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ABSTRACT
Systemic treatment with the active transcription inhibitor lurbinectedin aims at inducing tumor cell death in
hyperproliferative neoplasms. Here we show that cell death induced by lurbinectedin reinstates and
enhances systemic anticancer immune responses. Lurbinectedin treatment showed traits of immunogenic
cell death, including the exposure of calreticulin, the release of ATP, the exodus of highmobility group box 1
(HMGB1) and type 1 interferon responses in vitro. Lurbinectedin treated cells induced antitumor immunity
when injected into immunocompetent animals and treatment of transplanted fibrosarcomas reduced tumor
growth in immunocompetent yet not in immunodeficient hosts. Anticancer effects resulting from lurbinec-
tedin treatment were boosted in combination with PD-1 and CTLA-4 double immune checkpoint blockade
(ICB), and lurbinectedin combined with double ICB exhibited strong antineoplastic effects. Cured animals
exhibited long term immune memory effects that rendered them resistant to rechallenge with syngeneic
tumors underlining the potency of combination therapy with lurbinectedin.
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Introduction

Primary or transplantable tumors react to anthracycline-based
chemotherapy with durable response in syngeneic immunocom-
petent mice yet fail to do so in immunodeficient hosts.1–3

Consistently, retrospective clinical studies in patients with solid
tumors subjected to chemotherapy showed that severe lympho-
penia negatively affects prognosis,4,5 which points to the fact that
chemotherapy-elicited anticancer immunity plays a critical role
for the outcome of anticancer therapy.6,7 Based on these
findings,1–3 we introduced the hypothesis that some chemother-
apeutic agents can induce immunogenic cell death (ICD) in
tumors and convert them into a therapeutic vaccine, hence
stimulating an immune response that can control residual cancer
cells.

Selected chemotherapeutics such as anthracyclines and
oxaliplatin are able to induce ICD1–3 while many other anti-
neoplastic agents including cisplatin and mitomycin C fail to
do so. Cancer cells undergoing ICD can evoke anticancer
immunity and protect against a subsequent challenge with
living cells exhibiting the same antigenic profile in mice1–3

or elicit anticancer immune responses during chemotherapy
in patients.8 Distinctive properties of immunogenic cell death
include the exposure of calreticulin (CALR) at the cytoplasmic
surface,3,8,9 the autophagy-dependent liberation of ATP from

stressed and dying cells,10,11 the cell death-associated exodus
of nuclear high mobility group box 1 (HMGB1)12,13 and the
stimulation of an autocrine or paracrine type-1 interferon
response.14 CALR serves as a de novo uptake signal and
stimulates the engulfment of dying cancer cells by dendritic
cells (DCs).3 HMGB1 binds to toll-like receptor-4 (TLR4)
entities on DC, eliciting MYD88-dependent signaling that
facilitates tumor antigen processing.3,15 ATP ligates purinergic
receptors of the P2X type and thus activates the NLRP3
inflammasome to stimulate the production of interleukin-1β
(IL-1β) by DC and eventually interferon-γ (IFNγ) by CD8+

cytotoxic T lymphocytes (CTL).10,16

The sum of danger associated molecular patterns (DAMP)
emitted during ICD is necessary to generate anticancer immu-
nity, thus tumors growing in Tlr4−/-, P2rx7−/-,Myd88−/-,Nlrp3−/-

, Il1r−/-, Ifnγ−/-, Ifnγr−/-, Fpr1−/-, athymic or CD8+ T cell-depleted
mice fail to respond to immunogenic chemotherapeutic regi-
mens. Loss-of-function mutations of FPR1, P2RX7 or TLR4 in
breast cancer are negatively correlated with clinical response to
adjuvant chemotherapy with anthracyclines.3,10,13,14,17–19 These
results imply the obligate contribution of anticancer immune
responses to the success of ICD-inducing chemotherapies.

Lurbinectedin is a selective inhibitor of active transcription of
protein-coding genes20 that is currently undergoing clinical
investigation and has recently gained orphan drug approval for
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the treatment of small cell lung cancer (SCLC). Here, we inves-
tigated the capacity of lurbinectedin to stimulate the emission of
immunogenic DAMPs and tested anticancer immune responses
in three experimental in vivo models. Our results support the
contention that lurbinectedin causes immunogenic cell death in
tumors and creates anticancer immunity.

Results and discussion

Emission of immunogenic signals by lurbinectedin

The known parameters determining ICD are the translocation
of CALR to the surface of the plasma membrane, the autop-
hagy-dependent liberation of ATP and the release of the non-
histone binding protein HMGB1, which occur before, during
and after apoptosis, respectively. The production of type
I interferons (IFNs) has been added to the list of ICD hall-
marks as it controls autocrine or paracrine circuits that
underlie cancer immunosurveillance.

In a systematic screening campaign, the capacity of lurbi-
nectedin to induce immunogenic cell death in cancer cells was
assessed in human osteosarcoma U2OS cells stably expressing
fluorescent biosensors for the detection of CALR-relocation
(as a surrogate marker for CALR surface exposure), HMGB1
release and Type I IFN responses together with U2OS WT
cells stained with the ATP-sensitive dye quinacrine. ICD-
related parameters were measured at 4, 8, 16 and 32 hours
post exposure to lurbinectedin from 1 nM to 1 µM by robot-
ized epifluorescence microscopy followed by automated image
analysis (Figure 1). The induction of cell death was evaluated
based on changes in the nuclear morphology visualized by
means of the DNA intercalating dye Hoechst 33342.
Lurbinectedin caused a dose- and time-dependent drop in
cellular viability comparable to mitoxantrone (MTX) that
was used at 1 and 3 µM as a positive control throughout all
experiments. The translocation of a CALR-GFP (green fluor-
escent protein) fusion protein from the perinuclear ER to the
cellular periphery was measured by assessing cytoplasmic
“granularity” (see Materials and Methods) as an indicator
for the formation of CALR-containing vesicles and as
a surrogate marker for CALR exposure. Lurbinectedin, similar
to MTX, induced a time- and dose-dependent increase in
CALR-granularity as compared to untreated controls. The
reduction of intracellular ATP (as an indicator for ATP
release) was assessed by measuring the decrease in the cyto-
plasmic granularity of ATP containing vesicles stained with
the fluorescent probe quinacrine. As compared to untreated
controls a significant decrease in ATP signal similar to MTX
was detectable for lurbinectedin. The effect was dose-
dependent and decreased over time in line with the fragile
nature of the metabolite. HMGB1 release was detected as
a loss in the nuclear fluorescence of an HMGB1-GFP chimera.
A significant decrease in nuclear GFP signal was detected for
MTX and lurbinectedin at medium to late time points. Type
I interferon (IFN) production was measured using U2OS
biosensor cells stably expressing a GFP under the control of
the MX1 (a Type I IFN response gene) promoter. To this aim
the supernatant of U2OS cells following treatment and addi-
tional 48 hours incubation with fresh media was used to treat

the biosensor cells. Following the type 1 IFN response was
monitored by means an increase in GFP fluorescence inten-
sity. A significant increase in de novo GFP signal intensity was
detected for both lurbinectedin and MTX throughout all time
points (Figure 1(a)). Similar results were obtained when the
approach was repeated in human breast cancer HCC70 cells
(Figure 1(b)), human colon carcinoma HT29 (Figure 1(c))
and mouse fibrosarcoma MCA205 cells (Figure 1(d)). Next,
we investigated the capacity of lurbinectedin to activate two
additional characteristics of common ICD inducers, the phos-
phorylation of the eukaryotic translation initiation factor 2
alpha (eIF2α) and the inhibition of general transcription.
Indeed, lurbinectedin led to a dose-dependent phosphoryla-
tion of eIF2α monitored by fluorescence microscopy upon
immunostaining with a phosphoneoepitope-specific antibody
(Figure 2(a,b)). Lurbinectedin also inhibited mRNA transcrip-
tion at a level comparable to a known transcription-inhibitor,
as assessed by visualizing the dissociation of nucleolin and
fibrillarin by microscopy (Figure 2(b,c)), an accepted proxy of
suppressed transcription.21 Lurbinectedin holds many of the
described in vitro parameters of ICD, thus qualifying for
further in vivo investigations in immunocompetent animals,
which remains the gold standard assay for the determination
of ICD-mediated anticancer immunity.

Anticancer immunity induced by lurbinectedin

In order to assess the capacity of lurbinectedin to stimulate
anticancer immunity in a monotherapeutic approach and to
convert tumor cells into a therapeutic vaccine we exposed
murine fibrosarcoma cells to the drug in vitro (in conditions
previously established to induce a sufficient amplitude of cell
death) and then injected the dying cancer cells into syngeneic
immunocompetent mice. One week later, the animals were re-
challenged injecting live tumor cells of the same kind into the
opposite flank, (Figure 3(a)). In this setting, a decrease of
tumor growth can be interpreted as sign of a productive antic-
ancer immune response. Indeed, lurbinectedin-treated cells
significantly reduced tumor growth (p = .0094) (Figure 3(b))
and led to an increase in overall survival (Figure 3(c)). As
compared to know ICD inducers1–3 the vaccination effects
observed here were rather limited yet statistically significant.
Next we evaluated the effect of lurbinectedin on established
cancers growing on immunocompetent or immunodeficient
mice. MCA 205 tumors were implanted subcutaneously on
immunocompetent C57BL/6 as well as in athymic nu/nu
mice. When the tumors became palpable, the animals were
treated with three consecutive intravenous injections of
0.18 mg/kg lurbinectedin on day 1, 7 and 14. (Figure 4(a)).
The treatment with lurbinectedin had significant therapeutic
benefit in immunocompetent animals. The tumor growth was
significantly reduced as compared to control animals
(p < .0001) (Figure 4(b)) and overall survival was increased
(Figure 4(c)). This effect was exclusively observed when tumors
grew on immunocompetent mice, yet was lost when the tumors
proliferated on athymic (nu/nu) mice (Figure 4(d,e)). These
results underscore the obligate contribution of the immune
system to the chemotherapeutic activity of lurbinectedin.
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Combinatorial effects of lurbinectedin and αPD-1/αCTLA-4
double immune checkpoint blockade
Given the capacity of lurbinectedin to induce immune-
dependent anticancer effects on established tumors, we inves-
tigated whether this agent could sensitize cancers to therapy

with immune checkpoint blockers targeting CTLA-4 or PD-1.
For this, established MCA205 fibrosarcomas were treated with
Lurbinectedin as before and subjected to immunotherapy
with antibodies specific for CTLA-4, PD-1 or a combination
of both on day 6, 9 and 12, when the anticancer immune
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Figure 1. Immunogenic cell death assessment in solid tumors.
(a) Human osteosarcoma U2OS (a), human breast cancer HCC70 (b) human colon cancer HT29 cells (c) and murine methylcholantrene-induced fibrosarcoma MCA205
cells (d) were treated with lurbinectedin (Lurbi, 1 nM, 10 nM, 100 nM and 1 µM) for the indicated times. Subsequently, the cells were stained with 1 µM Hoechst
33342 and 1 µM propidium iodide and assessed for the loss of viability by automated image acquisition. Images were segmented, cellular debris was excluded and
the number of cells with normal nuclear morphology was enumerated. Cells stably expressing CALR-GFP were treated as above. Following the cells were fixed with
3.7% of PFA, stained with 1 µM Hoechst 33342 and assessed by automated image acquisition. Images were segmented, cellular debris was excluded and CALR-GFP
granularity (a surrogate marker of CALR exposure) was evaluated in the cytoplasmic region of cells with normal nuclear morphology. Wild type cells were treated as
above and then assessed for cytoplasmic quinacrine granularity (after staining with the ATP-sensitive dye quinacrine together with Hoechst 33342) by automated
image acquisition, segmentation and analysis. Cells stably expressing HMGB1-GFP were treated as above and then assessed for nuclear HMGB1-GFP fluorescence
intensity. The cells were fixed and stained with Hoechst 33342 and images were acquired, segmented and analyzed. WT cells were treated as above and following
the media was changed and the cells were incubated for 48 hours before the supernatant was used to treat MX1-GFP biosensor cells for additional 48 hours. The cells
were fixed and stained with Hoechst 33342 before type 1 IFN responses were monitored by means of automated microscopy as an increase in GFP fluorescence
intensity. Mitoxantrone (MTX, 1 and 3 µM) was used as a positive control. The means of quadruplicate assessments and p-values are depicted as heat maps. (*p < .01;
**p < .005; ***p < .001, two-tailed Student’s t test).
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response in the tumor peaks (Figure 5(a)). Tumor monitoring
led to the deduction that the most efficient therapeutic regi-
men was a combination of all three anticancer agents (lurbi-
nectedin, αCTLA-4 and αPD-1) in contrast to single-ICB
therapies that appeared to be relatively inefficient in this
setting (Figure 5(b–e)). The combination of lurbinectedin
with αCTLA-4/αPD-1 dual checkpoint blockade in tumor-
bearing animals significantly extended life expectancy and,
moreover, led to tumor clearance in 3/8 mice in the time
frame of the experiment (Figure 5(e)). The effect of lurbinec-
tedin with αCTLA-4/αPD-1 dual checkpoint blockade was
abrogated in conditions in which CD4+ and CD8+ cytotoxic
T lymphocytes (CTLs) were depleted. Mice that had been
rendered tumor-free for more than 50 days rejected tumors

upon rechallenge with the same cancer cell type from which
they had been cured (MCA205), yet developed cancers when
rechallenged with TC1 tumor cells (Figure 5(f,g)). Thus, mice
that had been cured by a combination of systemic lurbinecte-
din-based chemotherapy and immunotherapy had established
a specific anticancer immune response that generated immu-
nological memory.

Lurbinectedin retards the growth of carcinogen-induced
and spontaneous breast cancer

To explore the potential lurbinectedin for the therapy of breast
cancer, we took advantage of a hormone/carcinogen induced
breast cancer model activated by the continuous stimulation of
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Figure 2. Traits of immunogenic cell death.
Human osteosarcoma U2OS cells were treated with 10, 50 or 100 nM lurbinectedin (Lurbi) for 6 hours. Thapsigargin (Thaps, 3 µM) was used as a positive control.
The cells were fixed with 3.7% PFA and DNA was stained with 1 µM Hoechst 33342. Following the phosphorylation of the eukaryotic translation initiation factor 2
alpha (eIF2a) was assessed with phosphoneoepitope-specific antibody and was monitored by means of automated microscopy as an increase in cytoplasmic
fluorescence intensity. (a,b) The level of transcription was measured in U2OS cell treated as above with Lurbi. The transcription inhibitor actinomycin D (ActD)
was used as a control. The cells were fixed as above and following the colocalization of nucleolin and fibrillarin was assessed as an indicator for transcriptional
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progesterone receptors by medroxyprogesterone acetate (MPA)
and the repeated exposure to the DNA-damaging agent
dimethylbenzantracene (DMBA). This induced model of breast
cancer is known to be modulated by the immune system.22 We
treated mice with palpable MPA/DMBA-induced tumors by
systemic injection with lurbinectedin alone or in combination
with double immune checkpoint blockade neutralizing CTLA-4
and PD-1 (Figure 6(a)). Both interventions significantly reduced
tumor growth and increased overall survival. However, only the
combination with αCTLA-4/αPD-1 yielded tumor clearance in
the time frame of the experiment (Figure 6(b–d)).

Concluding remarks

The results of this study suggest that lurbinectedin efficiently
induces cell death in a broad panel of solid tumors. This proce-
dure likely does not only cause the cells to succumb to disinte-
gration but rather triggers traits of immunogenic cell death,
including the phosphorylation of eIF2a and the release of danger
associatedmolecular patterns (DAMPs). Irrespective of the exact
molecular mechanisms accounting for these effects, there are
a number of evidences advocating for lurbinectedin-triggered
cancer-specific immunogenicity. Thus, animals that had been
cured by lurbinectedin from established cancers became resis-
tance to rechallenge with the same cancer type. The therapeutic
effect of lurbinectedin was neutralized in conditions in which
either the host was immunocompromised or T-cell had been
depleted. Furthermore, the recapitulation in a heterogeneous
spontaneous tumor model of effects that were previously
observed in homogenous transplanted tumors indicates that
the results presented here hold a high translational value.

Altogether, these results convincingly demonstrate that lurbi-
nectedinmediated immunochemotherapymay be advantageously

combined with clinically established immune checkpoint block-
ade regimens.

Materials & methods

Cell culture and chemicals

All media and cell culture supplements were from Thermo Fisher
Scientific (Carlsbad, CA, US). Lurbinectedin was provided by
PharmaMar (Madrid, Spain). Cell culture plastics and consum-
ables were purchased from Greiner Bio-One (Kremsmünster,
Austria). Human osteosarcoma U2OS cells previously genetically
altered as described earlier,23 murine methylcholanthrene-
induced fibrosarcoma MCA-205 cells and murine lung cancer
TC-1 cells were cultured in Glutamax®-containing DMEM med-
iumsupplementedwith 10% fetal bovine serum (FBS), and 10mM
HEPES. Cells were cultured in a temperature-controlled environ-
ment at 37°C with a humidified atmosphere containing 5% CO2.

Automated image acquisition and analysis

One day before the experiment 5 × 103 cells were seeded in 96-
well µClear imaging plates (Greiner BioOne) and let adhere
under standard culture conditions. The following day cells were
treated with lurbinectedin at 0.001, 0.01, 0.1 and 1 µM for 4, 8, 16
or 32 hours. Then cells were fixed with 3.7% formaldehyde
supplemented with 1 μg/ml Hoechst 33342 for 30 min at RT.
The fixative was changed to PBS and the plates were analyzed by
automated microscopy. For the detection of ATP enriched vesi-
cles, the cells were labeled after 4, 8, 16 or 32 hours of incubation
with the fluorescent dye quinacrine (as described before23). In
short, cells were incubated with 5 µm quinacrine and 1 µg/ml
Hoechst 33342 in Krebs-Ringer solution (125 mM NaCl, 5 mM
KCl, 1 mM MgSO4, 0.7 mM KH2PO4, 2 mm CaCl2, 6 mM
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Figure 4. Therapeutic efficacy of lurbinectedin in immunocompetent and immunodeficient hosts.
Live MCA205 cells were injected subcutaneously (s.c.) into immunocompetent C57BL/6 mice or immunodeficient nu/nu mice as depicted in the scheme in (a) When
tumors became palpable, mice were intravenously (i.v.) injected with 0.14 mg/Kg lurbinectedin (on day 1,7 and 14). Tumor growth was assessed regularly for the
following 30 days. Data is depicted as tumor growth curves (b,d) and overall survival plots (c,e). Data were analyzed with TumGrowth.
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glucose and 25mM Hepes, pH 7.4) for 30 minutes at 37°C.
Thereafter, cells were rinsed with Krebs-Ringer and viable cells
were microscopically examined. For automated fluorescence
microscopy a robot-assisted Molecular Devices IXM XL
BioImager (Molecular Devices, Sunnyvale, CA, USA) equipped
with SpectraX light source (Lumencor, Beaverton, OR, USA),
adequate excitation and emission filters (Semrock, Rochester,
NY, USA) and a 16-bit monochromes sCMOS PCO.edge 5.5
camera (PCOKelheim, Germany) and a 20 X PlanAPO objective
(Nikon, Tokyo, Japan) was used to acquire a minimum of 9 view
fields, followed by automated image processing with the custom
module editor within the MetaXpress software (Molecular
Devices). Depending on the utilized biosensor cell line the pri-
mary region of interest (ROI) was defined by a polygon mask
around the nucleus allowing for the enumeration of cells, the
detection of morphological alterations of the nucleus and

nuclear fluorescence intensity. Cellular debris was excluded
from the analysis and secondary cytoplasmic ROIs were used
for the quantification of CALR-GFP or quinacrine containing
vesicles. For the latter, the images were segmented and analyzed
for GFP granularity by comparing the standard deviation of the
mean fluorescence intensity of groups of adjacent pixels (coeffi-
cient of variation) within the cytoplasm of each cell to the mean
fluorescence intensity in the same ROI using the MetaXpress
software (Molecular Devices).

In vivo experimentation

Six- to eight-week-old female wild-type C57BL/6 and nu/numice
were obtained from Envigo France (Huntingdon, UK) and were
kept in the animal facility at the Gustave Roussy Campus Cancer
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Figure 5. Sequential lurbinectedin treatment with double immune checkpoint blockade exhibits systemic antitumor immunity
C57BL/6 mice were inoculated subcutaneously (s.c.) with murine fibrosarcoma MCA205. Palpable tumors were treated with sequential intravenous (i.v.) injections of
0.14 mg/Kg lurbinectedin (Lurbi) as indicated in (a). Single- or double-immune checkpoint blockade was mounted by sequential intraperitoneal (i.p.) injections of
monoclonal antibodies targeting CTLA-4 or PD-1 at day 6, 9 and 12 post treatment and tumor growth (b,c) and overall survival (d,e) were assessed regularly for the
following 30 days. (f,g) The generation of immunological memory was assessed in cured animals by rechallenged with MCA205 and TC-1. Naïve animals were used as
controls. Individual tumor growth curves are depicted. Data were analyzed with TumGrowth.
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in a specific pathogen–free and temperature-controlled environ-
ment with 12 h day, 12 h night cycles and received food and
water ad libitum. Animal experiments were conducted in com-
pliance with the EU Directive 63/2010 and protocols 2013_094A
and were approved by the Ethical Committee of the Gustave
Roussy Campus Cancer (CEEA IRCIV/IGR no. 26, registered at
the French Ministry of Research). As described,24,25 MCA205
tumors were established in C57BL/6 mice by subcutaneously (s.
c.) injection of 5 × 105 cells. When tumors became palpable,
0.18 mg/Kg lurbinectedin was injected sequentially once a week
intravenously into the tail vein and animal well-being and tumor
growth were monitored. A total of 0.5 mg of anti-CD8 (clone 2.43
BioXCell BE0061) and anti-CD4 (clone GK1.5 BioXCell BE0003-
1) intraperitoneal (i.p.) injections were repeated every 7 days to
assure the complete depletion of both T cell populations during
the whole experiment. Mice were sacrificed when tumor size
reached end-point or signs of obvious discomfort associated to
the treatment were observed following the EU Directive 63/2010
and our Ethical Committee advice. Tumor-free animals were kept
for more than 30 days before testing the generation of immuno-
logical memory by s.c. rechallenge with 5 × 105 TC-1 in one flank
and 5 × 105 MCA205 cells injected in the contralateral flank.
Animals were monitored and tumor growth documented regu-
larly until end-points were reached. Statistical analysis was per-
formed by applying 2-way ANOVA analysis followed by
Bonferroni’s test comparing to control conditions (* p < .05, **

p < .01 and ***p < .001). Murine fibrosarcomaMCA205 cells were
incubated with 1 µM lurbinectedin for 24 h, resulting in approxi-
mately 70% cell death. For vaccination experiments, 3 × 105 dying
MCA205 cells were inoculated s.c. into the left flanks of six-week-
old female C57BL/6mice. Seven to ten days later, animals were re-
challenged in the opposite flank with 3 × 105 livingMCA205 cells,
and tumor growth and incidence were monitored. Six-week-old
female C57BL/6 mice (n = 12 per group) underwent surgical
implantation of slow-release medroxyprogesterone acetate
(MPA) pellets (50mg, 90-day release; Innovative Research of
America, Sarasota, Fl, US) s.c. Two-hundred μL of 5 mg/mL
dimethylbenzantracene (DMBA, Sigma Aldrich, St. Louis, MO,
US) dissolved in corn oil was administered by oral gavage once
per week for 7 weeks.

Immune checkpoint blockade

Double or single immune checkpoint blockade was applied by
repeated intraperitoneal injections of monoclonal antibody
specific to PD-1 (200 µg, Clone 29F.1A12, BioXcell, West
Lebanon, NH, USA) or CTLA-4 (200 µg, Clone 9D9,
BioXcell) at day 6, 9 and 12 upon initiation of the treatment
with lurbinectedin. Animals were monitored regularly and the
tumor growth was documented until ethical end-points were
reached. Statistical analysis was performed employing 2-way
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Figure 6. Lurbinectedin retards the growth of spontaneous tumors.
Medroxyprogesterone acetate (MPA) pellets (50 mg, 90-day release) were implanted subcutaneously into the interscapular area of immunocompetent C57BL/6 mice.
Then the animals received 1 mg dimethylbenzantracene (DMBA) administered by oral gavage 6 x during 7 weeks. When spontaneous tumors became palpable mice
were randomly assigned to receive 0,14 mg/Kg lurbinectedin (Lurbi) alone or in combination with double immune checkpoint blockade with monoclonal antibodies
targeting CTLA-4 and PD-1 at day 6, 9 and 12 post treatment (a). The tumor area and overall survival were measured regularly until ethical endpoints were reached
(b,c,d). Data were analyzed with TumGrowth (https://github.com/kroemerlab).
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ANOVA analysis followed by Bonferroni’s test comparing to
control conditions (* p < .05, ** p < .01 and ***p < .001).

Statistical procedures

Unless otherwise specified, experiments were performed in
quadruplicate instances. Data were analyzed with the freely
available software R (https://www.r-project.org). Significances
were calculated using a student t-test with Welch correction.
Thresholds for each assay were applied based on the Gaussian
distribution of positive and negative controls. In vivo tumor
growth was analyzed with the help of the TumGrowth software
package26 freely available at https://github.com/kroemerlab.
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