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ABSTRACT

IRE1a is one of the three ER transmembrane transducers of the Unfolded Protein Response (UPR) activated
under endoplasmic reticulum (ER) stress. IRETa activation has a dual role in cancer as it may be either pro-
or anti-tumoral depending on the studied models. Here, we describe the discovery that exogenous
expression of IRE1q, resulting in IRE1a auto-activation, did not affect cancer cell proliferation in vitro but
resulted in a tumor-suppressive phenotype in syngeneic immunocompetent mice. We found that exo-
genous expression of IRE1a in murine colorectal and Lewis lung carcinoma cells impaired tumor growth
when syngeneic tumor cells were subcutaneously implanted in immunocompetent mice but not in
immunodeficient mice. Mechanistically, the in vivo tumor-suppressive effect of overexpressing IRE1a in
tumor cells was associated with IRETa RNAse activity driving both XBP1T mRNA splicing and regulated
IRE1-dependent decay of RNA (RIDD). We showed that the tumor-suppressive phenotype upon IRE1a
overexpression was characterized by the induction of apoptosis in tumor cells along with an enhanced
adaptive anti-cancer immunosurveillance. Hence, our work indicates that IRETa overexpression and/or
activation in tumor cells can limit tumor growth in immunocompetent mice. This finding might point
toward the need of adjusting the use of IRE1a inhibitors in cancer treatments based on the predominant
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outcome of the RNAse activity of IRE1a.

Introduction

The intense research for treatments against non-
communicable diseases including metabolic disorders and can-
cer is increasingly focused on nutritional interventions. Indeed,
dietary regimens such as caloric restriction, fasting, low carbo-
hydrate and ketogenic diets as well as low protein and amino
acid-restricted diets have shown some benefit in controlling
tumor development and progression in preclinical and clinical
studies."”” The underlying molecular mechanisms of nutri-
tional regimens that slow down tumor growth or extend ani-
mal survival include: (i) reduction of the insulin-like growth
factor-1 (IGF-1)-triggered signaling cascades such as the PI3K/
Akt/mTOR pathway, (ii) activation of AMPX, (iii) induction of
apoptosis, (iv) DNA damage, (v) oxidative stress and (vi)
alterations in proteostasis with induction of endoplasmic reti-
culum (ER) stress in tumor cells.>”> We have previously
reported the tumor-suppressive effect of an isocaloric diet
partially reduced in protein (Low PROT diet) on several cancer
mouse models. We demonstrated that the anti-cancer immu-
nosurveillance induced by the Low PROT diet was not depen-
dent on mTOR activation but mediated, at least in part, via an
inositol-requiring enzyme la (IREla)-dependent signaling
pathway in tumor cells.®

IREla is a transducer of the Unfolded Protein Response
(UPR). The UPR is canonically activated upon accumulation of
improperly folded proteins in the ER but also by disturbances

in the lipidic composition of the ER membrane.”® IREla is
a type I transmembrane protein that exhibits both kinase and
endoribonuclease activities in its cytosolic domain. The serine/
threonine kinase activity of IREla is responsible for its auto-
transphosphorylation upon ER stress-dependent IREla dimer-
ization, which in turn leads to activation of the IREla RNAse
activity. Most of the IREla signaling outputs have so far been
linked to its RN Ase activity, first through the non-conventional
splicing of XBP1 mRNA, that yields the transcription factor
XBP1s, and second through RNA degradation (also called
Regulated IRE1 Dependent Decay, RIDD).” The interplay
between XBP1s and RIDD is key to control cell survival and
cell death decisions under ER stress. Beyond these catalytic
activities, IREla was recently described to exhibit scaffold
functions that were associated with cell migration,'® calcium
signaling and bioenergetics."'

Alteration of ER homeostasis is associated with most
cancer hallmarks and the IREla signaling has been exten-
sively studied in preclinical models of solid and hematolo-
gical cancers. For instance, constitutive activation of the
IREla-XBP1 signaling in triple negative breast cancer
(TNBC) has been reported to play a pro-tumorigenic role
in xenografts and genetically modified mouse models
through increased cytokine secretion, modulation of cancer
cell stemness-like properties, response to hypoxia, induction
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of angiogenesis, stroma remodeling of the tumor microen-
vironment (TME), chemotherapy resistance, and tumor
relapse in vivo.'””"> In genetic mouse models of pancreatic
ductal adenocarcinoma (PDAC), IREla has also been
involved in acquisition of a more aggressive tumor pheno-
type with mesenchymal-like properties and higher tumor-
initiating and metastatic potential.'®'” The IREla-XBPI
axis has been shown to be pro-tumorigenic in colon carci-
noma mouse models via cell stemness-related processes'®
and resistance to chemotherapy in immunodeficient
animals.'” Interestingly, opposite functions of the two
IREla RNAse activity outputs have been suggested in
human glioblastoma multiforme and recapitulated in xeno-
graft mouse models of glioblastoma. In these studies, XBP1s
was described as pro-tumorigenic and RIDD as anti-
tumorigenic.20 The tumor-suppressive role of IREla was
also documented in hematological cancers such as diffuse
large B-cell lymphoma (DLBCL), more specifically of the
germinal center B-cell-like (GCB) subtype. Indeed,
a defective IREla-XBP1 pathway via epigenetic silencing
of IREla has been recognized as a hallmark of GCB-
DLBCL. Therefore, exogenous expression of XBP1s in sub-
cutaneous xenografts of GCB-DLBCL in mice was found to
limit tumor growth.”' In contrast, in other non-Hodgkin’s
lymphomas such as Burkitt’s lymphoma, the IREla-XBP1
axis promoted tumor growth.”> This dual role of IREla
signaling in cancer has also been described in different
innate as well as adaptive immune cell populations within
the TME of several solid oncogenic malignancies.”> %’

Hence, since IREla plays a dual role in tumor progression,
either pro- or anti-tumoral, we sought to investigate the effect
of activating the IREla pathway by exogenous expression of
IREla in tumor cells implanted in immunocompetent mice.
We found that overexpression of IREla was detrimental to
subcutaneous tumor growth of colorectal and Lewis lung car-
cinomas. Tumors with IREla overexpression were character-
ized by a higher anti-cancer immunosurveillance and tumor
cells undergoing apoptosis.

Results

Low protein diet-dependent tumor suppression correlates
with IRE1a activation in tumors, higher anti-cancer
immunosurveillance and increased synthesis of pro-
inflammatory cytokines

To determine how the Low PROT diet-induced IREla activa-
tion was involved in immunosurveillance, immunocompetent
BALB/c mice were fed an isocaloric control (CTR) or Low
PROT diet for 7 days prior to subcutaneous (SC) engraftment
of syngeneic colorectal carcinoma CT26 cells (Figure 1a).
Tumor-bearing mice were kept under diet until sacrifice and
tumors were analyzed 15 days post-tumor engraftment. Low
PROT tumors were significantly smaller than CTR tumors
when tumor volume was measured by caliper and tumors
were weighed after resection (Figure 1b). As we previously
described,® total IRE1 a was not modulated but XBP1s protein
levels were higher in Low PROT tumors confirming the activa-
tion of the IREla pathway (Figure 1c). Immune cell profiling

indicated that tumor-infiltrating lymphocytes (TILs), specifi-
cally CD8" T cells (Figure 1d), tumor-associated macrophages
(TAMs) (Figure le) and intra-tumoral dendritic cells (DCs,
figure 1f) were enriched in Low PROT tumors. Correlating
with higher recruitment of cytotoxic T cells into the TME of
Low PROT tumors, a significant increase in the surface expres-
sion levels of MHC-I (Major Histocompatibility Complex-I,
specifically H2Kd) was detected on isolated tumor cells from
mice fed a Low PROT diet (Figure 1g). Furthermore, enhanced
anti-tumoral effector functions of T lymphocytes from tumor-
bearing mice fed the Low PROT diet were also observed by ex
vivo cytotoxicity assay (Figure 1h).

Since IREla was activated and H2Kd was differentially
expressed in Low PROT tumor cells, the transcript levels of
gene encoding members of the antigen processing and pre-
senting machinery and pro-inflammatory factors were
quantified in isolated tumor cells from tumor-bearing
mice. Transcript levels of ERAP1 (Endoplasmic Reticulum
Aminopeptidase 1), an ER-resident aminopeptidase that
generates peptide fragments that can be presented by
MHC-I, were higher in Low PROT tumor cells
(Figure 1i). Likewise, TAP1 (Transporter 1, ATP Binding
Cassette Subfamily B) which is a member of a transporter
complex localized in the ER membrane that shuttles cyto-
plasmic peptides into the ER to be trimmed and loaded
onto MHC-I was also upregulated in Low PROT tumor
cells (Figure 1i). Pro-inflammatory factors including type
I interferons, TNF-a and GM-CSF, chemo-attractants
(CXCL10, CXCL11, CCL2), and the NK cell-activating
cytokine IL-15 were upregulated under the Low PROT
diet (Figure 1j). These findings indicate that the Low
PROT diet regulates gene expression in malignant cells,
which might endow them with the ability to express more
pro-inflammatory soluble factors and to increase the anti-
gen processing and presenting machinery that enhance
tumor immunogenicity and therefore, the anti-cancer
immunosurveillance.

IRE1a overexpression in CT26 cells leads to IRE1a self-
activation driving XBP1 mRNA splicing and RIDD induction

To test whether the Low PROT diet-induced anti-cancer
immunosurveillance could be linked specifically to IREla acti-
vation in tumor cells, we exogenously expressed IREla (OE)
and genetically silenced IREla in CT26 cells (KO). Stable
IREla overexpression was confirmed by its higher transcript
levels as compared to WT and mock cells (Figure 2a). Higher
expression of IREla in OE cells resulted in IREla auto-
activation as judged by the increase in XBP1 mRNA splicing
as compared to control cells in basal conditions. XBP1s induc-
tion in IREla-overexpressing cells was similar to that in WT
and mock cells treated with tunicamycin, which is a general
inducer of ER stress. This suggests that exogenous expression
of IREla induces a strong splicing of XBP1 (Figure 2a). Protein
levels of IREla and XBP1s in IREla-overexpressing cells were
in accordance with their transcript levels (Figure 2b). IREla
overexpression resulted in induction of its RNAse activity
beyond XBP1 splicing since lower transcript levels of the
RIDD targets, Blosl and Col6al were detected (Figure 2c)



ONCOIMMUNOLOGY €2116844-3

a CT26 cells
N . 0, @. S
: 3 25% ¢ : SC tumor ): 3
7 day -priming development @
b c
2400+
z 0.0040
—~ = T
& 800 o 300{ .. kDa CTR Low PROT
E - CIR £ 130 | e IREla
o 6004 - -
g Low PROT _gn 2004 40 RK:
2 400 00137 2 .
4 = 1001 55| S ——————————— | (DD ¢
‘g' 200 E
g 0 . . . S 40’ ‘ERKZ
5 10 15 CTR  Low PROT
Days post-SC injection
0.5330 0.0310
= 2.0 — 510 —
& ° &
d e 1.5 . 8
+ g TAM S E 6
CD8' TILs < s 1.0 g
+ - % % 4
12 g 2 05 =
5 0.0408 5 0.0147 2 = 2
~E . o E — = 0.0 0
g2 & =519 . & & & &
~ 2 =0 o <& L
+ 2 0.2 ] A
2 ‘; . = E T & &
Cg 4 ZE 5 v v
g 5é
o ol
= ®
CTR Low PROT g8 CTR Low PROT
tumor-infiltrating DCs CT26 cells : T splenocytes (1:5)
0.5 = 500 0.0002 15 0.0277
- 0.0090 =) — = 1
S : ! Z 400 S
-] 8 =
S 2 £ 300 S 10
=2 = 8
v B 2200 [
= & = O 5
g& < 100 E
b g g
o
== ] 0
CTR Low PROT CTR Low PROT CTR Low PROT
i j
1o isolated tumor cells ® CTR
0.0010 B3 Low PROT
—

27-AACt target gene (18S)
27-AACt target gene (18S)

ERAP1 TAP1 IFNa IFNg  TNFe CXCL10 CXCL11 CCL2 GM-CSF 1IL15

Figure 1. Low PROT diet limits tumor growth, activates the IRE1a pathway, increases the anti-cancer immunosurveillance and the synthesis of inflammatory genes.
A. Immunocompetent BALB/c mice fed a control (CTR) or Low Protein (Low PROT) diet for 7 days were engrafted with syngeneic colorectal carcinoma CT26 cells.
B. Subcutaneous (SC) tumor growth curve and tumor weight at endpoint (CTR, n = 5 and Low PROT, n = 6). C. Protein expression of IRE1a and XBP1s in whole tumors
isolated from mice sacrificed at endpoint (15 days post-SC tumor cell injection, CTR, n = 7 and Low PROT, n = 7). ERK2 is used as a loading control. Quantification of
IRE1alpha and XBP1s over ERK2 by densitometry analysis are presented below in arbitrary units (a.u.). D, E, F. Percentage of CD8" TILs, TAMs and intra-tumoral DCs from
whole tumors presented in B, as quantified by flow cytometry (CTR, n = 4 and Low PROT, n = 5). G. Surface expression levels (MFI) of H2Kd determined by flow
cytometry analysis on live and isolated tumor cells (CTR, n = 4 and Low PROT, n = 4) from mice sacrificed at endpoint. H. Percentage of dead CT26 cells co-cultured with
CD3* T splenocytes isolated from tumor-bearing mice (from B) for ex vivo cytotoxicity assay (CTR, n = 4 and Low PROT, n = 3). |. Transcript levels in isolated tumor cells of
proteins involved in the antigenic peptide shuttle into the ER and peptide loading onto MHC-I as quantified by RT-qPCR. J. Transcript levels in isolated tumor cells from
B of type | and Il interferons, cytokines, and chemokine ligands.Bars represent mean + SD (or SEM for panel B) and each data point represents a biological replicate.
Statistical differences were determined by two-tailed, unpaired Student’s t-test. In vivo experiments are representative of several performed.
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Figure 2. IRETa-overexpressing CT26 cells display a functional IRE1a. protein with an enhanced endoribonuclease activity. A. Transcript expression levels of ERN1 and
XBP1s/u in WT, mock and IRE1a-overexpressing (OE) in basal conditions and under tunicamycin 1 ug/mL for 16 hours (presented as the average of technical triplicates
of three independent experiment). B. Protein expression levels of IRE1a. and XBP1s were determined by immunoblotting in WT, mock, O, CRISPR Ctr, and KO CT26 cells
in basal conditions and under tunicamycin 1 pg/mL for 16 hours (representation of one out of three independent experiments). ERK2 is used as a loading control.
C. Transcript levels of RIDD targets (biological replicates of three independent experiments), ERAP1, and TAP1 (technical triplicates of a single experiment) in mock and
OE CT26 cells were quantified by RT-gPCR. D. Cell growth of mock and IRE1a OE CT26 cells (biological replicates of three independent experiments). E. Cell growth of
mock and OE CT26 cells when treated with the indicated doses of tunicamycin (biological triplicates of a single experiment). F. Cell growth of mock and OE CT26 cells
when treated with the indicated doses of 2-DG (2-deoxyglucose, biological triplicates of a single experiment). G. Transcript level expression of type | and Il interferons,
ligands of chemokines and cytokines in mock and OE CT26 cells were quantified by RT-qPCR (technical triplicates of a single experiment). Bars and data points of the cell
growth curves represent mean =+ SD. Statistical differences were determined by two-tailed, unpaired Student’s t-test.

indicating RIDD induction. ERAP1 and TAP1 transcripts
which were upregulated in isolated tumor cells from Low
PROT diet-fed mice (Figure 1i) also increased in IREla-
overexpressing cells as compared to mock cells (Figure 2c).
IREla-overexpressing CT26 cells displayed in vitro
a proliferative capacity similar to that of control cells
(Figure 2d). Even though cell growth of IREla-
overexpressing cells decreased under treatment with tunicamy-
cin (Figure 2e) or 2-deoxyglucose (figure 2f), two ER stress
inducers, we could not observe a significant difference with
control cells, indicating that IREla overexpression is not

sensitizing CT26 cells growing in vitro to stress-induced cyto-
static or cytotoxic effects.

Interestingly, transcript levels of several cytokines that were
upregulated in Low PROT tumor cells did not increase in IREla-
overexpressing cells (Figure 2g). This finding suggests that IRE1a
overexpression in in vitro cultured CT26 cells did not have an
impact on cytokine production contrary to what had been
reported in triple negative breast cancer cells that display consti-
tutive IREla RNAse activity with enhanced XBP1 splicing.'”
Hence, exogenous expression of IREla in CT26 drives XBP1
mRNA splicing and RIDD induction with no changes in cell



proliferation in vitro even under ER stress induced by various
pharmacological treatments.

IRE1a-overexpressing tumors display a limited tumor
growth, tumor cell apoptosis and higher immune cell
infiltration

To evaluate the impact of IREla activity on tumor growth and
immunogenicity, IREla-overexpressing (OE) CT26 cells were
subcutaneously engrafted in syngeneic immunocompetent
BALB/c mice. IREla overexpression yielded a drastic reduc-
tion in tumor size when compared to control tumors
(Figure 3a). Importantly, this effect was also observed in
a subcutaneous syngeneic mouse model of Lewis lung carci-
noma since IREla-overexpressing LLC1 cells yielded smaller
tumors as compared to control tumors in C57BL/6 mice
(Figure 3b). Prior to in vivo engraftment, IREla-
overexpressing LLC1 cells were generated and validated
in vitro showing higher transcript levels of IREla along with
a significant increase of XBP1 mRNA splicing (Fig. S1A).
IREla overexpression in LLC1 cells did not change their pro-
liferative capacity in vitro (Fig. S1B).

In BALB/c mice bearing tumors, we verified that protein
levels of IREla and XBP1s were increased in isolated tumor
cells from IREla-overexpressing (OE) CT26 tumors
(Figure 3c) and that no significant changes in protein levels
of other UPR members, namely, ATF4 and CHOP were
observed between mock and OE CT26 tumor cells
(Figure 3c). Analysis of isolated OE CT26 tumor cells from
the mice presented in Figure 3a, confirmed transcriptional
upregulation of IREla and induction of its full RNAse activity
as judged by the upregulation of XBP1s and downregulation of
RIDD targets (Figure 3d). The extent of RIDD induction
beyond XBP1 splicing suggested that a pro-death outcome of
the IRE1a-RIDD axis could underlie tumor growth limitation
upon exogenous expression of IREla. Indeed, a close charac-
terization of the tumor cells isolated at endpoint from
Figure 3a, indicated that OE CT26 tumor cells undergo apop-
tosis in vivo as judged by increased cleavage of PARP
(Figure 3e), a canonical caspase substrate, and increased
DEVDase activity (figure 3f). Intra-tumoral immune profiling
of OE CT26 tumor-bearing mice revealed higher infiltration of
immune cells (Figure 3g). Among them, TILs, specifically
CD3" T cells, cytotoxic CD8" T cells and total CD4™ T cells
(without discrimination between helper and regulatory CD4"
T cells, Figure 3h) were higher in OE CT26 tumors. In addi-
tion, tumor-infiltrating NK cells (Figure 3i) and resident TAMs
(Figure 3j) were higher in OF tumors. CD11c" resident TAMs
were shown to express higher levels of activation markers like
MHC-II and CD86 (Figure 3j). Surface expression levels of
MHC-I (specifically H2Kd) and CD47 were upregulated and
downregulated, respectively, on tumor cells (Figure 3k). This
correlated with the upregulation of H2Kd seen in Low PROT
tumor cells (Figure 1g). Surface expression of another MHC-I
variant of the same haplotype (H2Ld) and the MHC class I-like
molecule (H60) did not change in OE cells (Figure 3k).
Importantly, isolated CD3* T splenocytes from OE tumor-
bearing mice displayed higher cytotoxicity when co-cultured
in vitro with CT26 cells (Figure 3l), indicating a specific
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adaptive anti-cancer immune response in these mice. Hence,
IREla overexpression in CT26 and LLC1 tumors is associated
with limited tumor progression in immunocompetent mice,
via the induction of tumor cell death and a higher immune cell
infiltrate.

IRE1a knockout in CT26 favors in vivo tumor growth

To test whether the impairment of tumor growth associated
with exogenous expression of IREla can be reverted by knock-
ing out IREla, CRISPR/Cas9 control (CRISPR Ctr) and IREla
knockout (KO) CT26 cells were generated. As expected, IREla
KO CT26 cells did not express IREla protein (Figure 2b), did
not show splicing of XBP1 (Figure 4a) and did not affect
in vitro cell proliferation (Figure 4b). Then, IREla KO CT26
cells were subcutaneously implanted into immunocompetent
BALB/c mice. It is important to note that, as detailed in the
Materials and Methods section, IREla was genetically invali-
dated in CT26 cells by transient transfection to avoid any
immunogenicity that might be related to the exogenous expres-
sion of the Cas9 nuclease. Knockout of IREla enhanced tumor
growth as compared to control cells (Figure 4c). In addition,
KO tumors displayed lower infiltration of CD8" T cells
(Figure 4d) and lower expression of the activation marker
MHC-II on CD11c" resident TAMs (Figure 4e), inversely
correlating with the enhanced immune cell infiltration and
expression of activation markers on TAMs observed in OE
CT26 tumors (Figure 3h,j). In this line, surface expression of
MHC-I (H2Kd and H2Ld) (figure 4f) was downregulated on
KO tumor cells while CD47 and H60 expression was unaltered
(figure 4f). These findings indicate that exogenous expression
of IREla in CT26 tumor cells impairs tumor growth as demon-
strated by the opposite tumor phenotype driven by IREla
genetic invalidation.

IRE1a overexpression-associated tumor suppression is
partially dependent on cytotoxic T cells

To document the impact of IREla overexpression on cell
death and the adaptive immune response, we engrafted OE
CT26 cells into immunodeficient Nude mice that lacked
functional T and B cells. The engraftment of IREla over-
expressing CT26 cells revealed a trend but no significant
impairment of the tumor growth as judged by the tumor
weight at endpoint (Figure 5a). We confirmed that IREla
transcript levels were significantly higher in isolated OE
CT26 tumor cells. This, indeed, correlated with induction
of a full RNAse activity based on transcriptional upregulation
of XBP1s and downregulation of RIDD targets (Figure 5b).
OE CT26 tumor cells isolated from tumor-bearing Nude
mice displayed higher caspase activity (Figure 5c). This
result recapitulates the enhanced caspase activity observed
in OE CT26 tumor-bearing immunocompetent mice (figure
3f), even if it did not result in a significant reduction in
tumor weight. Immune cell profiling showed higher infil-
tration of NK cells (Figure 5d) and of resident TAMs
expressing MHC-II in OE tumors as compared to control
tumors (Figure 5e). Although cell surface expression of
H2Kd and CD47 did not change, H60, an activating ligand
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Figure 3. IRE1a overexpression in CT26 tumor cells limits tumor growth in immunocompetent syngeneic mice. A. Subcutaneous (SC) tumor growth curve (left) and
tumor weight at endpoint (day 16 post-SC injection, right) of immunocompetent BALB/c mice engrafted with mock and IRE1a-overexpressing (OE) CT26 cells (CTR n=5,
OE, n=6). B. Tumor weight at endpoint (day 13 post-SC injection) of immunocompetent C57BL/6 mice subcutaneously engrafted with mock and IRE1a-overexpressing
(OE) LLC1 cells (n = 8 per group). C. Protein expression levels of IRE1a, XBP1s, and other UPR components (CHOP, ATF4) in isolated tumor cells from CT26 tumor-bearing
mice sacrificed at endpoint (day 16 post-SC tumor cell injection, CTR = 5 and OE = 5). ERK2 is used as a loading control. D. Transcript expression levels of IRE1a, XBP1s/u
and RIDD targets (Scara3, Blos1, Col6a1) in isolated tumor cells from CT26 tumor-bearing mice sacrificed at endpoint were quantified by RT-qPCR (CTR = 5 and OE = 4).
E. Protein expression levels of PARP and cleaved PARP in isolated tumor cells from CT26 tumor-bearing mice sacrificed at endpoint (CTR = 5 and OE = 5). ERK2 is used as
a loading control. To the right, quantification of cleaved over total PARP by densitometry analysis. F. Caspase (DEVDase) activity in isolated tumor cells from CT26 tumor-
bearing mice sacrificed at endpoint (CTR = 5 and OE = 5). G. Percentage of CD45™ cells from CT26 whole tumors presented in A. H. Percentage of CD3* TILs, CD8" TILs,
and CD4" TILs from whole CT26 tumors presented in A. I. Percentage of tumor-infiltrating NK cells from whole CT26 tumors presented in A. J. Percentage of resident
TAMs from whole CT26 tumors presented in A. and surface expression levels (MFI) of MHC-Il and CD86 on CD11c* resident TAMs. K. Surface expression levels (MFI) of
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Figure 4. IRE10. knockout in CT26 tumor cells enhances tumor growth in immunocompetent mice. A. Transcript expression levels of XBP1s/u in CRISPR Control (Ctr) and
IRE10a-KO CT26 cells in basal conditions in vitro. B. Cell growth of CRISPR Control (Ctr) and IRETa-KO CT26 cells. C. Subcutaneous (SC) tumor growth curve and tumor
weight at endpoint (day 14 post-SC injection) of immunocompetent BALB/c mice engrafted with CRISPR/Cas9 control (CRISPR Ctr) (n = 7) and IRETa knockout (KO)
(n = 8) CT26 cells. D. Percentage of CD8" TILs from whole CT26 tumors presented in C. E. Surface expression levels (MFI) of MHC-Il on CD11c+ resident TAMs from whole
CT26 tumors. F. Surface expression levels (MFI) of immune markers on live CRISPR Ctr and KO CT26 tumor cells (CD45/DAPI™) (CRISPR Ctr = 4 and IRE1a. KO = 4/5). From
D to F, tumors were resected from mice sacrificed at endpoint and immune cell populations were quantified by flow cytometry. Bars represent mean + SD (or SEM for
panel C), and each data point represents biological replicates. Statistical differences were determined by two-tailed, unpaired Student’s t-test.

of NK cells, was upregulated on OE tumor cells (figure 5f). cells induces cell death in vivo and higher recruitment of
These results suggest that IREla overexpression in tumor immune cells into the TME. However, IREla OE-associated

immune markers on live mock and OE CT26 tumor cells (GFP*/CD45 /DAPI™) presented in A. From G to K, tumors were resected from mice sacrificed at endpoint and
immune cell populations were quantified by flow cytometry (CTR = 4/5 and OE = 4). L. CD3* T splenocytes were isolated from mice bearing mock or OE-CT26 tumors at
endpoint and incubated with WT CT26 for 4 hours (ratio: 5 T cells for 1 CT26 cell). The ability of T cells to kill tumoral cells was determined by DAPI staining and
measured by flow cytometry (CTR = 5 and OE = 5). Bars represent mean =+ SD (or SEM for panel A and B), and each data point represents biological replicates. Statistical
differences were determined by two-tailed, unpaired Student's t-test. In vivo results are representative of at least two experiments performed.
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Figure 5. IRE1a overexpression in CT26 tumor cells limits tumor growth and is partially dependent on T cells. A. Subcutaneous (SC) tumor growth curve and tumor
weight at endpoint (day 12 post-SC injection) of immunodeficient Nude mice engrafted with mock (n = 7) and IRE1a-overexpressing (OE) CT26 cells (n = 5). B. Transcript

expression levels of IRE1a, XBP1s/u and RIDD targets (Scara3, Blos1, Col6al) in isola
RT-qPCR (CTR = 5 and OE = 4/5). C. Caspase (DEVDase) activity in isolated tumo
E. Percentage of resident TAMs and tumor-infiltrating NK cells from whole tumors re

ted tumor cells from tumor-bearing mice sacrificed at endpoint were quantified by
r cells from tumor-bearing mice sacrificed at endpoint (CTR = 5 and OE = 5). D,
sected from mice at endpoint. F. Surface expression levels (MFI) of immune markers

on live mock and OE tumor cells (GFP*/CD457/DAPI”) of mice sacrificed at endpoint (CTR = 4/5 and OE = 5). From D to F, quantification by flow cytometry. Bars

represent mean = SD (or SEM for panel A) and each data point represents biological
t-test.

cell death did not significantly reduce tumor growth
(Figure 5a) in the absence of functional adaptive immune
cells, even if the intra-tumoral infiltration of other immune
cells (such as NK cells and TAMs) was higher in OE
tumors (Figure 5d,e).

Altogether, IREla activation in tumor cells via exogenous
expression of IREla yields a less aggressive tumor phenotype
and associates with apoptosis in tumor cells growing in vivo

replicates. Statistical differences were determined by two-tailed, unpaired Student’s

and a stronger anti-cancer immunosurveillance partially
dependent on T cells (Figure 6).

Discussion

We have shown that exogenous expression of IREla in tumor
cells results in an anti-tumoral phenotype in immunocompetent
(Figure 3) but not in immunodeficient mice (Figure 5). This
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Figure 6. The RNAse activity of IRE1a in tumor cells limits tumor growth. An enhanced RNAse activity of IRETa by its exogenous expression in tumor cells leads to XBP1
splicing and RIDD induction in malignant cells and limits subcutaneous tumor growth of colorectal and Lewis lung carcinoma. The tumor-suppressive effect of
exogenous expression of IRE1a in malignant cells associates with induction of apoptosis in tumor cells and a higher anti-cancer immunosurveillance in immuno-

competent mice.

finding correlates with the tumor growth limitation observed
under the Low PROT diet (Figure 1). The tumor-suppressive
functions of IREla correlated, beyond XPB1 splicing, with
RIDD induction in tumor cells and with an increase in tumor
cell death and higher immune cell infiltrate (Figures 3 and 6).
Indeed, this anti-tumoral phenotype was further supported by
the pro-tumoral effect of IREla genetic invalidation in CT26
tumor cells (Figure 4). We demonstrated that the anti-tumoral
phenotype associated with IREla exogenous expression in
tumors partially depended on cytotoxic T cells (Figure 5). This
result is different from the anti-cancer immunosurveillance
induced by the Low PROT diet, as the latter was entirely depen-
dent on CD8" T cells.® These findings indicate that the anti-
cancer immune response enhanced by the nutritional approach
(the Low PROT diet) is different from that induced by the
genetic approach (IREla overexpression), probably due to the
activation of different molecular mechanisms and/or different
systemic aspects (such as microbiota modulation). Also, the fact
that the low PROT diet was provided prior to inoculation of
tumor cells could impact seeding and subsequent tumor growth.

Beyond the information that the nature of IREla RNAse
activities (XBP1s vs RIDD) is a key factor in regulating tumor
growth-associated outputs, our data also suggest that the
expression level of IREla on its own could also be a factor to
consider. It is plausible that exogenous expression of IREla
could alter IREla scaffolding functions and the subsequent
biological outputs. In many cases, the pro-tumoral role of
IREla is associated with XBP1 mRNA splicing, which when
coupled with certain oncogenic drivers copes with the inherent
cytotoxicity of rapidly proliferating tissues. In parallel, the
expression of XBP1s supports tumor cells in the stressful
TME deprived of nutrients and oxygen. Indeed, XBP1s has
been shown to confer tumor cells the ability of initiating
tumor growth and of responding to hypoxia in cooperation
with HIF-1a."” Hence, XBP1s and its tumor-protective effects
might be the result of adaptive ER stress mechanisms induced
to support the competitive tumor cell growth.

The tumor-protective role of the IRE1a-XBP1 axis has been
positively associated with the expression of c-Myc in TNBC,"*
PDAC,' and in high c-Myc human B cell lymphomas and
N-Myc-driven human neuroblastoma.”” In this regard,

depending on the oncogenic driver, signaling pathways sup-
porting the tumor proliferative capacity and anabolic metabo-
lism vary among different cell and cancer types. Therefore,
tumors expressing high levels of c-Myc and XBP1s such as
TNBC could benefit from the inhibition of this signaling axis.
Altogether, the oncogenic drivers, the type of cancer, the
immunocompetence of cancer animal models and subcuta-
neous or orthotopic tumors may account for the dual role of
the IREla pathway in cancer. Considering the transformed cell
lines used in our study, genomic characterization of colorectal
carcinoma CT26 cells has shown a homozygous mutation of
Kras at G'*D and no mutation but a high expression of Myc,
p53, Mdm?2, HIFl-a and Nras.”® In Lewis lung carcinoma
LLC1 cells, a heterozygous Kras mutation is present at
G'2C with not description of alterations in Myc.” This might
account for the tumor-suppressive role of IREla overexpres-
sion in these cells since the oncogenic driver is Kras and not
c-Myc, and the IREla pathway is oriented toward RIDD in
parallel with XBP1splicing.

Exogenous expression of IREla in our model resulted in
a full induction of its endoribonuclease activity with no
changes in the in vitro cell proliferative capacity even upon
extra ER and nutritional stresses (Figure 2). Despite the robust-
ness of IREla-overexpressing cells in in vitro settings, in vivo
implanted cells within the restrictive TME displayed an
impaired growth. We can speculate that the strong induction
of RIDD beyond XBP1 splicing in tumor cells growing in vivo
might be responsible for driving terminal UPR and subse-
quently apoptosis in IREla-overexpressing cells. This hypoth-
esis is supported by a study suggesting that XBP1 splicing and
RIDD induction, when uncoupled, are associated with tumor
protection and suppression, respectively.”’ Indeed, tumor cells
undergoing apoptosis were a common feature of the immuno-
competent and the immunodeficient cancer mouse models in
our study. Certainly, most studies define IREla activation
based on XBP1 splicing but selective and massive degradation
of some mRNAs and miRNAs could also dictate tumor growth
progression.*

Irrespective of tumor cell apoptosis, an enhanced anti-cancer
immune response was seen in IREla-overexpressing tumors.
The less aggressive tumor phenotype might be a combination of
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intrinsic apoptosis induced by toxic IREla exogenous expres-
sion in tumor cells growing in vivo and an anti-cancer immune
response elicited by the immunogenic tumor cell death.
Likewise, a potent anti-cancer immunosurveillance elicited by
plasma membrane-bound and soluble factors secreted by tumor
cells at early stages during tumor progression cannot be ruled
out. Indeed, MHC-I was upregulated in tumor cells from
tumor-bearing immunocompetent mice in parallel with
a downregulation of CD47, the ‘don’t eat me’ signal that inhibits
the phagocytic activity of macrophages. In addition, in immu-
nodeficient mice, H60, an activating ligand of NK cell receptors
was found upregulated. We can hypothesize that in the absence
of functional T cells in Nude mice, cytotoxic NK cells played
a major role in controlling tumor growth.”® Therefore, modula-
tion of immune markers on tumor cells overexpressing IREla
and consequent activation of immune cells is a plausible
mechanism underlying tumor growth limitation.

In this regard, the IRE1 pathway has been reported to
regulate MHC-I either by promoting MHC-I expression via
XBP1s or by decreasing MHC-I expression via RIDD.>'** This
model was described for a specific subtype of DCs that displays
constitutive activation of the IRE1 pathway.”* Therefore, reg-
ulation by the IRE1 pathway of MHC-I expression as well as
the mechanisms of antigen processing and presentation in
tumor cells is plausible in our study.

We consistently recapitulated tumor-suppressive pheno-
types under a Low PROT diet and upon exogenous expression
of IREla in tumor cells. However, distinctive features of each
model (nutritional or genetic) were observed beyond the
degree of dependence on the anti-cancer adaptive immune
response. For instance, the Low PROT diet modulated the
synthesis of several pro-inflammatory factors in tumor cells
while IREla-overexpression in CT26 cells did not change the
transcript levels of these cytokines and chemo-attractants,
which might correlate with a RIDD characteristic. Features
shared between the nutritional and the genetic model include
higher expression of genes coding for members of the antigen
processing and presenting machinery and indeed, upregulation
of MHC-I on tumor cells.

Beyond the Low PROT diet as an anti-cancer nutritional
intervention and the IREla pathway functioning as a tumor-
suppressive signaling cascade in tumoral cells, this study indi-
cates that identifying the most predominant output of IREla
RNAse activity is an important parameter before designing
anti-cancer therapies targeting this pathway. As suggested by
a study in glioblastoma multiforme, analysis of XBP1s and
RIDD signatures in tumors could be informative of the type
of anti-cancer drugs that can better control tumor
progression.”” While tumors with IRE1a-XBP1 arm activation
with low RIDD induction might be sensitive to pharmacologi-
cal inhibition of IREla with selective inhibitors, tumors with
predominant IRE1a-RIDD axis activation with low XBP1 spli-
cing might instead be controlled by pro-apoptotic inducers.
Pro-apoptotic drugs could synergize with the pro-death cellu-
lar outcome mediated by massive RIDD induction.?® Overall,
this work reinforces the idea that a thorough characterization
of the IREla pathway beyond XBP1 splicing in tumor cells
could be a critical criterion to consider before selecting the
most appropriate anti-cancer therapies.

Materials and methods
Mice

All animal experiments were performed according to the
guidelines of the Institutional Animal Care and Use
Committee and the regional ethics committee (approval refer-
ences PEA-503 and PEA-673). All experiments used age-
matched five-week-old female littermates. WT syngeneic
BALB/c and C57BL/6 mice as well as Nude mice were obtained
from ENVIGO and housed in our animal facility (C3M-Nice,
France). When specified, mice were fed isocaloric diets pur-
chased from ENVIGO: either the Control (CTR: TD.130931)
or the Low Protein diet (Low PROT -25%: TD.130933). The
caloric composition of these diets (% of energy provided by
carbohydrate: protein: fat content) was the following: CTR -
(70.9%: 19.5%: 9.6%) and Low PROT —25% — (73.7%: 14.9%:
11.5%), see.’ Mice were fed the specified diets for 7 days prior
to subcutaneous engraftment of tumor cells. WT syngeneic
BALB/c and Nude mice were subcutaneously engrafted with
0.75 x 10° CT26 cells while C57BL/6 mice were subcutaneously
engrafted with 0.5 x 10® LLCL. After subcutaneous engraft-
ment of CT26 and LLCI cells, mice were inspected every two
days for tumor development. Tumor growth was monitored by
caliper measurement following the equation (width? x length)/
2. Animals were sacrificed when a tumor reached at least
1000 mm®.

Cell lines and cell culture conditions

CT26 cells were obtained from the ATCC (#CRL-2638) and
cultured in RPMI-1640 medium (Gibco) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin
(5000 U/mL) (Gibco), and 1% sodium pyruvate (Gibco). LL/2
(LLC1) cells were obtained from the ECACC (#90020104) and
cultured in DMEM (Gibco) supplemented with 10% FBS. All
cell lines were mycoplasma free. CT26 and LLC1 cells were
seeded and cultured for 48 h prior to cell engraftment into mice
and for validation of IREla expression and activity by RT-
qPCR. CT26 and LLC1 cells were treated with tunicamycin at
1 pug/mL for 16 h. For cell growth experiments, CT26 cells were
seeded, and 24 h later tunicamycin (Sigma-Aldrich) or 2-deox-
yglucose (Sigma-Aldrich) were added at the indicated concen-
trations for a total cell culture of 96 h. All experiments were
performed in duplicates or triplicates. All cell lines were incu-
bated at 37°C in a 5% CO? atmosphere.

Generation of mock and IRE1a-overexpressing cells

A lentiviral vector coding for human IREla (hERN1) and
GFP under the control of the SFFV promoter was
designed  (pLV[Exp]-SFFV>Sall/hERN1[NM_001433.5]
(ns)}:T2A/Sall:EGFP) and purchased from VectorBuilder
(VB201207-1387mct). This lentiviral vector was used to
generate the control vector that only expresses GFP. In
summary, the lentiviral vector was designed to contain
Sall restriction sites upstream of the insert (hERN1) and
downstream of the T2A sequence. Enzymatic digestion
with Sall and re-ligation at 16°C for 16 h yielded the
control plasmid coding for GFP under control of the



SFFV promoter. For generating transduced cells, self-
inactivating viruses were generated by transient transfec-
tion of 293 T cells (ATCC, #CRL-1573) and titered as
described previously.” Briefly, using the classical calcium
phosphate method, the envelope plasmid VSV-G (3 pg)
was co-transfected with 8.6 ug of Gag-Pol packaging plas-
mid (psPAX2, Adgene, #12260) and 8.6 ug of the empty
lentiviral vector coding for GFP or the lentiviral vector
coding for hERNla (VB201207-1387mct). Eighteen hours
after transfection, the medium was replaced by Opti-MEM
supplemented with 1% HEPES (Invitrogen). Viral super-
natants were harvested 48 h after transfection and filtered
with a 0.45 pm filter. The vectors were concentrated at low
speed by overnight centrifugation of the viral supernatants
at 3000 g and 4°C. Viral particles were titered in CT26
and LLCI cells. CT26 and LLC1 cells were transduced
with viruses at a multiplicity of infection (MOI) equivalent
to 1. Cells were seeded overnight (8x10* cells) in 6-well
culture plates prior to virus addition to the cell culture
media. Cells were kept in the same media up to 48 h
before medium refreshment and cell expansion.
Transduced cells were sorted (SONY sorter SH800, Sony
Biotechnology) based on stable GFP expression, resulting
in >95% purity. Exogenous expression of hIREla was
verified by RT-qPCR and immunoblotting.

Generation of CRISPR/Cas9 cells

For the generation of stable CT26 cells with invalidated
IREla, cells were transfected with 3 pug of CRISPR-Cas9-
expressing knockout plasmids (control, sc-418922 and
IREla, sc-429758 from Santa Cruz) using the jetPEI DNA
transfection reagent (PolyPlus Transfection, #POL101-10 N)
as described by the manufacturer. The knockout plasmid was
a mixture of three plasmids, each carrying a different guide
RNA specific to the target gene and to the Cas- and GFP-
coding regions. Transient GFP positive cells were selected by
sorting (SONY sorter SH800, Sony Biotechnology) 24 h after
transfection. IREla knockout (KO) was verified by
immunoblotting.

Analysis of quantitative reverse transcription PCR
(RT-qPCR)

For in vitro cultured cells, cells seeded for 48 h were
detached with trypsin-EDTA 0.25% (Gibco) and collected.
Cell pellets were lysed in tryzol prior to RNA extraction
with chloroform. Reverse transcription was performed
using the Omniscript RT Kit (Qiagen, #205113).
Quantitative-PCR was performed with Power SYBR Green
PCR master mix (Applied Biosystems, Life Technologies, #
4367659) using the Step One real-time PCR system
(Applied Biosystems) following the manufacturers’ instruc-
tions. For whole tumors, a piece of the frozen tissue was
cut and mechanically disrupted in tryzol using a Pre-cellys
24 tissue homogenizer (Bertin Instruments) (3 x 30s, 6,500
x g). For the analysis of tumor cells from tumor-bearing
mice, tumors were enzymatically digested with the Tumor
Dissociation Kit for mice (Miltenyi Biotec, #130-096-730)
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yielding a single tumor cell suspension. Tumor cells were
magnetically isolated using the Tumor Cell Isolation kit for
mice (Miltenyi Biotec, 130-110-187) following the manu-
facturers’ instructions. In brief, dissociated tumors were
incubated with a depletion cocktail for 15 min and after
magnetic isolation using an AutoMACS Pro Separator
(Miltenyi Biotec), the negative fractions containing tumor
cells and the positive fractions containing stromal cells were
frozen either as a dry pellet or in 10% DMSO-containing
FBS.

The following primers for mouse sequences were used for
SYBR Green qPCR:

Gene Primer sequences (forward 5'-3' / reverse 5'-3')

ERN1 AGAGAAGCAGCAGACTTTGTC GTTTTGGTGTCGTACATGGTGA
XBP1u GAGTCCGCAGCACTCAGACT GTGTCAGAGTCCATGGGAAGA
XBP1s GCTGAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGAAGA
Scara3 TGACAGGGATGTACTGTGTGT TGCAAAGATAGGTTCTTCTGGC
Blos1 CAAGGAGCTGCAGGAGAAGA GCCTGGTTGAAGTTCTCCAC
Col6a1 TGCTCAACATGAAGCAGACC TTGAGGGAGAAAGCTCTGGA

IFNa AGCAGATCCAGAAGGCTCAA GGAGGGTTGTATTCCAAGCA

IFNB GCAGCTGAATGGAAAGATCA TGGCAAAGGCAGTGTAACTC

IFNy TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG
TNFa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
CXCL10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA
CXCL11 GGCTTCCTTATGTTCAAACAGGG GCCGTTACTCGGGTAAATTACA
CcCL2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
GM-CSF TCGTCTCTAACGAGTTCTCCTT CGTAGACCCTGCTCGAATATCT
IL15 ACATCCATCTCGTGCTACTTGT GCCTCTGTTTTAGGGAGACCT
Rn18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Rplp0 AGATTCGGGATATGCTGTTGGC TCGGGTCCTAGACCAGTGTTC

ERN1 primers were designed to recognize mouse and
human sequences. Transcript levels of XBP1s were normalized
over the trancript levels of XBPlu. The housekeeping genes
Rn18S and Rplp0 were used as control for RNA quality and
normalization. All analyses were performed in technical tripli-
cates and the SYBR Green melting curve analysis was per-
formed to control product quality and specificity.

Western blot analysis

For whole tumors, the frozen tissue was homogenized using
a stainless-steel tissue grinder (1292, BioSpec Products).
Tumor powder was lysed in a protease inhibitor-containing
Laemmli or RIPA buffer using a Pre-cellys 24 tissue homo-
genizer (Bertin Instruments) (3 x 30s, 6500 x g).
Magnetically isolated tumor cells (Tumor Cell Isolation kit
for mice (Miltenyi Biotec, 130-110-187) were lysed in
a protease inhibitor-containing RIPA buffer. Protein lyses
were quantified and standardized (Pierce BCA protein assay
kit, Thermo Scientific, #23225), and immunoblots were
developed using the Amersham ECL Prime Western
Blotting Detection Reagent (Cytiva, #RPN2236) and visua-
lized with ImageQuant LAS 4000 (GE Healthcare, Life
Science). Densitometry analyses were performed with the
Multi Gauge v3 software. For in vitro cultured cells,
Laemmli buffer for lysis and the XBPls antibody
(Biolegend #658802) were used while the XBP1 antibody
(Santa Cruz #8015) was used for whole tumors lysed in
Laemmli buffer and isolated tumor cells lysed in RIPA
buffer. The following antibodies were wused for
immunoblotting:
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Antibody Source Identifier

Rabbit monoclonal anti-IRE1la  Cell Signaling 3294; RRID:AB_823545
Mouse monoclonal anti-XBP1 Santa Cruz sc-8015; RRID:AB_628449
Mouse monoclonal anti-XBP1s  Biolegend 658802, RRID:AB_2562960
Mouse monoclonal anti-CHOP Cell Signaling 2895; RRID:AB_2089254
Rabbit monoclonal anti-ATF4 Cell Signaling 11815; RRID:AB_2616025
Rabbit polyclonal anti-PARP Cell Signaling 9542, RRID:AB_2160739
Mouse monoclonal anti-ERK2 Santa Cruz sc-1647; RRID:AB_627547

Flow cytometry analysis

CT26 tumors were dissociated using the Tumor Dissociation
Kit for mice (Miltenyi Biotec, #130-096-730) yielding a single-
cell suspension. Stained samples were analyzed with
a MACSQuant Analyzer 10 (Miltenyi Biotec). The following
fluorochrome-conjugated anti-mouse antibodies were used for
flow cytometry and isolation of CD3" splenocytes:

Antibody
APC-eFluor 780 anti-CD45.2

Identifier (cat #, RRID)
47-0454-80, RRID:

Source

eBioscience, Thermo

Fisher Scientific AB_1272211
PE anti-H-2Kd BD Biosciences 553566, RRID:
AB_394924
PE anti-H-2Ld/H-2 Db BioLegend 114507, RRID:
AB_313588
PE-Cyanine7 anti-CD274 eBioscience, Thermo 25-5982-82, RRID:
(PD-L1, B7-H1) Fisher Scientific AB_2573509
APC anti-H60a REAfinity, Miltenyi Biotec ~ 130-108-847, RRID:
AB_2651975
PE-Vio770 anti-CD47 REAfinity, Miltenyi Biotec  130-103-105, RRID:
AB_2659751
APC anti-CD3 BioLegend Cat# 100236, RRID:
AB_2561456
PE-Vio770 anti-CD8a REAfinity, Miltenyi Biotec  130-119-123, RRID:
AB_2733250
V450 anti-CD4 BD Biosciences 560468, RRID:
AB_1645271
CD152 Antibody, anti- Miltenyi Biotec 130-102-570, RRID:
mouse, PE AB_2655252
PE-Vio770 anti-CD4%b Miltenyi Biotec 130-105-402, RRID:
AB_2660461
Brilliant Violet 42 anti-CD64 BiolLegend 139309, RRID:
(FcgammaRl) AB_2562694
PE anti-MERTK (Mer) Biolegend 151505, RRID:
AB_2617036
Alexa Fluor 647 anti-I-A/I-E  Biolegend 107617, RRID:
AB_493526
PE-Cyanine7 anti-CD86 (B7- eBioscience, Thermo 25-0862-82, RRID:
2) Fisher Scientific AB_2573372
eFluor 450 anti-F4/80 eBioscience, Thermo 48-4801-82, RRID:
Fisher Scientific AB_1548747
PE/Cy7 anti-CD11c BD Biosciences 558079, RRID:
AB_647251
FITC anti-CD11b BD Biosciences 553310, RRID:
AB_394774
PE anti-CD11c BD Bioscience 557401, RRID:
AB_396684
PE anti-annexin V Miltenyi Biotec 130-118-499
FITC anti-CD19 Miltenyi Biotec 130-102-494, RRID:
AB_2661108

FITC anti-CD45R (B220)
FITC anti-CD49b

FITC anti-Ter-119

REAfinity, Miltenyi Biotec

Miltenyi Biotec

REAfinity, BD Biosciences

130-110-708, RRID:
AB_2658274)

130-102-258, RRID:
AB_2660456

130-112-719, RRID:
AB_2654114

Intra-tumoral infiltration of immune cell populations was
calculated as a percentage of the whole tumor. Tumor-
infiltrating lymphocytes (TILs) were defined as followed:
CD3* TILs (CD3*/CD45"), CD8"* TILs (CD8'/CD3"), and
CD4" TILs (CD4%/CD3"). Infiltrating NK cells were defined
as CD49b"/CD37/CD45". Tumor assoiated macrophages
(TAMs) were defined as CD86"/CD11c*/CD11b*/F4/80%/
CD45" in CTR and Low PROT tumors, while resident TMAs
were defined as CD64"/Mertk”/CD45" cells in mock and over-
expressed tumors. Mock and IREla-overexpressing tumor
cells were defined as GFP*/CD45~ while CRISPR/Cas control
and IREla knockout tumor cells were defined as CD45™ cells.

Cytotoxicity assay

Spleens were manually smashed and filtered through a 40 pm
strainer to obtain a single-cell suspension of splenocytes. CD3"
cells were depleted by magnetic isolation using an autoMACS
Pro Separator (Miltenyi Biotec) after staining with FITC-
conjugated antibodies against CD19 (Miltenyi, #130-102-494),
CD45R (Miltenyi, #130-110-708), CD49b (Miltenyi, #130-102-
258), CD11b (BD Bioscience, #553310) and Ter-119 (Miltenyi,
#130-112-719). The resulting purified cells were co-cultured
with CT26 cells at a ratio of 5:1 in the presence of IL-2 (1 ng/
mL, Miltenyi Biotec #130-094-055) for 4 h at 37°C. Cell death of
CT26 cells was monitored by DAPI" staining and flow cytome-
try (MACSQuant Analyzer 10, Miltenyi Biotec).

Cell death measurement

Cell death was analyzed either by DEVDase activity or 4,6-dia-
midino-2-phenylindole staining (DAPI, Sigma-Aldrich #D9542).
To measure apoptosis in isolated tumor cells, the activity of
DEVDases was assayed as described previously’® with some
modifications. Briefly, cells were lysed in a lysis buffer (50 mM
HEPES [pH 7.4], 150 mM NaCl, 20 mM EDTA, 0.2% NP40,
2 pg/mL aprotinin, 1 mM PMSF, and 10 ug/mL leupeptin).
Protein lysates were quantified and standardized (Pierce BCA
protein assay kit, Thermo Scientific, #23225) and loaded into
a black 96-well plate (CellStar) in the presence of 0.2 mmol/L
of the caspase-3 substrate Ac-DEVD-AMC (Enzo LifeScience,
ALX-260-031-M005) diluted in the lysis buffer containing
10 mmol/L DTT. Caspase activity was determined either in the
absence or presence of 1 mmol/L of the caspase inhibitor Ac-
DEVD- CHO (Enzo LifeScience, ALX-260-030-M001) using
a fluoroscan recording the emission fluorescence at 460 nm
(Fluoroskan Ascent, Thermo Scientific). The specific DEVDase
activity was calculated as the change in fluorescence per minute.

Statistical analysis

Graphs and statistical tests were generated using Prism v.8
(GraphPad software, Inc.). Differences in calculated means
between groups were assessed by two-tailed, unpaired Student’s
t tests. A p-value less than 0.05 was considered significant.
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