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Stress-induced inflammation evoked by immunogenic cell
death is blunted by the IRE1α kinase inhibitor KIRA6 through
HSP60 targeting
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Mounting evidence indicates that immunogenic therapies engaging the unfolded protein response (UPR) following endoplasmic
reticulum (ER) stress favor proficient cancer cell-immune interactions, by stimulating the release of immunomodulatory/
proinflammatory factors by stressed or dying cancer cells. UPR-driven transcription of proinflammatory cytokines/chemokines exert
beneficial or detrimental effects on tumor growth and antitumor immunity, but the cell-autonomous machinery governing the
cancer cell inflammatory output in response to immunogenic therapies remains poorly defined. Here, we profiled the transcriptome
of cancer cells responding to immunogenic or weakly immunogenic treatments. Bioinformatics-driven pathway analysis indicated
that immunogenic treatments instigated a NF-κB/AP-1-inflammatory stress response, which dissociated from both cell death and
UPR. This stress-induced inflammation was specifically abolished by the IRE1α-kinase inhibitor KIRA6. Supernatants from
immunogenic chemotherapy and KIRA6 co-treated cancer cells were deprived of proinflammatory/chemoattractant factors and
failed to mobilize neutrophils and induce dendritic cell maturation. Furthermore, KIRA6 significantly reduced the in vivo vaccination
potential of dying cancer cells responding to immunogenic chemotherapy. Mechanistically, we found that the anti-inflammatory
effect of KIRA6 was still effective in IRE1α-deficient cells, indicating a hitherto unknown off-target effector of this IRE1α-kinase
inhibitor. Generation of a KIRA6-clickable photoaffinity probe, mass spectrometry, and co-immunoprecipitation analysis identified
cytosolic HSP60 as a KIRA6 off-target in the IKK-driven NF-κB pathway. In sum, our study unravels that HSP60 is a KIRA6-inhibitable
upstream regulator of the NF-κB/AP-1-inflammatory stress responses evoked by immunogenic treatments. It also urges caution
when interpreting the anti-inflammatory action of IRE1α chemical inhibitors.
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INTRODUCTION
In response to anticancer treatments, stressed or dying cancer
cells engage in a complex dialogue with the tumor microenviron-
ment, which can ultimately stimulate or suppress inflammatory
and immune responses. A subset of anticancer therapies
(including anthracyclines and photodynamic therapy) [1] stimu-
lates cancer cell-autonomous pathways leading to a form of
immunostimulatory apoptosis, called immunogenic cell death
(ICD). A hallmark of ICD is the concomitant stimulation of reactive
oxygen species (ROS) and endoplasmic reticulum (ER) stress,
which together evoke the surface exposure or release of damage-
associated molecular patterns (DAMPs) [1, 2]. DAMPs act as danger

signals, which are sensed and decoded by dendritic cells (DCs)
through the binding to specific pathogen recognition receptors
(PRRs) on their surface [2], ultimately triggering an antigen-specific
antitumor immunity.
Scrutiny of the mechanistic underpinnings of ICD and in vivo

studies have disclosed that perturbation of ER homeostasis
triggering the PERK/eIF2α-P axis of the unfolded protein response
(UPR), orchestrates danger signaling [3, 4]. In contrast, the role of
the IRE1α during ICD remains insufficiently understood.
However, while the critical role of danger signals has been

validated in preclinical and in some clinical settings [5], much less
information is available on the molecular pathways controlling the
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proinflammatory outputs of the UPR elicited by immunogenic
treatments. Moreover, whether a transcriptional inflammatory
signature portrays a distinguished trait of immunogenic therapies
is still unexplored.
Growing evidence indicate that inflammation evoked by

perturbations of ER homeostasis ignited by immunogenic
therapies may play a distinct role from danger signals [6]. In
response to immunogenic chemotherapies, CCL2 release by the
stressed cancer cells boosts the initial phase of the immunogenic
response by enabling the recruitment of antigen-presenting cells
[7]. However, CCL2 also evokes secondary inflammation, which
ultimately drives angiogenesis, metastasis, and recurrence [8, 9].
Cancer vaccines generated by exposing cancer cells to ICD favor
the recruitment of neutrophils at the site of vaccination, through
the release of a set of chemokines patterning cellular responses to
pathogens [10]. However, in a tumor context, chemokines driving
neutrophil infiltration into the tumor may favor tumor immu-
noescape by shielding cancer cells from cytotoxic T cells [11].
Hence, sterile inflammatory responses elicited by stressed cancer
cells may exert context-dependent effects on the tumor micro-
environment and the overall output of immunogenic therapies.
This creates an urgent need to delineate cancer cell-

autonomous molecular pathways responsible for the expression
of these inflammatory factors.

RESULTS
Immunogenic treatments are hallmarked by a
proinflammatory transcriptional signature
We set out to investigate the transcriptional profile of cancer cells
responding to mitoxantrone (MTX) or hypericin-based photody-
namic therapy (Hyp-PDT), as prototypes of immunogenic treat-
ments [12], whereas cisplatin (CDDP) served as paradigm of poorly
ICD inducer [12]. These treatments induced similar kinetics of
apoptosis in the human melanoma A375 cell line (Supplementary
Fig. 1A) but only MTX and Hyp-PDT elicited classical in vitro
markers of immunogenic apoptosis, including surface-exposed
CRT (Supplementary Fig. 1B), ATP release—particularly after Hyp-
PDT (Supplementary Fig. 1C)—and cytoplasmic redistribution of
nuclear HMGB1 prior to its passive release (Supplementary Fig. 1D,
E), confirming previous studies [3, 13–15]. Co-incubation of dying
melanoma cells with human monocyte-derived DCs indicated that
only MTX and Hyp-PDT increased surface expression of the DC-
maturation markers CD86 and HLA-DR (Supplementary Fig. 1F).
We then interrogated the time-dependent changes in the

transcriptome of the treated A375 cells by bulk-RNA sequencing
(RNA-seq) analysis at 0 h (untreated), 4 h (preapoptotic), 10 h (early
apoptotic), and 20 h (late apoptotic) post-treatment (Supplemen-
tary Fig. 1G). Bidimensional principal component analysis (PCA)
indicated that MTX and Hyp-PDT treatments clearly separate on
the second dimension (PC2) from CDDP, which accounted for 30%
of the total variance (Fig. 1A). Gene Set Enrichment Analysis
(GSEA) [16] using the WikiPathway Cancer geneset and weighing
the genes for their contribution to PC1 and PC2, showed that PC1,
clustering the two genotoxic agents CDDP/MTX, was enriched in
the “DNA-damage response” geneset (Fig. 1B). Instead, “chemo-
kine signaling pathway” emerged as predominantly enriched gene
signature from PC2, which clustered MTX and Hyp-PDT (Fig. 1B).
Gene Ontology (GO) analysis performed on the totality of
significantly upregulated genes pinpointed “inflammatory
response/immune responses” and “extracellular space” as the
most significant GO terms almost exclusively associated with
immunogenic treatments throughout the time course (Fig. 1C).
PERK- and IRE1α-mediated UPR responses were particularly
sustained after Hyp-PDT (Fig. 1C, D), a primarily ER-targeted
ROS-generating treatment [3], which elicited markers of terminal
UPR, including ATF4, CHOP, and its downstream target DR5
(TRAIL-R2) (Fig. 1D). MTX stimulated the early phosphorylation of

IRE1α (Fig. 1D) and eIF2α, a signature of the integrated stress
response (ISR) [17], and expression of DR5 and CHOP at later
timepoints (Fig. 1D). In contrast, CDDP failed to induce terminal
UPR markers even if it elevated at later timepoints the
phosphorylation of IRE1α and eIF2α (Fig. 1D), likely as a secondary
effect of cytosolic generation of ROS [18].
Together these results suggest that immunogenic treatments

engaging the UPR/ISR evoke a distinct transcriptional signature
hallmarked by the expression of a subset of proinflammatory
transcripts.

Transcriptional upregulation of a subset of chemokines is a
hallmark of immunogenic treatments
To further unravel a distinguished ICD-associated transcriptional
signature, we focused on CXCL8, CXCL3, and CXCL2, proinflamma-
tory chemokines with relevant autocrine and paracrine roles [19].
We validated that these chemokines were differentially co-
upregulated in response to ICD, while simultaneously co-
repressed by CDDP (Fig. 2A, B). We then focused on the
production of CXCL3 and CXCL8 as these chemokines were most
significantly induced by both MTX and Hyp-PDT. Intracellular
baseline levels of CXCL3 significantly decreased in response to
both treatments (Fig. 2C, Supplementary Fig. 2A), and were
partially recovered by inhibition of the proteasome (Supplemen-
tary Fig. 2A), suggesting its fast degradation upon induction.
CXCL8 levels instead increased rapidly after treatments (Fig. 2C, D).
After MTX the intracellular accumulation of CXCL8 was accom-
panied by its rapid secretion (Fig. 2E), which occurred via
canonical anterograde transport (Fig. 2E, Supplementary Fig. 2B).
These data suggest that CXCL8 expression is predominantly an
early response to MTX-induced stress, as its intracellular levels
(Fig. 2C) and secretion (Fig. 2E) dropped at late time points. In line
with the reduced secretory ability of PDT-stressed cells [3, 20],
CXCL8 accumulated predominantly intracellularly (Fig. 2C, E).
Blocking apoptosis by the pan-caspase inhibitor z-VAD-FMK

(Supplementary Fig. 1A) did not affect CXCL8 expression at the
RNA (Fig. 2F) or protein levels (Fig. 2G) or its release after MTX
(Fig. 2H). Similar results were obtained in MTX-treated HeLa cells
(Supplementary Fig. 2C). Thus increasing the fraction of surviving
cells does not enhance CXCL8 production by the stressed cells.
PERK-mediated and CHOP-induced upregulation of DR5 (TRAIL-

R2) following canonical ER stress-inducing agents and taxol, has
been shown to trigger cytokine production through a DR5/
caspase-8/FADDosome-driven pathway [6, 21]. Congruently with
the differential kinetics of CXCL8 and DR5 upregulation (e.g., 2 and
24 h, respectively, Figs. 2B, 1D), siRNA-mediated silencing of DR5
(about 80%, Fig. 2I, Supplementary Fig. 2D) or caspase-8 (about
75%, Supplementary Fig. 2C), removing both its activity and
scaffolding function, did not affect CXCL8 production after Hyp-
PDT or MTX (Fig. 2I, J, Supplementary Fig. 2D). Downregulation of
DR5 expression (Fig. 2K) or pharmacological blockade of PERK
(Supplementary Fig. 2E) reduced to some extent cell death after
Hyp-PDT, consistent with the proapoptotic role of this UPR axis
after ROS-induced ER stress [22], while caspase-8 silencing did not
impact overall cell death (Fig. 2K).
Collectively, these results argue that CXCL8 production follow-

ing immunogenic treatments occurs as a result of a DR5- and
caspase-independent, premortem stress response.

CXCL8 induction following immunogenic treatments requires
NF-κB and cJUN
To predict putative transcription factors (TFs) regulating the
common proinflammatory trait of immunogenic treatments, we
queried three different bioinformatics tools (IPA, iRegulon and
GATHER). Only two TFs were conmmonly present in the top 10,
namely the AP-1 member cJUN and NF-κB (Fig. 3A).
Consistently, MTX caused degradation of IκBα (Fig. 3B) and NF-

κB activation, as measured by a luciferase reporter assay (Fig. 3C).
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Fig. 1 Immunogenic treatments are hallmarked by a proinflammatory transcriptional program. A Principal component analysis (PCA)
performed on the rlog-normalized RNA-seq counts from A375 cells at 4, 10, and 20 h after treatment with CDDP, MTX, or Hyp-PDT. Concentrations
of the drugs are reported in the materials and methods section and remain constant through all the experiments. Three independent biological
replicates are represented for each timepoint and treatment. Ellipses draw 90% confidence area for immunogenic (pink) and nonimmunogenic
(CDDP, gray) treatments. B Geneset enrichment analysis (GSEA) of Wikipathways Cancer showing the −log10(FDR) and Normalized enrichment
scores of the genesets positively associated to input gene lists. C Results of the Gene ontology (GO) analysis based on genes significantly
upregulated in the RNA-seq dataset in samples treated with CDDP, MTX, or Hyp-PDT compared to time-matched untreated control. Top 25 most
variable GO terms relative to biological process and cellular compartment are represented. Dot sizes and colors represent −log10(p value) of the
enrichment of each term in the different samples and number of genes, respectively. D Representative time course western blot and relative
quantifications for markers underlining UPR induction after treatment with CDDP, MTX, or Hyp-PDT. β-actin was used as normalization parameter;
peIF2α is normalized over total levels of eIF2α. Values represent mean ± SD of the log2(fold change) over control of n= 4 independent biological
replicates. Data are analyzed by one-sample t-test against hypothetical control value set to 0. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2 Immunogenic treatments elicit chemokine production independent of cell death. A Heatmap obtained from RNA-seq data
representing the log2(fold changes) of cytokine and chemokines genes upon treatment with CDDP, MTX, or Hyp-PDT compared to time-
matched untreated controls. B Chemokine transcription was evaluated at short timepoints after treatment with CDDP, MTX, or Hyp-PDT with a
time course analysis performed by qPCR. Data are expressed as log2(fold change) compared to time-matched untreated control. Asterisks are
color-matched to the treatment. C Intracellular CXCL8 accumulation and CXCL3 depletion at the indicated timepoints upon treatment with
MTX or Hyp-PDT. D Intracellular accumulation of CXCL8 (green) in control (CTRL) condition or 8 h after treatment with CDDP, MTX, or Hyp-PDT.
Nuclei were counterstained with DAPI (blue). Scale bar: 10 μm. E CXCL8 secretion was measured by ELISA in conditioned medium at 8 h and
24 h after treatment with CDDP, MTX, or Hyp-PDT. CXCL8 secretion at 24 h after treatment was blocked by Brefeldin A (BFA, 50 ng/ml).
F–H Evaluation of the impact of z-VAD-FMK (50 μM) on CXCL8 transcription (F), intracellular protein accumulation (G) and secretion (H) after
treatment with Hyp-PDT or MTX was assessed by qPCR, western blot, and ELISA, respectively. Values are represented as log2(fold change) in (F)
and fold change over untreated control in (G). I Impact of siRNA mediated DR5 silencing (siDR5) on CXCL8 protein production measured by
western blot 24 h after treatment with MTX or Hyp-PDT compared to scrambled siRNA (siCTRL). J Secretion of CXCL8 in conditioned medium
of siDR5, siCasp8, and siCTRL A375p cells measured by ELISA 24 h after treatment with MTX. K Cell death was assessed in siDR5, siCasp8, and
siCTRL A375p cells 24 h after treatment with MTX or Hyp-PDT. In all western blots β-actin was used as loading control. In all graphs values are
presented as mean ± SD of at least n= 3 independent biological replicates. Data are analyzed by one-sample t-test in (B), One-way ANOVA
followed by Dunnett’s multiple comparison test in (E, K) and two-tailed Student’s t-test in (F–H), *p < 0.05,**p < 0.01, ***p < 0.001,
****p < 0.0001, ns not significant.
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MTX-stimulated CXCL8 production (Fig. 3B, D) and NF-κB
activation (Fig. 3C) were blunted by the IKK inhibitor BAY11-
7082, which blocked IκBα degradation (Fig. 3B) but had otherwise
no effect in unstimulated conditions (not shown). Hyp-PDT failed
to stimulate NF-κB signaling (Fig. 3B, C), and accordingly CXCL8
induction was unaffected by NF-κB inhibition (Supplementary
Fig. 1A). Instead, Hyp-PDT induced a robust upregulation of the
main AP-1 members cJUN and cFOS, while MTX partially induced
cJUN expression (Fig. 3E). Silencing cJUN decreased intracellular
expression of CXCL8 in response to Hyp-PDT (Fig. 3F) and reduced

CXCL8 secretion after MTX (Fig. 3G). The complete inhibition of
CXCL8 production by the blockade of NF-κB (Fig. 3C) suggests that
following MTX, NF-κB operates as a dominant proinflammatory TF
[23]. Accordingly, NF-κB inhibition significantly decreased cJUN
upregulation in MTX-treated cells (Supplementary Fig. 3B). In all
cases CDDP failed to stimulate these TFs (Fig. 3C, E).
Interestingly, impairing intracellular Ca2+ levels or ROS genera-

tion, two apical signals elicited by immunogenic treatments
[3, 24], curtailed both NF-κB and AP-1 mediated CXCL8 production
following MTX or Hyp-PDT, respectively (Fig. 3H-J).

Fig. 3 CXCL8 production is mediated by cJUN and NF-κB. A In silico prediction of transcription factors involved in the regulation of genes
belonging to the “extracellular space” GO term significantly upregulated by both MTX and Hyp-PDT. The transcription factors reported are
derived from iRegulon prediction, and independent scores of the same transcription factors by IPA and Gather are provided. Data are reported
after min–max normalization. B Impact of BAY11-7082 (10 μM) on degradation of IκBα and CXCL8 intracellular protein accumulation 4 h after
treatment with MTX or Hyp-PDT. C NF-κB activity measured by luciferase assay in A375 cells stably expressing the reporter 4 h after treatment
with CDDP, MTX, or Hyp-PDT in the presence or absence of BAY11-7082 (10 μM). Data are expressed as fold change compared to untreated
control, indicated with a dotted line. D CXCL8 secretion measured by ELISA in conditioned medium from A375 cells with or without co-
incubation with BAY11-7082 (10 μM) 24 h after treatment with MTX. E Intracellular levels of cFOS and cJUN 4 h after treatment with CDDP,
MTX, or Hyp-PDT. Data are expressed as fold change over untreated control. F Impact of siRNA mediated knockdown of cJUN (siJUN) with
respect to scramble siRNA (siCTRL) on intracellular CXCL8 accumulation 4 h after treatment with MTX or Hyp-PDT. Data are expressed as fold
change over control incubated with siCTRL. G CXCL8 secretion was measured by ELISA in the conditioned medium from A375 cells with
siRNA-mediated cJUN knockdown 24 h after treatment with MTX. H Impact of ROS inhibitors N-Acetyl-L-Cysteine (NAC, 5mM))/L-Histidine (25
mM) and cell permeable calcium chelator BAPTA-AM (10 μM) on the upregulation of cJUN and cFOS, degradation of IκBα and CXCL8
production 4 h after treatment with MTX or Hyp-PDT. I NF-κB activity measured by luciferase assay in A375 cells stably expressing the reporter
4 h after treatment with MTX in presence or absence of BAPTA-AM (10 μM). Data are expressed as fold change compared to untreated control,
indicated with a dotted line. J CXCL8 secretion measured by ELISA in conditioned medium from A375 cells with or without co-incubation with
NAC (5 mM)/L-Histidine (25mM) or BAPTA-AM (10 μM) 24 h after treatment with MTX. In all western blots β-actin was used as loading control.
In all graphs values are presented as mean ± SD of at least n= 3 independent biological replicates. Data are analyzed by one-sample t-test in
(C, E), two-tailed Student’s t-test in (B, C, D, F, G, I), and one-way ANOVA followed by Dunnett’s multiple comparison test in (J). *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, $$p < 0.001 versus inhibitor-free treatment, ns not significant.
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Together these results show that the proinflammatory output
elicited by immunogenic treatments is mediated by NF-κB and AP-
1 signaling.

Pharmacological inhibition of IRE1α kinase activity curtails
ICD-induced proinflammatory responses
Both PERK and IRE1α pathways mediate NF-κB and AP-1 driven
proinflammatory cytokine production [25] and pharmacological
inhibitors of these ER stress sensors have been used in vivo to
ameliorate the pathological output of the UPR [26].
PERK inhibition only marginally affected CXCL8 production by

MTX (Fig. 4A) or had no effect after Hyp-PDT (Supplementary
Fig. 4A). Blocking the autophosphorylation of IRE1α by KIRA6,
curtailed CXCL8 production in response to both MTX and Hyp-PDT
(Fig. 4A, Supplementary Fig. 4A).
The imidazopyrazine KIRA6 by interacting with the ATP-binding

site of IRE1α inhibits its autophosphorylation (Supplementary
Fig. 4B) and oligomerization, and consequently the RNase activity
of IRE1α [27] (Supplementary Fig. 4C). However, blocking IRE1α
RNase activity by the chemical inhibitors 4μ8C or STF-083010
(Supplementary Fig. 4C) had no or only marginal effects on the
production of CXLC8 following MTX (Fig. 4B), which does not
induce XBP1 cleavage (Supplementary Fig. 4C, D), or Hyp-PDT
(Supplementary Fig. 4E).
These results suggested that the IRE1α kinase activity drives

inflammation, possibly through its reported ability to recruit
scaffolding proteins independent of its RNAse activity [28, 29].
KIRA6 significantly reduced both NF-κB activity following MTX

(Fig. 4C) and AP-1 induction following Hyp-PDT (Fig. 4D). We then
confirmed these findings in other cell lines (HeLa, HCT-116 and
murine CT26), where only the blockade of NF-κB by BAY11-7082

and of the IRE1α kinase by KIRA6 abolished MTX-induced CXCL8
and CXCL1 (a murine ortholog of CXCL8) secretion (Fig. 4E-G).
Assessment of a wider panel of cytokines released by the A375

cells in response to MTX by multiplexed ELISA showed the ability
of KIRA6 to potently inhibit NF-κB-induced proinflammatory
targets, but not of an interferon-inducible CXCL10 [30] (Supple-
mentary Fig. 4F).

KIRA6 suppresses the immunogenic potential of cancer cells
responding to immunogenic chemotherapy
CXCL8 potently orchestrates neutrophil migration and activation
through its interaction with CXCR1 and CXCR2 class of G-protein-
coupled receptors [19]. Since Hyp-PDT treated cells had impaired
CXLC8 secretion (Fig. 2E), we evaluated the effects of KIRA6 on the
ability of the supernatants of MTX-treated A375 cells to recruit
human neutrophils and monocytes. Conditioned medium from
CDDP-treated cells provided a negative control. To exclude direct
effects of the drug and chemical inhibitor on neutrophils, we
processed the conditioned media to extensive rounds of sieving to
retain only components heavier than 3 kDa, thus eliminating all
small molecules and drugs while preserving chemokines (typically in
the range of 7–15 kDa) (Fig. 5A). We refer to this fraction as ‘cell-free’
medium. Congruently with the results shown in Figs. 2–4, the ‘cell-
free’ medium from MTX-treated cancer cells elicited robust
recruitment of neutrophils (Fig. 5B, C), whereas that from CDDP-
treated cells failed to do so. Treatment of cancer cells with MTX in
the presence of KIRA6 abolished the chemoattractant ability of their
conditioned media (Fig. 5B, C). Similar results were obtained by
assessing the transmigration capacity of the human monocyte-like
cell line THP1 (Fig. 5D, E). Antibody-based neutralization of CXCL8
blocked neutrophils chemotaxis elicited by the conditioned media

Fig. 4 The IRE1α kinase inhibitor KIRA6 blunts CXCL8 production after immunogenic treatment. A CXCL8 secretion was measured by ELISA
in conditioned medium of A375 cells 24 h after treatment with MTX in co-incubation with the PERK inhibitor GSK2606414 (1 μM) or the IRE1α kinase
inhibitor KIRA6 (1 μM). B CXCL8 secretion was measured by ELISA in conditioned medium of A375 cells 24 h after treatment with MTX in co-
incubation with the IRE1α RNAse inhibitors 4μ8C (100 μM) and STF-083010 (50 μM) or IRE1α kinase inhibitor KIRA6 (1 μM). C NF-κB activity measured
by luciferase assay in A375 cells stably expressing the reporter 4 h after treatment with MTX in the presence or absence of KIRA6 (1 μM). Data are
expressed as fold change compared to untreated control, indicated with a dotted line. D Impact of KIRA6 (1 μM) on intracellular levels of cJUN and
cFOS in basal condition and 4 h after treatment with Hyp-PDT. β-actin was used as loading control. E, F CXCL8 secretion was measured by ELISA in
conditioned medium of HeLa and HCT-116 cells 24 h after treatment with MTX in co-incubation with GSK2606414 (1 μM), KIRA6 (1 μM) or BAY11-
7082 (10 μM). G CXCL1 secretion was measured by ELISA in conditioned medium of murine CT26 cells 24 h after treatment with MTX in co-
incubation with GSK2606414 (1 μM), KIRA6 (1 μM), and BAY11-7082 (10 μM). In all graphs values are presented as mean ± SD of at least n= 3
independent biological replicates. Data are analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test in all the graphs except for
two-tailed Student’s t-test in (C, D). *p< 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001.
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of MTX-treated cancer cells, to the same extent as that of the
untreated cells or MTX-treated cells in the presence of KIRA6
(Fig. 5F). Exogenous addition of recombinant CXCL8 to the MTX-
KIRA6 ‘cell-free’ medium partially recovered neutrophil transmigra-
tion ability (Fig. 5F), suggesting that recombinant CXCL8 may not
fully mimic the native conformation of the secreted CXCL8 [31].
Furthermore, only the ‘cell-free’ medium from MTX-treated

A375 cells caused a significant upregulation of the maturation
markers CD86 and HLA-DR on the surface of DCs (Fig. 5G), and
pretreatment with KIRA6 abolished the ability of MTX-derived
conditioned medium to induce DC maturation (Fig. 5G).
We then tested the impact of KIRA6 on the overall immuno-

genic potential of MTX-treated murine colon carcinoma CT26 cells
using a prophylactic vaccination setup in syngeneic mice. In CT26
cells KIRA6 enhanced MTX-induced cell death (Supplementary
Fig. 5A) with a parallel strengthening of both ATP release and CRT
surface exposure (Supplementary Fig. 5B, C). The release of
HMGB1 and other immunomodulatory factors, such as the

chaperones HSP60, HSP70, HSP90, instead was overall unaffected
by KIRA6 (Supplementary Fig. 5D). To assess the antitumor
vaccination potential of dying cancer cells exposed to MTX or
MTX+ KIRA6 (KIRA6 in the absence of MTX, did not induce cell
death) we then injected CT26 stressed/dying cells subcutaneously
in the flank of immunocompetent mice. Nonvaccinated, CTRL
mice received only PBS.
Mice immunized with MTX-treated CT26 cells showed reduced

tumor growth following rechallenging of live CT26 cells as
opposed to nonimmunized mice (Fig. 5H, I), indicating the
induction of an efficient anticancer vaccination response. In
contrast, mice immunized with MTX+ KIRA6-treated CT26 cells
displayed a severe drop in their tumor-rejecting capability (from
60 to 12%) (Fig. 5H, I).
Together these results indicate that KIRA6 mediated inhibition

of the proinflammatory trait elicited by MTX has profound
repercussion on immune cell recruitment, DC activation, and the
vaccination potential of immunogenic chemotherapy.

Fig. 5 KIRA6 affects the immunogenicity of chemotherapy. A Scheme of the transwell migration experimental setup. B, C Transwell
migration assay of human neutrophils exposed for 2 h to conditioned medium of A375 cells treated for 24 h with MTX in the presence or
absence of KIRA6 (1 μM). D, E Representative pictures and relative quantification of the transwell migration assay of human macrophage-like
THP1 cell line exposed for 4 h to conditioned medium of A375 cells treated for 24 h with MTX in the presence or absence of KIRA6 (1 μM).
F Neutrophil migration was assessed after neutralization of CXCL8 secreted upon treatment with MTX with a αCXCL8-neutralizing antibody
(0.5 μg/ml) or after addition of recombinant CXCL8 (10 ng/ml) in MTX+ KIRA6 conditioned medium. G Dendritic cell maturation was assessed
by measuring the surface expression of CD86 and HLA-DR by FACS 24 h after co-incubation with the ‘cell free’ medium of A375 cells
treated for 24 h with CDDP, MTX, or Hyp-PDT in the presence or absence of KIRA6 (1 μM). H, I BALB/c mice immunized with PBS or with CT26
treated for 24 h with MTX in the presence or absence of KIRA6 (1 μM) were rechallenged with live CT26 tumor cells, and tumor growth (H) and
survival (I) were monitored. N= 7-8mice/condition. Mice that did not develop tumor (n= 4 out 7 in MTX group and n= 1 out of 8 in MTX+
KIRA6 group) are shown as a flat line on the x-axis in (H). In all graphs values are presented as mean ± SD of at least n= 3 independent
biological replicates. Data are analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test in all the graphs except for two-
tailed Student’s t-test in (G) to compare the effect of the inhibitor on the treatment, and Log-rank Mantel-Cox in (I). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns not significant.
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The anti-inflammatory effects of KIRA6 are independent of
IRE1
To validate the effects of KIRA6 we next generated IRE1α knockout
(IRE1−/−) A375 cells through CRISPR/Cas9 gene editing. Efficient
IRE1α knockout was assessed by lack of detectable IRE1α protein
and absent XBP1s cleavage (Fig. 6A, Supplementary Fig. 6A). To

our surprise, IRE1α−/− A375 cells were as proficient as their
IRE1α+/+ counterparts in promoting CXCL8 production following
treatment with either MTX or Hyp-PDT (Fig. 6A, B). Moreover,
KIRA6 was still able to block CXCL8 levels in IRE1α−/− A375 cells
exposed to MTX or Hyp-PDT (Fig. 6A, B). Similar results were
obtained when IRE1α was downregulated by siRNA treatment in

Fig. 6 KIRA6 modulates CXCL8 production in an IRE1α-independent pathway. A KIRA6 (1 μM) mediated blocking of CXCL8 production and
intracellular accumulation 4 h after treatment with MTX or Hyp-PDT in both IRE1α−/− or IRE1α+/+ A375 cells. B CXCL8 secretion was measured
by ELISA 24 h after treatment with MTX in conditioned medium of IRE1α−/− or IRE1α+/+ A375 cells with or without incubation with KIRA6
(1 μM). C Molecular structure of the modified KIRA6 (KIRA6 Affinity-based Probe, KIRA6 AfBP) used for off-target protein identification.
D Comparison of the ability of KIRA6, KIRA6 AfBP and the intermediate tag-free KIRA6 AfBP (without photoaffinity group and clickable handle)
in inhibiting CXCL8 production and IRE1α phosphorylation 4 h after treatment with MTX in A375 cells at the indicated concentrations.
E CXCL8 secretion was measured by ELISA in conditioned medium of A375 cells 24 h after treatment with MTX with or without co-incubation
with KIRA6 AfBP (10 μM). F Scheme of the experimental workflow used to identify the KIRA6 off-targets by using the modified KIRA6 AfBP.
G Representative gel assessing the efficacy of protein off-target identification workflow in protein lysates of A375 cells. Lane 1 shows multiple
fluorescent bands indicating KIRA6 AfBP (10 μM) labelled proteins. Lane 2 shows selective depletion of KIRA6 AfBP labeled proteins following
azide beads pull-down indicated by decrease of fluorescent signal but a comparable amount of proteins (Coomassie). Lane 3 shows efficient
removal of the most abundant aspecific proteins (Coomassie) but absence of removal of labeled proteins (fluorescence). Lane 4 shows that
KIRA6 AfBP protein binding is outcompeted by co-incubation with KIRA6 (10 μM) suggesting overlapping targets. (Table 1) Top 15 off-target
candidates obtained by LC-MS/MS scored by total spectral counts. In the graphs values are presented as mean ± SD of at least n= 3
independent biological replicates and analyzed by two-tailed Student’s t-test,****p < 0.0001, ns not significant.
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A375 cells (Supplementary Fig. 6B), in IRE1α−/− MEFs (Supple-
mentary Fig. 6C), or in CT26 cells with stable shRNA-mediated
IRE1α downregulation (Supplementary Fig. 6D). Together these
results indicated a hitherto unknown off-target effector of the
anti-inflammatory activity of KIRA6 following immunogenic
treatments.
To identify the off-target effector of KIRA6, we utilized a novel

photoaffinity and clickable KIRA6 probe (KIRA6 AfBP) (Fig. 6C),
which we recently synthesized [32].
We first confirmed that KIRA6 AfBP suppressed CXCL8 levels from

MTX-treated cells to an extent similar to KIRA6 (Fig. 6D, E).
Interestingly, the inclusion of the tag (i.e., photoreactive group+
clickable handle) prevented the binding to IRE1α in live cells, since
phosphorylation of IRE1α was still detectable when using KIRA6 AfBP,
whereas it was suppressed by the tag-free KIRA6 AfBP precursor
(Fig. 6D). This suggests that in A375 cells, KIRA AfBP is only able to
bind to the off-target partner(s) of KIRA6, while leaving IRE1α activity
intact, again underscoring the IRE1α-independent effect on the
proinflammatory responses initiated by ICD.
We then treated A375 cells with KIRA AfBP, followed by

photocrosslinking to covalently modify protein targets and
their pull-down (Fig. 6F). This approach unraveled the presence
of several fluorescently labeled bands (Fig. 6G), indicating that
KIRA6 AfBP could bind to different proteins. The intensity of all
fluorescent bands decreased when the binding of KIRA6
AfBP was outcompeted by the presence of KIRA6 (Fig. 6G),
demonstrating that proteins targeted by KIRA6 AfBP
were effectively also bona fide KIRA6 targets. KIRA6 AfBP pull-
downs were then subjected to on-bead tryptic digestion
followed by mass spectrometry (MS). Table 1 lists the top 15
proteins (based on total spectrum counts) found to interact with
KIRA6 AfBP.

The anti-inflammatory action of KIRA6 involves inhibition of
HSP60-NF-kB axis
Among the putative KIRA6 off-targets, we then focused our
attention on the molecular chaperones HSP60 and HSP90 for
different reasons: (i) except for actin, both molecular chaperones
were the top-listed ATP-binding proteins identified by MS
(Table 1), (ii) HSP90 is a known regulator of NF-κB-driven
inflammatory signaling; [31, 33, 34], (iii) the cytosolic fraction of
HSP60 has been recently shown to promote CXCL8 production by
cancer cells by positively regulating NF-κB [35], and iv) no studies
have linked intracellular HSP60 or HSP90 to ICD.

CDDP, MTX, or Hyp-PDT did not elevate the overall expression
of HSP60 in A375 cells (Supplementary Fig. 7A) while CDDP and
MTX, but not Hyp-PDT, reduced significantly the level of HSP90
(Supplementary Fig. 7B).
We then assessed whether silencing HSP60 or HSP90 (70–80%

knockdown efficacy) (Fig. 7C, Supplementary Fig. 7C) could
reproduce (at least in part) the effects of KIRA6 on the inhibition
of CXCL8 production. While the knockdown of HSP90 had no
major effects (Fig. 7A, Supplementary Fig. 7C) HSP60 silencing
reduced CXCL8 secretion after MTX (Fig. 7B) and its intracellular
accumulation after MTX and Hyp-PDT (Fig. 7C), without altering
the fraction of dying cells (Supplementary Fig. 7D). Significant,
albeit limited, decrease of CXCL8 and CXCL1 secretion was
observed by HSP60 silencing in HeLa and CT26 (Supplementary
Fig. 7E, F) cells. Likewise, co-incubation with mizoribine, a KIRA6
unrelated HSP60 inhibitor [36], reduced CXCL8 production
following MTX or Hyp-PDT (Fig. 7D).
While these results do not completely rule out the contribution

of HSP90, they suggest a causal link between the anti-
inflammatory action of KIRA6 and HSP60.
Congruently, KIRA6 AfBP pulled down HSP60 from the lysate of

A375 cells (Fig. 7E) and its binding to recombinant HSP60 was
competitively inhibited by the presence of KIRA6 (Fig. 7F).
KIRA6 shares structural similarity with two reported ATP-

competitive inhibitors of HSP60 [37] and GroEL [38] (prokaryotic
ortholog of HSP60). Docking simulation using Autodock Vina [39]
against human HSP60 (PDB: 4PJ1 [40]) showed that while the
aromatic amine of the imidazopyrazine ring in KIRA6 faces the
opposite direction compared with the amine of the adenine ring
(ATP molecule crystallized with HSP60), we observed a good
overlap between the two rings as well as good alignment with
two proton acceptors (Fig. 7G). A calculated hydrogen bond
interaction between HSP60 and KIRA6 (within 3 angstroms) is
indicated (Supplementary Fig. 7G). This pose was also in excellent
alignment with the docking of EC3016 (GroEL inhibitor) into the
same structure, with comparable binding energies (Supplemen-
tary Fig. 7H).
HSP60-mediated protein folding requires ATP binding and

hydrolysis [41]. HSP60 folding ability was reduced by KIRA6
(Supplementary Fig. 7I), in a concentration-dependent manner
(Fig. 7H) suggesting that the HSP60-KIRA6 complex exhibits
impaired ATPase and folding ability.
We then explored the mechanism by which KIRA6 could

inhibit CXCL8 production by targeting HSP60. HSP60 silencing

Table 1. Putative KIRA6 off-target proteins.

Protein Total spectrum count % coverage

cDNA FLJ52842, highly similar to Actin, cytoplasmic 1 44 34%

cDNA FLJ59206, highly similar to Eukaryotic translation initiation factor 4B 35 17%

Nuclear ubiquitous casein and cyclin-dependent kinase substrate 1 32 25%

p180/ribosome receptor 26 6%

Transgelin-2 24 28%

Enolase 1, (Alpha) 21 27%

Triosephosphate isomerase 19 22%

Zinc finger Ran-binding domain-containing protein 2 18 25%

Heat shock 60 kDa protein 1 17 12%

Annexin A1 16 18%

Heat shock protein 90 kDa alpha (Cytosolic), class A member 1 16 17%

Heat shock protein 90 kDa alpha (Cytosolic), class B member 1 15 16%

Splicing factor, arginine/serine-rich 2 13 11%

Peptidylprolyl isomerase 13 4%

Proliferation-associated 2G4 12 10%
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decreased NF-κB activity and cJUN upregulation upon treatment
with MTX or Hyp-PDT, respectively (Fig. 7I, J), suggesting that
HSP60 is an upstream regulator of these proinflammatory
pathways.
HSP60 is an abundant mitochondrial chaperonin with recently

reported extramitochondrial activities [37]. Immunofluorescence
and immunoblot analysis (Supplementary Fig. 7J, K) did not reveal
a detectable intracellular redistribution of HSP60 after CDDP, MTX,
or Hyp-PDT treatments. Also we found no significant upregulation
of mitochondrial unfolded protein response (mtUPR)-related
genes [38] (Supplementary Fig. 7L). These data suggest that the

mitochondrial pool of HSP60 was unlikely to be involved in the
pathway leading to CXCL8 production after ICD.
Whereas no previous study linked HSP60 to cJUN upregulation,

recently HSP60 has been shown to contribute to TNF-α-mediated
NF-κB activation via direct interaction with the IKK complex in the
cytosol [35]. Co-IP analysis revealed that in unstressed cells a
fraction of HSP60 was found in a complex with IKKβ (Fig. 7K). MTX
treatment attenuated the binding of HSP60 to IKKβ (Fig. 7K, L)
while the co-treatment of MTX with KIRA6 enforced the HSP60-
IKKβ complex interaction (Fig. 7K, L). While the mechanistic
aspects of this interaction require further explorations, these
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findings suggest that KIRA6 by interfering with the folding activity
of HSP60 locks the cytosolic HSP60-IKKβ complex in an inactive
conformation and/or prevents IKKβ to dock to other partner
proteins [42], thus compromising NF-κB signaling.

DISCUSSION
In this study, by performing RNA-seq analysis and signaling
pathway validation we portray a NF-κB/AP-1-driven inflammatory
trait, shared by stressed/dying cancer cells responding to two
paradigms of immunogenic treatments. This common proinflam-
matory pathway segregates from the activation of the UPR
induced by these anticancer treatments and proceeds unrelated
to caspase-induced cell death. We show that the IRE1α inhibitor
KIRA6 abolishes the inflammatory output associated with immu-
nogenic treatments through IRE1α-independent mechanisms,
which involves HSP60 modulation of NF-κB and cJUN-driven
CXCL8 induction (Fig. 8).
The causal link between the UPR pathway and sterile

inflammation has been elucidated in several studies [43, 44] using
both genetic and pharmacological approaches, which provided
independent support for the role of the PERK and IRE1α pathways
in NF-κB activation.
Canonical ER stress agents, such as thapsigargin or tunicamycin,

or certain chemotherapies such as taxanes, stimulate the PERK/
ATF4/CHOP-dependent upregulation of DR5 [45–48], leading to
ligand-independent NF-κB-mediated proinflammatory signaling
[6]. Our study, however, shows that this is not a general ‘modus
operandi’ of all agents eliciting ER stress. Here, loss of ER
proteostasis induced by MTX and prevalently Hyp-PDT [3, 22]
promotes a rapid NF-κB and AP-1 activation as premortem
stress responses stimulated by Ca2+ and ROS-induced signals,
which precedes apoptosis. Upregulation of DR5 and caspase
signaling are dispensable for the transcriptional upregulation of
CXCL8 induced by MTX and Hyp-PDT. Thus, a differential
involvement of the CHOP-DR5 pathway could be inherent in the
apical triggers causing loss of ER homeostasis and consequent
UPR or ISR.
Irrespective of this possibility, our study shows that only IRE1α

kinase inhibitor, KIRA6, can overrule the proinflammatory output
of immunogenic treatments. In MTX-treated cancer cells, KIRA6
inhibited NF-κB-driven transcription of several cytokines/chemo-
kines, their chemoattractant and DC-maturation ability and
significantly reduced the vaccination potential of MTX-treated
cancer cells in syngeneic mice, without altering, if anything even
increasing, DAMP exposure. Together these results unravel that
the proinflammatory output of chemotherapy-treated cancer cells
is a crucial component of their in vivo immunogenicity. Further
research is required to evaluate the impact of blocking the
proinflammatory output of ICD in curative settings.

KIRA6 is a prototype of ATP-binding compounds disrupting the
oligomerization and RNase activities of IRE1α [27, 49], which has
been used as specific in vitro and in vivo inhibitor of the IRE1α
proinflammatory branch of the UPR [44, 49, 50]. Here, using IRE1α
deficient cells and a KIRA6-clickable photoaffinity probe [32], we
found that IRE1α was dispensable for the anti-inflammatory ability
of KIRA6 and identified HSP60 and HSP90 as potential off-targets
of this inhibitor.
HSPs respond to loss of proteostasis by exerting various

intracellular cytoprotective functions and by regulating inflamma-
tory and immune responses [51] and HSP90 inhibitors such as
geldanamycin and radicicol are promising anticancer therapeutics
[51]. In contrast, a role for the cytosolic pool of HSP60 in the NF-κB
pathway has only recently emerged [35]. While further

Fig. 7 HSP60 is a KIRA6 target modulating CXCL8 production. A CXCL8 secretion measured by ELISA in conditioned medium from A375
cells upon siRNA-mediated HSP90 knockdown (siHSP90) or B HSP60 knockdown (siHSP60) compared to scramble siRNA (siCTRL) 24 h after
treatment with MTX. C Effect of siHSP60 with respect to siCTRL on intracellular CXCL8 accumulation 4 h after treatment with MTX and Hyp-
PDT. Data are expressed as fold change over control incubated with siCTRL. β-actin was used as loading control. D Impact of HSP60 inhibitor
mizoribine (300 μM) on intracellular accumulation of CXCL8 4 h after treatment with MTX or Hyp-PDT. E Streptavidin-mediated pull-down of
HSP60 with KIRA6 AfBP (10 μM) conjugated with biotin. F Recombinant HSP60 labeling with KIRA6 AfBP (10 μM) and with co-incubation KIRA6
AfBP (10 μM) and KIRA6 (100 μM). G KIRA6 docking prediction on HSP60 (PDB: 4PJ1) using Autodock Vina. This pose is compared with that
obtained from docking of EC3016 (inhibitor of GroEL, prokaryotic ortholog of HSP60) and ADP into the same structure. H In vitro refolding
activity of the HSP60/HSP10 chaperone complex after 1 h of incubation with heat-mediated unfolded substrate proteins in control condition
or in the presence of KIRA6 at the indicated concentrations; n= 2 biological replicates/concentration. Data are expressed as fold change
compared to control. I NF-κB activity measured by luciferase assay in A375 cells stably expressing the reporter 4 h after treatment of the
siCTRL or siHSP60 transfected cells with MTX. Data are expressed as fold change compared to untreated cells transfected with the
correspondent siRNA, whose reference value is indicated with a dotted line. J cJUN levels are measured in siHSP60 A375p with respect to
siCTRL 4 h after treatment with Hyp-PDT. K, L Co-immunoprecipitation of IKKβ with HSP60 from the cytosolic fraction of A375 in basal
condition or 2 h after treatment with MTX with or without co-incubation with KIRA6 (1 μM). In all graphs values are presented as mean ± SD of
at least n= 3 independent biological replicates, except as reported in (H). Data are analyzed by two-tailed Student’s t-test in all the graphs
except for one-sample t-test in (L) *p < 0.05, **p < 0.01,****p < 0.0001, ns not significant.

Fig. 8 KIRA6 curtails the inflammatory traits of immunogenic
treatments. Chemotherapy with mitoxantrone or Hypericin-mediated
photodynamic therapy (Hyp-PDT) (illustrated by the light as essential
triggering factor) induces loss of ER homeostasis, which leads in case of
the most pronounced ER stress inducer Hyp-PDT to maladaptive UPR
and immunogenic cell death. Both immunogenic treatments, however,
also elicit an early stress response, which is independent of the UPR/ISR
and caspase-mediated cell death. This premortem stress response
leads to the production of a common subset of proinflammatory
chemokines through ROS and Ca2+-mediated activation of the NF-κB
and AP-1 transcriptional program. KIRA6, an inhibitor of the IRE1α
kinase activity, blunts the inflammatory output of immunogenic
therapies in an IRE1α-independent manner. One of the off-target
effectors of KIRA6 is the cytosolic HSP60, which is required for the full
activation of NF-κB/AP-1 and CXCL8 production by immunogenic
treatments.
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investigations are required to fully appreciate the mechanistic
underpinnings of the inhibitory effects of KIRA6, our study
highlights a preferential role for HSP60 in the proinflammatory
pathway initiated by ICD. By targeting cytosolic HSP60 and
reducing its folding activity, KIRA6 likely locks the HSP60-IKKβ
complex in a conformation with a reduced ability to activate NF-
κB-mediated proinflammatory responses.
In conclusion, we show that two established paradigms of ICD

share a common transcriptional signature, involving a proinflam-
matory early stress response operating in parallel to the UPR,
which contributes to the in vivo immunogenicity of MTX. This
early proinflammatory response involves HSP60 and can be
overruled by KIRA6, independently of IRE1α. Considering that
small molecule inhibitors of the IRE1α pathway have been
proposed as potential anticancer therapeutics [52], our study also
raises caution about the use of KIRA6 to assess the role of IRE1α in
inflammatory pathologies.

MATERIALS AND METHODS
Chemical inhibitors
Brefeldin A, SCH772984, 4μ8C, KIRA6, and mizoribine were purchased by
Selleckchem. BAY11–7082, GSK2606414, STF-083010 were purchased by
Caymanchem). N-Acetyl-L-cysteine and L-Histidine were supplied by
Sigma–Aldrich, thapsigargin by Enzo Life Sciences, BAPTA-AM by Thermo-
Fisher Scientific. Bortezomib was obtained directly from the Pharmacy
Department of the Leuven University Hospital, Leuven Belgium.

Cell culture and treatments
A375 were cultured in DMEM (Sigma–Aldrich) supplemented with 2mM
glutamine (Sigma–Aldrich) and 10% fetal bovine serum (PAN-Biotech);
CT26, MEF, HeLa, HCT-116, THP1, and HEK293T were cultured in DMEM
supplemented with 1mM glutamine and 10% FBS. All cell lines were
cultured at 37 °C under 5% CO2. To induce cell death A375, HeLa, MEF, and
HCT-116 cells were incubated with 1 μM mitoxantrone (MTX,
Sigma–Aldrich) or 50 μM Cisplatin (CDDP, Sigma–Aldrich). CT26 were
incubated with 5 μM MTX or 50 μM CDDP. For hypericin-based photo-
dynamic therapy (Hyp-PDT) conditions, A375 cells were incubated for 16 h
with 150 nM hypericin (Enzo Life Sciences) in full medium followed by
removal of hypericin, irradiation (2.70 J/cm2) and cultured for indicated
times. Chemical inhibitors were preincubated for 1 h before addition of cell
death inducers and maintained in the medium, unless specified otherwise.
In the absence of cell death induction, chemical inhibitors of signaling
pathways, Ca2+ chelators or ROS quenchers, did not alter the low/baseline
levels of chemokines production by the untreated cancer cells, therefore in
some graphs these additional controls have been omitted. All cell lines
were routinely screened for mycoplasma contamination. Human cell lines
have been recently authenticated by STR profiling.

Cell death assay
For cell death kinetics, cells were treated with cell death inducers in
presence or absence of 50 μM z-VAD-FMK (Bachem) in medium containing
1 μM sytox green (Thermofisher Scientific). At the indicated time post-
treatment, fluorescence emission at λ= 530 nm was measured at
flexstation 3 (Molecular Devices). Cells were then lysed with Cell lysis
buffer (Bioke) for 10min at room temperature (RT) and fluorescence
relative to 100% cell death was measured and used as normalization
parameter. For other cell death assays, cells were collected 24 h after
treatment with the cell death inducers with TrypLE Express (Life
Technologies) and resuspended in PBS containing 0.5% bovine serum
albumin (BSA, Sigma–Aldrich) and 1 μM sytox green and analyzed by flow
cytometry on Attune (Thermofisher Scientific).

Ecto-calreticulin detection
After treatment, cells were collected with TrypLE Express (Life Technolo-
gies), washed with PBS and with Flow cytometry (FC) buffer (3% BSA in
PBS), incubated for 30min at 4 °C with fluorophore-conjugated primary
antibody (EPR3924, AbCAM), washed with FC buffer and resuspended in FC
buffer including viability die and analyzed on Attune (Thermofisher
Scientific). The permeabilized cells were excluded from the analysis due to
intracellular staining.

ATP assay
A375 cells were treated as indicated in 2% FBS medium. Extracellular ATP
was measured in the conditioned with ATP Bioluminescent assay kit
(Sigma–Aldrich) following manufacturer’s instructions. Bioluminescence
was assessed by optical top reading via FlexStation 3 microplate reader
(Molecular Devices).

Immunofluorescence
Cells were plated on coverslips precoated with 0.1% gelatin, treated for the
indicated time and fixed in 4% PFA. Cells were permeabilized 10min with
0.1% Triton in PBS, then blocked for 1 h in blocking buffer (5% FBS, 1%
BSA). Primary antibody was added in blocking solution and incubated
overnight at 4 °C. After washing with TBS-T buffer (50mM Tris, 150mM
NaCl, 0.1% Tween-20), coverslips were incubated with secondary antibody
for 2 h at RT. Antibodies used are listed in Supplementary Table 1. Nuclei
were counterstained with DAPI in PBS (1 μg/ul, 1:1000) and mounted on
slides with Prolong Gold. Pictures were taken at Zeiss LSM 780 confocal
microscope. For the representative image, the central stack was selected
using ImageJ software.

Western blot
Whole-cell lysates were loaded on 4–12% Bis-Tris gel and separated by
SDS-PAGE on the Criterion system (Bio-Rad Laboratories), and electro-
phoretically transferred to nitrocellulose membrane. The blots were
blocked for 1 h at RT with in TBS-T buffer containing 5% nonfat dry milk,
and incubated with the indicated primary antibodies overnight at 4 °C in
TBS-T containing 5% BSA. After washing with TBS-T, membranes were
incubated with secondary antibodies conjugated with infrared fluoro-
phores for 2 h at RT. The membranes were visualized with Typhoon
biomolecular imager (Amersham). Alternatively, horseradish peroxidase
secondary antibodies were used and the membranes were incubated with
enhanced luminol-based chemiluminescent substrate (Amersham) and
visualized with Amersham Imager 600. All antibodies used are listed in
Supplementary Table 1.

RNA extraction and qPCR
After treatment for the indicated time, total RNA was extracted from cells
using TriSure buffer (Bioline) followed by phenol/chloroform extraction
and 1 μg of RNA was reverse transcribed with Quantitect RT kit (Qiagen)
following manufacturer’s instructions. Primers for real-time PCR were
designed with the Primer3 web tool (Supplementary Table 2). The
housekeeping 18 S ribosomal RNA was used to normalize the expression
levels. Quantitative PCR (qPCR) was performed with ABI 7500 Fast Real-
Time PCR System using ORA™ qPCR Green Master Mix (highQu).

XBP1 splicing assay
The following primers were used: unspliced XBP1 (5’-CAGCACTCAGAC-
TACGTGCA-3’, sense), spliced XBP1 (5’-CTGAGTCCGAATCAGGTGCAG-3’,
sense), unspliced and spliced XBP1 (5’- ATCCATGGGGAGATGTTCTGG-3’,
antisense). The RT-PCR analyses were performed according to the
following conditions: denaturation at 95 °C for 10min, followed by 35-
cycles of denaturation at 95 °C for 10 seconds, annealing at 5 °C for 30
seconds, extension at 7 °C for 1 min, and final extension at 72 °C for 7 min.
Amplicons were resolved in 2% agarose gels.

ELISA
Eight or 24 h after treatment, conditioned medium was collected and the
levels of secreted human CXCL8 and murine CXCL1 were detected with
DuoSet ELISA (R&D systems) following the manufacturer’s instructions.
Absorbance values were measures on Flexstation 3 at λ= 450 nm and
absorbance background values at λ= 540 nm were subtracted.
Multiplexed ELISA was performed on a Luminex FLEXMAP 3D® platform

(Luminex, Austin, TX), using a custom-developed chemokine 6-plex panel
(ProtATonce, Athens, Greece). Custom antibody-coupled beads were
technically validated as described before [53].

SiRNA transfection
Cells were transfected by adding 1ml serum-free culture media with Trans-
IT X2 transfection reagent (MirusBio) and targeting (On-Target Smartpool
siRNA) or scrambled (siCTRL) siRNA (Dharmacon, Thermo Fisher Scientific)
twice on two consecutive days. Experiments were performed 48 h after the
second transfection.
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NF-κB activity
Plasmid pHAGE NFkB-TA-LUC-UBC-GFP-W containing the luciferase gene
under the minimal NF-κB promoter was a gift from Darrell Kotton
(Addgene plasmid #49343; http://n2t.net/addgene:49343; RRID:
Addgene_49343). To generate lentiviral particles, HEK 293 T cells were
transfected with pHAGE plasmid in the presence of plasmid encoding VSV-
G (pMD2-VSV-G, Tronolab) and packaging proteins (pCMVdR8.9, Tronolab).
Twenty-four hours after transfection transfecting medium was substituted
with fresh medium and VSV-G pseudotyped virus was collected 48 h after
transfection and added to the exponentially growing A375 cell cultures in
the presence of hexadimethrine bromide (Sigma–Aldrich). Cells were
expanded and GFP positive cells were sorted with Influx (BD Biosciences).
Four hours post-treatment, NF-κB activity was measured with luciferase
assay kit (BioAssay System) following manufacturer’s protocol at
Flexstation 3.

Chemotaxis
Human neutrophils were obtained from fresh human peripheral blood
from healthy volunteers and were isolated using a Percoll (Sigma–Aldrich)
gradient.
Conditioned supernatants were generated from treated A375 cells for

24 h in DMEM without FBS. Conditioned supernatants were then deprived
of chemical inhibitors by using Amicon® Centrifugal Filter Unit and washed
with two volumes of PBS and resuspended to 10× the initial concentration.
Chemotaxis assays were performed with Transwell®polycarbonate mem-
brane cell culture inserts (Corning). Hundred microliters of 10-times
concentrated supernatant diluted in 400 μL of DMEM were added to the
bottom well of a chemotaxis chamber and 5 × 104 THP1 cells or primary
human peripheral blood neutrophils were added. For rescue experiments,
CXCL8 and CXCL8-neutralizing antibody were added to the bottom well at
a concentration of 10 ng/ml and 0.5 μg/ml, respectively. Total cells entering
the bottom chamber were counted after 2 h and representative pictures
were taken at Olympus IX73 inverted microscope (Olympus Life Sciences).

DC-maturation analysis
Human immature DCs (iDC) were prepared according to previously
described protocols [54]. The iDCs were cocultured for 24 h at a 1:20 (DCs:
cancer cells) ratio with lysates generated by three freeze/thaw cycles from
untreated or dying cancer cells (24 h timepoint after treatment).
Alternatively, iDCs were cultured for 24 h in the presence of the ‘cell-
free’ supernatant generated from treated A375 cells for 24 h in DMEM
without FBS, deprived of chemical inhibitors as described above. After 24
h, DCs were stained with anti-HLA-DR (LN3, Biolegend) and anti-CD86
(IT2.2, Biolegend) and analyzed by FACS.

In vivo prophylactic vaccination
BALB/c female mice aged 6–8 weeks were injected subcutaneously (twice,
with a 7 days interval) with 100 μL containing 1 × 106 dying CT26 cells, or
with 100 μL of PBS into the flank. After 10 days, mice were rechallenged
with 5 × 105 untreated CT26 cells into the opposite flank. Tumor growth
was measured with an electronic digital caliber and monitored for 50 days,
and mice were euthanized by cervical dislocation when tumor size reached
1500mm3. Tumor volume (mm3) was calculated with the following
formula: (tumor length− 0.5) × (tumor width− 0.5) × (tumor depth− 0.5)*
(π/6).

IRE1 knockout generation
A375 IRE1 knockout and scramble control were generated with CRISPR-
Cas9 double nickase system (Santa Cruz Biotechnology) according to
manufacturer’s protocol.

KIRA6 AfBP generation and target labeling
KIRA6 AfBP was generated as previously reported [32].
A375 whole-cell lysates were normalized to a concentration of 1 mg/mL

in a volume of 30 μL. Samples were then treated with KIRA6 AfBP (10 μM)
or DMSO, mixed by vortexing, and immediately irradiated for 6 min at RT.
For competition experiments, samples were co-treated with KIRA6 AfBP
(10 μM) and KIRA6 (100 μM). For HSP60 labeling, 160 ng of recombinant
human HSP60 were used.
After irradiation, probes were clicked onto TAMRA-azide (Carl Roth)

using the following conditions: 25 μM of tag-azide, 50 μM of THPTA
(Sigma–Aldrich), 1 mM of CuSO4 (freshly prepared) and 1mM of sodium

ascorbate (freshly prepared). Click reaction was incubated for 1 h at RT and
the reaction was quenched by addition of 10 μL of 4× SDS loading buffer.
Samples were resolved by 10% SDS-PAGE. Following visualization, gels
were stained with coomassie using ROTI®Blue (Carl Roth).

Mass spectrometry and data analysis
Live A375 cells were incubated with KIRA6 AfBP (10 μM) for 1 h and
irradiated for 6 min at RT. Proteins were then extracted and probes were
clicked onto azide-functionalized magnetic beads (Jena Bioscience) as
described above. Probe-labeled proteins were enriched with magnetic
isolation and extensively washed. To perform disulfide bonds reduction
and cysteine alkylation, the beads were resuspended in denaturation
buffer (7 M urea, 20 mM HEPES) and DTT (1 mM) was added for 45min at
room temperature. Then iodoacetamide (4mM) was added and incubated
for 45min at room temperature. Finally, DTT (5 mM) was added for 45min
at room temperature to quench the remaining iodoacetamide. On-bead
trypsin digestion was executed overnight at 37 °C in the presence of 0.6 μg
of trypsin, 200mM ammonium bicarbonate, 2.5 % acetonitrile, and 0.005 %
ProteaseMax. The resulting peptide mixture was subjected to C18 Zip Tip
clean-up (Millipore) before being analyzed by high-resolution LC-MS/MS
using an Ultimate 3000 Nano Ultra High Pressure Chromatography (UPLC)
system interfaced with an orbitrap Elite mass spectrometer via an EASY-
spray (C18, 15 cm) column (Thermo Fisher Scientific). Peptides were
identified by MASCOT (Matrix Science) using the Homo sapiens database
(173330 entries), adopting the following MASCOT search parameters:
trypsin, two missed cleavages allowed, oxidation (M) was specified as
variable modification, carbamidomethylation of cysteine was specified as
fixed modification. Mascot was searched with a fragment ion mass
tolerance of 0.50 Da and a parent ion mass tolerance of 10 ppm. Scaffold
software was used to validate MS/MS based peptide and protein
identifications, being accepted if they could be established by a probability
greater than 95% and 99%, respectively. The presence of at least two
unique identified peptides per protein was required.

Off-target validation by pull-down
After co-incubation with A375 protein lysates and irradiation, KIRA6 AfBP
was clicked onto TAMRA-azide-PEG-biotin as described above. The excess
reagents from the samples were then removed by acetone precipitation.
Following resuspension of the pellets to a final volume of 100 μL, half of
the sample was kept as the input control. The remaining 50 μL were
incubated with 20 μL of prewashed streptavidin beads (ThermoFisher) for
1 h with mixing at RT. The supernatant was removed and beads were
sequentially washed with 0.33% SDS in PBS, 1 M NaCl and PBS. Bound
proteins were eluted with sample buffer (62.5 μM Tris-HCl, 10% glycerol,
2% SDS, 1× protease inhibitor, 1× phosphatase inhibitor) and resolved by
western blot.

Molecular docking
The crystal structure of human HSP60 in complex with ADP (PDB: 4PJ1 [55])
was used as the template for docking of KIRA6 and EC3016. The protein
structure for docking was prepared using AutoDockTools 1.5.6 [56]. KIRA6
and EC3016 input files were drawn in Chemdraw Prime 19.0, energy-
minimized, converted to PDB files using Chem3D Prime 19.0 and
converted into a PDBQT files by AutoDockTools [57]. The docking
simulation was performed with AutoDock Vina 1.5.6. The visualization of
the results was done using PyMOL molecular viewer.

RNA-seq and bioinformatics analysis
Raw RNA-seq FASTQ files were preprocessed to remove technical artifacts,
performing quality trimming to trim low-quality ends (<Q20) and remove
trimmed reads shorter than 35 bp using FastX 0.0.14 [58], adapter
trimming (considering at least 10 bp overlap and 90% match) with
cutadapt 1.7.1 [59], and quality filtering using FastX 0.0.14 and ShortRead
1.24.0 to remove polyA-reads, ambiguous reads containing N’s, low-quality
reads (with more than 50% of the bases < Q25) and artifact reads (with all
but three bases in the read equal one base type). RNA-seq reads were
aligned to the Homo sapiens GRCh3773 reference genome using STAR
2.4.1d [60], with the following parameter settings: --outSAMprimaryFlag
OneBestScore –twopassMode Basic --alignIntronMin 50 --alignIntronMax
500000 --outSAMtype BAM SortedByCoordinate. The samtools 1.1 toolkit
was used to remove reads with non-primary mappings or with a mapping
quality ≤ 20 [61] and for BAM/SAM file sorting and indexing. Gene counts
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were computed with featureCounts 1.4.6 [62], using the following options:
-Q 0 -s 2 -t exon -g gene id.
Differential expression analysis was performed with the R package

edgeR [63], considering only protein-coding genes with at least one count-
per-million (CPM) in not less than three samples. Gene counts were
normalized between samples with trimmed-mean of M-values (TMM)
normalization [64] and dispersions were estimated with the Cox-Reid
profile-adjusted likelihood method [65]. Given the small number of
replicates, the quasi-likelihood F-test was used for testing [66]. Genes
differentially expressed in the treated cell lines with respect to the control
at any timepoint were selected using a level of significance of 0.1 on p
values adjusted for multiple testing with the Benjamini–Hochberg
approach and imposing a cutoff of one on absolute log-fold-changes.
Principal component analysis was performed on the 10% most variable

genes considering rlog-normalized counts computed with the DeSeq2 R
package [67]. Gene Ontology (GO) was performed with the R package
TopGO [68] using as input the significantly upregulated genes compared to
time-matched untreated control separately by each treatment at each
timepoint analyzed and using the entire gene list mapped by RNA-seq as
reference library. The gene ontology annotations relative to Biological
Processes and Cellular Compartments were provided by the org.Hs.eg.db
and GO.db annotation packages. Gene Set Enrichment Analysis (GSEA) [16]
was perform on WebGestalt [69] against Wikipathway Cancer database
submitting as entry the output from PCA with genes weighed for their
contribution to the variance of the first two principal components.
Transcription factor prediction was performed with Ingenuity Pathway
Analysis (Qiagen), iRegulon [70] Cytoscape plugin and TRANSFAC
annotation-based GATHER [71] tool submitting as entry the list of genes
belonging to the GO Cellular Component term “extracellular space” that
were jointly upregulated by Hyp-PDT and MTX treatments.

Isolation of subcellular fractions
Cytosol and mitochondria were separated from A375 cells 2 h or 4 h after
treatment using the Mitochondria/Cytosol Fractionation Kit (Abcam)
following the manufacturer’s instructions.

Co-immunoprecipitation
Cytosol was isolated as described above from A375 2 h after treatment and
500 μg of proteins were combined with primary antibody overnight at 4 °C.
Protein–antibody complexes were captured by addition of Protein AG
Magnetic Beads (Pierce) for 1.5 h at RT. Protein AG Magnetic Beads with
captured protein–antibody complexes were washed three times with lysis
buffer. Proteins were eluted with sample buffer (62.5 μM Tris-HCl, 10%
glycerol, 2% SDS, 1× protease inhibitor, 1× phosphatase inhibitor) and
loaded on gel for western blot analysis.

HSP60 refolding assay
Protein refolding efficiency of HSP60/HSP10 chaperone complex was
assessed with Human HSP60/HSP10 Protein Refolding Kit (Biotechne)
following manufacturer’s instructions.

Statistical analysis
Data are presented in fold changes, absolute values, or percentages with
mean ± SD. as indicated in figure legends. All statistical analyses were
performed using Prism software (GraphPad Software, USA) and indicated
in the figure legends.

DATA AVAILABILITY
The experimental data from RNA sequencing are available in the NCBI Gene
Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/) with
accession number GSE163377.

REFERENCES
1. Garg AD, Galluzzi L, Apetoh L, Baert T, Birge RB, Bravo-San Pedro JM, et al.

Molecular and translational classifications of DAMPs in immunogenic cell death.
Front Immunol. 2015;6:1–24.

2. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death in
cancer and infectious disease. Nat Rev Immunol. 2017;17:97–111.

3. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB, Marysael T, et al. A
novel pathway combining calreticulin exposure and ATP secretion in immuno-
genic cancer cell death. EMBO J. 2012;31:1062–79.

4. Obeid M, Panaretakis T, Joza N, Tufi R, Tesniere A, van Endert P, et al. Calreticulin
exposure is required for the immunogenicity of γ-irradiation and UVC light-
induced apoptosis [5]. Cell Death Differ. 2007;14:1848–50.

5. Galluzzi L, Humeau J, Buqué A, Zitvogel L, Kroemer G. Immunostimulation with
chemotherapy in the era of immune checkpoint inhibitors. Nat Rev Clin Oncol.
2020;17:725–41.

6. Sullivan GP, O’Connor H, Henry CM, Davidovich P, Clancy DM, Albert ML, et al.
TRAIL receptors serve as stress-associated molecular patterns to promote ER-
stress-induced inflammation. Dev Cell. 2020;52:714–30.

7. Ma Y, Mattarollo SR, Adjemian S, Yang H, Aymeric L, Hannani D, et al. CCL2/CCR2-
dependent recruitment of functional antigen-presenting cells into tumors upon
chemotherapy. Cancer Res. 2014;74:436–45.

8. Keklikoglou I, Cianciaruso C, Güç E, Squadrito ML, Spring LM, Tazzyman S, et al.
Chemotherapy elicits pro-metastatic extracellular vesicles in breast cancer
models. Nat Cell Biol. 2019;21:190–202.

9. Toste PA, Nguyen AH, Kadera BE, Duong M, Wu N, Gawlas I, et al. Chemotherapy-
induced inflammatory gene signature and protumorigenic phenotype in pan-
creatic CAFs via stress-Associated MAPK. Mol Cancer Res. 2016;14:437–47.

10. Garg AD, Vandenberk L, Fang S, Fasche T, Van Eygen S, Maes J, et al. Pathogen
response-like recruitment and activation of neutrophils by sterile immunogenic
dying cells drives neutrophil-mediated residual cell killing. Cell Death Differ.
2017;24:832–43.

11. Teijeira Á, Garasa S, Gato M, Alfaro C, Migueliz I, Cirella A, et al. CXCR1 and CXCR2
chemokine receptor agonists produced by tumors induce neutrophil extracellular
traps that interfere with immune cytotoxicity. Immunity. 2020;52:856–871.

12. Dudek AM, Garg AD, Krysko DV, De Ruysscher D, Agostinis P. Inducers of
immunogenic cancer cell death. Cytokine Growth Factor Rev. 2013;24:319–33.

13. Sukkurwala AQ, Martins I, Wang Y, Schlemmer F, Ruckenstuhl C, Durchschlag M,
et al. Immunogenic calreticulin exposure occurs through a phylogenetically
conserved stress pathway involving the chemokine CXCL8. Cell Death Differ.
2014;21:59–68.

14. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini J-L, et al.
Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med.
2007;13:54–61.

15. Humeau J, Sauvat A, Cerrato G, Xie W, Loos F, Iannantuoni F, et al. Inhibition of
transcription by dactinomycin reveals a new characteristic of immunogenic cell
stress. EMBO Mol Med. 2020;12:1–22.

16. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al.
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci USA. 2005;102:15545–50.

17. Bezu L, Sauvat A, Humeau J, Gomes-da-Silva LC, Iribarren K, Forveille S, et al. eIF2α
phosphorylation is pathognomonic for immunogenic cell death. Cell Death Dif-
fer. 2018;25:1375–93.

18. Guo L, Chen R, Ma N, Xiao H, Chen Y, Chen F, et al. Phosphorylation of eIF2α
suppresses cisplatin-induced A549 cell apoptosis via p38 inhibition. Cancer
Biother Radiopharm. 2013;28:268–73.

19. Liu Q, Li A, Tian Y, Wu JD, Liu Y, Li T, et al. The CXCL8-CXCR1/2 pathways in
cancer. Cytokine Growth Factor Rev. 2016;31:61–71.

20. Gomes‐da‐Silva LC, Sauvat A, Souquere S, Loos F, Sveinbjørnsson B, Boncompain
G, et al. Photodynamic therapy with redaporfin targets the endoplasmic reticu-
lum and Golgi apparatus. EMBO J. 2018;37:e98354.

21. Lam M, Lawrence DA, Ashkenazi A, Walter P. Confirming a critical role for death
receptor 5 and caspase-8 in apoptosis induction by endoplasmic reticulum stress.
Cell Death Differ. 2018;25:1530–1.

22. Verfaillie T, Rubio N, Garg AD, Bultynck G, Rizzuto R, Decuypere JP, et al. PERK is
required at the ER-mitochondrial contact sites to convey apoptosis after ROS-
based ER stress. Cell Death Differ. 2012;19:1880–91.

23. Fujioka S, Niu J, Schmidt C, Sclabas GM, Peng B, Uwagawa T, et al. NF-κB and AP-1
connection: mechanism of NF-κB-dependent regulation of AP-1 activity. Mol Cell
Biol. 2004;24:7806–19.

24. Martins I, Kepp O, Schlemmer F, Adjemian S, Tailler M, Shen S, et al. Restoration of
the immunogenicity of cisplatin-induced cancer cell death by endoplasmic reti-
culum stress. Oncogene. 2011;30:1147–58.

25. Hetz C, Zhang K, Kaufman RJ. Mechanisms, regulation and functions of the
unfolded protein response. Nat Rev Mol Cell Biol. 2020;21:421–38.

26. Grandjean JMD, Wiseman RL. Small molecule strategies to harness the unfolded
protein response: where do we go from here? J Biol Chem. 2020;295:15692–711.

27. Harnoss JM, Le Thomas A, Shemorry A, Marsters SA, Lawrence DA, Lu M, et al.
Disruption of IRE1α through its kinase domain attenuates multiple myeloma. Proc
Natl Acad Sci USA. 2019;116:16420–9.

N. Rufo et al.

243

Cell Death & Differentiation (2022) 29:230 – 245

https://www.ncbi.nlm.nih.gov/geo/


28. Nguyên DT, Kebache S, Fazel A, Wong HN, Jenna S, Emadali A, et al. Nck-
dependent activation of extracellular signal-regulated kinase-1 and regulation of
cell survival during endoplasmic reticulum stress. Mol Biol Cell. 2004;15:4248–60.

29. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, et al. Coupling of
stress in the ER to activation of JNK protein kinases by transmembrane protein
kinase IRE1. Science. 2000;287:664–6.

30. Metzemaekers M, Vanheule V, Janssens R, Struyf S, Proost P. Overview of the
Mechanisms that May Contribute to the Non-Redundant Activities of Interferon-
Inducible CXC Chemokine Receptor 3 Ligands. Front Immunol. 2018;8:1970.
https://doi.org/10.3389/fimmu.2017.01970.

31. Qing G, Yan P, Qu Z, Liu H, Xiao G. Hsp90 regulates processing of NF-kB2 p100
involving protection of NF-kB-inducing kinase (NIK) from autophagy-mediated
degradation. Cell Res. 2007;17:520–30.

32. Korovesis D, Rufo N, Derua R, Agostinis P, Verhelst SHL. Kinase photoaffinity
labeling reveals low selectivity profile of the IRE1 targeting imidazopyrazine-
based KIRA6 inhibitor. ACS Chem Biol. 2020;15:3106–11.

33. Thangjam GS, Birmpas C, Barabutis N, Gregory BW, Clemens MA, Newton JR, et al.
Hsp90 inhibition suppresses NF-ĸB transcriptional activation via Sirt-2 in human
lung microvascular endothelial cells. Am J Physiol Lung Cell Mol Physiol.
2016;310:L964–74.

34. Gopalakrishnan R, Matta H, Chaudhary PM. A purine scaffold HSP90
inhibitor BIIB021 has selective activity against KSHV-associated primary effusion
lymphoma and blocks vFLIP k13-induced NF-κB. Clin Cancer Res.
2013;19:5016–26.

35. Chun JN, Choi B, Lee KW, Lee DJ, Kang DH, Lee JY, et al. Cytosolic Hsp60 is
involved in the NF-kB-dependent survival of cancer cells via IKK regulation. PLoS
ONE. 2010;5:e9422. https://doi.org/10.1371/journal.pone.0009422.

36. Cappello F, Gammazza AM, Piccionello AP, Campanella C, Pace A, De Macario EC,
et al. Hsp60 chaperonopathies and chaperonotherapy: targets and agents. Expert
Opin Ther Targets. 2014;18:185–208.

37. Huang YH, Yeh CT. Functional compartmentalization of HSP60-survivin interac-
tion between mitochondria and cytosol in cancer cells. Cells. 2019;9:23. https://
doi.org/10.3390/cells9010023.

38. Haynes CM, Ron D. The mitochondrial UPR–protecting organelle protein home-
ostasis. J Cell Sci. 2010;123:3849–55.

39. Trott O, Olson AJ. AutoDock Vina: Improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. J Comput
Chem. 2010;31:455–61.

40. Nisemblat S, Yaniv O, Parnas A, Frolow F, Azem A. Crystal structure of the human
mitochondrial chaperonin symmetrical football complex. Proc Natl Acad Sci USA.
2015;112:6044–9.

41. Ishida R, Okamoto T, Motojima F, Kubota H, Takahashi H, Tanabe M, et al. Phy-
sicochemical properties of the mammalian molecular chaperone HSP60. Int J Mol
Sci. 2018;19:489. https://doi.org/10.3390/ijms19020489.

42. Polley S, Passos DO, Huang DBin, Mulero MC, Mazumder A, Biswas T, et al.
Structural basis for the activation of IKK1/α. Cell Rep. 2016;17:1907–14.

43. Schmitz ML, Shaban MS, Albert BV, Gökçen A, Kracht M. The crosstalk of Endo-
plasmic Reticulum (ER) stress pathways with NF-κB: Complex mechanisms rele-
vant for cancer, inflammation and infection. Biomedicines. 2018;6:58. https://doi.
org/10.3390/biomedicines6020058.

44. Keestra-Gounder AM, Byndloss MX, Seyffert N, Young BM, Chávez-Arroyo A, Tsai
AY, et al. NOD1 and NOD2 signalling links ER stress with inflammation. Nature.
2016;532:1–15.

45. Lu M, Lawrence DA, Marsters S, Acosta-Alvear D, Kimmig P, Mendez AS, et al.
Opposing unfolded-protein-response signals converge on death receptor 5 to
control apoptosis. Science. 2014;345:98–101.

46. Iurlaro R, Püschel F, León-Annicchiarico CL, O’Connor H, Martin SJ, Palou-Gramón
D, et al. Glucose deprivation induces ATF4-mediated apoptosis through TRAIL
death receptors. Mol Cell Biol. 2017;37:e00479–16. https://doi.org/10.1128/
MCB.00479-16.

47. Lam M, Marsters S, Ashkenazi A, Walter P. Misfolded proteins bind and activate
death receptor 5 to trigger apoptosis during unresolved endoplasmic reticulum
stress. elife. 2020;9:e52291. https://doi.org/10.7554/eLife.52291.

48. Glab JA, Doerflinger M, Nedeva C, Jose I, Mbogo GW, Paton JC, et al. DR5 and
caspase-8 are dispensable in ER stress-induced apoptosis. Cell Death Differ.
2017;24:944–50.

49. Ghosh R, Wang L, Wang ES, Perera BGK, Igbaria A, Morita S, et al. Allosteric
inhibition of the IRE1α RNase preserves cell viability and function during endo-
plasmic reticulum stress. Cell. 2014;158:534–48.

50. Thamsen M, Ghosh R, Auyeung VC, Brumwell A, Chapman HA, Backes BJ, et al. Small
molecule inhibition of IRE1α kinase/ RNase has anti-fibrotic effects in the lung. PLoS
ONE. 2019;14:e0209824. https://doi.org/10.1371/journal.pone.0209824.

51. Sevin M, Girodon F, Garrido C, De Thonel A. HSP90 and HSP70: implication in
inflammation processes and therapeutic approaches for myeloproliferative
neoplasms. Mediators Inflamm. 2015;2015:970242.

52. Hetz C, Chevet E, Harding HP. Targeting the unfolded protein response in disease.
Nat Rev Drug Discov. 2013;12:703–19. http://www.ncbi.nlm.nih.gov/pubmed/
23989796.

53. Poussin C, Mathis C, Alexopoulos LG, Messinis DE, Dulize RHJ, Belcastro V, et al.
The species translation challenge—a systems biology perspective on human and
rat bronchial epithelial cells. Sci Data. 2014;1:140009. https://doi.org/10.1038/
sdata.2014.9.

54. Dudek-Peric AM, Ferreira GB, Muchowicz A, Wouters J, Prada N, Martin S, et al.
Antitumor immunity triggered by melphalan is potentiated by melanoma cell
surface-associated calreticulin. Cancer Res. 2015;75:1603–14.

55. Harrington PE, Biswas K, Malwitz D, Tasker AS, Mohr C, Andrews KL, et al.
Unfolded protein response in cancer: IRE1α inhibition by selective kinase ligands
does not impair tumor cell viability. ACS Med Chem Lett. 2015;6:68–72.

56. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al.
AutoDock4 and AutoDockTools4: Automated docking with selective receptor
flexibility. J Comput Chem. 2009;30:2785–91.

57. Oleg T, Arthur JO. AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. J Comput
Chem. 2010;31:455–61.

58. Gordon A, Hannon GJ. FASTX-Toolkit. http://hannonlab.cshl.edu/fastx_toolkit/.
2010.

59. Martin M. Cutadapt removes adapter sequences from high-throughput sequen-
cing reads. EMBnet J. 2011;17:10. https://doi.org/10.14806/ej.17.1.200.

60. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics. 2013;29:15–21.

61. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence
Alignment/Map format and SAMtools. Bioinformatics. 2009;25:2078–9.

62. Liao Y, Smyth GK, Shi W. FeatureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics. 2014;30:923–30.

63. Robinson MD, McCarthy DJ, Smyth GK. edgeR: A Bioconductor package for dif-
ferential expression analysis of digital gene expression data. Bioinformatics.
2009;26:139–40.

64. Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol. 2010;11:R25. https://doi.org/
10.1186/gb-2010-11-3-r25.

65. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res.
2012;40:4288–97.

66. Lun ATL, Chen Y, Smyth GK. It’s DE-licious: a recipe for differential expression
analyses of RNA-seq experiments using quasi-likelihood methods in edgeR.
Methods Mol Biol. 2016;1418:391–416. https://doi.org/10.1007/978-1-4939-3578-
9_19.

67. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550. https://doi.org/
10.1186/s13059-014-0550-8.

68. Alexa A, Rahnenfuhrer J topGO. Alexa A, Rahnenfuhrer J. topGO: Enrichment
Analysis for Gene Ontology. R package version 2.28.0. 2016. https://bioconductor.
org/packages/release/bioc/html/topGO.html.

69. Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B. WebGestalt 2019: gene set analysis
toolkit with revamped UIs and APIs. Nucleic Acids Res. 2019;47:W199–205.

70. Janky R, Verfaillie A, Imrichová H, van de Sande B, Standaert L, Christiaens V, et al.
iRegulon: From a gene list to a gene regulatory network using large motif and
track collections. PLoS Comput Biol. 2014;10:e1003731. https://doi.org/10.1371/
journal.pcbi.1003731.

71. Chang JT, Nevins JR. GATHER: A systems approach to interpreting genomic sig-
natures. Bioinformatics. 2006;22:2926–33.

ACKNOWLEDGEMENTS
We thank Dr. David Ron (University of Cambridge, UK) for providing the IRE1α+/+ and
IRE1α−/− MEFs, and Maarten Ganne for excellent technical assistance. We also thank
Dr. Claudio Hetz and Dr. A. Marijke Keestra-Gounder for providing additional tools to
test IRE1-downstream signaling pathways.

AUTHOR CONTRIBUTIONS
NR and PA designed the experiments, analyzed them, and wrote the paper. NR, SVE,
and JR performed experiments. RD performed and analyzed the mass spectrometry
experiments. DK and SV designed and developed KIRA6 AfBP. MVP performed
confocal imaging. ADG, FF, LS, and TS assisted with the bionformatics analyses. PdW,
MD, and LA provided tools to test chemokines/cytokines expression. SJ provided
helpful comments and discussion. PA oversaw the project and acquired funding. All
the authors revised and commented on the manuscript.

N. Rufo et al.

244

Cell Death & Differentiation (2022) 29:230 – 245

https://doi.org/10.3389/fimmu.2017.01970
https://doi.org/10.1371/journal.pone.0009422
https://doi.org/10.3390/cells9010023
https://doi.org/10.3390/cells9010023
https://doi.org/10.3390/ijms19020489
https://doi.org/10.3390/biomedicines6020058
https://doi.org/10.3390/biomedicines6020058
https://doi.org/10.1128/MCB.00479-16
https://doi.org/10.1128/MCB.00479-16
https://doi.org/10.7554/eLife.52291
https://doi.org/10.1371/journal.pone.0209824
http://www.ncbi.nlm.nih.gov/pubmed/23989796
http://www.ncbi.nlm.nih.gov/pubmed/23989796
https://doi.org/10.1038/sdata.2014.9
https://doi.org/10.1038/sdata.2014.9
http://hannonlab.cshl.edu/fastx_toolkit/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1007/978-1-4939-3578-9_19
https://doi.org/10.1007/978-1-4939-3578-9_19
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://bioconductor.org/packages/release/bioc/html/topGO.html
https://bioconductor.org/packages/release/bioc/html/topGO.html
https://doi.org/10.1371/journal.pcbi.1003731.
https://doi.org/10.1371/journal.pcbi.1003731.


FUNDING INFORMATION
PA is supported by FWO-grants (G076617N, G049817N, G070115N), EOS consortium
(30837538, with A.D.G.), Stichting tegen Kanker (FAF-F/2018/1252), KoKT (2018/
11509/1, with ADG), and KU Leuven (C16/15/073). NR was funded by European
Union’s Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement no. 642295, MVP by a Doctoral Fellowship from
the Flemish Research Foundation (FWO-Vlaanderen, 1186019 N). FF is supported by
the Austrian Science Fund (FWF) (project No. T 974-B30).

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL
Mice experiments were performed in the animal facilities of KU Leuven (Leuven,
Belgium), according to the guidelines of the ethical committees.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-021-00853-5.

Correspondence and requests for materials should be addressed to P.A.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

N. Rufo et al.

245

Cell Death & Differentiation (2022) 29:230 – 245

https://doi.org/10.1038/s41418-021-00853-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Stress-induced inflammation evoked by immunogenic cell death is blunted by the IRE1α kinase inhibitor KIRA6 through HSP60 targeting
	Introduction
	Results
	Immunogenic treatments are hallmarked by a proinflammatory transcriptional signature
	Transcriptional upregulation of a subset of chemokines is a hallmark of immunogenic treatments
	CXCL8 induction following immunogenic treatments requires NF-κB and cJUN
	Pharmacological inhibition of IRE1α kinase activity curtails ICD-induced proinflammatory responses
	KIRA6�suppresses the immunogenic potential of cancer cells responding to immunogenic chemotherapy
	The anti-inflammatory effects of KIRA6 are independent of IRE1
	The anti-inflammatory action of KIRA6 involves inhibition of HSP60-NF-kB axis

	Discussion
	Materials and methods
	Chemical inhibitors
	Cell culture and treatments
	Cell death assay
	Ecto-calreticulin detection
	ATP assay
	Immunofluorescence
	Western blot
	RNA extraction and qPCR
	XBP1�splicing assay
	ELISA
	SiRNA transfection
	NF-κB activity
	Chemotaxis
	DC-maturation analysis
	In vivo prophylactic vaccination
	IRE1 knockout generation
	KIRA6 AfBP generation and target labeling
	Mass spectrometry and data analysis
	Off-target validation by pull-down
	Molecular docking
	RNA-seq and bioinformatics analysis
	Isolation of subcellular fractions
	Co-immunoprecipitation
	HSP60 refolding assay
	Statistical analysis

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding information
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




