 MCA205 cells were 
inoculated s.c. into the left flank of wild-type and nu/nu C57BL/6 
mice and tumor growth was routinely monitored thereafter by 
means of a standard caliper. When tumor surface reached 30–40 
mm2, mice (n = 5 per group) were randomly assigned to receive 
either 7.78 mg/kg septacidin (as a single intratumoral injection in 
PBS) either 0.33 mg/kg mitoxantrone (as a single intraperitoneal 
injection in PBS), or an equivalent volume of PBS (negative 
control condition)

Statistical analyses
Statistical analyses were performed with the Microsoft Office 

software package (Microsoft). Tumor growth curves were 
compared with the Log-rank test. Pairwise data comparisons 
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were performed by means of the unpaired, 2-tailed Student’s t 
test. All P values < 0.05 were considered statistically significant.
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