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ARTICLE INFO ABSTRACT
Artid_e History: Background aims: Whole tumor cell lysates (TCLs) obtained from cancer cells previously killed by treatments
Received 22 June 2023 able to promote immunogenic cell death (ICD) can be efficiently used as a source of tumor-associated anti-
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- ' gens for the development of highly efficient dendritic cell (DC)-based vaccines. Herein, the potential role of
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the interferon (IFN)-inducible protein phospholipid scramblase 1 (PLSCR1) in influencing immunogenic fea-
tures of dying cancer cells and in enhancing DC-based vaccine efficiency was investigated.
Methods: PLSCR1 expression was evaluated in different mantle-cell lymphoma (MCL) cell lines following ICD
immunogenic cell death ir_1duct_ion by 9—cis—r_etinoic ac.id _(RA)/IFN—a cpmbinati_on, and Fommerci_al kinase inhi_bitor was used to identify the
mantle cell lymphoma signaling pathway involved in its upregulation. A Mino cell line ectopically expressing PLSCR1 was generated to
phospholipid scramblase 1 investigate the potential involvement of this protein in modulating ICD features. Whole TCLs obtained from Mino
overexpressing PLSCR1 were used for DC loading, and loaded DCs were employed for generation of tumor anti-
gen-specific cytotoxic T lymphocytes.
Results: The ICD inducer RA/IFN-« combination promoted PLSCR1 expression through STAT1 activation. PLSCR1
upregulation favored pro-apoptotic effects of RA/IFN-« treatment and enhanced the exposure of calreticulin on
cell surface. Moreover, DCs loaded with TCLs obtained from Mino ectopically expressing PLSCR1 elicited in vitro
greater T-cell-mediated antitumor responses compared with DCs loaded with TCLs derived from Mino infected
with empty vector or the parental cell line. Conversely, PLSCR1 knock-down inhibited the stimulating activity of
DCs loaded with RA/IFN-a—treated TCLs to elicit cyclin D1 peptide-specific cytotoxic T lymphocytes.
Conclusions: Our results indicate that PLSCR1 improved ICD-associated calreticulin exposure induced by RA/
IFN-o¢ and was clearly involved in DC-based vaccine efficiency as well, suggesting a potential contribution in
the control of pathways associated to DC activation, possibly including those involved in antigen uptake and
concomitant antitumor immune response activation.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Cancer immunotherapies have become increasingly promising in
the clinics for the ability to tune patients’ immune system to find and
attack tumor cells. One of the major obstacles in reaching efficient
tumor cells elimination is the low immunogenicity of tumors. In this
context, in recent years therapeutic approaches and anticancer
agents have been re-evaluated based on their ability to promote
immunogenic cell death (ICD) [1-6]. ICD is a regulated form of cell
death, which enhances tumor immunogenicity by improving both
antigenicity and adjuvanticity. The induction of ICD implies the expo-
sure on cancer cell surface and/or the release of damage-associated
molecular patterns (DAMPs) [7]. DAMPs are immunostimulatory
ligands or secreted proteins that are evoked from the dying cancer
cells; they function as adjuvants and are key elements in the induc-
tion of cellular and humoral anti-tumor immune responses. Several
DAMPs have been described, including ATP, calreticulin (CRT), heat-
shock proteins (HSP) 70 and 90 and high-mobility group box 1, which
are now considered ICD hallmarks [8]. DAMPs can activate dendritic
cells (DCs), which in turn present tumor antigens to T cells, stimulat-
ing their activation and proliferation. Therefore, ICD can promote T-
cell-mediated anti-tumor immunity, which is a key mechanism for
controlling cancer growth [9—13]. On these bases, the induction of
ICD has become increasingly attractive as a strategy to achieve the
activation of antigen-presenting cells such as DCs and the consequent
elicitation of anti-tumor T-cell responses to generate long-lasting
immunity [13—16]. Therefore, the main purpose of anticancer treat-
ments should not only be limited to inducing cancer cell death but
should also create an environment that efficiently permits the phago-
cytosis of cancer cells and the uptake of tumor-associated antigens
(TAAs) [17,18]. This is imperative to permit efficient processing and
presentation of TAAs by DCs together with proper co-stimulation and
activation of the effector adaptive immune cells, which in turn Kkill
malignant cells based on the specific recognition of the presented
TAAs.

The molecular mechanisms and intracellular signaling involved in
key events of ICD, such as DAMPs exposure and regulation of TAA
presentation by tumor cells, can probably differ across the different
ICD inducers used to date. Indeed, in the last decade, a large number
of ICD inducers have been described having very different chemical
nature and structure, as well as mode of action [16,19-21].

In the last years, we have characterized the immunological effects
of the combination of 9-cis-retinoic acid (RA)/interferon (IFN)-, a
novel ICD inducer, in aggressive B-cell lymphoma cells. We showed
that whole lysates derived from RA/IFN-a—treated lymphoma cells
could be efficiently used as a TAAs source for the generation of antitu-
mor DC-based vaccine [14]. Recently, we observed that RA/IFN-
a—induced ICD was associated with enhanced expression of class |
major histocompatibility complex (MHC) and reduced expression of
class I MHC through the upregulation of miR-4284 and miR-212-3p
[22]. We also observed that mitoxantrone and hypericin-based pho-
todynamic therapy down-regulated MHC class Il in the human mela-
noma A375 cell line as well [22].

Our previous study identified phospholipid scramblase 1 (PLSCR1)
as one of the most important mediators of apoptosis induced by RA/
IFN-¢ treatment in mantle-cell lymphoma (MCL) cells [23]. PLSCR1 is
a protein with multiple functions not only in the control of apoptotic
process but also in the intracellular trafficking of proteins to the
plasma membrane, in the regulation of phagocytosis [24,25] and in
antiviral responses [26—29]. All these characteristics prompted us to
investigate whether PLSCR1 could be involved in ICD and contribute
to adjuvanticity by mediating DAMPs exposure to the plasma mem-
brane, and/or to antigenicity, by promoting TAAs recognition by cyto-
toxic T lymphocytes. Herein, by combining in vitro and in silico
analysis, we show that: (i) the induction of PLSCR1 expression by RA/
IFN-o¢ occurs via STAT1 activation; (ii) ectopic expression of PLSCR1

enhances the exposure of CRT promoted during ICD induction; (iii)
PLSCR1 upregulation is associated with a metagene that overrepre-
sents genes involved in “phagocytosis recognition” and inversely cor-
related with “negative regulation of innate immune response” and
(iv) high levels of PLSCR1 protein in tumor cell lysates used as TAAs
source for DC loading elicit very efficient tumor-specific cytotoxic T
lymphocytes.

Methods
Cell lines

MCL cell lines: Mino, Jeko-1, SP53, K562 and T2-A2 (transporter-
associated with antigen-processing-deficient T2) cells stably trans-
fected with the HLA-A*0201 class-I molecule were used in this study.
Cells were cultured in RPMI 1640 (Euroclone, Lima, Peru) supple-
mented with 10% fetal calf serum (FCS) (Euroclone), 100 pg/mL
streptomycin and 100 IU/mL penicillin (Sigma-Aldrich, St. Louis, MO,
USA). The amphotropic-packaging cell line Phoenix (gift of Dr. G. P.
Nolan, Stanford University, Stanford, CA, USA) and Granta 519 cell
line were cultured in DMEM (Euroclone) supplemented with 10% FCS
(Euroclone), 100 ug/mL streptomycin, and 100 IU/mL penicillin
(Sigma-Aldrich). All cell lines were maintained at 37°C in a humidi-
fied 5% CO2 atmosphere. ICD was induced with human IFN-«
(IntronA; SP Europe, Bruxelles, Belgium) and 9-cis-RA (Sigma-
Aldrich) used at 1000 U/mL and 1 pwmol/L, respectively.

Antibodies and reagents

Phospho-STAT1(Tyr701), phospho-STAT1(Ser727), STAT1, active-
caspase 3 (D175), HSP70 and HSP90 antibodies were from Cell Signal-
ing Technology (Leiden, The Netherlands); PLSCR1 antibody was from
Genetex (Irvine, CA, USA), CRT antibody was from Abcam (Cam-
bridge, UK), and B-tubulin and glyceraldehyde 3-phosphate dehydro-
genase antibodies from Santa Cruz Biotechnology (Dallas, TX, USA).
Vital nuclear dye DRAQ5, G418, and 9-cis-retinoic acid were pur-
chased from Sigma (Saint Louis, MO, USA). IntronA was purchased
from SP Europe, AG490 JAK inhibitor was purchased from Selleck-
chem.

PLSCR1 ectopic expression and silencing

PLSCR1 silencing and overexpression were obtained as previously
described [23]. For overexpression, the coding sequence of human
PLSCR1 was obtained from TrueClone human full-length PLSCR1
cDNA by polymerase chain reaction. After BamHI-EcoRI digestion, the
PLSCR1 coding sequence product was cloned directionally in the
BamHI-EcoRI-digested pQCXIP retroviral vector. Phoenix cells were
used for the transfection and supernatants from pQCXIP and pQCXIP-
PLSCR1 were used for three cycles of infections. Upon infection, cells
were selected with puromycin and PLSCR1 expression was verified
by flow cytometry. To obtain PLSCR1 silencing, four different sShRNA
PLSCR1 constructs were obtained by sub-cloning the double-
stranded 64-mer oligonucleotide containing the PLSCR1 target
sequences (A: 5'-GGACCTCCAGGATATAGTG-3'; B: 5-CTCTGGAGA-
GACCACTAAG-3’; C: 5-AGTCTCCTCAGGAAATCTG-3’) or the mis-
matched sequence (MIS: 5-GGACGTCCTGGATTTAGTG-3') into the
pSUPER.retro.neo+GFP vector (pSUPER; OligoEngine). Infectious
supernatants from pSUPER and pSUPER.retro-shPLSCR1 were used
for retroviral transfection of Phoenix cells. Immunoblotting analysis
of transfected Phoenix cells identified the construct shPLSCR1A as
the most efficient in protein silencing, which we selected to perform
all subsequent experiments. Upon infection, Mino cells were selected
with G418 (1 mg/mL) and the infection efficiency was checked
through the detection of GFP expression by flow cytometry (97% pos-
itive cells). Different clones of infected cells were then obtained after
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seeding Mino cells in 96-well plate at an initial density of 25 cells per
well in 200 pL of medium supplemented with G418.

Synthetic peptides

A panel of 9-mer peptides was synthesized by solid-phase FMOC
chemistry (Primm srl, Milan, Italy). Purity was determined by
reverse-phase high-performance liquid chromatography and verified
by matrix-assisted laser desorption/ionization-time of flight analysis.
Preparations of 95% pure peptides were dissolved in dimethyl sulfox-
ide at a concentration of 1 mg/mL and stored at —80°C until use. We
selected five HLA-A*0201-restricted cyclin D1-derived peptides
(cycD122-30: LLNDRVLRA, cycD1101-109: LLGATCMFV, cycD1195-
203: FISNPPSMV, cycD1204-212: AAGSVVAAV, cycD1228-236:
RLTRFLSRV).

Surface detection of CRT, CD47 and HSP70

To evaluate CRT and Hsp70 expression on membrane surface, 106
cells were re-suspended in phosphate-buffered saline (PBS) contain-
ing 0.5% bovine serum albumin (BSA), labeled with the primary anti-
body and incubated in ice for 30 minutes. The CRT antibody was from
Abcam (Cambridge, UK), CD47, Hsp70 and 7-AADvanced Dead Cell
Stain (S10349) (used to exclude dead cells from the analysis) were
purchased from Miltenyi Biotec (Bergisch Gladbach, Germany).
5 x 10* cells/sample were acquired with FacsVerse (Beckton Dickin-
son, Franklin Lakes, NJ, USA).

Mitogen-activated protein kinase (MAPK) transcription factors assay

To quantify the DNA-binding activity of MAPK-regulated tran-
scription factors ATF-2, c-Jun, c-Myc, MEF2 and STAT1 we used the
TransAM MAPK Family Transcription Factor assay Kit (Active Motif,
Carlsbad, CA, USA), which combines a fast and user-friendly ELISA
format with a sensitive and specific assay for transcription factors.
Nuclear extracts of the samples were prepared according to the man-
ufacturer’s recommendations. Absorbance was read at 450 nm on
a Microplate Autoreader system (Agilent BIO-TEK, Santa Clara,
CA, USA).

Phospho-STAT1 nuclear internalization

In total, 106 cells per sample were fixed with 2% paraformalde-
hyde and permeabilized with cold methanol. After a wash with PBS
containing 0.5% BSA, cells were incubated with an antibody against
phospho-STAT1(Y701) (1:30) at 4°C overnight. After two washes
with PBS/0.5% BSA, cells were incubated for 30 minutes in ice with
PE-anti-rabbit secondary antibody. Finally, DRAQ5 nuclear dye was
added, then cells were acquired with the Amnis ImageStreamX
instrument (Luminex Co., Austin, TX, USA) using the INSPIRE soft-
ware. Only viable cells were selected based on morphologic features,
and only phospho-STAT1 positive cells were analyzed. The similarity
score (SS) [30] between phospho-STAT1 and DRAQS5 staining was cal-
culated for each sample. To define the range of variability of the SS,
the lower and the upper limits were calculated. Specifically, the nega-
tive control sample was labeled with DRAQ5 and an antibody against
tubulin (cytoplasmic marker) and the score value was —1.316 +
0.5538 (SS + standard deviation). The positive control sample was
labeled with DRAQ5 and an antibody against PARP (nuclear marker)
and the score value was 2.426 + 0.4956 (SS =+ standard deviation).

Tumor cell lysates preparation and western blot analyses
Total protein extracts were obtained as previously described [31].

Total lysates were quantified with Bio-Rad Protein Assay. To obtain
membrane and cytoplasmic fractions, Pierce Cell Surface Protein

Isolation Kit was used. Tumor cell lysates (TCLs) for DC pulsing were
obtained re-suspending 5 x 10° cells in 100 uL of sterile PBS and by
three rapid freeze-thaw cycles, then lysates were centrifuged at 13
000 rpm (15 min, 4°C) and the recovered supernatants were quanti-
fied and diluted in PBS to 1 mg/mL and used for immunoblotting
analysis and DC pulsing.

Proteins were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. After blocking with 5% milk for at least 1
h, the membrane was stained with primary antibodies at 4°C over-
night then labeled with horseradish peroxidase—conjugated second-
ary antibodies. Immunoblotting was performed using the enhanced
chemiluminescence detection system (Clarity, 1705061; Bio-Rad,
Hercules, CA, USA). Detailed description of the antibodies used for
WA is reported in supplementary Table 1.

IFN-DC generation

IFN-DCs were obtained by following the protocol published in
[32]. To summarize, CD14+ monocytes were isolated with anti-
CD14—coated micro beads (130-050-201; Miltenyi Biotec, Bergisch
Gladbach, Germany) from human peripheral blood mononuclear cells
collected from healthy donors’ buffy coats, following the manufac-
turer’s instructions. Monocytes were then cultured 3 days in 6-well
plates (5 x 106 cells/well) with CellGenix GMP DC medium (CellGe-
nix GmbH, Freiberg, Germany) with the addition of 10 000 Ul/mL
IFN-o¢ and 50 ng/mL recombinant human GM-CSF (PromoKine, Hei-
delberg, Baden-Wiirttemberg, Germany) to achieve DC maturation.
After maturation, DCs were then pulsed O.N. with different types of
TCLs (protocol described above) depending on the specific assay.

In vitro phagocytosis assay

Mino, Mino-empty and Mino-PLSCR1 cells were labeled with Fast
DiA cell-labeling solution according to the protocol (D7758; Molecu-
lar Probes, Eugene, OR, USA) then treated or not with RA/IFNa. TCLs
(obtained as described previously) or cells were then co-cultured
with IFN-DCs at a ratio of 1:3 for 4 h. At the end of the incubation,
cells were harvested, washed and stained with CD11 ¢-PC5 antibody.
Phagocytosis was assessed by multi-spectral imaging flow cytometry.

Cytotoxic T lymphocyte generation and cytotoxicity assay

Cytotoxic T lymphocytes were generated by co-culturing TCL-
pulsed IFN-DC with autologous peripheral blood lymphocytes and
were re-stimulated weekly four times. To assess tumor-specific Cyto-
toxic T lymphocytes activation, standard calcein-AM release assays
were performed. Mino plain (not infected), Mino-empty (infected
with empty vector pQCXIP virus), Mino-PLSCR1 (infected with
pQCXIP-PLSCR1 virus), Mino-pSuper or Mino-shPLSCR1 (clones 5 and
6) were used as target cells depending on the specific assay. Target
cells were re-suspended in Hank’s Balanced Salt Solution (Sigma-
Aldrich) added with 5% FCS and labeled 90 min at 37°C and 5% CO2
with calcein-AM (Invitrogen, Carlsbad, CA, USA). T2-A2 cells were
loaded for 2 h with HLA-A*0201 restricted peptides derived from
cyclin D1. Standard calcein-AM detection was performed. To summa-
rize, after three washes, target cells were seeded in V-bottom 96-
wells plates, and effector CTLs were added at a 10:1 effector/target
ratio. The intensity of released calcein-AM was assessed after a 4-h
incubation at 37°C and 5% CO, by using a SpectraFluorPlus fluorime-
ter (Tecan).

RNA purification, sequencing and data analysis

Total RNA was extracted as described previously [33]. Indexed
libraries were prepared from 1 ug/ea. purified RNA with TruSeq
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Stranded Total RNA Sample Prep Kit (Illumina Inc., San Diego, CA,
USA) according to the manufacturer’s instructions. Libraries were
sequenced (paired-end, 2 x 100 cycles) at a concentration of 8 pmol/L
per lane on a HiSeq2500 platform (Illumina Inc.). The raw sequence
files generated (fastq files) underwent quality control analysis using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and the quality checked reads were then aligned to the human
genome (hg19 assembly) using TopHat version 2.0.10 [34], with stan-
dard parameters. A given mRNA was considered expressed when
detected by >10 reads. Differentially expressed mRNAs were identi-
fied using DESeq version 1.14.0 [35]. First, gene annotation was
obtained for all known genes in the human genome, as provided by
Ensemble (GRCh37). Using the reads mapped to the genome, we cal-
culated the number of reads mapping to each transcript with HTSeq-
count [36] These raw read counts were then used as input to DESeq
for calculation of normalized signals for each transcript in the sam-
ples, and differential expression was reported as Fold Change along
with associated adjusted P-values (computed according to Benja-
mini-Hochberg).

Bioinformatic analysis

For in silico analysis of RNAseq data comparing untransfected
(plain) with PLSCR1-overexpressing Mino, significant differentially
expressed genes (DEGs) were defined with a threshold for the Log,(-
fold change) to 0.6 (fold change = 1.5) and —Log;o(P value) to 1.3 (P
value < 0.05). The volcano plots were generated with VolcaNoseR
[37], and significant hits are depicted in yellow for upregulated and
in blue for downregulated genes. The annotated dots are the ten data
points that have the largest (Manhattan) distance from the origin and
are above the thresholds indicated by the dashed line. GSEA was
used to conduct enrichment analysis of gene expression data [38]. To
select gene set databases, literature search was done to identify
immunogenicity-associated parameters within Gene Ontology Bio-
logical Process [39—41]. To identify the gene sets enriched in the
samples analyzed, normalized enrichment score (NES) and the FDR

(false discovery rate) values were used to classify the pathways (gene
sets) as activated (NES >0, FDR <25%), inhibited (NES <0, FDR <25%)
or neither (FDR >25%).

For in silico analysis of RNAseq data comparing “empty-vector
(empty) versus PLSCR1-overexpressing Mino” with “RA/IFN« versus
Control” (from E-MTAB-11799), significant DEGs were defined with a
threshold for fold change = 1.3 and P value < 0.05. Those parameters
were previously used with the latter database [22]. Analysis of DEGs
lists through Venn diagrams was carried out using the InteractiVenn
online tool [42]. Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes—based-enrichment analysis was performed for the com-
mon upregulated DEGs, using the g:GOST tool in gProfiler (https://
biit.cs.ut.ee/gprofiler/) [42]. The Ggplot2 package in R was used for
bar plotting [43]. The RNASeq table with the raw counts is available
in figshare (https://doi.org/10.6084/m9.figshare.22283860).

Statistical analysis

Data from flow cytometry and cytotoxicity assays were analyzed
using Student’s paired t-test. A P value < 0.05 was considered statisti-
cally significant (*P < 0.05, **P < 0.01). Statistical analysis was per-
formed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA).

Results

RA/IFN-o. combination induces PLSCR1 expression via STATI1 activation
in MCL cells

TCLs were obtained from SP53 and Mino MCL cell lines untreated
or treated with RA/IFN-« for 5 days, and subsequently they were
used to load IFN-conditioned DCs [44,45] as schematically shown in
Figure 1A. TCL-pulsed DCs, generated from HLA-matched healthy
donors, were exploited for the in vitro generation of tumor-specific
cytotoxic T lymphocytes (see the Methods section). DCs loaded with
RA/IFN-a—treated TCLs were significantly more efficient in eliciting
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Figure 1. PLSCR1 protein expression is upregulated during RA/IFN-«—induced ICD via STAT1 activation. (A) Schematic representation of the protocol for the generation of tumor-
specific T lymphocytes using whole TCLs as TAA source. (B) HLA-A*0201-restricted healthy donor—derived lymphoma-specific cytotoxic T-cell cultures were evaluated for their kill-
ing activity against MCL cell lines by standard calcein-AM release assay. (*P < 0.05, Student’s t-test). The graph represents the mean of three independent experiments with cells
from different healthy donors. All tests were performed in triplicate at effector/target ratio of 20:1. (C) Immunoblotting analysis of whole protein extracts obtained from SP53 and
Mino cells treated with dimethyl sulfoxide or RA/IFN-« combination for 48 h. Specific antibodies against the indicated protein were used. (D) SP53 and Jeko-1 cells were treated or
not with RA/IFN-« for 4 h. A total 15 g of nuclear protein extracts was analyzed for the DNA-binding activity of the indicated transcription factors using TransAM MAPK
family transcription factors assay. Assay was performed in triplicate. (*P < 0.05, Student’s t-test). (E) Mino, SP53 and Jeko-1 cell lines were treated for 1 h with AG490 inhibitor
(50 umol/L ) and successively exposed to RA/IFN-« treatment for 24 h. STAT1 phosphorylation and PLSCR1 expression were assessed by immunoblotting. Glyceraldehyde

3-phosphate dehydrogenase (GAPDH) was assessed as loading control.
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lymphoma-specific T-cell-mediated cytotoxic activity as compared
with DCs loaded with untreated TCLs or unpulsed DCs (empty-DCs)
(Figure 1B and supplementary Figure 1A). Of note, cytotoxic T-cell
cultures generated with autologous DCs, loaded with SP53- and
Mino-TCLs, were able to recognize and kill another MCL cell line
(Granta 519), whereas their specific lytic activity was impaired by the
lack of MHC class I expression against K562 cell line (supplementary
Figure 1B). RA/IFN-a—promoted apoptosis was associated to the
induction of PLSCR1 protein expression in Mino, SP53 and Jeko-1 cell
lines (supplementary Figure 2A). In our previous study [23], we dem-
onstrated that PLSCR1 has a pro-apoptotic activity, which is con-
firmed herein as we show that PLSCR1 knock-down by a short
hairpin RNA expression vector (ShPLSCR1) decreased RA/IFN-
o-induced PARP-1 cleavage (supplementary Figure 2A,B). Immuno-
blotting analysis of whole protein extracted after 48 h of RA/IFN-«
treatment revealed that besides PLSCR1, none of the established ICD
hallmarks, such as CRT, HSP70 and 90, were differentially enriched in
RA/IFN-a-treated lymphoma cells compared to the untreated ones
(Figure 1C).

PLSCR1 is an IFN-induced gene whose expression can be regulated
by several transcription factors including STAT1, c-Myc, c-Fos, Snail
and others [25,46-48]. Using a NoShift transcription factor assay
(Active Motif, Carlsbad, CA, USA) for different proteins, we

A SP53
RA/IFN-a

demonstrated that RA/IFN-« treatment specifically increased STAT1
activity (Figure 1D) in both SP53 and Jeko-1 cell lines, whereas it did
not affect other transcription factors such as ATF2, c-Myc, MEF-2 and
c-Jun. Immunoblotting analysis confirmed STAT1 phosphorylatio-
n/activation at tyrosine 701 (Y701) following RA/IFN-« treatment in
Mino, SP53 and Jeko-1 cells (Figure 1E). Pre-treatment of MCL cells
with the JAK inhibitor AG490 (50 wmol/L) for 1 h impaired RA/IFN-
induced STAT1 phosphorylation/activation and the consequent upre-
gulation of PLSCR1 expression (Figure 1E).

Moreover, a time course assay showed that the treatment rapidly
increased STAT1 phosphorylation at both Y701 and serine(S)727,
which was detectable just 15 minutes after treatment (Figure 2A).
The analysis of phospho-STAT1 nuclear translocation by multi-spec-
tral imaging flow cytometry confirmed the presence of activated
STAT1 into the nucleus after RA/IFN-« stimulation (Figure 2B). The
results showed that the percentage of cells showing nuclear phos-
pho-STAT1 Y701 expression was significantly increased in both cell
lines after 15 min of treatment, remained quite constant for 2 h, then
started to decrease from 74% to 23% in SP53, and from 78% to 65% in
Jeko-1 cells. Altogether, these results indicated that RA/IFN-« treat-
ment induced STAT1 phosphorylation and increased its activity, sug-
gesting a role for this transcription factor in mediating RA/IFN-
o—dependent PLSCR1 up-regulation.
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Ectopic expression of PLSCR1 boosts RA/IFN-a—induced surface exposure
of CRT

Our previous data demonstrated that PLSCR1 is involved in medi-
ating the pro-apoptotic activity exerted by RA/IFN-« treatment [23],
following which we showed that immunogenic RA/IFN-a—induced
dying/dead cells had anticancer vaccine effects when implanted in
syngeneic mice [14]. These findings allowed us to define the RA/IFN-
o combination as a novel ICD inducer. Based on these considerations,
herein we investigated the potential involvement of PLSCR1 in ICD
promoted by RA/IFN-¢ in MCL cells. Taking into account that PLSCR1
is a transmembrane protein involved in the subcellular trafficking of
several proteins and receptors [49—51], we evaluated first its subcel-
lular localization following RA/IFN-« treatment, and second, its
involvement in the cell surface exposure of such ICD markers as CRT
and Hsp70. Immunoblot analysis of intracellular and membrane pro-
tein fractions revealed the presence of PLSCR1 in both compartments
of RA/IFN-a—treated Mino cells together with CRT and HSP70
(Figure 3A). Thus, using a previously established cell line expressing
ectopic PLSCR1 (Mino-PLSCR1+), shown in Figure 3B, we investigated
by flow cytometry the surface expression of CRT (ecto-CRT) and
HSP70. In addition, given that ecto-CRT exerts a distinctive “eat me”
function that counterbalances “don’t eat me” signals from surface
CD47 [52,53], we extended our analysis to CD47, which is not consid-
ered a conventional ICD marker per se. Whereas the ectopic expres-
sion of PLSCR1 itself was not sufficient to induce ecto-CRT
expression, it significantly enhanced its levels following RA/IFN-o
treatment (Figure 3B). Conversely, PLSCR1 overexpression did not
alter the effects of the treatment on CD47 and HSP70 (Figure 3C,D).
Confirming the pro-phagocytic function of ecto-CRT, Mino PLSCR1+
cells treated with RA/IFN-o were more efficiently engulfed in vitro by
IFN-conditioned DCs compared to Mino cells transfected with the
empty vector (Figure 3EJF). In parallel with CRT regulation, the
ectopic expression of PLSCR1 alone was not sufficient to improve
tumor cell phagocytosis by DCs. These data support the hypothesis
that the presence of PLSCR1 can enhance CRT exposure induced by
ICD revealing its putative role as an adjuvant protein increasing ICD-
associated immunogenicity.

PLSCR1 overexpression modulates transcriptional program of MCL cells

We aimed to identify genes whose expression was selectively
modulated by high levels of PLSCR1. Transcriptomic analysis of
Mino cells showed that overexpression of PLSCR1 led to a tran-
scriptional program characterized by up-regulated expression of
735 genes and suppression of 882 genes (Figure 4A). In line with
a potential implication of PLSCR1 in modulating immunogenic fea-
tures of ICD, gene set enrichment analysis revealed that genes
associated with “phagocytosis recognition” were up-regulated in
PLSCR1+ lymphoma cells, whereas genes associated to “negative
regulation of innate immune response” were down-regulated
(Figure 4B). Moreover, to assess if PLSCR1 could mediate some
transcriptional effects of RA/IFNa-induced ICD in Mino cells [22]
we performed a comparative RNAseq data analysis. This compari-
son enabled us to identify 65 up-regulated and 51 down-regulated
genes shared between PLSCR1 overexpressing and RA/IFN-
o—treated Mino cells (Figure 4C). Intriguingly, among the down-
regulated genes we identified CD276 and CD84, both contributing
to cancer cell immune evasion given their immunosuppressive
functions in the tumor microenvironment [54,55]. On the other
hand, gene ontology analysis of the combined data sets revealed
that genes up-regulated by both ICD and PLSCR1 were related to
the inflammatory response and enriched for “NOD-like receptor
signaling,” while the modulation of a lipid-associated metagene
supported their involvement in phagocytosis regulation
(Figure 4D).

TCLs obtained from PLSCR1 overexpressing tumor cells are a suitable
source of TAA for DC-based vaccine

As shown in Figure 1A,B and in our previous work [14], RA/IFN-
o—derived TCLs are exploitable as a TAA source for loading DC for
vaccination purposes. Consistently, RA/IFN-o—derived TCLs shared
with apoptotic cells the expression of relevant ICD markers [14]. In
addition, RA/IFN-« TCLs contained detectable levels of PLSCR1, as
shown in Figure 5A. Therefore, in order to investigate the role of
PLSCR1 in mediating the ability of RA/IFN-o TCLs-loaded DCs to acti-
vate MCL-specific cytotoxic T lymphocytes, we obtained TCLs from
Mino cells transfected with empty or PLSCR1+ expression vectors
(Figure 5A) and used them to pulse DCs. Hence, cytotoxic T lympho-
cytes were generated by co-culturing unpulsed and TCL-pulsed DC
from HLA-matched donors, and T-cell activation was measured by
analyzing the extent of specific lytic activity. [FN-conditioned DCs
were pulsed with different types of TCLs derived from untreated
(CTRL), RA/IFN-—treated, empty-vector and PLSCR1+ Mino cells and
subsequently used to generate cytotoxic T lymphocytes as summa-
rized in Figure 5B. Notably, PLSCR1+ TCL-pulsed DCs, similarly to RA/
IFN-a TCL-pulsed DCs, were able to induce T-cell populations with
significantly greater and more efficient killing activity compared
with CTRL-TCL-pulsed DCs and Empty-TCL-pulsed DCs (Figure 5C
and supplementary Figure 3). These results indicated that PLSCR1
boosts the immunogenic potential of TCLs resulting in a more effi-
cient activation of DCs. When PLSCR1+ Mino cells were used as target
cells, they were recognized and killed with comparable efficiency to
Mino plain/untransfected cells (Figure 5C). Conversely, Mino cells
transfected with empty vector were poorly recognized and killed by
even the most efficiently primed cytotoxic T lymphocytes (Figure 5C).

To confirm the contribution of PLSCR1 to the enhanced immuno-
genicity of RA/IFN-a—derived TCLs, we conducted parallel experi-
ments in a Mino cell line in which PLSCR1 was knocked-down
(shPLSCR1), owing to which it was less responsive to induction by
RA/IFN-o treatment [23] (supplementary Figure 2A,B). In these
experiments, we generated cytotoxic T lymphocytes by co-culturing
DCs loaded with TCLs obtained from untransfected (plain) Mino cells,
tumor cells transfected with empty vector (pSuper) and two indepen-
dent clones (cl.5 and cl.6) of tumor cells transfected with short-hair-
pin RNA expressing vector (shPLSCR1) treated or not with RA/IFN-c.
Indeed, PLSCR1 silencing in shPLSCR1-RA/IFN-«a—treated TCLs
impaired T-cell-mediated cytotoxic responses against several HLA-
A*0201-restricted cyclin D1-derived epitopes, compared with T lym-
phocytes stimulated with RA/IFN-« treated pSuper or plain-TCLs
loaded DCs (Figure 6). These findings indicated that the induction of
PLSCR1 expression by RA/IFN-« during ICD exerts a positive influence
on the immunogenicity of TCLs obtained from dying/dead cells.

Discussion

One of the major challenges of cancer immunotherapy is counter-
acting the multiple strategies developed by tumor cells to avoid their
detection and elimination by the immune system. Cancer cells may
downregulate tumor antigen presentation, exploit physiological
immune checkpoint mechanisms or favor the development of an
immune suppressive tumor microenvironment. Moreover, tumor cell
plasticity leads to the development of several mechanisms of
immune evasion that can determine the failure of such immunother-
apeutic approaches, such as the administration of immune check-
point inhibitors [56,57]. Developing new therapeutic strategies that
can support and boost currently approved immune checkpoint inhib-
itor therapy in oncology is an active area of research.

Inducing ICD can be a strategy for improving anticancer immune
responses. Nevertheless, there are several difficulties to achieve
successful ICD in patients, including the resistance to ICD-inducing
treatments, a limited immune system activation, the tumor
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heterogeneity, the timing and the dosing, among others [58]. A better
understanding of the mechanisms underlying ICD and of the mole-
cules involved in this process could help identify novel factors with
immune-modulating effects and promote the development of new
immunotherapeutic approaches.

In line with these considerations, the present study investigated
the regulation of PLSCR1 expression by the RA/IFN-a combination
and PLSCR1 contribution to RA/IFN-a—induced ICD. Our previous
work, through transcriptome profiling, had identified PLSCR1 as one
of the most upregulated pro-apoptotic proteins upon RA/IFN-o
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treatment in MCL cells [23]. Moreover, we reported that RA/IFN-«
combination was able to control both PLSCR1 mRNA transcription
and protein degradation [23]. Type I IFN pathway activation is cur-
rently known as a feature of ICD and postulated as a novel inducible
source of DAMPs [21,59-61]. Nevertheless, the involvement in ICD of
specific IFN-inducible factors has not been thoroughly investigated.

This study shows that, in the context of ICD induction in MCL cells,
RA/IFN-o¢ treatment enhanced PLSCR1 expression by activating
STAT1. Earlier evidence demonstrated that PLSCR1 expression is
strongly induced in response to type I IFNs [46,62,63]. In particular,
STATT1 is required for PLSCR1 gene transcription in response to IFN-«
stimulation [46] and, in turn, PLSCR1-STAT3 heterodimer formation
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into the nucleus can induce transcriptional activation of STAT1, thus
amplifying the effects of IFN [46,64]. However, the relationship
between PLSCR1 and STAT proteins may vary depending on the con-
text of the cellular response [64]. Further studies are needed to fully
elucidate the mechanisms underlying PLSCR1 regulation and its
interactions with other signaling pathways.

Although several studies showed that PLSCR1 has been impli-
cated in both cell death [23,65-67] and immune responses [68—71],
its potential role in ICD has not been yet investigated. One of the
most documented functions of PLSCR1 is the exposure of phosphati-
dylserine on the surface of dying cells [72], an important signal for
the recognition and clearance of apoptotic cells by phagocytes
[24,73]. During ICD, the exposure of CRT on the surface of dying cells
acts as an “eat me” signal as well, promoting their phagocytosis by
antigen-presenting cells, such as DCs. Differently from phosphatidyl-
serine, which is flipped from the inner to the outer leaflet of the
plasma membrane, CRT is translocated from the endoplasmic reticu-
lum to the cell surface through a highly regulated process that
involves the protein Erp57 [74]. Herein, we document that ectopic
expression of PLSCR1 increased the surface expression of CRT in
response to RA/IFN-« treatment and concomitantly enhanced the
engulfment of dying cells by DCs. Nevertheless, PLSCR1 overexpres-
sion alone is not sufficient to promote CRT surface expression or
DCs-mediated phagocytosis. This suggests that PLSCR1 could play a
role in modulating the translocation of CRT specifically during ICD
induced by RA/IFN-« or possibly other agents. In other cellular mod-
els, PLSCR1 regulates the intracellular trafficking of receptors and
membrane proteins, such as the epidermal growth factor receptor,
the Toll-like receptor-9 and BACE S-secretase [49,51,75] via direct
interaction. Therefore, PLSCR1 may affect CRT translocation by inter-
acting with other proteins, like Erp57. Further studies are needed to
elucidate the mechanism by which PLSCR1 modulates CRT surface
expression (Figure 7).

Transcriptome profiling provided insights into the specific
genes and pathways that are activated in response to PLSCR1 over-
expression in MCL cells and possibly account for its immunogenic
properties. As expected, we found that PLSCR1 induced the upregu-
lation of genes involved in “phagocytosis recognition.” In addition,
transcriptome profiling revealed potential downstream targets of
PLSCR1 signaling associated to “negative regulation of innate
immune response.” Interestingly, the integrative analysis with
RNA-seq data from MCL cells undergoing ICD induced by RA/IFN-«
[22] uncovered the NOD-like receptor (NLRs) pathway as a com-
mon enriched signature. When DAMPs are released from cells
undergoing ICD, they can be recognized by NLRs, which in turn
activate downstream signaling pathways that lead to the activation
of the inflammasome. The inflammasome triggers the production
of pro-inflammatory cytokines such as IL-18, which in turn can
stimulate the immune response [76,77]. However, more studies
will be needed to fully understand the mechanisms underlying the
activation of NLR signaling mediated by PLSCR1 and its putative
association with ICD. Moreover, the enrichment of up-regulated
genes for intracellular/cytoplasmic vesicles and endomembrane
system as cellular components suggested a possible contribution of
PLSCR1 to the intracellular trafficking of molecules or eventually of
processed TAAs.

Ex vivo ICD, which refers to the induction of ICD in cancer cells in a
laboratory setting, can be used to generate immunogenic TCLs
exploitable as source of TAAs in DC-based vaccine development [13].
DCs vaccines have yielded promising results in preclinical studies
and some clinical trials for the treatment of various types of cancer,
including melanoma, follicular lymphoma, prostate cancer and glio-
blastoma, among others [78—-84]. In line with these studies, the sur-
face shuttling of CRT has been demonstrated to play a critical role in
ICD not only during the cell death process but also when dying/dead
tumor cells have been used for ex vivo DC loading [14,79,85].
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Figure 7. Phagocytosis enhancement in RA/IFN-a—treated tumor cells upregulated by
both ICD-induced and ectopic PLSCR1 expression. In the context of ICD induction in
tumor cells, treatment with RA/IFN-« activates STAT1, resulting in enhanced expres-
sion of PLSCR1 both in the cytoplasm and on the cell surface. Surface-expressed PLSCR1
plays a critical role in facilitating the exposure of phosphatidylserine on the surface of
dying cells, serving as a vital “eat me” signal for phagocyte recognition and clearance
of apoptotic cells. Notably, during ICD mediated by RA/IFN-«, ectopic expression of
PLSCR1 leads to increased translocation of CRT from the endoplasmic reticulum to the
cell membrane. This phenomenon concomitantly augments the engulfment of dying
cells by DCs, further enhancing the immunogenicity of the process.

Similarly, independent studies described the impact of other specific
ICD-associated DAMPs, such as HSP70, on immature and mature DCs
[18,86]. Herein, we have demonstrated that PLSCR1 overexpression,
obtained by genetic approach or through transcriptional upregula-
tion following ICD induction, positively influences the immunogenic-
ity of TCLs. In particular, TCLs obtained from cells overexpressing
PLSCR1 improve the ability of DCs to stimulate tumor-specific T-cell
cytotoxicity, presumably by improving the processing and/or presen-
tation of TAA/epitopes. Conversely, TCLs obtained from cells in which
PLSCR1 is knocked-down associate with reduced DCs efficiency in
eliciting antigen-specific T-cell-mediated immune responses.
Although our results documented a functional role of PLSCR1 in these
processes, further studies are needed to completely understand
PLSCR1 modes of action. Regardless, the numerous studies describing
PLSCR1 participation in anti-viral responses [26,29] have highlighted
its contribution in IFN-induced innate immunity, whereas no infor-
mation is currently available about its involvement in the regulation
of cell-mediated adaptive responses. In the light of the results pre-
sented herein and of the contribution of PLSCR1 in plasmocytoid DC
functions [49], it would be interesting to study a possible involve-
ment of PLSCR1 in the adaptive immunity in the antiviral responses
as well.



B. Montico et al. / Cytotherapy 00 (2023) 1-12 11

Conclusions

Overall, our findings highlight the potential role of PLSCR1 in the
regulation of immune responses during ICD and suggest that it may
be a potential marker of immunogenicity in dying cancer cells. The
ability of PLSCR1 to enhance this process could have important impli-
cations for the development of DC-based immunotherapies for cancer
treatment.
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