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Induction of senescence renders cancer cells highly immunogenic
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1 ABSTRACT
2 Cellular senescence is a stress response that activates innate immunity. However, the
3 interplay between senescent cells and the adaptive immune system remains largely
4  unexplored. Here, we show that senescent cells display enhanced MHC class | (MHC-I)
5 antigen processing and presentation. Immunization of mice with senescent syngeneic
6 fibroblasts generates CD8 T cells reactive against both normal and senescent fibroblasts,
7 some of them targeting senescence-associated MHC-I-peptides. In the context of cancer,
8 we demonstrate that senescent cancer cells trigger strong anti-tumor protection mediated
9 by antigen-presenting cells and CD8 T cells. This response is superior to the protection
10  elicited by cells undergoing immunogenic cell death. Finally, induction of senescence in
11 patient-derived cancer cells exacerbates the activation of autologous tumor-reactive CD8
12 tumor-infiltrating lymphocytes (TILs) with no effect on non-reactive TILs. Our study indicates
13 that immunization with senescent cancer cells strongly activates anti-tumor immunity, and
14 this can be exploited for cancer therapy.
15
16 ~STATEMENT OF SIGNIFICANCE
17 Our study shows that senescent cells are endowed with a high immunogenic potential,
18  superior to the gold standard of immunogenic cell death. The induction of senescence in
19  cancer cells can be exploited to develop efficient and protective CD8-dependent anti-tumor
20 immune responses.
21
22 INTRODUCTION
23 Cellular senescence is a stress response that aims to eliminate unwanted cells (1).
24 This response consists of a stable proliferative arrest together with the development of a
25  vigorous proinflammatory secretome (2,3). Senescent cells recruit immune cells through

26  their secretome to promote their own immune surveillance, thereby restoring tissue
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27  homeostasis (4). Immune clearance of senescent cells occurs in a context-dependent
28  manner and is mediated by different populations of leukocytes, most of which belong to the
29 innate immune system (4-6). Macrophages (7—10) and natural killer (NK) cells (10-16) have
30 been described as the main cell types responsible for the elimination of senescent cells.
31 Other components of the innate immune system, such as NKT cells (17), neutrophils (18),
32 and natural IgM antibodies (19) have also been shown to participate in the elimination of
33  senescent cells.

34 Regarding the adaptive immune system, it has been reported that senescent
35 hepatocytes expressing oncogenic mutant Nras activate CD4 T cells, but not CD8 T cells,
36 and this triggers macrophage-mediated elimination of the senescent hepatocytes (7). In this
37  experimental system, CD4 T activation was found to be mediated by antigen-presenting
38 cells and senescent hepatocytes expressing MHC-II (7). MHC-II expression has also been
39 observed in senescent melanocytes but not in senescent keratinocytes or fibroblasts (20).
40 The role of CD8 T cells in the elimination of senescent cells has been described through an
41  antigen-independent mechanism. Specifically, senescent human skin fibroblasts upregulate
42  HLA-E, which is an inhibitory signal for NK and CD8 T cells, and depletion of HLA-E renders
43  senescent cells susceptible to elimination by both NK and CD8 T cells (14). In this study, we
44  explored the immunogenic properties of senescent cells and their capacity to activate
45  antigen-dependent CD8 T cell responses. We exploited these properties in the context of
46  cancer, showing that senescent cancer cells are very efficient in triggering anti-tumor
47  immune responses.

48

49 RESULTS

50 Senescent cells upregulate MHC class | antigen presentation

51 To identify proteins with potential immune regulatory activity specific to senescent

52  cells, we performed a proteomic screen for plasma membrane-enriched fractions from
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53  senescent cells (SenC). We analyzed four cell types: two diploid primary fibroblasts (human
54  IMR-90 fibroblasts and mouse embryonic fibroblasts [MEFs]) and two cancer cell lines
55  (human melanoma SKMEL-103 and mouse melanoma B16-F10 [B16F10]) exposed to
56  various senescence-inducing stimuli, namely, doxorubicin (doxo), the CDK4/6-inhibitor
57  palbociclib (palbo), and the p53-activator nutlin-3A (nutlin), totaling seven senescence
58  conditions (Fig. 1A). Successful induction of senescence was confirmed by monitoring
59  senescence-associated beta-galactosidase (SABG) activity and the mRNA expression of
60 the senescence-associated gene CDKN1A/Cdkn1a (Supplementary Fig. S1A and S1B).
61  The “surfaceome” of the 7 senescent and the 4 non-senescent samples was obtained by
62 mass spectrometry, each sample in biological triplicate (Supplementary Table S1). We
63 used gene ontology (GO) to analyze proteins that were significantly increased in four or
64 more senescence conditions as compared to their corresponding non-senescent controls
65 and found that “Antigen processing and presentation of antigen via MHC class I’ was the
66 top enriched category (Fig. 1B) (Supplementary Table S2). Increased expression of
67  classical MHC class | (MHC-I) molecules in senescent cells was confirmed by flow cytometry
68  of mouse H-2K®/D° in MEFs and B16F10 cells (Fig. 1C and D) as well as HLA-A/B/C in IMR-
69 90 and SKMEL-103 cell lines (Supplementary Fig. S1C). In addition, we observed
70 augmented levels of the non-classical MHC-I molecules H2-Qa1 and H2-Qa2 in senescent
71 MEFs (Supplementary Fig. S1D).

72 The expression of MHC-I presentation machinery is upregulated by the type | and
73 type Il interferon (IFN) pathways (21), and elevated IFN signaling has been previously
74  described as a molecular feature of cellular senescence (22). In line with these findings,
75  transcriptomic analysis of doxo-senescent MEFs, doxo-senescent murine pancreatic cancer
76 Panc02 cells, and palbo-senescent SKMEL-103 cells revealed upregulation of
77  IFN transcriptional signatures compared to their non-senescent counterparts (Fig. 1E and

78 F and Supplementary Fig. S1E-S1J). Accordingly, the main gene components necessary
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79 for antigen processing and presentation through MHC-I were also found to be
80 overexpressed in senescent cells in the transcriptomic analysis (Fig. 1G and
81  Supplementary Fig. S1G and S1J). gRT-PCR analysis of these genes confirmed their
82  upregulation in senescent cells, including the master transcriptional regulator of MHC-I-
83 dependent immune responses, Nirc6 (23), and the main components of the
84  immunoproteasome, such as Psmb8, Psmb9 and Psmb10 (Fig. 1H and Supplementary
85 Fig. S1Kand S1L). To test whether the transcriptional upregulation of the MHC-I-associated
86 machinery was mirrored by an elevated presentation of antigens, we analyzed the
87  expression of the H-2KP" restricted ovalbumin (OVA)-derived peptide SIINFEKL in senescent
88 B16F10 and Panc02 cancer cells stably expressing OVA. We found that senescent cells
89  presented more SIINFEKL bound to H-2K® than their proliferating counterparts did (Fig. 11).
90 Taken together, these data support the concept that enhanced MHC-I antigen processing
91  and presentation are a general feature of senescent cells.

92

93  Senescent cells stimulate CD8 T cells

94 It is well established that stressed cells process and present non-mutated self-
95 peptides that are not presented by non-stressed cells and can evoke an immune response
96 (24-28). Considering that senescence is indeed a cellular response to stress, and in view
97  of the enhanced capacity of senescent cells to process and present antigens, we wondered
98  whether non-cancer senescent cells could induce an antigen-dependent immune response
99 invivo. To this end, we immunized mice with syngeneic primary fibroblasts, either untreated
100  (MEF) or senescent (senMEFs). We also used vehicle with no cells as a negative control for
101  immunization and ovalbumin (OVA) as a positive control for antigen-dependent activation
102  against a known antigen (SIINFEKL) (Fig. 2A). All immunizations were performed using an
103  immune adjuvant (CpG). After immunization, splenocytes from immunized animals were

104  isolated, and the number of activated T cells was measured by IFN-y enzyme-linked
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105 immunospot (ELISpot) in the absence of ex vivo stimuli (basal activation), or in the presence
106  of MEF, senMEF, or SIINFEKL. Notably, basal activation was significantly higher in mice
107  immunized with senMEF than under all other conditions (Supplementary Fig. S2A).
108  Furthermore, splenocytes from senMEF-immunized mice responded strongly to ex vivo re-
109  exposure to senMEF, yielding a number of spots over basal activity comparable to that of
110  OVA-immunized splenocytes exposed to SIINFEKL (Fig. 2B). Mice immunized with senMEF
111 also responded to MEF ex vivo although not as strongly as those immunized with senMEF
112 (Fig. 2B). Moreover, CD8, but not CD4 T cells, derived from senMEF-immunized animals
113  exhibited elevated levels of activation as monitored by flow cytometric detection of the
114  activation markers CD69 and CD25 after ex vivo exposure to senMEF compared to normal
115  MEF (Fig. 2C, Supplementary Fig. S2B). As a positive control, maximal possible activation
116 of CD8 and CD4 T cells was achieved by treatment with a phorbol ester and calcium
117  ionophore (abbreviated PMA+l) (Supplementary Fig. S2C). These observations suggest
118  that immunization with senescent cells induces a CD8-dependent immune response.

119

120 Senescence is associated to an altered immunopeptidome

121 To test whether CD8 T cell activation was directly linked to the presentation of
122  immunogenic epitopes by senescent cells, we profiled the immunopeptidome of control and
123  senescent MEF, in which senescence was induced by doxorubicin treatment (Fig. 2D).
124  Mass spectrometry of peptides eluted from classical MHC-I identified 767 bona fide peptides
125  corresponding to annotated proteins (see Methods). Interestingly, about 10% of these
126  peptides (74), were detected in senescent cells but not in their non-senescent counterparts,
127  norin the “Mouse Immunopeptidome Atlas” (Supplementary Table S3). The latter consists
128  of more than 30,000 MHC-I (H-2K®/D®) peptides obtained from 19 normal tissues and 4
129  murine cancer cell lines (29). As a criterion to prioritize the 74 senescence-associated MHC-

130 | peptides, we selected those with upregulation (> 1.3-fold) of the coding mRNA in senescent
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131  versus untreated cells obtained by RNA-seq (10 out of 74) (Fig. 2F). To evaluate the
132  immunogenic potential of these senescence-specific epitopes, we used individual peptides
133  (of the 10 prioritized peptides) (Fig. 2G) or pooled combinations (of the remaining 64
134  peptides) (Supplementary Fig. S2D and Table S3) to re-stimulate splenocytes isolated
135  from animals immunized with vehicle, MEF, or senMEF. As revealed by the IFN-y ELISPOT
136  assay, splenocytes isolated from senMEF-immunized animals were specifically activated by
137  a subset of senescence-associated peptides (Fig. 2G and Supplementary Fig. S2D). In
138  total, we identified 3 peptides from the set of 10 that were prioritized as immunogenic (Fig.
139  2F). Additionally, 3 peptide pools of the remaining set of peptides (up to 64) showed
140  promising responses (Supplementary Fig. 2D). These results suggest that non-cancer
141 senescent cells can elicit CD8 T cell responses against senescence-associated antigens,
142 which further reinforces the notion that senescent cells are immunogenic.

143

144  Senescent cancer cells display strong and sustained adjuvant properties

145 In addition to antigenic presentation, adaptive immune responses require the
146  concomitant presence of adjuvant signals that promote the maturation of antigen-presenting
147  cells (APCs), particularly dendritic cells (DCs) (30,31). Senescent cells secrete a plethora of
148  proinflammatory cytokines and chemokines that recruit and activate immune cells (2,3), as
149  well as damage-associated molecular patterns (DAMPs), such as calreticulin (CALR) (32).
150  We compared the levels of DAMPs released between senescent B16F10 melanoma cells
151 and cells undergoing immunogenic cell death (ICD). We chose ICD because it is the best-
152  established method to boost tumor cell adjuvanticity, leading to efficient anti-tumor
153  immunization (33,34). We observed that the levels of the prototypical DAMPs ATP and
154  CALR in the conditioned media (CM) of ICD and senescent cells were similarly elevated

155  compared to the untreated cells (Fig. 3A and B and Supplementary Fig. S3A and S3B).
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156 Upon recruitment and activation of immune cells, antigen capture is the next
157  essential step in triggering an immune response (30,31). Therefore, we evaluated the
158  efficiency of DCs capture of cytosolic and membrane antigens from senescent cells.
159  Untreated, ICD, or senescent cancer cells were stained with membrane or cytosolic
160  fluorescent dyes and co-cultured with syngeneic bone marrow-derived dendritic cells
161  (BMDCs). We found that BMDCs (CD11c+) captured cytosolic and membrane dyes from
162  B16F10 or Panc02 senescent cells more efficiently than from untreated or ICD cells (Fig.
163  3C and Supplementary Fig. S3D). As previously reported (35), ICD cells were efficient in
164  delivering cytosolic dyes, but inefficient in delivering membrane dyes compared to untreated
165  cells (Fig. 3C and Supplementary Fig. S3D).

166 To corroborate the adjuvant properties elicited by senescent cells in vivo, we injected
167  mice subcutaneously with untreated, ICD, or senescent syngeneic B16F10 cancer cells and
168  performed histological analysis. Interestingly, one week after injection, senescent melanoma
169  cells were clearly visible in the subcutis as large pleomorphic and anaplastic cells, often
170  containing granular melanin pigment, surrounded by abundant immune cells (CD45%),
171 mainly of myeloid lineage (CD11b") and some T cells (CD3") (Fig. 3D and Supplementary
172 Fig. S3E and SEF). Abundant immune and myeloid cells were also present at ICD injection
173  sites, although, as expected, no evidence of viable tumor cells was found (Fig. 3D and
174  Supplementary Fig. S3E). We wondered how long the senescent cells would persist at the
175 injection site. To explore this, we injected luciferase-expressing senescent or ICD B16F10
176  cells and monitored their bioluminescence for 23 days. Because senescent cells are
177  considerably larger than their non-senescent counterparts, we calculated the number of cells
178  to be injected based on the total amount of protein. The luciferase signal from senescent
179  cells was clearly detected 9 days post-injection but was undetectable on day 16 (Fig. 3E).
180  In the case of ICD injection, the luciferase signal disappeared completely on day 3 (Fig. 3E).

181  Collectively, these data support the notion that senescent cells provide prolonged and
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182  sustained immune recruitment, together with efficient delivery of cytosolic and membrane
183  materials to dendritic cells.

184

185 Immunization with senescent cancer cells promotes anti-cancer immune surveillance
186 Given that senescent cells exhibit enhanced antigenicity together with strong and
187  persistent adjuvanticity, we postulated that senescent cancer cells could be used to promote
188 an immune response against cancer. We first compared the prophylactic effect of
189  immunization with senescent B16F10 melanoma cells (senB16F10) or cells undergoing ICD
190 (ICD-B16F10) against subsequent tumor formation. To test the importance of cell viability in
191  the case of senescent cells, we introduced another experimental condition that consisted of
192  dying senescent cells by pre-treating senB16F10 cells with navitoclax, an agent known to
193  induce apoptosis in senescent cells (i.e., senolysis) (Fig. 4A). Immunizations were
194  performed using equal amounts of protein for each condition. One week after immunization
195 by subcutaneous injection, all experimental groups were re-challenged with 3x10* viable
196  B16F10 cells in the opposite flank. We observed that immunization with senB16F10 elicited
197  superior anti-cancer protection compared to ICD-B16F10 or dying senB16F10. (Fig. 4B and
198  Supplementary Fig. S4A). Similarly, senescent Panc02 (senPanc02) cells produced a
199  stronger protective response than ICD-Panc02 cells (Fig. 4C and Supplementary Fig.
200 S4B). The anti-tumor protection afforded by senescent cancer cells, B16F10 and Panc02,
201  was reflected by a lower rate of tumor success and by a longer latency of those tumors that
202  escaped immune control (in the case of Panc02, this was not measured because none of
203 the animals developed tumors) (Fig. 4B and C).

204 To gain a deeper understanding of the cancer preventive response induced by live
205 senescent cancer cells, we depleted the major immune populations involved in adaptive
206  anti-tumor immunity, namely CD4 and CD8 T cells and CD11b* myeloid cells (Fig. 4D and

207  Supplementary Fig. S4C). We found that depletion of CD8 T cells or CD11b* myeloid cells

Marin et al., submitted 9


https://doi.org/10.1101/2022.06.05.494912
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.05.494912; this version posted June 6, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Senescence is immunogenic and promotes anti-tumor immunity 10

208  significantly increased the rate of tumor formation, whereas depletion of CD4 T cells had a
209 modest effect (Fig. 4E and Supplementary Fig. S4D and S4E).

210 We also tested whether immunization with senescent cells could inhibit tumor growth
211 in mice already bearing tumors at the time of immunization (Fig. 4F). We found that animals
212  immunized with senescent cells showed a moderate but significantly reduced rate of tumor
213  growth compared with animals immunized with ICD cells (Fig. 4G and Supplementary Fig.
214  S4F). To further substantiate this observation, we examined the infiltration of CD8 T cells
215  within B16F10 tumors, which are highly immunosuppressive and refractory to immune
216 infiltration (36). Interestingly, immunization with senB16F10 cells enhanced the infiltration of
217  CD8 T cells into B16F10 tumors (Fig. 4H). Taken together, our observations suggest that
218 immunization with viable senescent cancer cells can promote a tumor prophylactic and
219  therapeutic CD8-dependent anti-tumor immune response.

220

221  Senescent cancer cells hyper-stimulate reactive TILs from human patients

222 Finally, we validated our findings using a clinically relevant human cancer model.
223  Therefore, we investigated whether the induction of senescence in patient-derived tumor
224  cells enhances the activation of autologous tumor-infiltrating lymphocytes (TILs). To address
225 this, TILs from different fragments of primary tumors were expanded ex vivo and tested for
226  recognition of their autologous tumor cells. Based on these results, the different
227  subpopulations of TILs were classified as tumor-reactive or non-reactive (Fig. 5A). This
228 process was performed using therapy-naive head and neck tumors from two different
229  patients, VHIO-008 and VHIO-009. Upon treatment with anti-CD3-coated beads (OKT3),
230  both tumor-reactive and non-reactive TILs showed robust upregulation of the activation
231 marker 4-1BB (also known as CD137), indicating that both types of TILs were functional
232 (Fig. 5B and C). As expected, VHIO-008 and VHIO-009 cancer cells activated their

233  autologous reactive TILs but not their non-reactive TILs (Fig. 5B and C). Interestingly, ex
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234  vivo induction of senescence in these cancer cells with bleomycin (Supplementary Fig.
235 S5A) led to an even stronger activation of reactive TILs (2- to 3-fold higher) compared to
236  non-senescent cancer cells (Fig. 5B and C). Notably, senescent cancer cells did not
237  stimulate non-reactive TILs, further indicating that TIL stimulation by senescent cells
238 requires antigen recognition. These observations were validated in an antigen-specific
239  setting. We used enriched populations of TILs from patient VHIO-008 specific to
240 MAGEB2,e1670 and RPL14p 120y, tWo neoantigens previously identified by whole exome
241 sequencing of the autologous tumor cell line. Neoantigen-specific TILs were o-cultured
242  either with VHIO-008 parental or senescent tumor cells and 4-1BB expression was
243  assessed. In this case, TIL activation with senescent VHIO-008 was more potent (2-6-fold
244  higher) than that when using in non-senescent parental cells (Fig. 5D). Of note, senescence
245  induction strongly upregulated MHC-I in VHIO-008 cells (Supplementary Fig. S5C).
246  However, VHIO-009 cells had constitutively high levels of MHC-I, that were unaffected by
247  the induction of senescence (Supplementary Fig. S5D). Together, these data indicate that
248  the induction of senescence in human tumor cells potentiates antigen-dependent CD8 T cell
249  activation.

250

251 DISCUSSION

252 The ability of deleterious cells to drive adaptive immunity is strictly associated with
253 two factors, adjuvanticity and antigenicity (33). Danger signals acting as adjuvants are
254  essential to activate adaptive immune cells, and if absent, presentation of antigenic peptides
255 to T cells drives peripheral tolerance rather than immune activation (30,31,34). Conversely,
256  adjuvant signals in the absence of antigenic determinants drive inflammation but not
257  adaptive immune responses. In this study, we show that senescent cells exhibit strong
258 immunogenic potential, combining enhanced antigenicity and strong and sustained

259  adjuvanticity, which together can drive CD8-dependent immune responses.
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260 We compared a number of adjuvant-related features in parallel between senescent
261  cells and cells undergoing immunogenic cell death (ICD), which constitute the current gold
262 standard for eliciting cell-based anti-tumor immune responses (33,34). The levels of
263 alarmins released into the extracellular milieu, particularly ATP and CALR, were similar
264  between senescent and ICD cells, and this was reflected by the abundant recruitment of
265 myeloid cells when injected subcutaneously. Notably, senescent cells outperformed ICD
266  cells in the following two aspects. First, senescent cancer cells had a long persistence in the
267  skin for up to 9 days post-injection, whereas ICD cells were essentially undetectable after
268 the first day post-injection. Second, senescent cells were superior to ICD cells in transferring
269  cellular material to dendritic cells, both from the cytosol and cytoplasmic membrane.

270 Regarding antigenicity, we initially focused on the expression of MHC-I, which we
271  identified as upregulated through an unbiased approach vis-a-vis proteomic screening
272  comparing senescent and non-senescent cells. Remarkably, senescent cells also
273  upregulated the MHC-l-associated presentation machinery, including its master
274  transcriptional regulator, Nirc5 (23). In agreement with previous observations (22), we also
275 found that the interferon transcriptomic signature was elevated in senescent cells.
276 Interferons are considered to be the main inducer of MHC-I presentation (21); therefore,
277  they can explain our observations.

278 Interestingly, we show that immunization with non-cancer syngeneic senescent cells
279  triggers CD8 T cell responses against both senescent and non-senescent cells. To pin-point
280  senescence-specific responses, we wondered if we could identify senescence-associated
281  MHC-I-peptides. The immunopeptidome presented by the MHC-I reflects a minority (at most
282  1%) of all the possible peptides from the proteome (36), and it is also highly dynamic
283  depending on the cellular context and, particularly, under conditions of stress (34,38). We
284  speculated that senescent cells, even if derived from non-cancer cells, could present

285 senescence-associated peptides. Indeed, by isolating and sequencing the
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286  immunopeptidome of senescent cells, we demonstrated the presence of senescence-
287  associated peptides that were not detected in their parental non-senescent cells or in the
288  Mouse Immunopeptidome Atlas (which includes >30,000 peptides normally present in a
289 large collection of murine tissues and a set of cancer cell lines) (29). Moreover, CD8 T cells
290 from mice immunized with senescent cells were activated ex vivo when exposed to
291  senescence-specific peptides. This was not the case when mice were immunized with
292  parental non-senescent cells. These observations indicate that senescent cells have the
293  capacity to elicit CD8 T-cell responses partly evoked by senescence-associated peptide
294  antigens.

295 Having demonstrated that non-cancer senescent cells are immunogenic, we
296  extended this concept to cancer cells. We showed that senescent cancer cells are superior
297  to ICD cancer cells in triggering protection against a subsequent challenge with cancer cells.
298  As expected, anti-tumor protection involved a classical adaptive immune response mediated
299 by antigen-presenting cells (CD11b*) and CD8 T cells. We also compared the immunogenic
300 potency of live versus dying senescent cancer cells, and observed that live senescent cells
301 were more efficient. This finding further reinforces the idea that senescent cells play an
302 active role in triggering an efficient immune response. We also applied this strategy in a
303 therapeutic setting by immunizing tumor-bearing mice. In this case, immunization
304 significantly delayed B16F10 melanoma growth, which is considered a highly
305 immunosuppressive tumor model (36). This delay in tumor growth was accompanied by a
306  significant infiltration of CD8 T cells within the tumors.

307 The above concepts were corroborated in a human setting based on autologous TILs
308 and tumor cells from primary isolates from human cancer patients. We found that co-culture
309 of TILs with senescent cancer cells evokes stronger antigen-dependent activation than co-
310 cultured with their non-senescent parental cells. We also demonstrated this in the case of

311 TILs that recognize a single cancer-derived mutated antigen.
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312 Our findings demonstrate that senescent cells are strongly immunogenic owing to
313  the combination of several features: their long-term persistence in vivo, their release of
314  adjuvant factors, their efficient transfer of cellular material to APCs, and their altered
315 immunopeptidome. These results suggest the possibility of improving anti-cancer
316  vaccination strategies. Furthermore, unleashing adaptive immune responses or engineered
317  TCR-T cells against senescent cells may have therapeutic benefits for diseases in which

318  senescent cells play a pathological role.
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Methods
Cell culture

SKMEL-103 (human melanoma), IMR-90 (human lung fibroblasts), and B16-F10
(mouse melanoma) cells were obtained from the ATCC). Panc02 (mouse pancreatic
adenocarcinoma) cells were kindly provided by Dr. Azad (Oxford University). OVA-
expressing B16-F10 cells were kindly provided by the Kroemer Lab (CRC, Paris).
Luciferase-expressing B16-F10 cells were kindly provided by the Soengas Lab (CNIO,
Madrid). Primary mouse embryonic fibroblasts (MEF) were obtained from C57BL/6J
embryos at E13.5 as previously described (39). Panc02 cells and all primary immune cells
were maintained in standard 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 routinely tested
for mycoplasma contamination using standard PCR, and only negative cells were used.

For senescence induction, cells were treated with doxorubicin (200 nM) (Sigma
#D1515) for 48 h (after that time, fresh media was added), palbociclib (1 uM) (PD033299,
#S1116 Absource Diagnostic) or nutlin-3A (5 uM) (Sigma, #SML0580), as indicated. 7-10
days after the treatment, senescent cells were collected and used for experiments. Late
passage senescence was triggered by repeated subculture of non-transformed primary
cells. ICD was induced by treatment with a high dose of doxorubicin (5 uM) for 18h; after
that, cells were corrected and used for experiments. Senescent cell death was induced by
treatment with the senolytic agent navitoclax (10 uM) for 18h; after that, cells were corrected

and used for experiments.

Senescence-associated B-galactosidase assay
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Cells were washed with PBS and fixed with 0.2% glutaraldehyde. After washing with
PBS, cells were incubated overnight at 37 °C with a staining solution containing 1 mg/mL X-
Gal (Melford BioLaboratories, MB1001) prepared in dimethylformamide (DMF, Sigma,
D4551) at pH 6. Cells were then washed in PBS and visualized using a Nikon Eclipse TS2

bright-field microscope.

Plasma membrane proteomic screening

Up to 5x10° 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 M Urea, 2 M thiourea, 100 mM Tris-HCI
pH=8.0) and digested by means of the standard FASP protocol. Briefly, proteins were
reduced (15 mM TCEP, 30 min, RT), alkylated (50 mM CAA, 20 min in the dark, RT) and
sequentially digested with Lys-C (Wako) (protein:enzyme ratio 1:50, o/n at RT) and trypsin
(Promega) (protein:enzyme ratio 1:100, 6 h at 37 °C). Resulting peptides were desalted
using Sep-Pak C18 cartridges (Waters). 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 Scientific). In both cases, peptides were loaded into a trap column
(Acclaim™ PepMap™ 100 C18 LC Columns 5 um, 20 mm length) for 3 min at a flow rate of
10 pl/min in 0.1% FA. Then, peptides were transferred to an EASY-Spray PepMap RSLC
C18 column (Thermo) (2 um, 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/min. The gradient used was: from 4% to 6% of buffer B in 2.5 min, from 6% to
25% B in 72.5 min, from 25% to 42.5% B in 14 min plus 6 additional minutes at 98% B.
Peptides were sprayed at 1.8 kV into the mass spectrometer via the EASY-Spray source

and the capillary temperature was set to 300 °C. The Q Exactive HF was operated in a data-
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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 sec and excluding charges
+1 and > +6). MS spectra were acquired from 350 to 1400 m/z with a resolution of 60,000
FWHM (200 m/z). lon 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 msec). 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 sec and excluding charges +1 and > +6). MS spectra were acquired from
350 to 1400 m/z with a resolution of 60,000 FWHM (200 m/z). lon peptides were isolated
using a 1.6 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 (200
m/z). The ion target values were 3e6 for MS (maximum IT of 25 ms) and 1x10° for MS/MS
(maximum IT of 22 msec). Raw files were processed with MaxQuant using the standard
settings against either a human protein database (UniProtKB/Swiss-Prot, 20373 sequences)
or a mouse database (UniProtKB/TrEMBL, 53449 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). Afterwards, the “proteinGroups.txt” file was
loaded in Prostar (Wieczorek et al, Bioinformatics 2017) using the LFQ 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 log2-
transformed intensities across samples was performed using the LOESS function. Missing

values were imputed using the algorithms SLSA (40) for partially observed values and
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DetQuantile for values missing on an entire condition. Differential analysis was performed
using the empirical Bayes statistics Limma. Proteins with a p-value < 0.05 and a log: ratio
>0.58 (1.5 in non-log 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 (41).

Flow cytometry analysis

For analysis of cultured cell lines, single cells were digested into single cells by
trypsinization (0.25% trypsin-EDTA, Invitrogen). Non-adherent primary immune cells
maintained in suspension were collected from the culture by pipetting. Adherent primary
immune cells (BMDC) were collected by cell scraping. Blood was collected in EDTA-coated
tubes (16.444, Microvette®) to assess immune cell depletion and incubated with RBC lysis
buffer (42031, BioLegend) for 5 min at room temperature (RT). Cells were resuspended in
fluorescence-activated cell sorting (FACS) buffer (5 mM EDTA and 0.5% BSA in PBS). Cell
viability was assessed using Live/Dead Fixable Yellow dye (Invitrogen) following the
manufacturer’s instructions or with 0.1 uM DAPI (Molecular Probes, D1306). Dead cells
were excluded from the analysis. Mouse cells were incubated with mouse BD Fc BlockTM
containing purified anti-mouse CD16/CD32 mAb 2.4G2 at 1:400 (553142, BD BioSciences)
for 10 min at 4 °C. After washing, cells were stained with the appropriate antibody
(Supplementary Table S4) for 40 min at 4 °C. When necessary, a fluorophore-conjugated
secondary antibody (#A11029; Invitrogen) was used for 40 min at 4 °C. Cell suspensions
were run on a Gallios Beckman Coulter flow cytometer (BD Biosciences). Autofluorescence
signals from the unstained samples were obtained and subtracted from each sample in all

experiments. Data were analyzed using FlowJo v10 software.
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RNA extraction, RNA-seq library preparation and sequencing

Total RNA was extracted from untreated proliferating and doxorubicin-treated
senescent MEF using the RNeasy® Mini Kit (Qiagen), following the manufacturer’'s
instructions. Library preparation and quality control were performed at the Genomics Facility
of the IRB Barcelona. The total RNA concentration was quantified using the Qubit RNA HS
Assay kit (Invitrogen), 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 ug 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 NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina (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 gPCR was performed by the sequencing provider before paired-end 150 nt sequencing
on a NovaSeq6000 S4 (lllumina). The sequencing results exceeded 312Gbp, with a
minimum of 53.97 million paired-end reads sequenced for each sample. Adapters were
trimmed from the initial sequences using Cutadapt (42), version 1.18. Trimmed paired-end
reads were then aligned to the mm10 version of the mouse genome using STAR (43) version
2.3.0e under default parameters. SAM files were sorted and indexed using Sambamba (44)
version 0.5.9. R (45) package Casper (46), version 2.16.1, was used to quantify the
intensities at the transcript and gene levels. The ENSEMBL database was used for the
transcript annotation. Differential expression between conditions senMEF and control MEF
was performed using the limma R package (47), version 3.38.2, on the gene level intensities

using the replicate Id as an adjusting covariate to account for paired samples. Genes were

Marin et al., submitted 19


https://doi.org/10.1101/2022.06.05.494912
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.05.494912; this version posted June 6, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Senescence is immunogenic and promotes anti-tumor immunity 20

annotated to hallmark terms (48) using the R package org.Hs.eg.db (49). 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 (50) implemented in the R
package limma was used to represent null distribution. The maxmean enrichment statistic

proposed in (51) under re-standardization was considered for competitive testing.

mRNA levels analysis

Total RNA was extracted from cell samples using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Up to 1 ug of total RNA was reverse transcribed
into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) or gDNA Clear iScript cDNA
Synthesis Kit for patient-derived tumor cells (Bio-Rad) for RT-gPCR. Quantitative real-time
PCR was performed using GoTag PCR Master Mix (Promega) or PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) 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 cells
(ACTB and GAPDH in human cells) genes served as endogenous normalization controls.
for patient-derived tumor cells, and expression of the endogenous GAPDH gene served as
an endogenous normalization control.  Primers used in this study are listed in

Supplementary Table S4.

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 (Montreal) for immunopeptidomics analysis using mass

spectrometry (52).
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Materials and reagents: Anti-Mouse H2 (M1/42.3.9.8, #BEOO077) from BioXcell,
Polyprep chromatography column (#7311553), and combined inhibitor EDTA-free
(#A32961) from Bio-Rad and solid phase extraction disk ultramicrospin column C18
(#SEMSS18V, 5-200 pL) from the nest group. 1.5 mL and 2.0 mL microcentrifuge tubes
(Protein LoBind Eppendorf #022431081 and #02243100), low retention tips Eppendorf (10
uL #2717349, 20 uL #2717351, 200 uL #2717352), acetonitrile (#A9964), trifluoroacetic acid
(TFA, #AA446305Y), formic acid (#AC147930010), chaps (#22020110GM), PBS (Buph,
phosphate buffer saline packs, #28372), CNBr-activated sepharose 4 B (#45000066), and
ammonium bicarbonate (#A643-500) were purchased from Fisher.

To isolate MHC class | peptides, a frozen pellet of 102 cells was thawed by warming
the bottom of the tube with palm. The cell pellet was resuspended in 500 uL of PBS by
pipetting up and down until homogenization. The volume of the cell pellet suspension was
measured and transferred into a new 2 mL microcentrifuge tube. An equivalent volume of
cell lysis buffer (1% CHAPS in PBS containing protease inhibitors, 1 pellet/10 mL) was
added to the cell suspension (final concentration of the lysis buffer of 0.5% Chaps), followed
by an incubation for 60 min at 4 °C using a rotator device (10RPM) and centrifugation at
18,000 x g for 20 min at 4 °C. The cell lysis supernatant containing the MHC-peptide
complexes was transferred to a new 2 mL microcentrifuge tube and kept on ice until use for
immunopurification.

Bead coupling and immunopurification of MHC class | peptides were performed as
previously described (53). Briefly, 80 mg of sepharose CNBr activated beads was coupled
with 2 mg of anti-mouse H2 antibody. Sepharose antibody-coupled beads were incubated
with the cell lysate supernatant in a 2 mL Low binding microcentrifuge tube overnight at 4
°C with rotation (22 RPM). The next day, a Bio-Rad column was installed on a rack and pre-
rinsed with 10 mL of buffer A (150 mM NaCl and 20 mM Tris-HCI —HCI pH 8). The bead-

lysate mixture was transferred into a Bio-Rad column, and the bottom cap was removed to
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discard the unbound cell lysate. The beads retained in the Bio-Rad column were washed
sequentially with 10 mL of buffer A (150 mM NaCl and 20 mM Tris—HCI pH 8), 10 mL of
buffer B (400mM NaCl and 20 mM Tris—HCI pH 8), 10 mL of buffer A, and 10 mL of buffer
C (20 mM Tris—HCI pH 8.). MHC-peptide complexes were eluted from the beads by adding
300 pL of 1% TFA, pipetting up and down 4-5 times and collecting the flow-through. This
step was repeated once, and the flowthroughs were collected and combined in a new 2 mL
tube.

MHC class | peptides were desalted and eluted on a C18 column. First, the C18
column was pre-conditioned with 200 pL of 1) methanol, 2) 80% acetonitrile/0.1% TFA and
3) 0.1%TFA and spun at 1545 g in a fixed rotor to collect and discard the flowthroughs.
Then, The MHC-peptide complexes previously collected in 600 pL of 1% TFA were loaded
(3 x 200 pL) into the pre-conditioned C18 column, spun and flowthroughs 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 class | 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 class |
peptides were evaporated to dryness using a vacuum concentrator with presets of
temperature 45 °C for 2 h, vacuum level:100 mTorr, and vacuum ramp:5.

Vacuum samples were resuspended in 52 uL of 4% formic acid (FA), and each
biological replicate was divided into three technical replicates of 16ul each. Each replicate
was loaded and separated on a homemade reversed-phase column (150 pmi.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/min flow rate on an Easy nLC-1000 connected to an Orbitrap Eclipse (Thermo Fisher
Scientific). Each full MS spectrum was acquired at a resolution of 240000, an AGC of 4ES5,
and an injection time of 50ms, followed by tandem-MS (MS-MS) spectra acquisition on the

most abundant multiply charged precursor ions for a maximum of 3 s. Tandem-MS
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experiments were performed using higher energy collisional dissociation (HCD) at a collision
energy of 34%, a resolution of 30000, an AGC of 1.5E4, and an injection time of 300ms.
Data files were processed using PEAKS X software (Peaks Pro V10.6, Bioinformatics
Solutions, Waterloo, ON, USA) 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 10ppm and 0.01 Da, respectively. All other
search parameters were the default values. Final peptide lists were filtered using ALC of
80% and with a false discovery rate (FDR) of 1% using the Peaks software. Data were
visualized using MhcVizPipe software (54). Cross-analysis to identify unique peptides was
performed using Venn diagrams (55) and the previously described H-2K°/DP
immunopeptidome atlas generated from mouse primary tissues (29).

Only captured peptides between 8- to 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 MEF and removed all peptides detected in non-senescent cells. Peptides present
in other tissues and cancer cell lines of C57BL/6J mice were obtained from the Mouse
Immunopeptidome Atlas (29) and subtracted to filter our list of candidate peptides. For the
list of candidate peptides, we explored the senescent MEF versus MEF differences in mMRNA
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.

Mice

All mice were maintained at the animal facility of the Scientific Parc of Barcelona
(PCB) in strict accordance with Spanish and European Union regulations. Animal
experiments were approved by the Animal Care and Use Ethical Committee of the PCB and

Catalan Government. Mice were maintained under specific pathogen-free conditions. Food
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and water were provided ad libitum. All in vivo experiments were performed using female
C57BL/6J mice of 8-16 weeks of age, that were randomly allocated in the different groups

of study. All mice were purchased from Charles Rives, France.

Mouse immunizations

For immunization with non-cancer cells, 8-12 weeks C57BL/6J female mice were
subcutaneously injected with 10 untreated or senescent MEF resuspended in 100 uyL PBS
together with 25 pg 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 negative controls, animals received only the
vehicle plus adjuvant, and as a positive control, animals were immunized with 100 ug of
ovalbumin (A5503, Merck Life Sciences) in a total volume of 100 uyL 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, 8-12 weeks C57BL/6J female
mice were subcutaneously injected with vehicle (PBS), 10° ICD-cells, or 2x10° 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 histological analysis.

For prophylactic immunization with cancer cells, 8-12 weeks C57BL/6J female mice
were subcutaneously injected with 10° ICD cells or 2x10° senescent cells (either live or dead,
as indicated) resuspended in 100 yL PBS on day 0 on the left flank. On day 7, the animals
were re-challenged with 3x10° live cancer cells in their right flank. Tumor appearance and
growth were monitored afterwards.

For depletion ofimmune populations, animals received 100 ug of blocking antibodies

(anti-CD4 (clone GK1.5, BioxCell), anti-CD8 (clone 2.43, BioxCell), anti-CD11b (clone
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M1/70, BioxCell)) or isotype control IgG2b (clone LTF-2, BioxCell) 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 injected with 5x10° live cancer cells in the
right flank. When tumors were visible and palpable (from 40mm?®), animals were immunized
subcutaneously with 10° ICD cells or 2x10° senescent cells (either live or dead, as indicated)
resuspended in 100 uL PBS on the left flank. Tumors were measured using a caliper, and
their volumes (v) were calculated using the formula v=(Ixw?)/2 (where | is tumor length and
w is tumor width). The measurements are shown in mm?®. When tumors reached a size of
1000 mm? or became ulcerated, mice were euthanized by CO, and samples were collected

for further analysis.

Histological analysis

For formalin-fixed paraffin-embedded (FFPE) samples, tissues were fixed overnight
at 4 °C with neutral buffered formalin (HT501128-4L, Sigma-Aldrich). Paraffin-embedded
tissue sections (2-3 um) 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) (14-0451-82, ThermoFisher) at 1:100 for
60 min was performed using a Ventana Discovery XT, and for CD3 (IR503, Dako-Agilent)
at 1:10 and 120 min, CD11b [EPR1344] (ab133357, Abcam) at 1:6000 for 120 min, and CD8
alpha [EPR20305] (ab209775, Abcam) at 1:1000, 120 min with the Leica BOND RX. For
CD45, antigen retrieval was performed using Cell Conditioning 1 (CC1) buffer (950-124,
Roche) followed by rabbit anti-Rat (Al-4001, Vector) at 1:500 for 32 min and OmniMap™
anti-Rb HRP (760-4311, Roche). Blocking was performed using casein (760-219, Roche).

Antigen—antibody complexes were revealed using the Discovery Purple Kit (760-229,
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Roche). For CD3, CD11b, and CD8 alpha antigen retrieval was performed with BOND
Epitope Retrieval 2 - ER2 (AR9640, Leica) for 40, 20, and 20 min, respectively, followed by
Bond Polymer Refine Red Detection (DS9390, Leica) without the post-primary for 30 min.
The sections were mounted with mounting medium and toluene-free (CS705, Agilent) using
a Dako CoverStainer. The specificity of staining was confirmed by staining with rat IgG (ref:6-
001-F, R&D Systems, Biotechne) or rabbit IgG (ab27478, Abcam) as an isotype control.
Brightfield images were acquired using a NanoZoomer-2.0 HT C9600 digital scanner
(Hamamatsu) 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, France). Brightfield immunohistochemistry images were blindly

quantified using QuPath Software 0.1.2 (56).

ELISpot assay

To test immune responses in animals immunized with non-cancer senescent cells
(MEF), splenocytes from naive (injected with vehicle plus adjuvant) and immunized animals
(injected with untreated, senescent cells, or ovalbumin plus adjuvant) were collected 7 to 10
days after the lastimmunization. Briefly, spleens were harvested, and RBC were lysed using
RBC lysis buffer (#40301, Palex Medical SA) and seeded as the effector cell population at
1.5x10° cells per well into mouse IFN-y ELISpot plates (15607416, Fisher Scientific). Target
cells (control or senescent cells) were added and co-cultured at a 1:10 ratio
(target:splenocytes). Peptides were added at concentrations of 400 nM (when added alone)
and 200 nM (when added in pools) to the cultures. The OVA-derived peptide SIINFEKL
(S795, Sigma) was used as the positive control (400 nM). Peptides obtained from
immunopeptidomes were synthesized using Pepscan. Stimulation was maintained for 20 h.
Afterwards, plates were developed according to the manufacturer's protocol. They were

scanned and quantified using Elispot7.0iSpot software in an ImmunoSpot Plate Reader.
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Measurement of ATP levels

An equal volume of fresh medium was added to 10° cells per condition. 24 h after,
the culture medium was collected, centrifuged, and filtered through a 0.2 um filter to
eliminate cell debris. The medium was analyzed using CellTiterGlo® (G7571, Promega),
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

10° cells per condition were washed three times with PBS, and FBS-free culture
medium was added. 24h later, the conditioned media (CM) was collected and concentrated
using AMICON Ultra-15 tubes (UFC900324, Merck Life Sciences) by centrifugation for 1 h
at 4 °C. Up to 20 pL of concentrated CM per sample was loaded per lane and hybridized
using antibodies against CALR (9707, Cell Signalling). Secondary fluorescent reagents
(Goat anti-mouse or anti-rabbit IRDye 680RD and 800CW, LI-COR) were used according to

the manufacturer’s instructions.

BMDC generation

Bone marrow was harvested from the femurs and tibias of the C57BL/6 mice. The
bone marrow was flushed and centrifuged at 350 x g for 5 min. Blood cells were lysed by
incubation with RBC lysis buffer for 5 min at room temperature. Cells were filtered
sequentially through 100 ym and 70 um filters to remove aggregates. Cells were
resuspended and cultured on 10 cm? bacterial Petri dishes in RPMI with 20 ng/mL murine
GM-CSF (315-03, PeproTech). On day 3, fresh medium containing fresh GM-CSF was
added, and the medium was replaced on day 6. BMDC were harvested on day 7 by gentle

pipetting and used for the assays.

Marin et al., submitted 27


https://doi.org/10.1101/2022.06.05.494912
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.05.494912; this version posted June 6, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Senescence is immunogenic and promotes anti-tumor immunity 28

Assessment of BMDC antigen capture

Untreated, ICD, and senescent cancer cells were stained using the fluorescent
cytosolic-dye CellTrace CFSE (Thermofisher) or the fluorescent membrane-dye wheat germ
agglutinin WGA-Alexa Fluor 647 (Thermofisher). Fluorescently labeled cancer cells were
then co-cultured with BMDCs in a 1:1 ratio for 18h, and the BMDCs were analyzed by flow

cytometry for acquisition of CFSE or WGA-Alexa-647.

Patient characteristics and patient-derived tumor samples

Tumor specimens were obtained from two patients with metastatic head and neck
cancer: VHIO-008 had metastatic hypopharyngeal carcinoma and VHIO-009 had metastatic
oropharyngeal carcinoma. Both patients were refractory to standard lines of therapy prior to
sample procurement. Informed consent was obtained from all subjects. Tumor biopsies were
cut into small 2-4 mm fragments to expand independent TIL lines in the presence of 6000
IU/mL IL-2. 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 pg/mL
streptomycin, 25 mM HEPES (Thermo Fisher Scientific), 10 yg/mL gentamicin and 1.25
pMg/mL amphotericin B at 37 °C and 5% CO.. After one month, adherent and non-adherent
cells were cultured in RPMI 1640 supplemented with 20% FBS (Hyclone), 100 U/mL
penicillin, 100 pyg/mL streptomycin, 25 mM HEPES (Thermo Fisher Scientific), 10 ug/mL
gentamicin (Lonza) and 1.25 pg/mL amphotericin B (Gibco). Occasionally, we used
differential trypsinization to enrich for epithelial cells. Media was changed once a month until
tumor cell line was established. Tumor cell lines were authenticated through whole exome
sequencing.

Once established, VHIO-008 and VHIO-009 tumor cell lines were cultured in RPMI

with GlutaMAX supplemented with 10% of fetal bovine serum (FBS) and 1% of Penicillin-
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Streptomycin (P/S). All cells were incubated at 37 °C, 5% CO2, in a humidified incubator.
For senescence induction, cells were treated with 6 mU of bleomycin (Sigma-Aldrich,
B8416) for 48 h. Then, cells were wash out twice with PBS and fresh media was added.
After 5 days, cells were collected after trypsinization (Trypsin 0.05%) and further

experiments were performed.

Assessment of autologous tumor recognition by up-regulation of 4-1BB

To evaluate tumor recognition by TILs, autologous tumor cells were used as tumor
targets in co-culture assays. 2x10* ex vivo expanded TILs or TILs previously enriched for
recognition of a specific neoantigen (i.e. MAGEB2, 1670 and RPL14,120v) identified as
previously described (57), were co-cultured with 5x10* autologous tumor cells. After 20 h, 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, co-cultured cells were pelleted, re-
suspended in staining buffer, and incubated with the following antibodies for 30 minutes at
4°C: CD3 APC-H7 (1:20), CD8 Pe-Cy7 (1:60), 4-1BB APC (1:20). Cells were washed,
resuspended in staining buffer containing propidium iodide (Pl) and acquired on a BD
LSRFortessa™. 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 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. Differences were considered significant based on P values (*p<0.1,

*p<0.05, **p<0.01, ***p<0.001).
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Data availability
Data Access Statement: Research data supporting this publication are deposited in
public repositories. The RNA sequencing data are available in Gene Expression Omnibus

(GEO) located at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202032 with

accession number GSE202032. The proteomic screen data is available at

ProteomeXchange located at htip://proteomecentral.proteomexchange.org/cgi/GetDataset.

The immunopeptidomic data is available at Pride located at

https://www.ebi.ac.uk/pride/archive/. Derived data supporting the findings of this study are

available in supplementary tables as indicated.
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A. Schematics of the protectiEP8crEERCHETNE ashis iTigratiFeie (PM)-enriched fraction of
human (SKMEL-103, IMR-90) and murine (B16F10, mouse embryonic fibroblast [MEF]) cells,
untreated or exposed to various senescence-inducing stimuli (doxo - doxorubicin, palbo -
palbociblib and nutlin - nutlin-3a). 3 independent biological replicates per cell line were analyzed.
B. Top 5 GO terms enriched in the proteins found upregulated in the plasma membrane fraction
of senescent cells (SenC) (in 4 or more conditions of senescence, with a fold-change>1.5,
FDR<0.05).

C. Flow cytometry analysis of H-2Kb/DP expression in untreated versus senescent MEFs, in
which senescence was induced by doxorubicin, nutlin or by late passaging. Representative
histograms (left panel) showing the fluorescence signal of each stained sample and its
unstained control (lighter color) and quantification after autofluorescence subtraction (right
panel) of n=3 independent experiments are shown. ***p<0.001; **p<0.01, one-way ANOVA,
compared to untreated MEFs.

D. Flow cytometry analysis of H-2Kb/Db expression in untreated or senescent B16F10 cells,
treated with doxorubicin. Representative histograms (left panel) showing the fluorescence signal
of each stained sample and its unstained control (lighter color) and quantification after
autofluorescence subtraction (right panel) of n=3 independent experiments are shown. **p<0.01,
unpaired Student’s t test, compared to untreated cells.

E. Top upregulated Broad Hallmarks from the differential expression analysis (RNAseq) of
senescent MEFs, in which senescence was induced by doxorubicin compared to untreated cells.
n=3 independent biological replicates were analyzed.

F. Gene set enrichment analysis (GSEA) of IFN-a and IFN-y response (Broad Hallmarks) genes
found upregulated in senescent MEFs compared to untreated cells.

G. Normalized expression levels of antigen presentation machinery- and immunoproteasome-
related genes from the RNA-seq analysis of untreated versus senescent MEFs.

H. mRNA expression levels of antigen presentation machinery- and immunoproteasome-related
genes in untreated versus senescent MEFs measured by qRT-PCR (relative to the average
expression of housekeeping genes Actb and Gapdh). n=2 independent experiments. *p<0.05,
#p<0.1; one-way ANOVA, compared to untreated MEFs.

I. Flow cytometry analysis of ovalbumin (OVA)-derived SIINFEKL peptide bound to H-2Kb
presentation in untreated or senescent B16F10 and Panc02 cell lines, stably expressing OVA.
Representative histograms (left panel) showing the fluorescence signal of each stained sample
and its unstained control (lighter color) and quantification after autofluorescence subtraction

(right panel) are shown. *p<0.05 unpaired Student’s t test, compared to untreated cells.
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A. Schematic outline of the immunization protocol used in this study. Briefly, immunocompetent
C57BL/6J animals were subcutaneously immunized on days 0 and 7 with vehicle (no cell),
untreated or senescent syngeneic fibroblasts (MEF or senMEF respectively) or ovalbumin
(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 IFN-y production in splenocytes isolated from non-immunized mice or
animals immunized with MEF, senMEF or OVA (n=3-7 mice per group). Splenocytes were
cultured in RPMI, either alone (control) or co-cultured with untreated MEF (1:10 target-to-
splenocyte ratio), senMEF (1:10 target-to-splenocyte ratio), or with SIINFEKL OVA-derived
peptide. Restimulation of splenocytes isolated from OVA-immunized animals with the SIINKEFL
peptide was used as a positive control. The number of spots for each condition above the control
condition (background) was quantified. Representative picture (left panel) and quantification
(right panel) are shown. *p<0.05; unpaired Student’s t test, compared to RPMI alone treatment.
C. Measurement of CD8 T cell activation, as monitored via CDG69 expression (left panel) or
CD25 expression (right panel) in naive versus MEF or senMEF-immunized animals, after co-
culture with MEF or senMEF ex vivo (n=5-7 mice per group).

D. Layout of combined immunopeptidomics and RNAseq analyses in untreated versus
senescent MEFs.

E. Venn diagram displaying peptides identified in control cells, senescent cells and the Mouse
Immunopeptidome Atlas dataset (Schuster et al., 2018).

F. List of selected peptides presented exclusively on senescent cells MHC-I together with their
corresponding coding gene and their predicted binding to H-2KP and H-2DP (NetMHCpan v4.1).
Levels of peptide obtained in the immunopeptidomic analysis and fold change expression the
corresponding gene (senescent MEF versus untreated MEF) from RNAseq transcriptomic
analysis are indicated. M* indicates M(+15.99), oxidized methionine.

G. Selected peptides validated using ELISpot assay to detect IFN-y production in splenocytes
isolated from non-immunized mice or animals immunized with MEF or senMEF (n=3-5 mice per
group). Splenocytes were cultured in RPMI, 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, *p<0.05; unpaired Student’s t test, compared to vehicle or MEF

immunization treatment.
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A. Levels of extracellular ATP in the conditioned media (CM) of 106 untreated B16F10 cells,
dying by immunogenic cell death induced by a high dose of doxorubicin (ICD-B16F10) and
senescent B16F10 induced by a low dose of doxorubicin (senB16F10). n=2 independent
experiments. **p<0.01 *p<0.05; one-way ANOVA test compared to untreated B16F10.

B. Immunoblot detection of CALR in the CM of 10¢ untreated B16F10, ICD-B16F10 and
senB16F10. Representative image (left panel) and quantification (right panel) of n=3
independent experiments are shown. *p<0.05; one-way ANOVA test compared to untreated
B16F10.

C. Flow cytometry analysis of uptake of CFSE (cytosolic dye) or WGA-Alexa647 (membrane
dye) by BMDCs from labeled untreated B16F10, ICD-B16F10 or senB10F10. Quantification
after subtraction of autofluorescence from unstained BMDC of n=3 independent experiments.
***p< 0.001; **p<0.01 ; *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 ICD or senB16F10. Representative images selected by a
histopathologist of n=5 animals per group are shown. Note that the brown pigmentation is due to
the melanine. Scale bars for each images are shown (100um).

E. In vivo imaging detection of luciferase—expressing B16F10 treated with vehicle (n=6), ICD-
B16F10 (n=7) or senB16F10 (n=7) at different time points after subcutaneous injection (as
indicted). Representative images (left panels) and quantification (right panel) are shown.

*p<0.05; Two-way ANOVA test compared to vehicle-treated group.
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A. Schematics of the cancer immunization protocol used in these studies.

B. Individual tumor growth curves from vehicle-treated mice or mice immunized with B16F10
cells dying by immunogenic cell death induced by a high dose of doxorubicin (ICD-B16F10),
senescent B16F10 induced by a low dose of doxorubicin (senB16F10) or senescent B16F10
cells dying by senolysis induced by navitoclax (dying-senB16F10) (n=8 mice per group).
***p<0.001, *p<0.05; Two-way ANOVA test compared to vehicle-treated (black) group.

C. Individual tumor growth curves from vehicle-treated mice or mice immunized with Panc02
cells dying by immunogenic cell death induced by a high dose of doxorubicin (ICD-Panc02) or
senescent Panc02 low dose of doxorubicin (senPanc02) (n=6 mice per group). ***p<0.001; Two-
way ANOVA test compared to vehicle-treated (black) group.

D. Scheme of the cancer immunization and immune depletion protocol used in this study.

E. Tumor appearance after re-challenge 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

G. Grouped tumor growth of B16F10 tumor-bearing animals immunized with ICD-B16F10, dying
senB16F10 or senB16F10. *p<0.05; Two-way ANOVA test (n=7-8)

H. CD8 staining (purple) in B16F10 tumors from animals immunized with vehicle, ICD-B16F10
or senB16F10. Note that the brown pigmentation is due to the melanine. Representative pictures
(left panels) and quantification (right panel) (n=7-8 mice per group). **p<0.01; one-way ANOVA
test.


https://doi.org/10.1101/2022.06.05.494912
http://creativecommons.org/licenses/by-nc-nd/4.0/

bigurerhinGancer sengsceant oells bypersstimulateautolegous: reactiyeniidis - fsam amamich
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
patients available under aCC-BY-NC-ND 4.0 International license.

A Senescence

amplification ﬁ;induction

Tumor cells - ’\

‘ <= e (o®
U/ TiLs {.‘-} {@ .}

A =

Cancer
patient

Reactive
TILs

\_.@ @) Non reactive
Classification TILs
of TILs

B Non-reactive TILs Reactive TILs
VHIO-008 VHIO-008 VHIO-008  VHIO-008 Reactive
TIL F1 TIL F6 TILF3 TIL F4 TiLs
: ﬂ 2 100-
Media @ ’ q 8 100 3
0,068 0,040 0,029 0 ;
o
| | o
oxts | W || 57 - 5
90,6 86,4 81,1 90,1 f\.,
[a]
o 0 | om — 0
VHIO-008 : 'f il o < 1234 1234
0,10 0,12 8,92 12,8
1. Media
- ). - o : 2. OKT3
Sen @ ' ‘ @ § 3. VHIO-008
VHIO-008 0,16 0,26 21,2 30,4/ O 4. SenVHIO-008
4-1BB
C D MAGEsz_E167Q—specific RPL14p_Hzoy-SpecifiC
reactive TILs reactive TILs
Non-reactive Reactive
VHIO-009 VHIO-009 VHIO-008 VHIO-008 VHIO-008
TILF3 TIL F4 TILF3 TIL F4 TIL F5
Media w Media d ‘ d | *
0,045 0 0 0,036 0,41

OKT3 @ > OKT3 @ | @

87,2 87,2 78,1

<J1'
©w

~

—

w

VHIO-009 | “L VHIO-009 ¥
0,098 6,08 4,38 1,77 2,53
<
Sen Qe 3 Sen % @E { 3
VHIO-009 | 0,31 17,3 3 VHIO-009 582 9,97 L 655 @

4-1BB 4-1BB


https://doi.org/10.1101/2022.06.05.494912
http://creativecommons.org/licenses/by-nc-nd/4.0/

biguverdinGancer/senescant cells bypersstimulate autolegous reactiveniidus: from dhumamich
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
patients available under aCC-BY-NC-ND 4.0 International license.

A. Schematics of the procedure for isolating, amplifying, classifying and co-culturing patient
derived tumor cells with autologous reactive and non-reactive TILs.

B. Flow cytometry analysis of the activation marker 4-1BB in CD8 non-reactive (fragments F1
and F6) and reactive (fragments F3 and F4) autologous TILs from patient VHIO-008 after co-
culture with RPMI media either alone or with anti-CD3 (OKT3), untreated VHIO-008 cells or
bleomycin-treated senescent VHIO-008 cells (as indicated). The pseudocolor plots correspond
to one representative experiment. Quantification of a total of 3 independent biological replicates
with F6 and F3 TILs is shown in the right side. **p<0.01, unpaired Student’s t test

C. Flow cytometry analysis of the activation marker 4-1BB in CD8 non-reactive (fragment F3)
and reactive (fragment F4) autologous TILs from patient VHIO-009 after co-culture with RPMI
media either alone or with anti-CD3 (OKT3), untreated VHIO-009 cells or bleomycin-treated
senescent VHIO-009 cells (as indicated). Representative pseudocolor plots are shown.

D. Flow cytometry analysis of the activation marker 4-1BB in CD8 reactive autologous TILs
(reactive F3, F4 or F5 fragments) enriched to be reactive against to MAGEBZ,g167q and
RPL14,,,0v (two neoantigens previously identified by whole exome sequencing of the
autologous tumor cell line) after co-culture with RPMI media either alone or with anti-CD3
(OKT3), untreated VHIO-008 cells or bleomycin-treated senescent VHIO-008 cells (as

indicated). Representative pseudocolor plots are shown.
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A. Senescence-associated bRtHgaEetEdasE stalrihy R RAtMES{SKMEL-103, IMR-90) and
murine (B16F10, mouse embryonic fibroblast [MEF]) cells, untreated or exposed to various
senescence-inducing stimuli.

B. mRNA expression levels of CDKN1A in untreated human (SKMEL-103, IMR-90) and CdknZ2a
murine (B16F10, MEFs) cells, untreated or exposed to various senescence-inducing stimuli of
n=2-3 independent experiments as indicated. *p<0.05, **p<0.01, Unpaired Student’s t test,
compared to untreated cells.

C. Flow cytometry analysis of HLA-A/B/C expression in untreated versus senescent IMR-90 and
SKMEL-103, in which senescence was induced by doxorubicin or palbociclib as indicated,
showing the fluorescence signal of each stained sample and its unstained control (lighter color).
D. Flow cytometry analysis of H-2Qa1 and H-2Qa2 expression in untreated versus senescent
MEFs, in which senescence was induced by doxorubicin, nutlin or by late passaging.
Representative histograms (left panel) showing the fluorescence signal of each stained sample
and its unstained control (lighter color) and quantification after autofluorescence subtraction
(right panel) of n=3 independent experiments are shown. ***p< 0.001; **p<0.01, one-way
ANOVA, compared to untreated MEFs.

E. Top upregulated Broad Hallmarks from the differential expression analysis (RNAseq) of
senescent Panc02, in which senescence was induced by doxorubicin compared to untreated
cells. n=4 independent biological replicates were analyzed.

F. Gene set enrichment analysis (GSEA) of IFN-a and IFN-y response (Broad Hallmarks) genes
found upregulated in senescent Panc02 compared to untreated cells.

G. Top upregulated Broad Hallmarks from the differential expression analysis (RNAseq) of
senescent SK-MEL103, in which senescence was induced by palbociblib as compared to
untreated cells. n=3 independent biological replicates were analyzed.

H. Gene set enrichment analysis (GSEA) of IFN-a and IFN-y response (Broad Hallmarks) genes
found upregulated in senescent SKMEL-103 as compared to untreated cells.

I. mMRNA expression levels of antigen presentation machinery- and immunoproteasome-related
genes in untreated versus senescent murine cancer B16F10 and Panc02 cell lines measured by
gRT-PCR (relative to the average expression of housekeeping genes Actb and Gapdh). n=2-3
independent experiments. *p<0.05, #p<0.1; unpaired Student’s t test, compared to untreated
cells.

J. RNA expression levels of antigen presentation machinery-related genes in untreated versus
senescent human SKMEL-103 and IMR-90 cells measured by gRT-PCR (relative to the average
expression of housekeeping genes ACTB and GAPDH). n=3 independent experiments.

**p<0.01, *p<0.05, #p<0.1; one-way ANOVA test, compared to untreated cells.
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A. ELISpot assay to detect IFN-y production in splenocytes isolated from non-immunized mice
or animals immunized with senMEF (n=4 mice per group). 2.5x105 or 1.25x10° splenocytes were
cultured in RPMI alone or with senFB (1:10 target-to-splenocyte ratio). Representative picture
(left panel) and quantification (right panel) are shown. **p<0.01, *p<0.05; unpaired Student’s t
test, compared to RPMI alone treatment.

B. Measurement of CD4 T cell activation, as monitored via CD69 expression (left panel) or
CD25 expression (right panel) in naive versus MEF or senMEF-immunized animals, after
coculture with MEF or senMEF ex vivo (n=4 mice per group).

C. Measurement of CD8 (left panel) and CD4 (right panel) T cells activation, as monitored via
CD69 expression upon PMA+lonomycin treatment, used as a positive control of T cell activation.
D. Pool of peptides validated using ELISpot assay to detect IFN-y production in splenocytes
isolated from non-immunized mice or animals immunized with senMEF (n=3 mice per group).
Splenocytes were cultured in RPMI, either alone (control) or supplemented with the remaining
peptides obtained from the immunopeptidome analysis pooled in combinations of 1-3 peptides
as indicated. The number of spots for each condition above the control condition (background)
was quantified and represented. *p<0.05; unpaired Student’s t test, compared to RPMI alone
treatment.

E. Raw number of spots from ELISpot assay to detect IFN-y production in splenocytes isolated
from non-immunized mice, untreated MEF or animals immunized with senMEF (n=3-6 mice per
group). Splenocytes were cultured in RPMI, either alone (control), or supplemented with the
selected different peptides obtained from the immunopeptidome analysis (as indicated).

F. Raw number of spots from ELISpot assay to detect IFN-y production in splenocytes isolated
from non-immunized mice or animals immunized with senMEF (n=3 mice per group).
Splenocytes were cultured in RPMI, either alone peptide (control) or supplemented with the

different peptides pools obtained from the immunopeptidome analysis (as indicated).
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A. Levels of extracellular ATP in the conditioned medium (CM) of 106 untreated MEF or
senescent MEF induced by a low dose of doxorubicin (SenMEF). n=3 independent experiments.
**p<0.01 *p<0.05; unpaired Student’s t test.

B. Immunoblot detection of CALR in the CM of 108 untreated Panc02 cells, dying by
immunogenic cell death induced by a high dose of doxorubicin (ICD-Panc02) or senescent
Panc02 induced by a low dose of doxorubicin (senPanc02). Representative image (left panel)
and quantification (right panel) of n=3 independent experiments are shown. **p<0.01; one-way
ANOVA test compared to untreated Panc02 cells.

C. Hematoxylin-eosin in skin sections of animals after 7 days of subcutaneous injection of ICD
or senB16F10. Note that the brown pigmentation is due to the melanine. Representative images
selected by a histopathologist of =5 animals per group are shown. Scale bars for each images
are shown (250um).

D. Immunohistochemistry of CD45* cells (purple) in skin sections of animals after 7 days of
subcutaneous injection of ICD or senB16F10. Note that the brown pigmentation is due to the
melanine. Representative images selected by a histopathologist of n=5 animals per group are
shown. Scale bars for each images are shown (100pm).

F. Immunohistochemistry of CD3* cells (purple) in skin sections of animals 7 days after
subcutaneous injection of ICD or senB16F10. Note that the brown pigmentation is due to the
melanine. Representative images selected by a histopathologist of n=5 animals per group are

shown. Scale bars for each images are shown (250um).
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A. Tumor-free survival in vehicle-treated mice or mice immunized with B16F10 cells dying by
immunogenic cell death induced by a high dose of doxorubicin (ICD-B16F10), senescent
B16F10 induced by a low dose of doxorubicin (senB16F10) or senescent B16F10 cells dying by
senolysis induced by navitoclax (dying-senB16F10) (n=8 mice per group). **p<0.01, *p<0.05;
Log-rank (Mantel-Cox) test.

B. Tumor-free survival of vehicle-treated mice or mice immunized with PANCO2 cells dying by
immunogenic cell death induced by a high dose of doxorubicin (ICD-Panc02) or senescent
Panc02 induced by a low dose of doxorubicin (senPanc02) (n=6 mice per group). **p<0.01,
*p<0.05; Log-rank (Mantel-Cox) test.

C. Flow cytometry analysis of immune populations (CD4*, CD8* and CD11b* cells) in peripheral
blood from animals treated with IgG or the indicated blocking antibodies after 7 days of immune
depletions (n=4-6 mice per group).

D. Tumor-free survival of vehicle-treated mice (n=14) or mice immunized with senB16F10
treated with IgG (n=14) or the indicated blocking antibodies as described in Fig. 4D (n=15 for
aCD4, n=14 for aCD8, or n=6 for aCD11b) . **p<0.01, *p<0.05; Log-rank (Mantel-Cox) test.

E. Individual tumor growth curves from vehicle-treated mice (n=14) or mice immunized with
senB16F10 treated with 1IgG (n=14) or the indicated blocking antibodies as described in Fig. 4D
(n=15 for aCD4, n=14 for aCD8, or n=6 for aCD11b) . **p<0.01, *p<0.05; Two-way ANOVA test.
F. Individual tumor growth of B16F10 tumor-bearing animals immunized with ICD-B16F 10, dying
senB16F10 or senB16F10. *p<0.05; Two-way ANOVA test (n=7-8).
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A. Senescence-associated beta-galactosidase staining of patient-derived VHIO-008 and VHIO-
009 cells, untreated or senescent after treatment with bleomycin.

B. mRNA expression levels of CDKN1A in patient-derived VHIO-008 and VHIO-009 cells,
untreated or senescent after treatment with bleomycin of n=3 independent experiments as
indicated. Relative to untreated cells. *p<0.05, **p<0.01; unpaired Student’s t test, compared to
untreated cells.

C. Flow cytometry analysis of MHC-| expression in untreated or senescent VHIO-008, treated
with bleomycin. Representative histograms (left panel) showing the fluorescence signal of each
stained sample and its unstained control (lighter color) and quantification after autofluorescence
subtraction (right panel) of n=3 independent experiments are shown. **p<0.01, unpaired
Student’s t test, compared to untreated cells.

D. Flow cytometry analysis of MHC-I expression in untreated or senescent VHIO-009, treated
with bleomycin. Representative histograms (left panel) showing the fluorescence signal of each
stained sample and its unstained control (lighter color) and quantification after autofluorescence

subtraction (right panel) of n=3 independent experiments are shown.
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