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phylogenetically conserved stress pathway involving
the chemokine CXCL8
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The exposure of calreticulin (CRT) on the surface of stressed and dying cancer cells facilitates their uptake by dendritic cells and
the subsequent presentation of tumor-associated antigens to T lymphocytes, hence stimulating an anticancer immune response.
The chemotherapeutic agent mitoxantrone (MTX) can stimulate the peripheral relocation of CRT in both human and yeast cells,
suggesting that the CRT exposure pathway is phylogenetically conserved. Here, we show that pheromones can act as
physiological inducers of CRT exposure in yeast cells, thereby facilitating the formation of mating conjugates, and that a large-
spectrum inhibitor of G protein-coupled receptors (which resemble the yeast pheromone receptor) prevents CRT exposure in
human cancer cells exposed to MTX. An RNA interference screen as well as transcriptome analyses revealed that chemokines, in
particular human CXCL8 (best known as interleukin-8) and its mouse ortholog Cxcl2, are involved in the immunogenic
translocation of CRT to the outer leaflet of the plasma membrane. MTX stimulated the production of CXCL8 by human cancer
cells in vitro and that of Cxcl2 by murine tumors in vivo. The knockdown of CXCL8/Cxcl2 receptors (CXCR1/Cxcr1 and Cxcr2)
reduced MTX-induced CRT exposure in both human and murine cancer cells, as well as the capacity of the latter-on exposure
to MTX-to elicit an anticancer immune response in vivo. Conversely, the addition of exogenous Cxcl2 increased the
immunogenicity of dying cells in a CRT-dependent manner. Altogether, these results identify autocrine and paracrine chemokine
signaling circuitries that modulate CRT exposure and the immunogenicity of cell death.
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Chemotherapy is thought to mediate antineoplastic effects
either by directly inhibiting the proliferation or by triggering the
(most often apoptotic) death of cancer cells.1 Nonetheless, at
least some anticancer agents display an optimal efficacy in
the presence of an intact immune system, but not when mice
lack T cells, dendritic cells (DCs), several other effectors of
innate and adaptive immunity or when they are treated with a
CD11b-specific antibody that blocks the extravasation of DC
precursors.2–6 These results point to a hitherto poorly under-
stood role for anticancer immune responses in determining
the long-term success of chemotherapy, a notion that is in line
with abundant clinical data indicating that tumor infiltration by
cytotoxic T lymphocytes influences disease outcome.7–10

Cancer cells respond to some chemotherapeutics such as
anthracyclines and oxaliplatin by undergoing an immunogenic
form of cell death, meaning that such dying cells become able
to induce a potent cellular immune response on subcutaneous
injection into immunocompetent mice.1,5,11 However, cell
death as induced bymany other agents includingmitomycin C
and cisplatin is unable to elicit such an anticancer immune
response in vivo,12–14 pointing to major differences in
the capacity of distinct agents to promote immunogenic cell
death (ICD).
One of such differences stems from the fact that only

ICD inducers are capable of triggering the pre-apoptotic
exposure of calreticulin (CRT) on the outer leaflet of the
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plasma membrane.14 Cell surface-exposed CRT operates as
a potent ‘eat-me’ signal, facilitating the engulfment of dying
cells and apoptotic debris by macrophages and DCs.14,15

CRT is the most abundant soluble protein of the endoplasmic
reticulum (ER) and translocates to the cell surface only in the
context of an ER stress response involving the phosphoryla-
tion of eukaryotic initiation factor 2a (eIF2a) by eIF2a kinase 3
(EIF2AK3, best known as PKR-like ER kinase, PERK).16 In
line with this notion, lethal stimuli that fail to elicit sufficient
degrees of ER stress (such as mitomycin C and cisplatin)
cannot induce the immunogenic exposure of CRT on the cell
surface, unless an exogenous source of ER stress is
provided.13,17,18 In contrast, anthracyclines and oxaliplatin
are highly efficient at stimulating the PERK-mediated phos-
phorylation of eIF2a, followed by the caspase-8-mediated
cleavage of BCAP31, BAX/BAK activation (presumably at the
ER membrane), the anterograde transport of CRT-containing
vesicles from the ER to the cell surface (via the Golgi
apparatus), and – eventually – the SNAP receptor (SNARE)-
dependent fusion of such vesicles with the plasma mem-
brane.5,16 In response to some (but not all) ICD inducers,
protein disulfide isomerase family A, member 3 (PDIA3), an
ER reticulum chaperone best known as ERp57, is required for
the translocation of (and de facto physically escorts) CRT to
the outer leaflet of the plasma membrane.5,16,17 The current
literature suggests that the molecular mechanisms account-
ing for CRT exposure are highly complex and require further
in-depth analysis.17,19,20

Extrareticular CRT is not only of immunological relevance.
Indeed, CRT has been detected at the surface of capacitated
spermatocytes and oocytes,21,22 and circumstantial evidence
indicates that CRT contributes to the fusion of gametes and
fertility, both inmammals and in nematodes.23,24 Interestingly,
anthracyclines can stimulate the relocalization of Cne1p, the
yeast ortholog of CRT, to the periphery of Saccharomyces
cerevisiae cells, and genetic studies indicate that the
mechanisms that regulate this process in mammals and
yeastmay be similar.25 Several unicellular parasites have also
been reported to expose CRT on their surface,26,27 pointing to
a broad phylogenetic conservation of the CRT exposure
pathway.
Driven by these premises and incognita, we decided to

reinvestigate the molecular mechanisms that underpin the
immunogenic relocalization of CRT from the ER to the cell
surface. Based on the initial observation that yeast pher-
omones induce CRT exposure to increase the formation of
mating conjugates, we discovered that soluble factors
regulate the translocation of CRT to the outer leaflet of the
plasma membrane in mammalian cells as well. Here, we
demonstrate that the chemokine CXCL8, best known as
interleukin-8 (IL-8), regulates CRT exposure by binding to its
cognate receptors CXCR1 and CXRC2, a finding that has
broad implications for the therapeutic induction of ICD in
cancer patients.28

Results

Involvement of CRT exposure in yeast mating and
pheromone signaling. As discussed above, CRT is phy-
siologically exposed on the surface of gametes and favors

fertilization in mammals.21,22,24 Along similar lines, S.
cerevisiae cells lacking the yeast ortholog of CRT (Cne1p),
but not dihydroorotate dehydrogenase (Ura1p), exhibited a
reduced mating efficiency when they were co-cultured with
wild-type (WT) a cells (Figure 1a). This phenotype was
observed in rocking cultures but not in still media (data not
shown), suggesting that Cne1p facilitates the conjugation of
cells with opposed sexes, not their fusion. In conditions in
which WT yeast cells manifested the mitoxantrone (MTX)-
induced peripheral relocation of vesicles bearing a green
fluorescent protein (GFP)-tagged variant of Cne1p (Cne1-
GFP), cells lacking two subunits of the mating pheromone a
factor (i.e., Mfa1 and Mfa2) failed to do so (Figure 1b).25 MTX
and the a factor triggered the peripheral relocalization of
Cne1-GFP with a comparable potency and activated similar
signaling pathways. Indeed, the knockout of genes coding for
the yeast orthologs of PERK and BCAP31, namely gcn2 and
yet3, similarly reduced the relocalization of Cne1-GFP to the
cell periphery as triggered by the a factor (Figure 1c) and
MTX.25 Of note, the knockout of IRE1, coding for a protein
involved in the management of ER stress,29 induced per se
some extent of Cne1-GFP relocalization but did not affect the
ability of the a factor to do so (Figure 1c). Altogether, these
results suggest that yeast pheromones can induce the
exposure of the CRT ortholog Cne1p on the cell surface to
stimulate mating.

Essential role of IL-8 in chemotherapy-induced CRT
exposure. The a factor signals through a G protein-coupled
receptor (GPCR).30 We therefore evaluated the capacity of
the pertussis toxin (PTX), a large-spectrum inhibitor of
mammalian GPCRs,31 to inhibit MTX-induced CRT exposure
in cervical carcinoma HeLa cells. PTX was indeed highly
efficient at suppressing CRT exposure by HeLa cells
responding to MTX or UVC light, as determined by surface
immunostaining and flow cytometry or fluorescence micro-
scopy (Figures 2a and b). In line with this notion, PTX
compromised the ability of MTX to induce bona fide ICD in
murine MCA205 fibrosarcoma cells, as assessed by specific
vaccination assays in vivo (Supplementary Figure S1). Next,
we downregulated several GPCRs and their ligands by
means of specific small-interfering RNAs (siRNAs) and found
that the depletion of CXCR1 and its ligand CXCL8 (best
known as IL-8) inhibit CRT exposure as triggered in HeLa
cells by both MTX and UVC light (Figure 2c). These results
were confirmed by a screen in which we evaluated a siRNA
library to identify genes that are required for CRT exposure,
validating the essential role of CXCL8 in the immunogenic
translocation of CRT to the cell surface (Figures 3a and b). In
a further series of experiments, we determined whether
CXCL8 would be sufficient to induce CRT exposure on
human cancer cells. Indeed, recombinant CXCL8 (rCXCL8),
but not rCXCL2, promoted the exposure of CRT on the
surface of HeLa cells in a time and dose-dependent manner
as efficiently as MTX did, an effect that was blocked by the
broad-spectrum caspase inhibitor Z-VAD-fmk (Figures 3c–e)
as well as by siRNA-mediated depletion of caspase-8
(Supplementary Figure S2). The depletion of several other
factors that have previously been shown to be required for
CRT exposure as induced by MTX16 also inhibited the
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translocation of CRT to the outer leaflet of the plasma
membrane as stimulated by rCXCL8. In particular, this
applied to the ER stress kinase PERK, its substrate eIF2a,
the pro-apoptotic BCL-2 family members BAX and BAK
(especially when co-depleted) as well as to the SNAREs
SNAP25 and VAMP1 (Figure 3f). Conversely, CRT exposure
by HeLa cells responding to rCXCL8 was not influenced by
the depletion of the essential autophagic factor Beclin 1
(Supplementary Figure S2). Moreover, HeLa cells exposed
to rCXCL8 did not manifest signs of autophagy, such as the
aggregation of a fluorescent GFP-LC3 chimera into cyto-
plasmic dots, nor did they release ATP (Supplementary
Figure S3). These data indicate that CXCL8 stimulates CRT
exposure by a mechanism that does involve autophagy and
the ICD-associated, autophagy-dependent ATP release.
Rather, CXCL8 appears to activate a CRT exposure pathway
that largely overlaps with that ignited by immunogenic
chemotherapy.
As CXCL8 turned out to be required for the exposure of

CRT triggered by anthracyclines, we wondered whether the
knockdown of the murine receptors for Cxcl2 (the murine
CXCL8 ortholog), i.e., Cxcr1 and Cxcr2, would impair the
immunogenicity of MTX-induced cell death. To address this
question, murine CT26 colon carcinoma or MCA205

fibrosarcoma cells were subjected to the siRNA-mediated
downregulation of Cxcr1 or Cxcr2, treated with MTX for 24 h,
and then used in vaccination experiments. In this setting, the
knockdown of Cxcr1 or Cxcr2 did not affect the ability of MTX
to kill cancer cells, yet limited its capacity to stimulate the
exposure of CRT on the plasma membrane (data not shown).
For vaccination experiments, dying CT26 and MCA205 cells
were injected s.c. into the flank of histocompatible, immuno-
competent mice (BALB/c and C57Bl/6 animals, respectively),
which were re-challenged 1 week later with live, untreated
cells of the same type. Of note, the knockdown of Cxcr1 or
Cxcr2 significantly reduced the capacity of dying tumor cells to
elicit a protective immune response (Figure 4). These results
underscore the contribution of the CXCL8 signaling pathway
to CRT exposure induced by anthracyclines such as MTX.

Production of CXCL8 by cancer cells in response to
chemotherapy. If CXCL8 and its receptors were required
for the exposure of CRT on the cell surface in response to
immunogenic chemotherapy, one would expect that MTX-
treated cancer cells produce CXCL8 in amounts that suffice
to elicit autocrine/paracrine signaling pathways. Indeed, both
cervical carcinoma HeLa cells and colorectal carcinoma HCT
116 cells responding to MTX (but not to cisplatin) produced

Figure 1 Impact of the yeast a factor on Cne1p exposure and mating. (a) Relative mating efficiency of WT Saccharomyces cerevisiaeMATa BY4742 cells co-cultured with
WT, Dcne1 or Dura1 MATa BY4741 cells, as determined via clonogenic mating assay. Mating efficiency of WT BY4741 cells was set to 100%. Data are means±S.E.M.
(nX3; **Po0.01, as compared with WT BY4741 cells). (b and c) Exponentially growing WT,Dmfa1/Dmfa2, Dgcn2, Dyet3 or Dire1 BY4741 cells expressing Cne1-GFP were
left untreated or treated with 10mM MTX or 100mM a factor for 4 h, followed by the assessment of Cne1-GFP localization by fluorescence microscopy. Representative pictures
(scale bar¼ 10mm) and quantitative data (means±S.E.M.; n¼ 3, withX1000 cells per sample; *Po0.05, **Po0.01, as compared with untreated WT cells; ##Po0.01,
NS¼ non significant, as compared with equally-treated WT cells) are reported in panels (b) and (c), respectively
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significant levels of CXCL8, as monitored by enzyme-linked
immunosorbent assay (ELISA; Figures 5a and b). Along
similar lines, both murine MCA205 fibrosarcoma cells and
mouse embryonic fibroblasts secreted the mouse CXCL8
ortholog Cxcl2 following the administration of MTX, but not of
cisplatin (Figures 5c and d). Of note, CXCL8 secretion by
HeLa cells responding to MTX occurred well before early (i.e.,
exposure of phosphatidylserine residues on cell surface) and
late (i.e., permeabilization of the plasma membrane) manifes-
tations of apoptosis32 (Supplementary Figure S4).
Next, to investigate the possible relevance of these

observations in vivo, we performed a vast transcriptome
profiling study on CT26 carcinomas and MCA205 fibrosarco-
mas growing on BALB/c and C57Bl/6 mice, respectively. In
this setting, tumor-bearing mice received a systemic che-
motherapeutic regimen based on either of two distinct ICD
inducers, MTX and oxaliplatin, or on cisplatin, which we used
as an internal control. At 6 or 12h following chemotherapy,
tumors were excised and subjected to quantitative RT-PCR
analyses to determine the expression levels of multiple
immunologically relevant factors, including a broad collection
of chemokines. These analyses revealed that immunogenic
(but not non-immunogenic) cell death is preceded by the
transcriptional activation of Cxcl2 (Figure 5e). Hence,
chemotherapy with ICD inducers can stimulate the production
of the murine CXCL8 ortholog Cxcl2 in vivo.

Enhanced immunogenicity of cell death in the presence
of the CXCL8 ortholog Cxcl2. Cisplatin and mitomycin C
are unable to induce ICD, correlating with their incapacity to
stimulate the translocation of CRT to the cell surface.12–14

Based on the aforementioned results, we wondered whether
the exogenous administration of rCxcl2 might compensate
for this defect and hence convert cisplatin and mitomycin C
into ICD inducers. To address this question, MCA205
fibrosarcoma cells were treated with cisplatin or mitomycin
C, alone or in combination with rCxcl2, and then injected
subcutaneously into C57Bl/6 mice to test their capacity to
elicit a protective antitumor immune response. Of note,
rCxcl2 did not increase the percentage of MCA205 cells
succumbing to cisplatin or mitomycin C (Supplementary
Figure S5). However, the combination of rCxcl2 and cisplatin
or mitomycin C was far more efficient at triggering ICD than
either chemotherapeutic alone (Figures 6a–f). Such an
immunogenic effect was lost when CRT was depleted by
siRNAs, underscoring its essential contribution. Altogether,
these findings indicate that the CXCL8 ortholog Cxcl2 can
stimulate ICD in the context of chemotherapy.

Discussion

The pre-apoptotic exposure of CRT at the cell surface has
emerged as an important hallmark of ICD, meaning that it can
predict – at least in part – the capacity of dying cells to elicit a
protective anticancer immune response, both in rodent
models2,13,14,17,18,33,34 and in patients.35–37 Here, we report
the unexpected finding that CRT exposure is regulated not
only by cell-intrinsic mechanisms, but also by soluble factors
that operate in an autocrine/paracrine manner.

Figure 2 Contribution of chemokine signaling to CRT exposure as triggered by
ICD inducers. (a and b) Human cervical carcinoma HeLa cells were treated with
100 ng/ml PTX for 30 min and washed extensively (a and b). Alternatively, HeLa
cells were transfected with a control siRNA (UNR) or with siRNA targeting the
indicated chemokines and chemokine receptors for 48 h (c). Thereafter, cells were
treated with either 1 mM MTX or 100 J/cm2 UVC light and – 4 h later – processed for
the confocal microscopy-assisted (a) or flow cytometry-assisted (b and c) detection
of surface-exposed CRT. Representative pictures (scale bar¼ 10mm) and
quantitative data on the percentage of live (excluding PI, PI� ) cells exposing
CRT on their surface (means±S.E.M.; n¼ 3; **Po0.01, as compared with
untransfected or UNR-transfected untreated cells; ##Po0.01, NS¼ non significant,
as compared with untransfected cells treated with MTX or UV only, or to equally
treated UNR-transfected cells) are reported in panels (a) and (b and c) respectively
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When a haploid S. cerevisiae cell is ready to mate, it
secretes pheromones that signal cells of the opposite mating
type to stop proliferating and prepare for sexual reproduction.
The fusion of two haploid cells of opposite mating types
generates a diploid cell that subsequently undergoes meiosis,
generating haploid cells with new genetic assortments.38

Here, we report that yeast pheromones can stimulate the
relocalization of the CRT ortholog Cne1p to the cell periphery,
and that Cne1p is required for optimal mating, in particular in
shaking cultures (in which stable intercellular contacts are
rather difficult to be achieved). Our results indicate that Cne1p
is not absolutely required for mating but facilitates cell-to-cell
conjugation, in line with previous observations on the role of
surface-exposed CRT in the fertilization of oocytes by sperm
cells.21–24 These findings point to the existence of phylogen-
etically conserved mechanisms for sexual reproduction and
suggest that common factors (such as CRT and polyamines)
may have similar roles in improving fertility across phyla.39

Translating our findings from yeast to the mammalian
system, we discovered that a series of soluble factors acting
on GPCRs (which structurally resemble the yeast pheromone
receptor) facilitate the immunogenic exposure of CRT. Thus,
several chemokines including human CXCL8 and its mouse
ortholog Cxcl2 are endowed with the ability to stimulate CRT
exposure in cancer cells by acting on the receptors CXCR1/
Cxcr1 and CXCR2/Cxcr2. As the mammalian genome
encodes several hundred GPCRs,40 we suspect that other
ligands and receptors of the same class may be involved in
this process. Future studies should explore this possibility in a
systematic manner.
CXCL8 and other chemokines are often produced by

cancer cells in a constitutive manner, acting as autocrine/
paracrine growth factors and stimulating local inflammatory
and immune responses. These mediators operate in a strictly
context-dependent manner, meaning that their relationship to
oncogenesis, cell-autonomous oncosuppression (by senes-
cence or apoptosis), tumor progression, the epithelial–
mesenchymal transition and immunosurveillance is highly
complex.41,42 For instance, an elevated production of CXCL8
characterizes the so-called ‘senescence-associated secre-
tory phenotype’, meaning that senescent tumor cells or
tumor-associated fibroblasts can generate an extracellular
microenvironment rich in CXCL8.43 In addition, breast cancer
cells reportedly can escape from the therapeutic inhibition of
the phosphoinositide-3-kinase/mammalian target of rapamy-
cin (PI3K/mTOR) signaling cascade by upregulating CXCL8
and hence activating alternative growth-stimulatory path-
ways.44 Of note, high expression levels of CXCL8 or CXCR2
have been associated with worsened disease outcome in
several types of cancer, including astrocytomas and lung
adenocarcinoma.45,46

Thus, it may appear paradoxical that the CXCL8/CXCR1-2
system is often constitutively active in cancer cells, mainly
mediating pro-tumorigenic effects, yet can be hyperactivated
by immunogenic chemotherapy to promote CRT exposure
and ICD. Previous studies have shown that radiotherapy can
also stimulate CXCL8 production,47 in line with the fact that
both g and UV rays induce CRT-dependent ICD.5,11 Local
radiotherapy can indeed mediate so-called ‘abscopal’ effects.
These consist in the regression of distant non-irradiated

Figure 3 Autocrine/paracrine CXCL8 signaling and CRT exposure. (a and b)
Human osteosarcoma U2OS cells stably expressing CRT-GFP were reverse-
transfected with a control siRNA (UNR) as well as with a panel of siRNA targeting
250 proteins involved in cell stress and cell death signaling for 48 h, followed by the
administration of 1mM MTX for additional 4 h and the automated fluorescence
microscopy-assisted acquisition of images for the assessment of CRT-GFP exposure.
The modulation of CRT-GFP exposure is depicted in a color code (green¼ reduction,
red¼ increase), and the siRNAs mediating inhibitory effects in the top 10 percentile are
listed. (c–e). Human cervical carcinoma HeLa cells were treated with 80 ng/ml rCXCL8
or rCCL2 for the indicated time (c) or with the indicated concentrations of rCXCL8 for 8 h
(d). Alternatively, HeLa cells were left untreated or treated with 50mM z-VAD-fmk for
15 min, and then either kept in control (Co) culture conditions or administered with 1mM
MTX or 80 ng/ml rCXCL8 for additional 8 h (e). Subsequently, cells were processed for
the flow cytometry-assisted detection of surface-exposed CRT. Quantitative data on the
percentage of live (excluding PI, PI–) cells exposing CRT on their surface
(means±S.E.M.; n¼ 3; **Po0.01, NS¼ non significant, as compared with untreated
cells; ##Po0.01, as compared with cells receiving MTX or rCXCL8 only) are reported.
(f) HeLa cells were transfected with either a control siRNA (UNR) or with siRNAs
targeting the indicated proteins for 48 h, and then left untreated or administered with
80 ng/ml rCXCL8 for 8 h. Finally, CRT exposure was assessed by surface
immunostaining and flow cytometry. Quantitative data on the percentage of live
(excluding PI, PI� ) cells exposing CRT on their surface (means±S.E.M.; n¼ 2;
**Po0.01, as compared with untreated UNR-transfected cells; #Po0.05, ##Po0.01,
as compared with equally treated UNR-transfected cells) are reported
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lesions or metastases, presumably reflecting a systemic
anticancer immune response that results from the immuno-
genic death of malignant cells belonging to the (irradiated)
primary tumor mass.48 Nevertheless, the putative functional
implication of CXCL8 in the abscopal effects of radiotherapy
needs to be investigated in more detail.
The first immunotherapeutic anticancer regimen to be

introduced into the clinical routine was based on the
intravesical instillation of the bacillus Calmette-Guérin
(BCG), a live attenuated form ofMycobacterium bovis, shortly
after the transurethral resection of superficial urothelial
carcinoma.49,50 This treatment is particularly efficient when
pre-existing BCG-specific T cells are primed for interferon g
production, presumably within residual tumor lesions or
draining lymph nodes.51 In this context, the urinary concen-
tration of CXCL8 has turned out to constitute an early
biomarker of subsequent immune responses and to predict
therapeutic outcome.52 BCG induces the apoptotic death of
bladder cancer cells either directly or through the activation of
humoral or cellular immune effectors,53 suggesting that, by
promoting ICD, CXCL8 might have a decisive role in the
therapeutic efficacy of BCG-based immunotherapy.
In conclusion, our work unravels an unsuspected contribu-

tion of chemokines to CRT exposure and ICD as elicited by
immunogenic chemotherapeutics. We surmise that this
finding may have major implications for the comprehension
of anticancer immune responses as well as for their
therapeutic modulation.

Materials and Methods
Chemicals and cell cultures. Unless otherwise noted, chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA), cell culture media and
supplements from Life Technologies (Carlsbad, CA, USA) and plasticware from
Corning Life Sciences (Corning, NY, USA). Human cervical carcinoma HeLa cells,
human osteosarcoma U2OS cells and their derivatives were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 units/ml penicillin G sodium and 100mg/ml streptomycin sulfate.
Human colon carcinoma HCT 116 cells were maintained in McCoy’s 5A medium
supplemented as above. Murine fibrosarcoma MCA205 and murine colon
carcinoma CT26 cells were cultured in RPMI-1640 medium supplemented as
above. Mouse embryonic fibroblasts were grown in DMEM supplemented with
10% FBS, non-essential amino acids, 100 units/ml penicillin G sodium and 100 mg/
ml streptomycin sulfate. HeLa cells engineered for the stable expression of a

GFP-LC3 chimera were maintained in the presence of 200mg/ml geneticin while
U2OS cells stably co-expressing a histone 2B-red fluorescent protein (H2B-RFP)
fusion and a CRT-GFP chimera13 were cultured in the continuous presence of
200mg/ml zeocine plus 1mg/ml blasticidine. Z-VAD-fmk was obtained from
Bachem (Basel, Switzerland), whereas rCXCL8, rCCL2 and rCxcl2 were
purchased from (R&D Systems, Minneapolis, MN, USA).

Yeast strains. The haploid WT Saccharomyces cerevisiae strains BY4741
(MATa; his3D1; leu2D0; met15D0; ura3D0) and BY4742 (MATa; his3D1; leu2D0;
lys2D0; ura3D0), as well as the Dcne1 and Dura1 BY4741 mutants used in this
study were obtained from Euroscarf (Frankfurt, Germany). The Dmfa1/mfa2 strain
was generated by deleting mfa2 in Dmfa1 BY4741 cells, followed by the GFP
tagging of cne1 via standard procedures.54 The Dgcn2, Dyet3 and Dire1 BY4741
strains used for Cne1-GFP translocation studies have previously been
described.25

Yeast culture. For the evaluation of mating efficiency, yeast strains were
grown (at 28 1C) on yeast extract peptone dextrose (YEPD) medium containing
1% yeast extract, 2% peptone and 2% D-glucose and processed as described
below. For Cne1-GFP translocation studies, yeast strains were cultured (at 28 1C)
in synthetic complete (SC) medium containing 0.17% yeast nitrogen base (BD
Biosciences, Franklin Lakes, NJ, USA), 0.5% (NH4)2SO4, 30 mg/l amino acids but
histidine (80 mg/l) and leucine (200 mg/l), 30 mg/l adenine, 320 mg/l uracil and 2%
glucose (as carbon source). Two percent agar was added to obtain solid media.

Microscopic evaluation of Cne1-GFP relocalization. Exponentially
growing yeast cultures were split into aliquots and treated with 10 mM MTX or
100mM a factor for 4 h. Thereafter, the intracellular localization of Cne1-GFP was
analyzed by means of an Axioskop fluorescence microscope (Zeiss, Wetzlar,
Germany) equipped with an eGFP-specific bandpass filter.

Yeast mating efficiency. To determine mating efficiency, 1� 107 BY4742
(MATa) cells were mixed with 2� 106 WT BY4741 (MATa), Dcne1 BY4741
(MATa) or Dura1 BY4741 (MATa) cells in 20 ml YEPD medium. Cultures
were agitated for 3 h and aliquots were seeded on agar plates containing
different media. Thus, (i) the amount of viable haploid BY4741 and diploid cells
was assessed by plating 500 cells from co-cultures on SC agar plates containing
all amino acids except lysine, and (ii) the amount of viable diploid cells
was determined by plating 2000 cells from co-cultures on SC agar plates
containing all amino acids except lysine and methionine. After incubation for 2
days at 28 1C, colony-forming units (CFUs) were enumerated and mating
efficiency was determined as the ratio between diploid and diploid plus haploid
BY4741 MATa CFUs.

RNA interference. RNA interference experiments were performed by
transfecting cells with a non-targeting control siRNA (herein referred to as UNR,
sense 50-GCCGGUAUGCCGGUUAAGUdTdT-30), with siRNAs specific for BAK1
(sense 50-GCGAAGUCUUUGCCUUCUCdTdT-30), BAX (sense 50-GGGUUUCAU
CCAGGAUCGAdTdT-30), BECN1 (sense 50-CUCAGGAGAGGAGCCAUUUdT
dT-30), BCAP31 (sense 50-GCGCGAAAUUCGGAAGUAUdTdT-30), CASP8 (sense
50-CAUCUCAGUUCACUGGUUUdTdT-30), CRT (sense 50-CCGCUGGGUCG
AAUCCAAAdTdT-30), CCL2 (sense 50-GCAGAAGUGGGUUCAGGAUdTdT-30),
CCL5 (sense 50-GGUUCGGGAGUACAUCAACdTdT-30), CCR2 (sense 50-GU
AAUGAUGUCGUUUGAAUdTdT-30), CCR5 (sense 50-GUCAGUAUCAAUUCUG
GAAdTdT-30), CXCL8 (sense 50-GCGCCAACACAGAAAUUAUdTdT-30), CXCL12
(sense 50- CCAUGUAGAAGCCACUAUUdTdT-30), CXCR1 (sense 50-GCGUCA
CUUGGUCAAGUUUdTdT-30), CXCR4 (sense 50-GGAAGCUGUUGGCUGAA
AAdTdT-30), eIF2a (sense 50-GAAACUGAAAGCAAUCGAAdTdT-30), PERK
(sense 50-CUCACAGGCAAAGGAAGGAGdTdT-30), SNAP25 (sense 50-CAGGC
AUUGCACUAAAAGUdTdT-30) or VAMP1 (sense 50-GGACAUCAUGCGUGUG
AAUdTdT-30), all obtained from Sigma-Aldrich; or with commercial siRNA pools
targeting Cxcr1 or Cxcr2 (Dharmacon, Waltham, MA, USA). siRNAs were
transfected by means of the HiPerfect transfection reagent (Qiagen, Hilden,
Germany), as previously described.55,56

siRNA array screening. Bio-one mClear 384-well plates (Greiner Bio One,
Kremsmuenster, Austria) were printed with 3.125 ng individual siRNAs (Qiagen)
designed to target 250 different human proteins implicated in cell death and
stress-response pathways. siRNA positioning was randomized to minimize spatial

Figure 4 Impact of CXCL8 on anticancer immune responses elicited in vivo by
ICD. (a and b) Immunocompetent BALB/c (n¼ 10 per group) or C57Bl/6 (n¼ 5 per
group) mice were inoculated s.c. with CT26 or MCA205 cells, respectively, which
had previously been left untransfected or transfected with siRNAs targeting Cxcr1 or
Cxcr2 for 48 h and then treated with 2mM MTX for 20 h. PBS was used as a
negative control condition. Seven days later, all mice were re-challenged with live
CT26 or MCA205 cells and tumor incidence was routinely monitored. Kaplan–Meier
curves depict the percentage of tumor-free mice over time
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effects. For each gene, two distinct siRNAs were chosen, favoring experimentally
verified siRNAs that were identified on the GeneGlobe Search Center (Qiagen).
After printing, plates were dehydrated, sealed and stored at � 20 1C until usage.
Reverse transfection was performed by means of the HiPerfect Transfection
Reagent on re-hydration of siRNAs with 5 ml OptiMEM (Life Technologies),
according to the manufacturer’s instructions. In this setting, 2� 103 U2OS cells
stably co-expressing H2B-RFP and CRT-GFP were seeded in each well and
maintained for 48 h before the administration of 1 mM MTX for additional 4 h.
Eventually, cells were fixed in 4% paraformaldehyde (w/v in PBS) for 20 min at
room temperature, washed and stored in PBS at 4 1C until imaging. Four view
fields per well were acquired by means of a BD Pathway 855 automated bioimager
(BD Biosciences) equipped with a UApo/340 20X/0.75 objective (Olympus, Center
Valley, PA, USA). Subsequently, images were segmented and analyzed for GFP
granularity by using the AttoVision software v. 1.7 (BD Biosciences). Finally, data
were mined and statistically evaluated using the Prism software v. 5 (Graph Pad
software Inc., La Jolla, CA, USA).

Automated evaluation of autophagy. Autophagy was monitored by
automated fluorescence microscopy. To this aim, 5� 103 GFP-LC3-expressing
HeLa cells were seeded in 96-well Black/Clear imaging plates (BD Biosciences)
and allowed to adapt for 24 h. Thereafter, cells were treated with 40, 80, 160 or
320 ng/ml rCXCL8 or 1 mM rapamycin for up to additional 24 h, fixed in 4%
paraformaldehyde (w/v in PBS) supplemented with 1 mM Hoechst 33342 (Life
Technologies) for 20 min at room temperature, and processed for imaging as
described above. Images were segmented and analyzed for the number of GFPþ

dots per cell by means of the AttoVision software v. 1.7.

ATP release assay. To quantify ATP release in the course of ICD, WT HeLa
cells growing in 12- or 24-well plates were treated with 40, 80, 160 or 320 ng/ml
rCXCL8 or 2mM MTX for 24 h, and then stained with 1 mM quinacrine plus 1 mg/ml
propidium iodide (PI, Life Technologies) for 30 min at 37 1C. Thereafter, quinacrine
fluorescence was monitored on a FACScan or FACScalibur cytofluorometer (BD
Biosciences). First-line statistical analyses – limited to live (PI–) cells – were
performed by means of the Cell Quest Software package (BD Biosciences).
Alternatively, extracellular ATP levels were measured by the luciferin-based
ENLITEN ATP Assay (Promega, Madison, WI, USA). In this setting, ATP-driven
chemoluminescence was recorded on a FLUOstar OPTIMA FL Plate Reader
(BMG Labtech, Offenburg, Germany).

Determination of surface-exposed CRT. CRT exposure was assessed
by surface immunostaining and flow cytometry or fluorescence microscopy, as
previously described.3,57 In brief, cells growing on standard supports were
collected, washed twice with PBS and fixed in 0.25% paraformaldehyde (w/v in
PBS) for 5 min at RT. Alternatively, cells grown on coverslips were washed and
similarly fixed. After two additional washes in cold PBS, cells were incubated with
an anti-CRT antibody (ab2907, Abcam, Cambridge, UK) diluted in cold blocking
buffer (2% FBS, v/v in PBS) for 30 min on ice, washed and incubated for additional
30 min with an anti-rabbit AlexaFluor 488 conjugate (Life Technologies) in blocking
buffer. For fluorescence microscopy studies, 5 mg/ml AlexaFluor 633-conjugated
wheat germ agglutinin (Life Technologies) was added to visualize the plasma
membrane. Finally, samples were washed in cold PBS, incubated with 1 mg/ml PI
for 5 min and either analyzed on a FACScan cytofluorometer or re-fixed in 3.7%
paraformaldehyde plus 1 mg/ml Hoechst 33342 (Life Technologies), washed,
embedded in Fluoromount-G mounting medium (Southern Biotech, Birmingham,
AL, USA) and analyzed by means of a TCS SPE confocal microscope (Leica
Microsystems GmbH, Wetzlar, Germany), equipped with a 63X/1.15 objective
(Olympus). For cytofluorometric analyses, isotype-matched IgG antibodies (Cell
Signaling Technology, Danvers, MA, USA) were used as control conditions, and
statistical analyses – limited to live (PI� ) cells – were performed by means of the
Cell Quest Software package.58,59

Cell death assays. Apoptotic cell death was quantified based on the
exposure of phosphatidylserine on the cell surface and plasma membrane
permeabilization.59,60 To this aim, cells were collected and stained with a
fluorescein isothiocianate (FITC)-tagged version of Annexin V plus PI by means of
the FITC-Annexin V Apoptosis Detection Kit II (BD Biosciences), as per the
manufacturer’s instructions. Cytofluorometric acquisitions were performed on a
FACScan or FACScalibur cytofluorometer, and first-line statistical analyses were
carried out on the Cell Quest Software package.

Figure 5 Release and transcriptional regulation of CXCL8 and Cxcl2 in the
course of ICD. (a–d) Human cervical carcinoma HeLa cells (a), human colorectal
carcinoma HCT 116 cells (b), murine fibrosarcoma MCA205 cells (c) and mouse
embryonic fibroblasts (d) were treated with 75 (a, b and d) or 150 (c) mM cisplatin
(CDDP) or with 2 (a, b and d) or 4 (c) mM MTX for the indicated time, followed by the
analysis of culture supernatants for CXCL8 (a and b) and Cxcl2 (c and d) levels.
Quantitative data (means±S.E.M.; n¼ 3; *Po0.05, **Po0.01, as compared with
CDDP-treated cells) are reported. (e) Immunocompetent BALB/c or C57Bl/6 mice
bearing established CT26 colon carcinomas and MCA205 fibrosarcomas,
respectively, were treated with 5.17 mg/kg MTX, 10 mg/kg oxaliplatin (OXA) or
0.25 mg/kg cisplatin (CDDP) for 6 or 12 h, followed by the recovery of tumors and
their processing for quantitative RT-PCR analyses. Average fold changes as
determined on n¼ 3 independent experiments are depicted

Autocrine/paracrine signals promoting CRT exposure
AQ Sukkurwala et al

65

Cell Death and Differentiation



Immunoblotting. For immunoblotting, approximately 1� 106 cells were
washed with cold PBS and lysed as previously described.55,56 Fifty micrograms
of proteins were then separated according to molecular weight on NuPAGE Novex
Bis-Tris 4–12% pre-cast gels (Life Technologies) and electrotransferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Unspecific binding sites
were blocked by incubating membranes for 1 h in 0.05% Tween 20 (v/v in TBS)
supplemented with 5% non-fat powdered milk, followed by overnight incubation at
4 1C with primary antibodies specific for BECN1 (Santa-Cruz Biotechnology, Santa
Cruz, CA, USA) or CASP8 (Calbiochem-Merck Millipore, Billerica, MA, USA).
Equal loading of lanes was monitored by probing membranes with antibodies
specific for b-actin (Millipore-Chemicon International, Temecula, CA, USA).
Primary antibodies were detected with appropriate horseradish peroxidase-labeled
secondary antibodies (Southern Biotechnologies Associates, Birmingham, UK)
and revealed on a ImageQuant LAS 4000 software-assisted imager on incubation
with the ECL Plus Western Blotting Detection System (both from GE Healthcare,
Piscataway, NJ, USA).

Quantification of extracellular CXCL8 and Cxcl2. The concentration
of CXCL8 and Cxcl2 in culture supernatants was measured by means of
commercial ELISA kits (Biolegend, San Diego, CA, USA and R&D Systems),
following the manufacturer’s instructions. Absorbance was monitored by means of
a FLUOstar Optima fluorescence plate reader (BMG Labtech).

Transcriptomic studies. BALB/c or C57Bl/6 mice were inoculated s.c. with
5� 105 CT26 cells or 2� 105 MCA205 cells, respectively. When tumor size
reached 40–80 mm2, mice were treated i.p. with 10 mg/kg oxaliplatin, 0.25 mg/kg
cisplatin or 5.17 mg/kg MTX. Whole RNA from tumor homogenates was extracted
using the RNAqueous kit (Life Technologies), following the manufacturer’s
instructions. Five micrograms RNA from each sample were then reverse-
transcribed using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies), as per the manufacturer’s recommendations. Subsequently, gene

expression assays were performed using a Mouse Chemokine Gene Set v1.0
custom TaqMan Array Micro Fluidic Card (Life Technologies) and analyzed by
means of an ABI Prism 7900HT Sequence Detection System (Life Technologies).

Antitumor vaccination studies. All animal experiments were approved by
the local Ethics Committee (CEEA IRCIV/ IGR n126, registered with the French
Ministry of Research), were in compliance with the 63/2010/EU directive from the
European Parliament and respected the FELASA guidelines. C57Bl/6 and BALB/c
mice (Charles River Laboratory, Wilmington, MA, USA) were housed in a
temperature-controlled environment with 12-h light–dark cycles and received food
and water ad libitum. For vaccination experiments, 3� 105 MCA205 or 3� 106

CT26 cells dying in response to MTX, cisplatin or mitomycin C (alone or combined
with rCXCL8) were inoculated s.c. into the flank of 6-week-old female C57Bl/6 or
BALB/C mice, respectively. Seven days later, C57Bl/6 or BALB/C mice were
re-challenged in the contralateral flank with 1� 105 living MCA205 cells or 5� 105

CT26 cells, respectively, and tumor incidence was routinely monitored for up to
50 days.

Statistical procedures. Unless otherwise indicated, assays were performed
in triplicate instances, yielding comparable results. Data (generally are presented
as means±S.D. or means±S.E.M.), were analyzed with Microsoft Excel
(Microsoft Co., Redmont, WA, USA). Statistical significance was assessed by
paired or unpaired (as appropriate), two-tailed Student’s t-tests or Pearson’s w2

test, as appropriate. P-values o0.05 were considered statistically significant.
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Figure 6 ICD as induced by non-immunogenic chemotherapeutics plus Cxcl2. (a–f) Immunocompetent C57Bl/6 mice (n¼ 5 per group) were inoculated s.c. with PBS or
murine MCA205 fibrosarcoma cells that had previously been transfected with a control siRNA (siUNR) or with a siRNA targeting CRT (siCRT) and then treated with 2 mM MTX,
200mM mitomycin C (MitoC), 150mM cisplatin (CDDP), alone or combined with 80 ng/ml rCxcl2, for 20 h. Panels (a–c) report Kaplan–Meier curves depicting the percentage of
tumor-free mice over time. Panels (d–f) depict the percentage of tumor free animals at the end of the experiment. The numbers of mice allocated to each group is indicated.
**Po0.01, as compared with animals receiving PBS only (d), siUNR-transfected cells treated with MitoC (e) or siUNR-transfected cells treated with CDDP (f); ##Po0.01, as
compared with animals receiving siUNR-transfected cells treated with MTX (d), MitoC plus rCxcl2 (e) or CDDP plus rCxcl2 (f)
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