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ABSTRACT

Cellular senescence is a stress response that activates innate immune cells, but
little is known about its interplay with the adaptive immune system. Here, we show
that senescent cells combine several features that render them highly efficient in activating dendritic
cells (DC) and antigen-specific CD8 T cells. This includes the release of alarmins, activation of IFN
signaling, enhanced MHC class | machinery, and presentation of senescence-associated self-peptides
that can activate CD8 T cells. In the context of cancer, immunization with senescent cancer cells elicits
strong antitumor protection mediated by DCs and CD8 T cells. Interestingly, this protection is superior
to immunization with cancer cells undergoing immunogenic cell death. Finally, the induction of senes-
cence in human primary cancer cells also augments their ability to activate autologous antigen-specific
tumor-infiltrating CD8 lymphocytes. Our study indicates that senescent cancer cells can be exploited

to develop efficient and protective CD8-dependent antitumor immune responses.

Our study shows that senescent cells are endowed with a high immunogenic potential—
superior to the gold standard of immunogenic cell death. We harness these properties of senescent
cells to trigger efficient and protective CD8-dependent antitumor immune responses.

Seerelated article by Chenetal., p. 432.

INTRODUCTION

Cellular senescence is a stress response aimed to eliminate
unwanted, damaged, or aberrant cells (1, 2). This response
consists of a stable proliferative arrest together with the devel-
opment of a vigorous proinflammatory secretome (known as
senescence-associated secretory phenotype, or SASP; refs. 3,
4). Through the SASP, senescent cells recruit immune cells
to promote their own immune clearance, thereby restoring
tissue homeostasis (5).

Cancer cells are usually exposed to a multitude of stressors
known to trigger senescence, including oncogenic signaling,
replicative stress, hypoxia, reactive oxygen species, nutrient
deprivation, and exposure to cytokines present in the tumor
microenvironment, such as TGFp (1, 6, 7). Also, cytokines
produced by immune cells induce intratumoral senescence,
as is the case of IFNy produced by Th1 cells (8, 9). Moreover,
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a variety of anticancer therapies can also induce senescence
in cancer cells (1, 6). Consequently, tumors, both before and
after therapy, generally contain a variable fraction of senes-
cent cells, and this is now considered a “hallmark of cancer”
(10, 11). Senescent cancer cells, due to their low or null pro-
liferative capacity, do not contribute per se to tumor growth;
however, they contribute to modify the tumor microenvi-
ronment through their SASP. The SASP produced by intra-
tumoral senescent cells has complex and often opposite
effects on tumor behavior depending on multiple factors
that partly reflect the intrinsic heterogeneity of cancer and
the response to cancer therapies (3, 6, 7). Notably, the SASP
of tumor cells can recruit and activate CD4 and CD8 T cells
eliciting antitumor protection (12-15).

The immune clearance of senescent cells is mediated by dif-
ferent populations of leukocytes, being better studied those
belonging to the innate immune system (5, 16, 17). In par-
ticular, macrophages (18-21) and natural killer (NK) cells
(12,21-27) have been described as the main cell types respon-
sible for the elimination of senescent cells. Other components
of the innate immune system, such as invariant natural killer
T cells (iNKT; ref. 28), neutrophils (29), and natural IgM
antibodies (30), have also been shown to participate in the
elimination of senescent cells.

However, sparse evidence is available regarding the adap-
tive immune system. Specifically, it has been reported that
senescent hepatocytes expressing oncogenic mutant Nras
activate CD4 T cells, and this triggers macrophage-mediated
elimination of premalignant hepatocytes (18). In this exper-
imental system, CD4 T activation was found to be medi-
ated by antigen-presenting cells and senescent hepatocytes
expressing MHC class II (MHC-II; ref. 18). MHC-II expres-
sion has also been observed in senescent melanocytes, but
not in senescent keratinocytes or fibroblasts, suggesting that
it is not a general feature of senescent cells (14). Senescent
cells also upregulate the nonclassical MHC class I (MHC-I)
molecule HLA-E, which is an inhibitory signal for NK and
CD8 T cells, and depletion of HLA-E renders senescent cells
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susceptible to elimination by both NK and CD8 T cells (25).
Finally, a particular type of lymphoma is characterized by
containing a large fraction of tumor senescent cells, which
are strongly immunogenic but escape immune control by
expressing immunosuppressive ligands (31).

Here, we show that senescent cells combine multiple fea-
tures that render them strongly immunogenic and very effi-
cient in triggering antitumor adaptive immune responses.

RESULTS

Senescent Cells Upregulate MHC-I Antigen
Presentation

To identify proteins with potential immune regulatory
activity specific to senescent cells, we performed a proteomic
screen for plasma membrane-enriched fractions from senes-
cent cells. Aiming to find proteins generally associated with
senescence and ideally independent of the cell type and
senescence trigger, we analyzed a total of four different cell
types: two primary fibroblasts [human IMR-90 fibroblasts
and mouse embryonic fibroblasts (MEF)| and two cancer
cell lines [human melanoma SKMEL-103 and mouse mela-
noma B16-F10 (B16F10)]. Also, we used different types of
senescence inducers, in particular, doxorubicin (genotoxic),
palbociclib (CDK4/6 inhibitor), and nutlin-3A (p53 activa-
tor). Although doxorubicin is able to induce senescence in all
the cell types used, the other targeted inhibitors are restricted
in their ability to induce senescence depending on the cell
type. Altogether, we tested seven different senescence condi-
tions (Fig. 1A). Successful induction of senescence was con-
firmed by monitoring senescence-associated B-galactosidase
(SABG) activity and the mRNA expression of at least one
senescence-associated gene CDKNI1A/Cdknla or IL6 (Supple-
mentary Fig. SIA and S1B). The “surfaceome” of the seven
senescent and the four nonsenescent samples was obtained
by mass spectrometry (each sample in biological triplicate;
Supplementary Table S1). Gene ontology (GO) analysis of the
genes encoding the proteins that were significantly increased
in four or more senescence conditions as compared with their
corresponding nonsenescent controls revealed that “Antigen

processing and presentation of antigen via MHC class I” was
the top enriched category (Fig. 1B; Supplementary Table S2).
Increased expression of classical MHC-I molecules in senes-
cent cells was confirmed by flow cytometry of H-2K®/DP in
MEFs and B16F10 (Fig. 1C and D), as well as HLA-A/B/C
in IMR-90 and SKMEL-103 cells (Supplementary Fig. S1C).
Moreover, we expanded our findings to other cancer cell
lines, including mouse pancreatic adenocarcinoma Panc02
cells (Fig. 1D), and human squamous cell carcinoma UT-
SCC-2 and UT-SCC-42B cells (Supplementary Fig. S1D). In
addition, we observed augmented levels of the nonclassical
MHC-I molecules H2-Qal and H2-Qa2 in senescent MEFs
(Supplementary Fig. S1E).

Type I IENs are generally present in the SASP, and IFN
signaling is characteristically active in senescent cells (32).
Considering the role of IFNs as key stimulators of MHC-I
presentation (33), we hypothesized that this pathway could be
responsible for the elevated levels of MHC-I in senescent cells.
We performed RNA-sequencing (RNA-seq) of doxorubicin-
senescent MEFs, doxorubicin-senescent BI6F10, doxorubicin-
senescent Panc02, palbociclib-senescent SKMEL-103, and
doxorubicin-senescent IMR-90 and their nonsenescent coun-
terparts. As expected, upregulation of IFN transcriptional
signatures, including main gene components for MHC-I anti-
gen processing and presentation, was found in all the tested
senescent cells compared with their nonsenescent controls
(Fig. 1E and F; Supplementary Fig. SIF-S1N and Supplemen-
tary Table S3). Validation by qRT-PCR analysis in separate
biological replicates confirmed the upregulation of most of
the genes tested, notably including the master transcriptional
regulator of MHC-I-dependent immune responses NlrcS
(ref. 34; Fig. 1G; Supplementary Fig. S10). To test whether
the transcriptional upregulation of the MHC-I-associated
machinery was mirrored by an elevated presentation of actual
antigens, we analyzed the expression of the H-2KP® restricted
ovalbumin (OVA)-derived peptide SIINFEKL in cancer cell
lines stably expressing OVA (B16F10 or Panc02), untreated
or after senescent induction. We found that senescent cells
presented more SIINFEKL bound to H-2K than their prolif-
erating counterparts (Fig. 1H).

_

Figure 1. Senescent cells upregulate MHC- antigen presentation. A, Schematics of the proteomic screen of the plasma membrane (PM)-enriched
fraction of human (SKMEL-103 and IMR-90) and murine (B16F10 and MEF) cells, either untreated or exposed to various senescence-inducing stimuli
(doxo, doxorubicin; nutlin, nutlin-3A; palbo, palbociclib). Three independent biological replicates per cell line were analyzed. B, Top five upregulated GO
terms enriched in the proteins found upregulated in the plasma membrane fraction of senescent cells (in 4 or more conditions of senescence, with a linear
fold change >1.5, FDR < 5%). C, Flow cytometry analysis of H-2K"/DP expression in control versus senescent MEFs treated with doxorubicin or nutlin or
late passaged. Representative histograms showing the fluorescence signal of each stained sample and its unstained control (uncolored histogram) and
quantification after autofluorescence subtraction of n=3 independent experiments are shown. ** P <0.001;**, P < 0.01; one-way ANOVA compared
with control MEFs. MFI, mean fluorescence intensity. D, Flow cytometry analysis of H-2K/D® expression in control or senescent B16F10 and Panc02
cancer cells, treated with doxorubicin. Representative histograms showing the fluorescence signal of each stained sample and its unstained control
(uncolored histogram) and quantification after autofluorescence subtraction of n=5 independent experiments are shown. ***, P < 0.001; *, P < 0.05;
unpaired Student t test compared with control cells. E, Top five upregulated “Broad Hallmarks” from the differential expression analysis (RNA-seq) of
senescent MEFs (senMEF), in which senescence was induced by doxorubicin compared with control MEFs. n =3 independent biological replicates were
analyzed. F, Normalized expression levels of antigen presentation machinery- and immunoproteasome-related genes from the RNA-seq analysis of
control versus senescent MEFs. G, mRNA expression levels of antigen presentation machinery- and immunoproteasome-related genes in control versus
senescent MEFs treated with doxorubicin or nutlin, as measured by gqRT-PCR (relative to the average expression of housekeeping genes Actb and Gapdh).
n=2 independent experiments. ** P <0.001; **, P<0.01;* P <0.05, unpaired Student t test compared with control cells. H, Flow cytometry analysis of
OVA-derived SIINFEKL peptide bound to H-2KP presentation in control or senescent B16F10 and Panc02 cells stably expressing OVA. Representative
histograms showing the fluorescence signal of each stained sample and its unstained control (uncolored histogram) and quantification after autofluores-
cence subtraction are shown. *, P < 0.05; unpaired Student t test compared with control cells. I, Flow cytometry analysis of H-2K?/D® expression in senes-
cent BI6F10 or Panc02 cells, treated with doxorubicin, after treatment with blocking antibodies against IFNy, IFNARL, or their respective IgG isotype
controls. Cells were treated with doxorubicin at day O and collected at day 7. The blocking antibodies were added to the culture medium for the indicated
number of days (7d: from day O to 7; 3d: from day 4 to 7). Quantification after autofluorescence subtraction of n =3 independent experiments is shown. *,

P <0.01; two-way ANOVA test compared with IgG-treated senescent cells.
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Finally, we studied the impact of type I and II IFN signal-
ing as drivers for increased MHC-I expression in senescent
cells. Using blocking antibodies at different time points
from senescence induction, we found that blockade of
type I IFNARI receptor, but not IFNy, diminished MHC-I
expression in senescent B16F10 and Panc02 cells (Fig. 1I;
Supplementary Fig. SI1P). This inhibition was more pro-
nounced when the IFNAR1 blockade was initiated simul-
taneous to the addition of the senescence trigger and
maintained for 7 days. As expected, chemical inhibition
of JAK kinases, which are key mediators of IFN signaling,
strongly reduced MHC-I expression in senescent cells (Sup-
plementary Fig. SIQ-S1S).

Taken together, these data support the concept that
enhanced MHC-I antigen processing and presentation are
general features of senescent cells, and are explained by their
hyperactivated type I IFN signaling.

Senescent Cells Stimulate CD8 T Cells

It is well established that cellular stress partially changes
the repertoire of self-peptides presented by MHC-I (35-39).
Considering that senescence is indeed a state of cellular
stress, and in view of the enhanced capacity of senescent
cells to process and present MHC-I antigens, we wondered
whether senescent cells could induce antigen-dependent
immune responses in vivo. For this, we used noncancer cells
because, in contrast to cancer cells, they are expected to be
poorly immunogenic. We immunized mice with syngeneic
primary fibroblasts, either untreated (MEF) or senescent
(senMEF). As a negative control, we used vehicle with no
cells (PBS); as a positive control, we immunized animals
with OVA to trigger T-cell activation against a known anti-
gen (SIINFEKL; Fig. 2A). These immunizations were per-
formed using CpG oligodeoxynucleotide as adjuvant. After
immunization, splenocytes were isolated, and the number
of activated T cells was measured by IFNy enzyme-linked
immunospot (ELISpot) in the absence of ex vivo stimuli
(basal activation) or in the presence of MEF, senMEF, or
SIINFEKL peptide. Notably, basal activation was signifi-
cantly higher in mice immunized with senMEF than under

all other conditions (Supplementary Fig. S2A). Splenocytes
from senMEF-immunized mice responded strongly to ex
vivo reexposure to senMEF, yielding a number of spots over
basal activity comparable with that of OVA-immunized sple-
nocytes exposed to SIINFEKL (Fig. 2B). Interestingly, sple-
nocytes from mice immunized with senMEF also responded
to nonsenescent MEF ex vivo, although not as strongly as to
senMEF (Fig. 2B). Maximal possible activation of T cells was
achieved by treatment with a phorbol ester and a calcium
ionophore (PMA + I, Supplementary Fig. S2B). As addi-
tional evidence, CD69 and CD25 were both elevated in CD8
T cells from senMEF-immunized animals when exposed
ex vivo to senMEF, and this activation was also detectable,
albeit of lower magnitude, when CD8 T cells were exposed
to nonsenescent MEF (Fig. 2C and D). In contrast to the
upregulation of MHC-I, MHC-II (I-A/I-B) was not upregu-
lated in senMEF (Supplementary Fig. S2C), and, accord-
ingly, CD4 T cells from senMEF-immunized mice showed a
weak activation when exposed ex vivo to senMEF (CD25, but
not CD69, was elevated; Supplementary Fig. S2D and S2E).

We conclude that senescence induction renders fibroblasts
able to induce a CD8-dependent immune response.

Senescence Is Associated with an Altered
Immunopeptidome

To test whether CD8 T-cell activation was directly linked
to the recognition of epitopes presented by senescent cells,
we profiled the immunopeptidome of control and senes-
cent MEF, in which senescence was induced by doxorubicin
treatment (Fig. 2E). Mass spectrometry analysis of pep-
tides eluted from classical MHC-I molecules identified 767
bona fide peptides corresponding to annotated proteins
(see Methods). Interestingly, about 10% of these peptides
(74 peptides) were detected in senescent cells, but not in
their nonsenescent counterparts or in the Mouse Immun-
opeptidome Atlas (Fig. 2F; Supplementary Table S4). The
latter consists of more than 30,000 MHC-I (H-2K"/DP®)
peptides obtained from 19 normal tissues and four murine
cancer cell lines (40). As a criterion to prioritize the 74 senes-
cence-associated MHC-I peptides, we selected those with

>

Figure 2. Senescent noncancer cells induce an adaptive immune response in vivo and present unique immunogenic peptides. A, Schematic outline of
the immunization protocol used in this study. Briefly, immunocompetent C57BL/6 animals were subcutaneously immunized on days 0 and 7 with vehicle
(no cells), control or senescent syngeneic fibroblasts (MEF or senMEF, respectively), or OVA, all done concomitantly with an immune adjuvant (CpG). One
week later, animals were sacrificed, and immune responses were tested ex vivo. B, ELISpot assay to detect IFNy production in splenocytes isolated from
nonimmunized mice (vehicle) or animals immunized with control MEF, senMEF, or OVA (n =3-7 mice per group). Splenocytes were cultured in RPMI either
alone (control) or cocultured with control MEF (1:10 target-to-splenocyte ratio), senMEF (1:10 target-to-splenocyte ratio), or SIINFEKL OVA-derived
peptide (400 nmol/L). The number of spots for each condition above the control condition (background) was quantified. Representative pictures (left)
and quantification (right) are shown. *** P <0.001; **, P < 0.01; * P < 0.05; two-way ANOVA test. C, Flow cytometry analysis of CD69 activation marker
in CD8T cells from naive (vehicle) versus MEF- or senMEF-immunized animals after culture in RPMI medium either alone or with PMA + 1, MEF, or sen-
MEF ex vivo. Representative pseudocolor plots and quantification of n=5-7 mice per group are shown. ** P <0.001; *, P < 0.05; two-way ANOVA test.
D, Flow cytometry analysis of CD25 activation marker in CD8 T cells from naive (vehicle) versus MEF- or senMEF-immunized animals after culture in
RPMI medium either alone or with PMA + |, MEF, or senMEF ex vivo (n=5-7 mice per group). *, P < 0.05; two-way ANOVA test. E, Layout of combined
immunopeptidomics and RNA-seq analyses in control versus senescent MEFs. F, Venn diagram displaying peptides identified in control cells, senes-
cent cells, and the Mouse Immunopeptidome Atlas dataset (40). G, List of selected peptides presented exclusively on senescent cell MHC-I together
with their corresponding coding gene and their predicted binding affinity to H-2K® and H-2D" (NetMHCpan v4.1; classified as non-, weak, or strong
binders, with the latter two highlighted in yellow). “Peptide” indicates the normalized log,(area) of the signal obtained in the immunopeptidomic mass
spectrometry analysis for each peptide. Similarly, “mRNA" indicates the linear fold-change expression of the corresponding gene (senescent vs. con-
trol MEF) from the RNA-seq transcriptomic analysis are indicated. M* indicates M(+15.99), oxidized methionine. Bold font indicates those peptides
that were validated as immunogenic (see next panel). H, Selected peptides validated using ELISpot assay to detect IFNy production in splenocytes
isolated from nonimmunized mice (vehicle) or animals immunized with MEF or senMEF (n = 3-5 mice per group). Splenocytes were cultured in RPM|
medium either alone as negative control (control) or supplemented with the different peptides selected from the immunopeptidome analysis, as
indicated. For SSYM*HFTNV peptide, both SSYMHFTNV and the modified SSYM*HFTNV were tested. The number of spots for each condition above
the control condition (background) was quantified. *** P < 0.001; **, P < 0.01; two-way ANOVA test.
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upregulation (>1.3 linear fold-change) of the coding mRNA
in senescent versus untreated MEF obtained by RNA-seq
(10 of 74 peptides; Fig. 2G). To evaluate the immunogenic
potential of these senescence-associated epitopes, we used
individual peptides (of the 10 prioritized peptides; Fig. 2G)
or pooled combinations (of the remaining 64 peptides; Sup-
plementary Table S4) to restimulate splenocytes isolated
from animals immunized with vehicle, MEF, or senMEF. As
revealed by IFNy ELISPOT assays, splenocytes isolated from
senMEF-immunized animals were specifically activated by a
subset of senescence-associated peptides (Fig. 2H; Supple-
mentary Fig. S2F-S2H). In total, we identified three peptides
from the set of 10 that were prioritized as immunogenic
(Fig. 2H and marked in bold in Fig. 2G). [Note that one
peptide has two versions with oxidized (M*¥) or nonoxidized
(M) methionine, both giving similar results.] Additionally,
three peptide pools of the remaining set of peptides (up to
64 peptides) were recognized by splenocytes from senMEF-
immunized animals (Supplementary Fig. S2F).

These results suggest that noncancer senescent cells can
elicit CD8 T-cell responses against senescence-associated self-
antigens, which further reinforces the notion that induction
of senescence renders cells immunogenic.

Senescent Cancer Cells Efficiently Activate
Dendritic Cells

Having demonstrated the enhanced immunogenicity of
noncancer senescent cells, we then moved to cancer set-
tings with the final goal of triggering protective antitumor
immune responses using senescent cancer cells. Senescent
cells secrete a plethora of proinflammatory cytokines and
chemokines that recruit and activate immune cells (3, 4),
including damage-associated molecular patterns (DAMP),
such as calreticulin (CALR; ref. 41), but direct measure-
ment of their adjuvant properties has not been reported.
Therefore, we compared the levels of DAMPs released by
senescent cancer cells and by cells undergoing immunogenic
cell death (ICD). We chose ICD because it is the best estab-
lished method for efficient antitumor immunization (42, 43).
Of note, we induced ICD and senescence using the same
agent, doxorubicin, at different concentrations (5 pmol/L in
the case of ICD, 0.1 umol/L in the case of senescence). We
observed that both ATP and CALR, prototypical DAMPs,

were present in the conditioned media (CM) of senescent
cells (B16F10, Panc02, and MEF) at similar levels to ICD
cells (Fig. 3A and B; Supplementary Fig. S3A and S3B).

To test whether the secretion of alarmins by senescent
cells reflects on an enhanced immune recruitment in vivo,
we injected mice subcutaneously with vehicle (PBS) or with
B16F10 cells untreated, undergoing ICD, or senescent, and
performed histologic analysis of the site of injection. Inter-
estingly, 1 week after injection, senescent melanoma cells
were clearly visible in the subcutis as large pleomorphic
and anaplastic cells, often containing granular melanin
pigment, surrounded by abundant immune cells (CD45%),
mainly of myeloid lineage (CD11b") together with T cells
(CD3"; Fig. 3C and D; Supplementary Fig. S3C-S3E). Abun-
dant immune and myeloid cells were also present at the
ICD injection sites, although, as expected, no evidence
of viable tumor cells was found. Control B16F10 cells
started to form visible tumors after 1 week, with lower rela-
tive immune infiltration. We then wondered for how long
the senescent cells would persist at the injection site. To
explore this, we injected luciferase-expressing B16F10 cells
untreated, ICD, or senescent (10° cells for each condition)
and monitored their bioluminescence over time (Fig. 3E). As
expected, untreated B16F10 cells grew and formed tumors
with strong luciferase activity. In the case of cells undergo-
ing ICD, the initial luciferase signal detected at the time of
injection (day 0) disappeared after 1 day. In contrast, the
luciferase signal from senescent cells was clearly detected
up to 11 days after injection (Fig. 3E). Because senescent
cells are considerably larger than their nonsenescent coun-
terparts, we also performed this experiment injecting equal
amounts of protein mass of ICD and senescent cells (10°
ICD vs. 2 x 10° senescent cells), obtaining similar results
(Supplementary Fig. S3F). Therefore, although senescent
and ICD cells produce similar levels of alarmins, this pro-
duction is expected to be limited in time in the case of ICD
cells (less than 1 day), while maintained over several days in
the case of senescent cells.

Upon recruitment of immune cells, the next essential
steps for triggering an adaptive immune response involve
the capture of antigens by dendritic cells (DC), as well as
DC activation and maturation (44, 45). To evaluate this, we
cocultured DCs with untreated or senescent B16F10 cells

>

Figure 3. Senescent cancer cells efficiently activate dendritic cells (DC). A, Levels of extracellular ATP in the CM of 10° control (B16F10), ICD
B16F10 (5 umol/L doxorubicin; ICD-B16F10), and senescent B16F10 (0.1 umol/L doxorubicin; senB16F10). n = 2 independent experiments. **, P < 0.01;
one-way ANOVA test compared with control BL6F10. B, Immunoblot detection of CALR in the CM of 108 B16F10, ICD-B16F10, and senB16F10. Repre-

sentative images (left) and quantification (right) of n=3 independent experiments are shown. *, P < 0.05; one-way ANOVA test. C, Semiquantitative infil-
tration score of CD45* cells within or closely surrounding the melanoma foci in skin sections of animals 7 days after subcutaneous injection of vehicle
(no cells), BI6F10, ICD-B16F10, or senB16F10 (n=5 animals per group). Analysis performed by a histopathologist (N. Prats). ***, P < 0.001; *, P < 0.05;
one-way ANOVA test. D, Immunochemistry staining of CD11b* cells (purple) in skin sections of animals 7 days after subcutaneous injection of vehicle
(no cells), B16F10, ICD-B16F10, or senB16F10. Representative images selected by a histopathologist (N. Prats) of n="5 animals per group are shown.
Note that the brown pigmentation is due to melanin. Scale bars for each image are shown (100 um). E, In vivo imaging detection of luciferase-expressing
B16F10 (B16-Luc) in animals subcutaneously injected with vehicle, 10° control, ICD B16-Luc, or senescent B16-Luc (n=4 per group) at different time

points after injection (as indicated). Representative images (left) and quantification (right) are shown. ***, P < 0.001; **, P < 0.01; two-way ANOVA

test. F, Flow cytometry analysis of the DC activation markers CD80, CD86, and MHC-II (I-A/I-B) in CD11c* FL-DCs upon coculture with RPMI medium
either alone or with LPS, B16F10, or senB16F10. Representative histograms and quantification of n =3 biological replicates are shown. **, P <0.001,
** P<0.01;* P<0.05; one-way ANOVA test. G, Flow cytometry analysis of the uptake of CFSE (cytosolic dye) or WGA-Alexa647 (membrane dye) by
BMDCs from labeled B16F10, ICD-B16F10, or senB16F10. Quantification after subtraction of autofluorescence from unstained BMDCs of n =3 biologi-
cal replicates. ** P< 0.001; **, P<0.01; *, P < 0.05; one-way ANOVA test. MFI, mean fluorescence intensity. H, Flow cytometry analysis of OT-I CD8
T-cell activation, as measured by CD69 expression, upon coculture with RPMI medium either alone (naive) or with PMA + |, control FL-DCs or FL-DCs
previously cocultured with control (B16-OVA) or senescent (senB16-0OVA) B16-0VA cells, as indicated. Representative histograms and quantification of
n=3biological replicates are shown. SSC-A, side scatter area. **, P <0.001; **, P<0.01; *, P < 0.05; one-way ANOVA test.
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and measured the surface expression of DC activation and
maturation markers CD80, CD86, and MHC-II (I-A/I-B)
on DCs. We performed these experiments using bone mar-
row-derived DCs stimulated ex vivo with GM-CSF and IL4
(abbreviated as BMDCs, as a model of myeloid DCs) or with
FLT3L (abbreviated as FL-DCs, as a model of conventional
DCs; ref. 46). Lipopolysaccharide (LPS) stimulation was
used as a positive control for DC activation. We found that
coculture of DCs with senescent, but not untreated, BI6F10
cells, led to the activation of DCs to similar levels as LPS
stimulation (Fig. 3F; Supplementary Fig. S3G). Interest-
ingly, DC activation by senescent cells required direct cell-
to-cell contact because upregulation of the CD80 activation
marker was abolished when a transwell coculture system
was used (Supplementary Fig. S3H).

Next, we evaluated the efficiency of DCs in capturing
cytosolic and membrane antigens from senescent cells.
Untreated, ICD, or senescent cancer cells were stained with
membrane or cytosolic fluorescent dyes and cocultured with
BMDCs. We found that BMDCs captured both cytosolic
and membrane dyes from B16F10 or Panc02 senescent cells
more efficiently than from untreated or ICD cells (Fig. 3G;
Supplementary Fig. S3I). As previously reported, ICD cells
were efficient in delivering cytosolic dyes, but inefficient in
delivering membrane dyes compared with untreated cells
(47). Finally, we tested if senescent cells result in a better
acquisition and presentation of actual antigens by DCs.
For this, we cocultured DCs (BMDCs and FL-DCs) with
untreated or senescent B16F10 cells expressing OVA (B16-
OVA). Then, we sorted the DCs (CD11c") and cocultured
them with OT-I CD8 T cells, whose T-cell receptor (TCR)
specifically recognizes the OVA-derived SIINFEKL antigen,
and measured CD8 activation (via CD69 expression). We
found that DCs previously cocultured with OVA-expressing
senescent cells were more efficient at activating OT-I CD8
T cells than those DCs cocultured with nonsenescent cells
(Fig. 3H; Supplementary Fig. S3]).

Collectively, these data support the notion that senescent
cells display a strong adjuvanticity, promoting the recruit-
ment and activation of DCs, and this is accompanied by an
efficient delivery of antigens to DCs.

Immunization with Senescent Cancer Cells
Promotes Anticancer Immune Surveillance

Given that senescent cells exhibit enhanced antigenicity
and adjuvanticity, we postulated that senescent cancer cells
could be used to promote an immune response against
cancer. Previous pioneering work has shown that senescent
cancer cells can trigger antitumor protection when used in
a vaccination setting, and this property was attributed to
their SASP (13). Here, we have extended these findings by
first comparing the prophylactic effect of immunization
with senescent versus ICD B16F10 melanoma cells against
a subsequent rechallenge with proliferating B16F10 cells.
Of note, we used the same agent, doxorubicin, to gener-
ate both immunogens (0.1 umol/L for 7 days to induce
senescence, and 5 pmol/L for 18 hours to induce ICD). To
test the importance of cell viability in the case of senescent
cells, we introduced another experimental condition that
consisted of dying senescent cells, and, for this, we treated
senescent B16F10 (senB16F10) cells with navitoclax, an
agent known to induce apoptosis in senescent cells (i.e.,
senolysis; Fig. 4A). Immunizations were performed using
equal amounts of protein for each condition (thus, ani-
mals received either 10° ICD or 2 x 10° senescent cells).
One week after immunization by subcutaneous injection,
all experimental groups were rechallenged subcutaneously
with 3 X 10* untreated B16F10 cells in the opposite flank.
We observed that immunization with senB16F10 elicited
better anticancer protection than ICD-B16F10 or dying
senB16F10 (Fig. 4B; Supplementary Fig. S4A). Similarly,
senescent Panc02 (senPanc02) cells induced a stronger pro-
tective response than ICD-Panc02 cells (Fig. 4C; Supple-
mentary Fig. S4B). The antitumor protection afforded by
senescent cancer cells, BI6F10 and Panc02, was reflected
by a lower rate of tumor growth and by a longer latency
of those tumors that escaped immune control (in the case
of Panc02, none of the animals developed tumors; Fig. 4B
and C).

To gain a deeper understanding of the cancer-preventive
response induced by live senescent cancer cells, we depleted
the major immune populations involved in adaptive antitu-
mor immunity, namely, CD4 and CD8 T cells and CD11b*

>

Figure 4. Immunization with senescent cancer cells promotes anticancer immune surveillance. A, Schematics of the cancer immunization protocol
used in these studies. Sen., senescent. B, Individual tumor growth curves from vehicle-treated mice or mice immunized with ICD-B16F10, senB16F10,
or senB16F10 cells dying by senolysis (induced by 10 pmol/L navitoclax, dying senB16F10; n =8 mice per group). Tumor growth (number of animals
developing tumors out of the total) and tumor latency (mean £ SD of the day on which the tumor appeared) are indicated for each group. **, P < 0.01;
*, P <0.05; two-way ANOVA test compared with vehicle-treated group (black) or ICD-B16F10 group (red). C, Individual tumor growth curves from vehicle-
treated mice or mice immunized with Panc02 cells dying by ICD (induced by a high dose of doxorubicin, ICD-Panc02) or senescent Panc02 (low dose
of doxorubicin, senPanc02; n =6 mice per group). Tumor growth (number of animals developing tumors out of the total) and tumor latency (mean + SD
day of appearance of the tumor) are indicated for each group. **, P<0.01; * P < 0.05; two-way ANOVA test compared with vehicle-treated (black)
group or ICD-B16F10 group (red). D, Schematics of the cancer immunization and immune depletion protocol used in this study. E, Tumor appearance
after rechallenge in vehicle-treated mice (n=14) or mice immunized with senB16F10 treated with IgG (n=14) or the indicated blocking antibodies

as described in D (n=15 for aCD4, n=14 for aCD8, or n=6 for aCD11b). ***, P <0.001;* P < 0.05; Fisher exact test. F, Schematics of the therapeutic
cancer immunization protocol used in these studies. CyTOF, cytometry by time of flight. G, Grouped tumor growth of BI6F10 tumor-bearing animals
immunized with vehicle, ICD-B16F10, dying senB16F10, or senB16F10.*, P < 0.05; two-way ANOVA test (n = 7-8) H, CD8a staining (purple) in B16F10
tumor sections from animals immunized with vehicle, ICD-B16F10, dying senB16F10, or senB16F10 and sacrificed at humane endpoint. Note that the
brown pigmentation is due to melanin. Representative images and quantification of n=7-8 mice per group. **, P<0.01;* P <0.05; one-way ANOVA
test. |, t-Distributed stochastic neighbor embedding (t-SNE) representation of tumor-infiltrating immune (CD457) cells detected by CyTOF of B16F10
tumors from animals immunized with vehicle or senB16F10 and sacrificed 10 days after immunization. The cluster of CD8 T cells is amplified, and the
expression pattern of T-cell markers of activation (IFNy, PD-1, CD25, and I-A/I-B), and differentiation to effector (CD44) or naive T cells (CD62L) are
shown (left). J, Density plots of the distribution of infiltrating CD8 T cells from nonimmunized and senB16F10-immunized animals (n =4 animals per
group). K, Percentage of activated tumor-infiltrating CD8 T cells (PD-1*IFNy*, CD25*IFNy*, I-A/I-B*IFNy*, CD62L-CD44*IFNy*) from tumors of nonim-
munized animals (vehicle) or immunized with senB16F10 (n =4 mice per group). *, P < 0.05; unpaired Student test.
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myeloid cells (Fig. 4D; Supplementary Fig. S4C). We found
that depletion of CD8 T cells or CD11b* myeloid cells sig-
nificantly impaired the protective effect of vaccination with
senescent cells, whereas depletion of CD4 T cells had a mod-
est effect (Fig. 4E; Supplementary Fig. S4D and S4E).

We also tested whether therapeutic immunization with
senescent cells could inhibit tumor growth in mice already
bearing tumors at the time of immunization (Fig. 4F). We
found that animals immunized with senescent cells showed
a moderate but significantly reduced tumor growth rate
compared with animals immunized with ICD cells (Fig. 4G;
Supplementary Fig. S4F). We examined the infiltration of
CD8 T cells within B16F10 tumors, which are consid-
ered highly immunosuppressive and poorly permissive to
immune infiltration (48). Interestingly, immunization with
senB16F10 cells enhanced the infiltration of CD8 T cells
into B16F10 tumors compared with all other experimen-
tal groups (Fig. 4H). To further understand the effects of
therapeutic immunization within the tumor infiltrate, we
simultaneously immunophenotyped 19 markers using mass
cytometry [cytometry by time of flight (CyTOF)] at day 10
after immunization (Fig. 4F). Interestingly, the phenotype
of the tumor-infiltrating CD8 T cells from animals immu-
nized with senB16F10 was skewed toward a more activated
state (Fig. 4I and J). Accordingly, the percentage of CD8
T cells expressing T-cell activation markers (PD-1*IFNy*,
CD2S5*IFNy*, and I-A/I-B*IFNy*) was increased in infiltrat-
ing CD8 T cells from immunized animals compared with
nonimmunized ones (Fig. 4K). Regarding other immune cell
populations, the percentage (relative to the total number of
CD45* cells) of tumor-infiltrating DCs (CD11b* CD11c")
was increased in immunized animals compared with nonim-
munized ones (Supplementary Fig. S4G). The percentages
of the rest of the main immune populations were not sig-
nificantly changed (Supplementary Fig. S4G).

Taken together, our observations suggest that immuniza-
tion with viable senescent cancer cells can promote a tumor
prophylactic and therapeutic CD8 T cell-dependent antitu-
mor immune response.

Senescent Cancer Cells from Human Patients
Hyperstimulate Autologous Reactive Tumor-
Infiltrating Lymphocytes

Finally, we extended our findings to a clinically relevant
experimental setting. In particular, we investigated whether
the induction of senescence in patient-derived primary

cancer cells enhances the activation of autologous tumor-
infiltrating lymphocytes (TIL). To address this, TILs from
different fragments of primary tumors (labeled F1, F2, and
so on) were expanded ex vivo and tested for recognition of
their autologous cancer cells. In this way, TILs from differ-
ent fragments were classified as tumor-reactive or nonreac-
tive (Fig. SA). A total of four primary cancers of different
types were analyzed in this way (listed in Fig. 5A). [Note
that for the VHIO-35035 patient, all TIL fractions reacted
against tumor cells, so CD8 T cells from peripheral blood
(PBL) of the same patient were used as a nonreactive con-
trol population.] Upon treatment with anti-CD3-coated
beads (OKT3), both reactive and nonreactive TILs showed
robust upregulation of the activation marker 4-1BB (also
known as CD137), indicating that both types of TILs
were functional (Fig. 5B-E; Supplementary Fig. S5A). As
expected, all cancer cells activated their autologous reac-
tive TILs, but not their nonreactive TILs (Fig. SB-F; Sup-
plementary Fig. S5A). In the case of VHIO-088 nonreactive
TILs, a modest reactivity was detected in the fraction of
TILs originally classified as nonreactive (Fig. SD). The four
primary cancer cells were treated with bleomycin to induce
senescence, which manifested in three of the cancer cell
isolates (VHIO-008, -35035, and -088) as a flat and large cel-
lular morphology, high levels of SABG, and upregulation of
CDKN1A mRNA (Supplementary Fig. S5B and S5C). In the
case of bleomycin-treated VHIO-009 cells, their morphol-
ogy was also flat and enlarged and upregulated CDKN1A;
however, they remained negative for SABG; then, we also
tested IL8, as a SASP marker, observing a notable transcrip-
tional upregulation (Supplementary Fig. S5B and SS5C).
Importantly, the four senescent patient-derived cancer cells
activated their corresponding reactive TILs with higher
efficiency than nonsenescent cells (Fig. 5B-E). Altogether, a
total of six of eight reactive TIL fractions presented a higher
level of activation by senescent cells compared with nonse-
nescent cells (ranging from 1.5- to 4-fold higher). Two TIL
fractions (VHIO-35035 TIL F2 and VHIO-088 TIL F3) were
strongly activated by nonsenescent cells (>70%), and these
levels were only marginally increased by senescent cells. It
is important to emphasize that senescent cancer cells did
not stimulate nonreactive TILs, further indicating that TIL
stimulation by senescent cells requires antigen recognition.

The above observations were validated in an antigen-
specific setting. For this, we used enriched populations of
TILs from patient VHIO-008 specific to MAGEB2, ;67

<

Figure 5. Senescent cancer cells from human patients hyperstimulate autologous reactive TILs. A, Schematics of the procedure for isolating,
amplifying, classifying, and coculturing patient-derived tumor cells with autologous reactive and nonreactive TILs (left). Table indicating patients and
corresponding tumor type used in this study (right). B, Flow cytometry analysis of 4-1BB activation marker in CD8 cells from nonreactive (F1 and F2 frag-
ments) and reactive (F3 and F4 fragments) autologous TILs from VHIO-008 patient after culture in RPMI medium either alone or with anti-CD3 (OKT3),
control VHIO-008 cells, or bleomycin-treated senescent VHIO-008 cells (as indicated). C, Flow cytometry analysis of 4-1BB activation marker in CD8
cells from nonreactive (F1 fragment) and reactive (F3 fragment) autologous TILs from patient VHIO-009 after culture in RPMI medium either alone or
with anti-CD3 (OKT3), control VHIO-009 cells, or bleomycin-treated senescent VHIO-009 cells (as indicated). D, Flow cytometry analysis of the 4-1BB
activation marker in CD8 cells from nonreactive (F1 fragment) and reactive (F2 and F3 fragment) autologous TILs from patient VHIO-088 after culture in
RPMI medium either alone or with anti-CD3 (OKT3), control VHIO-088 cells, or bleomycin-treated senescent VHIO-088 cells (as indicated). SSC-A, side
scatter area. E, Flow cytometry analysis of the 4-1BB activation marker in nonreactive PBL CD8 T cells and CD8 cells from reactive (F1, F2, and F3 frag-
ments) autologous TILs from patient VHIO-35035 (abbreviated as V-35035) after culture in RPMI medium either alone or with anti-CD3 (OKT3), control
V-35035 cells, or bleomycin-treated senescent V-35035 cells (as indicated). F, Flow cytometry analysis of 4-1BB activation marker in CD8 cells from
reactive autologous TILs (reactive F3, F4 and F5 fragments) enriched to be reactive against MAGEB2, £167q and RPL14, 1,0y (two neoantigens previously
identified by whole-exome sequencing of the autologous tumor cell line) after culture in RPMI medium either alone or with anti-CD3 (OKT3), control

VHIO-008 cells, or bleomycin-treated senescent VHIO-008 cells (as indicated).
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Figure 6. Graphical summary.

and RPL14, 1,0y, two neoantigens previously identified by
whole-exome sequencing of the autologous tumor cell line
(49). Neoantigen-specific TILs were cocultured with paren-
tal VHIO-008 cancer cells, either untreated or senescent,
and their activation was assessed. In this case, TIL activa-
tion upon coculture with senescent VHIO-008 was more
potent (2-6-fold higher) than when using the nonsenescent
parental cells (Fig. SF). To test whether senescence induc-
tion with other agents promoted equivalent responses, we
also tested doxorubicin-induced and palbociclib-induced
senescent VHIO-008 cells, observing similar results regard-
ing the stimulation of nonreactive TILs and antigen-specific
TILs (Supplementary Fig. SSD-SSE).

Senescence induction was accompanied by different
degrees of upregulation of MHC-I (HLA-I), whereas MHC-II
(HLA-II) levels remained largely unchanged (Supplementary
Fig. SSF and S5G). Moreover, although CD8 T cells from
reactive TILs were activated upon coculture with cancer cells,
CD4 T cells remained unaffected, further supporting the
main role of the CD8 T-cell population in the recognition of
senescent cancer cells (Supplementary Fig. SSH-S5K).

Together, these data indicate that the induction of senes-
cence in human cancer cells potentiates antigen-dependent
CD8 T-cell activation.

DISCUSSION

The activation of adaptive immunity is strictly associated
with two factors, adjuvanticity and antigenicity (42). Danger
signals acting as adjuvants are essential to activate adap-
tive immune cells and, if absent, presentation of antigenic
peptides to T cells drives peripheral tolerance rather than
immune activation (43-45). Conversely, adjuvant signals in
the absence of antigenic determinants drive inflammation,
but not adaptive immune responses (50). In this study, we
show that senescent cells combine an enhanced antigenicity
with a strong adjuvanticity. These properties, together with
the long-term viability of injected senescent cells over several
days, make senescent cells ideal agents to trigger CD8 T cell-
dependent adaptive immunity.

We compared a number of adjuvant-related features in
parallel between senescent cells and cells undergoing ICD
induced by the same agent, with the latter constituting

the current gold standard for eliciting cell-based antitu-
mor immune responses (42, 43). The levels of alarmins
released into the extracellular milieu, specifically ATP and
CALR, were similar between senescent and ICD cells, and
this was reflected by the abundant recruitment of myeloid
cells when injected subcutaneously. Notably, senescent
cells outperformed ICD cells in the following two aspects.
First, senescent cancer cells had a higher persistence in the
skin for up to 11 days after injection, whereas ICD cells
were essentially undetectable 1 day after injection. Second,
senescent cells were superior to ICD cells in transferring
cellular material to DCs, both from the cytosol and cyto-
plasmic membrane. Moreover, senescent cancer cells pro-
moted a better activation and maturation of DCs and were
more efficient in mediating CD8 T-cell activation against a
specific experimental antigen (OVA). As expected, the com-
bination of these features resulted in a stronger activation
of antigen-specific CD8 T cells by senescent cells compared
with ICD or nonsenescent cells.

Regarding antigenicity, we initially focused on the expres-
sion of MHC-I, which we identified upregulated in an unbi-
ased proteomic screening comparing the plasma membrane
proteins of senescent and nonsenescent cells. Remarkably,
senescent cells also upregulated the MHC-I-associated pres-
entation machinery, including its master transcriptional reg-
ulator, NlrcS (34). In agreement with previous observations
(32), we also found that the IFN transcriptomic signature
was elevated in senescent cells. Interferons are considered
main inducers of MHC-I presentation (33), and we show that
IFN signaling, specifically type I, is a key mediator of MHC-I
upregulation in senescent cells in vitro. Of note, while type I
IFNs are produced by all cell types in response to damage and
senescence, IFNy is produced almost exclusively by immune
cells. Therefore, in an in vivo context, IFNy may also contrib-
ute to the MHC-I upregulation observed in senescent cells, as
recently shown (51).

Importantly, we show that immunization with noncancer
syngeneic senescent fibroblasts triggers CD8 T-cell responses
against both senescent and nonsenescent fibroblasts. To pin-
point senescence-specific responses, we wondered if we could
identify senescence-associated MHC-I peptides. The immun-
opeptidome presented by the MHC-I of a given individual cell
reflects a minority (at most 1%) of all possible peptides from
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the proteome (50), and it is highly dynamic depending on the
cellular context, particularly under conditions of stress (43,
52). We speculated that senescent cells, even if derived from
noncancer cells, could be enriched in senescence-associated
self-peptides. Indeed, by isolating and sequencing the immu-
nopeptidome of senescent cells, we demonstrate the pres-
ence of senescence-associated self-peptides absent in their
parental nonsenescent cells or in the Mouse Immunopep-
tidome Atlas (which includes >30,000 peptides normally
present in a large collection of murine tissues and cancer cell
lines; ref. 40). Moreover, CD8 T cells from mice immunized
with senescent cells were activated ex vivo when exposed to
senescence-associated self-peptides. This was not the case
when mice were immunized with nonsenescent parental cells.
These observations indicate that senescent cells have the
capacity to elicit CD8 T-cell responses partly evoked against
senescence-associated self-antigens.

Having demonstrated that the induction of senescence
increases the immunogenicity of noncancer cells, we extended
this concept to cancer cells. Indeed, previous work has shown
that senescent cancer cells can trigger antitumor protection
when used in a vaccination setting (13). We reinforce this
concept by showing that senescent cancer cells are superior
to ICD cancer cells in triggering protection against a subse-
quent rechallenge with untreated cancer cells. As expected,
antitumor protection involved a classic adaptive immune
response mediated by antigen-presenting cells (APC) and
CD8 T cells. Moreover, we compared the immunogenic
potential of live versus dying senescent cancer cells and
observed that live senescent cells were more efficient in elic-
iting antitumor protection. This finding further reinforces
the idea that senescent cells play an active role in triggering
an efficient immune response. We also applied this strategy
in a therapeutic setting by immunizing tumor-bearing mice.
In this case, immunization significantly delayed B16F10
melanoma growth, which is considered a highly immuno-
suppressive tumor model (48). This delay in tumor growth
was accompanied by an increased infiltration of CD8 T cells
with a superior activation phenotype.

The above concepts were corroborated in a human setting
based on cancer cells and autologous TILs from four patients
(oropharyngeal, hypopharyngeal, endometrial, and mela-
noma). We found that the coculture of TILs with senescent
cancer cells evokes a stronger antigen-dependent activation
of CD8 T cells than their nonsenescent parental cancer cells.
This was also demonstrated in the case of TILs that recognize
a single cancer-derived mutated antigen. In parallel to our
work, similar findings have been reported in human acute
myeloid leukemia, where therapy-induced senescence also
triggers antigen presentation and antitumor immunity (53).

In summary, our findings demonstrate that senescent cells
are strongly immunogenic owing to the combination of
several features: their long-term persistence in vivo, release
of adjuvant factors, activation of IFN signaling, efficient
antigen transfer and activation of APCs, upregulated antigen
presentation, and altered immunopeptidome (Fig. 6). The
upregulation of MHC-I associated with senescence can be
a strategy to overcome immune evasion linked to MHC-I
downregulation, which remains the primary mechanism
through which cancer cells escape CD8 T-cell killing (54, 55).

Our results suggest the possibility of improving anticancer
vaccination strategies based on senescent cancer cells. Also, in
view of the capacity of senescent cells to deliver antigens and
activate DCs, senescent cancer cells could be used to generate
improved DC-based vaccines. Beyond cancer, many human
diseases and aging-associated frailty are partly driven by the
presence of senescent cells (1), and it is tempting to speculate
that unleashing adaptive immune responses or engineered T
cells against senescent cells could have therapeutic and health
benefits, as recently shown (56, 57).

METHODS

Cell Culture

SKMEL-103 (human melanoma), IMR-90 (human lung fibro-
blasts), B16-F10 (B16F10, mouse melanoma), and 293T (human
embryonic kidney) cells were obtained from the ATCC. Panc02
(mouse pancreatic adenocarcinoma) cells were kindly provided by
Dr. Abdul Azad (Oxford University, United Kingdom). UT-SCC-2
and UT-SCC-42B (human head and neck squamous cell carci-
noma) were provided by Dr. Reidar Grenman (University of Turku,
Finland). OVA-expressing B16F10 and Panc02 cells were kindly
provided by the Kroemer Lab (CRC, Paris, France). Luciferase-
expressing B16F10 cells were kindly provided by the Soengas
Lab (CNIO, Madrid, Spain). Primary MEFs were obtained from
C57BL/6 embryos at E13.5 as previously described (58). Panc02
cells and all primary immune cells were maintained in a stand-
ard RPMI medium. All the other cell lines were maintained in
standard DMEM. All media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco) and 1% antibiotics
(penicillin/streptomycin 100 U/mL; Gibco). Cells were maintained
in a humidified incubator at 37°C and 5% CO,. Cells were tested
monthly for Mycoplasma contamination using standard PCR, and
only negative cells were used.

Senescence was induced by treatment with the DNA-damag-
ing agents doxorubicin (100 or 200 nmol/L; Sigma, #D1515)
or bleomycin (3 or 6 mU/L; Sigma, #B8416) for 48 hours, the
CDK4/6 inhibitor palbociclib (1 pmol/L; PD033299, Absource
Diagnostic, #51116), or the p53 activator nutlin-3A (5 pmol/L;
Sigma, #SML0580), as indicated. Seven to 10 days after the begin-
ning of the treatment, senescent cells were collected and used for
experiments. Late passage senescence was triggered by the repeated
subculture of nontransformed primary cells until proliferation
stopped. ICD was induced by treatment with a high dose of doxo-
rubicin (5 pmol/L) for 18 hours. Senescent cell death was induced
by treatment with the senolytic agent navitoclax (10 pmol/L;
Quimigen, #HY-10087) for 18 hours.

For experiments blocking IFNy or IFNARI, blocking antibod-
ies against IFNy (InVivoMAb, #BE0055), IFNRA-1 (InVivoMAD,
#BE0241), or their respective IgG1 isotypes control (InVivoMAD,
#BE0088 and #BE0083) were added at 50 pg/mL to the cultured
media at the indicated day and refreshed every 3 days. For chemical
inhibition of JAK signaling in MEFs, cells were treated with the JAK
inhibitor SAR-20347 (Selleckchem, #S0437), which was added at a
concentration of 2 pmol/L to the culture media on the indicated day;
for inhibition in B16F10 or Panc02 cells, JAK inhibitor I (Calbio-
chem; Sigma, #42099) was added to the culture media at a concentra-
tion of 0.6 pmol/L (B16F10) or 1.2 pmol/L (Panc02) on the indicated
day and refreshed every 3 days.

SABG Assay

Cells were washed with PBS, fixed with 0.2% glutaraldehyde for 10
minutes, washed with PBS, and incubated overnight at 37°C with
a staining solution containing 1 mg/mL X-Gal (Melford BioLabo-
ratories, #MB1001) prepared in dimethylformamide (DMF; Sigma,
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D4551) at pH 6. Cells were then washed in PBS and visualized using
a Nikon Eclipse TS2 brightfield microscope.

Plasma Membrane Proteomic Screening

Up to 5 x 10° cells per condition were collected in cold PBS by
scraping and pelleted by centrifugation. Plasma membrane proteins
were extracted using a plasma membrane protein extraction kit
(Abcam, #ab65400) following the manufacturer’s instructions.

Proteins were dissolved in UT buffer (8 mol/L urea, 2 mol/L
thiourea, 100 mmol/L Tris-HCI pH 8) and digested by means
of the standard FASP protocol. Briefly, proteins were reduced
[15 mmol/L TCEP for 30 minutes at room temperature (RT)],
alkylated (50 mmol/L CAA for 20 minutes in the dark at RT), and
sequentially digested with Lys-C (Wako; protein:enzyme ratio 1:50,
overnight at RT) and trypsin (Promega; protein:enzyme ratio 1:100
for 6 hours at 37°C). Resulting peptides were desalted using Sep-
Pak C18 cartridges (Waters). Liquid chromatography with tandem
mass spectrometry (LC-MS/MS) was done by coupling an UltiMate
3000 RSLCnano LC system to either a Q Exactive HF or Q Exactive
HF-X-mass spectrometer (Thermo Fisher). In both cases, peptides
were loaded into a trap column (Acclaim PepMap 100 C18 LC Col-
umns 5 um, 20 mm length) for 3 minutes at a flow rate of 10 pL/
minute in 0.1% formic acid (FA). Then, peptides were transferred to
an EASY-Spray PepMap RSLC C18 column (Thermo Fisher; 2 pm,
75 um x 50 cm) operated at 45°C and separated using a 90-minute
effective gradient (buffer A: 0.1% FA; buffer B: 100% ACN, 0.1% FA)
at a flow rate of 250 nL/minute. The gradient used was from 4% to
6% of buffer B in 2.5 minutes, from 6% to 25% B in 72.5 minutes,
and from 25% to 42.5% B in 14 minutes plus 6 additional minutes
at 98% B. Peptides were sprayed at 1.8 kV into the mass spectrom-
eter via the EASY-Spray source, and the capillary temperature was
set to 300°C. The Q Exactive HF was operated in a data-dependent
mode with an automatic switch between MS and MS/MS scans
using a top 15 method (intensity threshold > 6.7e4, dynamic
exclusion of 26.25 seconds and excluding charges +1 and > +6).
MS spectra were acquired from 350 to 1,400 m/z with a resolu-
tion of 60,000 FWHM (200 m/z). Ion peptides were isolated using
a 2.0 Th window and fragmented using higher-energy collisional
dissociation (HCD) with a normalized collision energy of 27. MS/
MS spectra resolution was set to 15,000 or 30,000 (200 m/z). The
ion target values were 3e6 for MS (maximum IT of 25 ms) and 1e5
for MS/MS (maximum IT of 15 or 45 ms). The Q Exactive HF-X
was operated in a data-dependent mode with an automatic switch
between MS and MS/MS scans using a top 12 method (intensity
threshold > 3.6e5, dynamic exclusion of 34 seconds and excluding
charges +1 and > +6). MS spectra were acquired from 350 to 1,400
m/z with a resolution of 60,000 FWHM (200 m/z). Ion peptides
were isolated using a 1.6 Th window and fragmented using HCD
with a normalized collision energy of 27. MS/MS spectra resolu-
tion was set to 15,000 (200 m/z). The ion target values were 3e6
for MS (maximum IT of 25 ms) and 1 X 10° for MS/MS (maximum
IT of 22 ms). Raw files were processed with MaxQuant using
the standard settings against either a human protein database
(UniProtKB/Swiss-Prot, 20,373 sequences) or a mouse database
(UniProtKB/TrEMBL, 53,449 sequences). Carbamidomethylation
of cysteines was set as a fixed modification, whereas oxidation of
methionines and protein N-term acetylation were set as variable
modifications. Minimal peptide length was set to 7 amino acids,
and a maximum of two tryptic missed-cleavages were allowed.
Results were filtered at 0.01 FDR (peptide and protein level). After-
ward, the “proteinGroups.txt” file was loaded in Prostar (59) using
the label-free quantitation intensity values for further statistical
analysis. Briefly, proteins with less than 75% valid values in at least
one experimental condition were filtered out. When needed, a
global normalization of log,-transformed intensities across sam-
ples was performed using the LOESS function. Missing values were

imputed using the algorithms SLSA (60) for partially observed
values and DetQuantile for values missing on an entire condition.
Differential analysis was performed using the empirical Bayes sta-
tistics Limma. Proteins with a P < 0.05 and a log, ratio >0.58 (1.5 in
nonlog scale) were defined as upregulated. The FDR was estimated
to be below 5%. Upregulated proteins in senescent cells following
the indicated criteria in four or more conditions of senescence were
selected, and GO analysis was performed using the GOrilla Gene
Ontology tool (61).

Flow Cytometry Analysis

For analysis of cultured cell lines, single cells were digested into
single cells by trypsinization (0.25% trypsin-EDTA, Invitrogen).
Nonadherent primary immune cells maintained in suspension
were collected from the culture by pipetting. Blood was collected
in EDTA-coated tubes (Microvette, #16.444) to assess immune cell
depletion and incubated with red blood cells (RBC) lysis buffer
(BioLegend, #42031) for 5 minutes at RT. Cells were resuspended
in fluorescence-activated cell sorting (FACS) buffer (5 mmol/L
EDTA and 0.5% BSA in PBS). Cell viability was assessed using
DAPI (0.1 pmol/L, Molecular Probes, #D1306) or Live/Dead Fixa-
ble Yellow dye (Invitrogen, #L.34967) following the manufacturer’s
instructions. Dead cells were excluded from the analysis. Mouse
cells were incubated with mouse BD Fc Block containing puri-
fied antimouse CD16/CD32 mAb 2.4G2 (1:400, BD Biosciences,
#553142) for 10 minutes at 4°C. Cells were washed and then
stained with the appropriate antibody (Supplementary Table S5)
for 40 minutes at 4°C. Cell suspensions were run on a Gallios
Beckman Coulter flow cytometer (BD Biosciences). Autofluores-
cence signal from the unstained samples was obtained and sub-
tracted from each sample in all experiments. Data were analyzed
using FlowJo v10 software.

RNA Extraction, RNA-seq Library Preparation,
and Sequencing

Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
#QIA74106) following the manufacturer’s instructions.

For MEF, Panc02, and SKMEL-103 RNA-seq analysis, library
preparation and quality control were performed at the Genomics
Facility of IRB Barcelona. The total RNA concentration was quan-
tified using the Qubit RNA HS Assay kit (Invitrogen, #Q32852),
and RNA integrity was assessed using the Bioanalyzer 2100 RNA
Nano assay (Agilent). RNA-seq libraries were prepared at the IRB
Barcelona Functional Genomics Core Facility. Briefly, mRNA was
isolated from 1.1 pg total RNA using the NEBNext Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs). Isolated mRNA
was used to generate dual-indexed cDNA libraries using the NEB-
Next Ultra II Directional RNA Library Prep Kit for Illumina (New
England Biolabs). Eight cycles of PCR amplification were applied to
all the libraries. The final libraries were quantified using the Qubit
dsDNA HS assay (Invitrogen), and the quality was controlled using
the Bioanalyzer 2100 DNA HS assay (Agilent). An equimolar pool
was prepared using the 13 libraries and submitted for sequencing
at the National Centre for Genomic Analysis (CRG-CNAG). Final
quality control by qPCR was performed by the sequencing provider
before paired-end 150 nt sequencing on a NovaSeq6000 S4 (Illu-
mina). The sequencing results exceeded 312 Gbp, with a minimum
of 53.97 million paired-end reads sequenced for each sample.
Adapters were trimmed from the initial sequences using Cutadapt
(62), version 1.18. Trimmed paired-end reads were then aligned to
the mm10 version of the mouse genome using STAR (63) version
2.3.0e under default parameters. SAM files were sorted and indexed
using Sambamba (64) version 0.5.9. The R package Casper (ref. 65;
version 2.16.1; https://www.r-project.org/) was used to quantify the
intensities at the transcript and gene levels. The Ensembl database
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was used for the transcript annotation. Differential expression
between senescence conditions and control was performed using
the limma R package (66), version 3.38.2, on the gene-level intensi-
ties using the replicate Id as an adjusting covariate to account for
paired samples. Genes were annotated to hallmark terms (67) using
the R package (version 3.7.0, org.Hs.eg.db). Gene set analysis was
then performed to filter out low-expression genes (genes with less
than an average count of 5 reads). The rotation-based approach for
enrichment (68) implemented in the R package limma was used
to represent null distribution. The maxmean enrichment statistic
proposed in ref. 69 under restandardization was considered for
competitive testing.

For B16F10 and IMR-90 cell RNA-seq analysis, total RNA was
subjected to quality control with Agilent Tapestation according
to the manufacturer’s instructions. To construct libraries suit-
able for Illumina sequencing the Illumina Stranded mRNA Prep,
ligation preparation protocol was used, which includes mRNA
isolation, cDNA synthesis, ligation of anchors, and amplifica-
tion and indexing of the libraries. The yield and quality of the
amplified libraries were analyzed using Qubit by Thermo Fisher
and the Agilent Tapestation. The indexed cDNA libraries were
normalized and combined, and the pools were sequenced on the
Ilumina Nextseq 2000 P2 flowcell for a 120-cycle paired-end
sequencing run generating 60 bp paired-end reads. For analysis,
Bcl files were converted and demultiplexed to fastq using the
bcl2fastq v2.20.0.422 program. STAR 2.7.9a was used to index the
mouse (mm10/GRCm38) and human (hg38/GRCh38) reference
genomes and align the resulting fastq files. Mapped reads were
then counted in annotated exons using featureCounts v1.5.1. The
gene annotations (Mus_musculus. GRCm38.99.gtf; Homo_sapi-
ens.GRCh38.101.gtf) and reference genome were obtained from
Ensembl. The count table from featureCounts was imported into
R/Bioconductor, and differential gene expression was performed
using the EdgeR package and its general linear models’ pipeline
and DESeq2. For the gene expression analysis, genes were filtered
to remove non- or very low expressing genes and normalized
using the default normalization for each analysis package. Genes
with an FDR < 0.05 were termed significantly regulated. Gene set
enrichment analysis was performed using GSEA 4.2.3.

Gene Expression Analysis by RT-qPCR

Total RNA was extracted from cell samples using TRIzol reagent
(Invitrogen, #15596018) according to the manufacturer’s instruc-
tions. Up to 1 pg of total RNA was reverse transcribed into cDNA
using the iScript cDNA Synthesis Kit (Bio-Rad, #1725038) or gDNA
Clear iScript cDNA Synthesis Kit for patient-derived tumor cells
(Bio-Rad, #1725034) for RT-qPCR. Quantitative real-time PCR was
performed using GoTaq PCR Master Mix (Promega, #A6002) or
PowerUp SYBR Green Master Mix (Thermo Fisher, #A25741) for
patient-derived tumor cells in a QuantStudio 6 Flex thermicycler
(Applied Biosystems) 7900HT Fast Real-Time PCR System (Applied
Biosystems). The average expression of both endogenous Actb and
Gapdh in mouse and ACTB and GAPDH in human cell lines served
as endogenous normalization controls. For patient-derived tumor
cells, expression of the endogenous GAPDH gene served as an
endogenous normalization control. Primers used in this study are
listed in Supplementary Table SS.

Immunopeptidome

Up to 10% cells per condition were collected by trypsinization
and pelleted by centrifugation. Cells were washed with PBS, thawed
at —=80°C, and shipped to the CHU Sainte-Justine Research Center
(Montréal, Canada) for immunopeptidomics analysis using mass
spectrometry (70).

For sample preparation, 1.5-mL and 2-mL microcentrifuge tubes
(Protein LoBind Eppendorf, #022431081 and #02243100), low

retention tips (Eppendorf; 10 pL #2717349, 20 pL #2717351, and
200 pL #2717352), acetonitrile (#A9964), trifluoroacetic acid (TFA,
#AA446305Y), FA (#AC147930010), CNBr-activated sepharose 4 B
(#45000066), and ammonium bicarbonate (#A643-500) were pur-
chased from Fisher.

To isolate MHC-I peptides, a frozen pellet of cells was thawed
by warming the bottom of the tube with a palm. The cell pellet
was resuspended in 500 pL of PBS (Buph, #28372) by pipetting up
and down until homogenization. An equivalent volume to the cell
pellet suspension of cell lysis buffer [1% CHAPS (#22020110GM)
in PBS containing protease inhibitors (Bio-Rad, #A32961), 1 pel-
let/10 mL] was added to the cell suspension, followed by incuba-
tion for 60 minutes at 4°C using a rotator device (10 RPM) and
centrifugation at 18,000 x g for 20 minutes at 4°C. The cell lysis
supernatant containing the MHC-peptide complexes was trans-
ferred to a new 2-mL microcentrifuge tube and kept on ice until
use for immunopurification.

Bead coupling and immunopurification of MHC-I peptides were
performed as previously described (71). Briefly, 80 mg of sepharose
CNBr-activated beads were coupled with 2 mg of antimouse H2
antibody (M1/42.3.9.8; Bio X Cell, #BE0077). Sepharose antibody-
coupled beads were incubated with the cell lysate supernatant in a
2-mL low binding microcentrifuge tube overnight at 4°C with rota-
tion (22 RPM). The next day, a Bio-Rad polyprep chromatography
column (Bio-Rad, #7311553) was installed on a rack and prerinsed
with 10 mL of buffer A (150 mmol/L NaCl and 20 mmol/L Tris-
HCI pH 8). The bead-lysate mixture was transferred into a Bio-Rad
column, and the bottom cap was removed to discard the unbound
cell lysate. The beads retained in the Bio-Rad column were washed
sequentially with 10 mL of buffer A (150 mmol/L NaCl and 20
mmol/L Tris-HCl pH 8), 10 mL of buffer B (400 mmol/L NaCl
and 20 mmol/L Tris-HCI pH 8), 10 mL of buffer A, and 10 mL of
buffer C (20 mmol/L Tris-HCl pH 8). MHC-peptide complexes
were eluted from the beads by adding 300 uL of 1% TFA, pipet-
ting up and down 4 to 5 times, and collecting the flow-through.
This step was repeated once, and the flow-throughs were collected
and combined.

MHC-I peptides were desalted and eluted on a C18 solid phase
extraction disk ultramicrospin C18 column (#SEMSS18V, 5-200 pL).
MHC-I peptides were desalted and eluted on a C18 column precon-
ditioned with 200 pL of (i) methanol, (ii) 80% acetonitrile/0.1% TFA,
and (iii) 0.1% TFA, and spun at 1,545 X g in a fixed rotor to collect and
discard the flow-throughs. Then, the MHC-peptide complexes previ-
ously collected in 600 pL of 1% TFA were loaded (3 x 200 pL) into the
preconditioned C18 column and spun, and the flow-throughs were
discarded. The final wash was performed with 200 uL of 0.1% TFA
and spun again. Finally, the C18 column was transferred onto a 2-mL
Eppendorf tube, and MHC-I peptides were eluted with 3 X 200 uL of
28% ACN, 0.1% TFA. The flow-through containing the eluted peptides
was stored at —20°C for MS analysis. Prior to LC-MS/MS analysis, the
purified MHC-I peptides were evaporated to dryness using a vacuum
concentrator with presets of temperature 45°C for 2 hours, vacuum
level: 100 mTorr, and vacuum ramp: 5.

Vacuum samples were resuspended in 52 pL of 4% FA, and each
biological replicate was divided into 3 technical replicates of 16
uL each. Each replicate was loaded and separated on a homemade
reversed-phase column (150 pm i.d. X 250 mm length, Jupiter 3
um C18 300 A) with a gradient from 10% to 30% ACN, 0.2% FA
and a 600-nL/minute flow rate on an Easy nLC-1000 connected
to an Orbitrap Eclipse (Thermo Fisher). Each full MS spectrum
was acquired at a resolution of 240,000, an AGC of 4ES, and an
injection time of 50 ms, followed by tandem-MS (MS-MS) spectra
acquisition on the most abundant multiply charged precursor
ions for a maximum of 3 seconds. Tandem-MS experiments were
performed using HCD at a collision energy of 34%, a resolution of
30,000, an AGC of 1.5E4, and an injection time of 300 ms. Data files

AA‘ —R American Association for Cancer Research®

FEBRUARY 2023 CANCER DISCOVERY | 425

RESEARCH ARTICLE

€202 YoIB\ €1 uo 1senb Aq jpd 01 1/99699Z€/01 v/z/E L /3pd-aloie/A1anoosipisoues;Bio-sieunolioee)/:dpy woly papeojumoq



RESEARCH ARTICLE

Marin et al.

were processed using PEAKS X software (Peaks Pro V10.6, Bioinfor-
matics Solutions) using the mouse database UniProtKB/Swiss-Prot
(2019_09). “Unspecified enzyme digestion” was selected for the
enzyme parameter, and mass tolerances on precursor and fragment
ions were 10 ppm and 0.01 Da, respectively. All other search param-
eters were the default values. Final peptide lists were filtered using
ALC of 80% and with an FDR of 1% using the Peaks software.

Only captured peptides between 8- and 12-mers (both included)
and those predicted to be weak or strong binders to either H-2K" or
H-2K¢ (NetMHCPan v4.0) were considered for the analysis (bona fide
peptides). We combined all bona fide peptides detected as senescent
MEFs and removed all peptides detected in nonsenescent cells. Pep-
tides present in other tissues and cancer cell lines of C57BL/6 mice
were obtained from the Mouse Immunopeptidome Atlas (40) and
subtracted to filter our list of candidate peptides. Cross-analysis to
identify unique peptides was performed using Venn diagrams with
VENNY tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html).
The values indicated for each peptide are the log,(area) obtained
from the mass spectrometry. For the list of candidate peptides, we
explored the senescent MEF versus MEF differences in mRNA for
their predicted genes (under reverse translation) using RNA-seq data,
giving extra priority to those peptides whose underlying genes were
upregulated in senescent cells from the RNA-seq analysis.

Mice

All mice were maintained at the animal facility of the Scientific
Parc of Barcelona (PCB) in strict adherence to Spanish and Euro-
pean Union regulations. Animal experiments were approved by the
Animal Care and Use Ethical Committee of the PCB and the Catalan
Government. Mice were maintained under specific pathogen-free
conditions. Food and water were provided ad libitum. All in vivo
experiments were performed using female C57BL/6 or C57BL/6-
Tg(TcraTerb)1100Mjb/Crl (OT-I) mice of 8 to 16 weeks of age, which
were randomly allocated in the different groups of study. All mice
were purchased from Charles River.

Mouse Immunizations

For immunization with noncancer cells, 8- to 12-week-old CS7BL/6
mice were subcutaneously injected with 10° untreated or senescent
MEFs resuspended in 100 pL PBS together with 25 ug of CpG
immune adjuvant [synthetic oligodeoxynucleotide (ODT) containing
unmethylated CpG motifs; ODT1825; Vaccigrade, #ac-1826-1] on
days 0 and 7 on the left and right dorsal flanks, respectively. As nega-
tive controls, animals received only the vehicle plus adjuvant, and as a
positive control, animals were immunized with 100 ug of OVA (Merck
Life Sciences, #A5503) in a total volume of 100 L PBS. One week after
the last immunization, the animals were euthanized by CO,, and their
spleens were used for the analysis of immune responses.

To analyze the adjuvant properties of cancer cells, 8- to 12-week
CS7BL/6 mice were subcutaneously injected with vehicle (PBS), 10
ICD cells, or 2 X 10° senescent cells resuspended in 100 uL PBS on day
0 on the left flank. On day 7, the subcutaneous inoculation site was
dissected and subjected to histologic analysis.

For prophylactic immunization with cancer cells, 8- to 12-week-old
CS57BL/6 mice were subcutaneously injected with 10° ICD cells or
2 % 10° senescent cells (either live or dead, as indicated) resuspended
in 100 pL PBS on day 0 on the left flank. On day 7, the animals were
subcutaneously rechallenged with 3 X 10° live cancer cells in their
right flank. Tumor appearance and growth on the right flank were
monitored afterward.

For the depletion of immune populations, animals received
100 pg of blocking antibodies [anti-CD4 (clone GK1.5; Bio X
Cell, #BP0003), anti-CD8 (clone 2.43; Bio X Cell, #BE0061), anti-
CD11b (clone M1/70, Bio X Cell; #BE0007)] or isotype control
IgG2b (clone LTF-2; Bio X Cell, #BP0090) via intraperitoneal

injection of a total volume of 100 pL on days —1, 3, and 8 of the
immunization experiments.

For therapeutic vaccination, the animals were subcutaneously
injected with 5 x 10° live cancer cells in the right flank. When
tumors were visible and palpable (from 40 mm?), animals were
immunized subcutaneously with 106 ICD cells or 2 x 10° senes-
cent cells (either live or dead, as indicated) resuspended in 100
uL PBS on the left flank. Tumor growth on the right flank was
monitored afterward.

Tumors were measured using a caliper, and their volumes (v)
were calculated using the formula v = (I X w?)/2 (where / is tumor
length and w is tumor width). The measurements are shown in
mm?3. When tumors reached a size of 1,000 mm? or became ulcer-
ated, mice were euthanized by CO, and samples were collected for
further analysis.

For studying the persistence of cells after injection, 8- to 12-week-
old C57BL/6 mice were subcutaneously injected with 10° luciferase-
expressinguntreated,ICD, cellsorsenescentcellsresuspendedin 100 uL
PBS on the back. In a second experiment, the number of injected
cells was adjusted in terms of protein, and 8- to 12-week-old
C57BL/6 mice were subcutaneously injected with 10° luciferase-
expressing ICD cells or 2 x 10° senescent cells resuspended in 100 uL
PBS on the back. On the indicated day, mice received an intraperito-
neal injection of 75 mg/kg luciferin. Bioluminescence was recorded
10 minutes after injection using an IVIS Spectrum Imaging System
(PerkinElmer). Quantification was performed using Living Image 3.2
software (PerkinElmer).

Histologic Analysis

For formalin-fixed, paraffin-embedded samples, tissues were fixed
overnight at 4°C with neutral buffered formalin (Sigma-Aldrich,
#HT501128). Paraffin-embedded tissue sections (2-3 pm) were air-
dried and dried overnight at 60°C.

For hematoxylin-eosin (H&E) staining, paraffin-embedded tissue
sections were dewaxed and stained according to the H&E standard
protocol using a CoverStainer (Dako, Agilent).

Immunohistochemistry for CD45 (30-F11; Thermo Fisher, #14-
0451-82) at 1:100 for 60 minutes was performed using a Ventana
Discovery XT, CD3 (Dako-Agilent, #IR503) at 1:10 for 120 minutes,
CD11b (EPR1344; Abcam, # ab133357) at 1:6,000 for 120 minutes,
and CD8a (EPR20305; Abcam, #ab209775) at 1:1,000 for 120 minutes
with the Leica BOND RX. For CD45, antigen retrieval was performed
using cell conditioning 1 (CC1) buffer (Roche, #950-124), followed
by rabbit anti-Rat (Vector, #AI-4001) at 1:500 for 32 minutes and
OmniMap anti-Rb HRP (Roche, #760-4311). Blocking was performed
using casein (Roche, #760-219). Antigen-antibody complexes were
revealed using the Discovery Purple Kit (Roche, #760-229). For CD3,
CD11b, and CD8a, antigen retrieval was performed with BOND
Epitope Retrieval 2 (ER2; Leica, #AR9640) for 40, 20, and 20 minutes,
respectively, followed by Bond Polymer Refine Red Detection (Leica,
#DS9390) without the post-primary for 30 minutes. The sections were
mounted with mounting medium and toluene-free (Agilent, #CS705)
using a Dako CoverStainer. The specificity of staining was confirmed
by staining with rat IgG (R&D Systems, Biotechne, #6-001-F) or rabbit
IgG (Abcam, #ab27478) as an isotype control. Brightfield images were
acquired using a NanoZoomer-2.0 HT C9600 digital scanner (Hama-
matsu) equipped with a 20X objective. All images were visualized with
a gamma correction set at 1.8 in the image control panel of the NDP.
view 2 U12388-01 software (Hamamatsu, Photonics). Representative
images were selected by an independent histopathologist.

The semiquantitative analysis of CD4S5 infiltration (infiltration
score) was performed by an independent histopathologist. Briefly,
two halves were assessed for each sample, and the half used to per-
form the analyses was the one that presented a greater foci/number
of tumor cells. The ratio of positive cells was performed considering
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total inflammatory cells within or closely surrounding the tumoral
foci. The semiquantitative score was established as follows: 0 to
10% (0), 11% to 30% (1), 31% to 60% (2), or 61% to 100% (3). For the
quantification of infiltrating CD8 T cells, a representative area of
determined size was blindly selected for every sample and automati-
cally quantified using QuPath Software 0.1.2 (72).

Identification of Inmune Cell Populations by Mass
Cytometry (CyTOF)

Single-cell suspensions were prepared from B16F10 tumors. The
tumors were briefly kept in DMEM on ice and manually minced in
DMEM. The tumor fragments were incubated in 1 mg/mL collagenase
I (Thermo Fisher, #17100017), 1 mg/mL collagenase IV (Thermo
Fisher, #L.S004188), and 20 U/mL DNase I (Merck, #D4513) in
DMEM for 30 minutes, at 37°C, with gentle shaking, in gentleMACS
C tubes, with several steps of processing in a gentleMACS Dissociator
before and after the incubation following the manufacturer’s instruc-
tions. The resulting cell suspension was passed through a 70-um
strainer, washed in PBS, incubated in RBC lysis buffer (BioLegend,
#420301) for S minutes at RT, and then washed with DMEM a second
time. Then, cells were stained following the Maxpar Nuclear Antigen
Staining with Fresh Fix protocol (Fluidigm, #400277). Briefly, cells
were stained for viability using Cell-ID Cisplatin-185Pt (Fluidigm,
#201195) following the manufacturer’s instructions. Then, cells were
incubated with anti-mouse CD16/CD32 at a 1:400 ratio. Cells were
stained using the indicated surface and intracellular antibodies (Sup-
plementary Table S5) following the manufacturer’s instructions. The
cell suspension was fixed in 1.6% paraformaldehyde (Aname, #15710)
in PBS for 10 minutes at RT. The samples were then resuspended in
1 mL of 125 nmol/L Cell-ID Intercalator-Ir (Fluidigm, #201192A) in
Maxpar Fix and Perm Buffer (Fluidigm, #201067), incubated for 1
hour at RT, and cryopreserved at —=80°C following the manufacturer’s
instructions. The acquisition was performed following the manufac-
turer’s instructions in a Helios detector (Fluidigm). The gating strat-
egy is fully standardized and described in detail by the manufacturer.
Briefly, Intercalator-Ir-positive cells were selected, and only viable
immune cells (negative for cisplatin and positive for CD45") were
analyzed. B cells were defined as CD19*B220" cells. Next, TCRb*CD3*
T cells were selected, and, within this population, CD4* and CD8* T
cells were detected. From the TCRb"CD3™ population, we identified
by sequential exclusion NK1.1* NK cells and CD11b*CD11c" DCs.
Finally, among CD11b* cells, macrophages and myeloid-derived sup-
pressor cells were identified based on Gr1* expression.

ELISpot Assay

To test immune responses in animals immunized with noncan-
cer senescent cells (MEF), splenocytes from naive [injected with
vehicle (PBS) plus adjuvant] and immunized animals (injected with
untreated, senescent cells, or OVA plus adjuvant) were collected 7
to 10 days after the last immunization. Briefly, spleens were har-
vested and mechanically digested into single-cell suspensions. RBCs
were lysed using RBC lysis buffer for 5 minutes at RT. Cells were
filtered sequencially through 100-pm and 70-pm strainers. After
filcration, splenocytes were seeded as the effector cell population at
1.5 x 10° cells per well into mouse IFNy ELISpot plates (Mabtech,
#3321-4APT). Target cells (control or senescent cells) were added
and cocultured at a 1:10 ratio (target:splenocytes). Peptides were
added at concentrations of 400 nmol/L (when added alone) and
200 nmol/L (when added in pools) to the cultures. The OVA-derived
peptide SIINFEKL (Sigma, #S795) was used as the positive control
(400 nmol/L). Peptides obtained from immunopeptidomes were
synthesized by Pepscan. Stimulation was maintained for 20 hours.
Afterward, plates were developed according to the manufacturer’s
protocol. They were scanned and quantified using Elispot 7.0 iSpot
software in an ImmunoSpot Plate Reader.

Measurement of ATP Levels

An equal volume of fresh medium was added to 10° cells per
condition. After 24 hours, the culture medium was collected, centri-
fuged, and filtered through a 0.2-um filter to eliminate cell debris.
The medium was analyzed using CellTiter-Glo (Promega, #G7571)
according to the manufacturer’s protocol. The medium alone was
used for background control of luminescence, and the signal was
subtracted from the samples.

Measurement of CALR Secretion

A total of 10° cells per condition were washed 3 times with PBS,
and FBS-free culture medium was added. After 24 hours, the CM was
collected and concentrated using AMICON Ultra-15 tubes (Merck,
#UFC900324) by centrifugation for 1 hour at 4°C. Up to 20 uL of
concentrated CM per sample was loaded per lane and hybridized
using antibodies against CALR (Abcam, #ab2907). Secondary fluo-
rescent reagents (Goat anti-mouse or anti-rabbit IRDye 680RD and
800CW; LI-COR, #926-68070 and #926-32211) were used according
to the manufacturer’s instructions.

DC Generation

Bone marrow cells were harvested from the femurs and tibias of
the C57BL/6 mice. The bone marrow was flushed and centrifuged
at 350 X g for 5 minutes. Blood cells were lysed by incubation with
RBC lysis buffer for S minutes at RT. Cells were filtered sequentially
through 100-um and 70-pum filters to remove aggregates. Cells were
resuspended and cultured on 10-cm? bacterial Petri dishes in RPMI
with 20 ng/mL murine GM-CSF (PeproTech, #315-03) and 10 ng/mL
murine IL4 (PeproTech, #214-14; for myeloid BMDC generation)
or with 200 ng/mL human FLT3L (Miltenyi, #130-190-477; for
cross-presenting conventional DC generation; FL-DC, as previously
described; ref. 46). On day 3, a fresh medium containing fresh GM-
CSF was added to the BMDC culture. The medium was replaced on
day 6 with fresh cytokines. DCs were harvested on day 7 (for BMDC)
or day 10 (for FL-DC) by gentle pipetting and used for the assays.

Assessment of DC Activation

Untreated, ICD, and senescent cancer cells were cocultured with
DCs at a 1:1 ratio for 24 hours. Next, DCs were analyzed by flow
cytometry for expression of DC activation and maturation markers.
For transwell experiments, BMDCs were seeded in the lower cham-
ber of 0.4-um transwells (Corning Life Sciences, #3413) and cancer
cells in the upper one in the same conditions as above. As a positive
control for DC activation, DCs were treated with 100 ng/mL LPS
(Sigma, #1.2630).

Assessment of BMDC Antigen Capture

Untreated, ICD, and senescent cancer cells were stained using the
fluorescent cytosolic dye CellTrace CFSE (Thermo Fisher, #C34554)
or the fluorescent membrane-dye wheat germagglutinin (WGA)-
Alexa Fluor 647 (Thermo Fisher, #%32466), following the manu-
facturer’s instructions. Fluorescently labeled cancer cells were then
cocultured with BMDCs at a 1:1 ratio for 18 hours, and BMDCs
were analyzed by flow cytometry for the acquisition of CFSE
or WGA-Alexa-647.

Assessment of OT-I1 CD8 T-Cell Activation by DCs

Splenocytes from OT-I mice were obtained as previously explained.
CD8 T cells were purified using a CD8 T-cell isolation kit (Miltenyi,
#130-104-075) following the manufacturer’s instructions.

Untreated, ICD, and senescent cancer cells expressing OVA were
cocultured with DCs at a 1:1 ratio for 24 hours. Then, DCs were
sorted by CD45 and CD11c expression and cocultured at a 1:10
(DC:T-cell) ratio for 48 hours. CD8 T-cell activation was assessed by
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measurement of CD69 T-cell activation marker in CD3"CD8" cells
by flow cytometry.

Patient Characteristics and Patient-Derived
Tumor Samples

Tumor specimens were obtained from two patients with met-
astatic head and neck cancer (VHIO-008, who had metastatic
hypopharyngeal carcinoma, and VHIO-009, who had metastatic
oropharyngeal carcinoma), one patient with endometrial cancer
(VHIO-350385, classified as POLE molecular subtype), and another
one with metastatic melanoma (VHIO-088). VHIO-008, -009, and
-088 patients were refractory to standard lines of therapy prior
to sample procurement. VHIO-35035 had not received any prior
treatments. All samples were obtained from patients enrolled in
two studies approved by the Vall d’Hebron Hospital ethical com-
mittee [PR(AG)252/2016, PR(AG)537/2019]. All patients provided
written informed consent. Tumor biopsies were cut into small 2- to
4-mm? fragments to expand independent TIL lines in the presence
of 6,000 IU/mL IL2. Tumor cell lines were established by culturing
one tumor fragment in RPMI 1640 supplemented with 20% human
AB serum (Biowest), 100 U/mL penicillin, 100 ug/mL streptomycin,
25 mmol/L HEPES (Thermo Fisher), 10 ug/mL gentamicin, and
1.25 pg/mL amphotericin B at 37°C and 5% CO,. After 1 month,
adherent and nonadherent cells were cultured in RPMI 1640 sup-
plemented with 20% FBS (HyClone), 100 U/mL penicillin, 100
pg/mL streptomycin, 25 mmol/L HEPES (Thermo Fisher), 10 pg/
mL gentamicin (Lonza), and 1.25 pg/mL amphotericin B (Gibco).
Occasionally, we used differential trypsinization to enrich for epi-
thelial cells. Media were changed once a month until the tumor cell
line was established. Tumor cell lines were authenticated through
whole-exome sequencing. Once established, cell lines were cultured
in RPMI supplemented with 10% FBS and 1% antibiotics and main-
tained as explained above.

Assessment of Autologous Tumor Recognition by
Upregulation of 4-1BB

To evaluate tumor recognition by TILs, autologous tumor cells
were used as tumor targets in coculture assays. A total of 2 x 10*
ex vivo expanded TILs or TILs previously enriched for recogni-
tion of a specific neoantigen (i.e., MAGEB2, 167 and RPL14, i50v)
identified as previously described (73) were cocultured with 5 x 10*
autologous tumor cells. After 20 hours, T-cell recognition was
assessed by measuring the upregulation of the activation marker
4-1BB on the surface of T cells by flow cytometry. Briefly, cocultured
cells were pelleted, resuspended in a staining buffer, and incu-
bated with the indicated antibodies for 30 minutes (Supplementary
Table S5). Cells were washed, resuspended in staining buffer con-
taining propidium iodide, and acquired on a BD LSRFortessa or BD
FACSCanto. T-cell reactivities were considered positive when the
frequency of 4-1BB by flow cytometry was higher than the control.
A positive control was included by stimulating the T cells with the
anti-CD3 antibody OKT3 (BioLegend).

Statistical Analysis

Data were analyzed using GraphPad Prism v.9.3.0 software and
are represented as mean + SEM of independent biological replicates.
Statistical analyses were performed as described in the figures. Differ-
ences were considered significant based on P values (*, P < 0.05; **,
P<0.01; *** P<0.001).

Data Availability

Research data supporting this publication are deposited in
public repositories. The RNA-sequencing data are available in the
Gene Expression Omnibus located at https://www.ncbi.nlm.nih.

gov/geo/ with the accession numbers GSE202032, GSE210334,
GSE208048, GSE212085, and GSE212112. The mass spectrom-
etry proteomic screen data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (74) partner repository
with the dataset identifier PXD033714. The mass spectrometry
immunopeptidomic data are also available at ProteomeXchange
with project accession PXD034059. Derived data supporting the
findings of this study are available in the supplementary tables
as indicated.
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