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LETTER

T-helper-1-cell cytokines drive cancer into
senescence

Heidi Braumui ller **, Thomas Wieder **, Ellen Brenner %, Sonja ARBmann*, Matthias Hahn *, Mohammed Alkhaled 2, Karin Schilbach 2,
Frank Essmann?®, Manfred Kneilling *, Christoph Griessinger * Felicia Ranta®, Susanne Ullrich °, Ralph Mocikat ©,

Kilian Braungart %, Tarun Mehra %, Birgit Fehrenbacher %, Julia Berdel*, Heike Niessner?, Friedegund Meier %, Maries van den Broek 7,
Hans-Ulrich Ha''ring ®, Rupert Handgretinger 22, Leticia Quintanilla-Martinez °, Falko Fend ®°, Marina Pesic'?, Jurgen Bauer?,
Lars Zender'®, Martin Schaller %, Klaus Schulze-Osthoff *® & Martin Ro' cken™®

doi:10.1038/nature11824

Cancer control by adaptive immunity involves a number of defined under the control of the rat insulin promoter (RIP-Tag2 mice; in which
death-fand clearanc®-*'mechanisms. However, efficient inhibi- Tag2 indicates a mouse strain that carries five copies of the transgene) in
tion of exponential cancer growth by T cells and interferon{IFN-  all pancreatic islet ce¥fs'® T;1 immunity doubles the lifespan of mice
c) requires additional undefined mechanisms that arrest cancetthrough strictly IFNe- and TNFR1-dependent mechanisimwithout
cell proliferation*-*>*2**Here we show that the combined action causing detectable signs of cytotoxicity, tumour cell necrosis or apop-
of the T-helper-1-cell cytokines IFNs and tumour necrosis factor tosis? This was surprising, as Tag expression causes inasale
(TNF) directly induces permanent growth arrest in cancers. Tocancersl-cancers) in 2% of the islets by incomplete Rb suppression
safely separate senescence induced by tumour immunity fronand p53 silencing?*®
oncogene-induced senesceficE'*we used a mouse model Only CD4" Ty1 cells that produce IFN-and TNF and are specific
in which the Simian virus 40 large T antigen (Tag) expressedor Tag peptide induce IFN- and TNFR1-dependent arrest of RIP-
under the control of the rat insulin promoter creates tumours by Tag2tumours (Supplementary Fig. 1&%. Td)is arrest occurs alsoin the
attenuating p53- and Rb-mediated cell cycle contt®t®. When absence of notable T-cell infiltration (Supplementary Figs 1c ahad 2)
combined, IFN-c and TNF drive Tag-expressing cancers into sen-and is independent of both CT¥2snd enhanced apoptosis, as deter-
escence by inducing permanent growth arrest in G1/G0, activatiormined by TdT-mediated dUTP nick end labelling (TUNEL) a¥sayd
of p16INK4a (also known as CDKN2A), and downstream Rb hypo-caspase 3 staining, respectively. Moreover,cHeXposedb-cancer
phosphorylation at serine 795. This cytokine-induced senescenceells failed to express major histocompatibility complex (MHC) class
strictly requires STAT1 and TNFRL1 (also known as TNFRSF1A)I in vivoas well ai vitro, a prerequisite for cancer killing by I cells.
signalling in addition to p16INK4a. In vivo, Tag-specific T-helper In consequence, Tag4T cells failed to kill IFNz-stimulatedb-cancer
1 cells permanently arrest Tag-expressing cancers by inducingellsin vitro (Supplementary Fig. 3). In addition, as TagtTcells
IFN-c- and TNFR1-dependent senescence. Converséhyff12/2  enhance, rather than attenuate, the growtfTofr1>/2 b-cancer&
Tag-expressing cancers resist cytokine-induced senescence g®dipplementary Fig. 1), TNFR1-independent killing,for example,
grow aggressively, even in TNFR1-expressing hosts. Finally, &y perforin...granzyme B-mediated lysis,could not account for sub-
IFN-c and TNF induce senescence in numerous murine andstantial control ob-cancers by Tag+l cells. Instead, TagsI cells
human cancers, this may be a general mechanism for arrestinfprm follicle-like structures around the islets, where they interact with
cancer progression. antigen-presenting celfsKi67 staining confirmed that TagsL cells
Recent studies from targeted cancer immunotherapies show tiaésted proliferation ob-cancersin vivo (Supplementary Fig. 4a).
adaptive immunity can efficiently control human carief*Many Freshly isolatedb-cancer cells from Taggll-cell-treated RIP-Tag2
cancer immunotherapies do not cause cytotoxic cancer cell elimimaee failed to proliferaten vitro, wheread-cancer cells from sham-
tion, but instead arrest cancer growth or induce slow cancer regtesated mice strongly incorporatetH-thymidine (Supplementary
siort?2 despite the fact that immunotherapeutic strategies generally. 4b). This suggests thajIcytokines induce growth arrestvivo,
focus on CD& cytotoxic T lymphocytes (CTL) or natural killerdespite normal Tag expression (Supplementary Fig. 5).
cell$-822Moreover, where studied, growth arrest and cancer regresTo assess directly whether IffNand TNF induce senescence in
sion correlate with tumour-specific, IFééproducing CD4 T-helper b-cancers, we cultured freshly isolatedancer cells from sham-
1 (Tu1) cells rather than CTES-2%n addition, profiling of patients in treated mice treated with either control medium, or with |IENnd
clinical cancer trials shows a critical role for IEMnd TNF in cancer TNF. In cell cycle analysis, untreatedancer cells wef@25% in S
controP>2¢ phase and 40% in G1/GO, explaining their rapid proliferation. When
Similarly, efficientimmune control of murine cancers resulting fromombined, IFNe and TNF arrested modi-cancer cells in G1/G0O
aberrant cell cycle control, oncogene expression and chemical or witllin 3 days (Fig. 1a). They reduced S-phase cells to 3% and increased
transformation strictly requires IF&2-"*221n consequence, IF8- the G1/S ratio 20-fold (Fig. 1b) without increasing the apoptotic sub-
and TNF-producing T;1 cells specific for the tumour antigen Tag (Tags 1 fraction (Fig. 1a). As IFN-and TNF arrested thie-cancer cells in
Twl cells) restrain Tag-induced islet cancers in mice expressing GA¢GO0, a state characterizing cellular senescence, we wanted to know
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growth arrest of Tag-drivenb-cancer cellgn vitro. a, b, Cell cycle analysis 40 kDa g0

(a) and mean G1/S-phase ratio) (0f b-cancer cells cultured either in the 40 < e
presence or absence of IENind TNF. Ctrl, control; FITC, fluorescein f , ) g RIP-Tag2
isothiocyanate. 7-AAD, 7-Aminoactinomycin.e, Cell numbersd), BrdU g 27 z:\,’__'?\f'“i“m,: s 27 il’\é‘;“f'“i“TNF Stat1PPRIP-Tag2
incorporation ¢) and mean numbers of BrdU-positive spagsdf b-cancer S =
cells treated for 5 days with medium only, or with IENind TNF. Thereafter, § 18 o 1.8 9~ 15 .
cells were washed and then cultured with medium in the absence of cytokir@s shCtrl T shp16Dp19, T8
for another two passages. After the second passage 3,000 viable cells were 0.9 © 09 =8 10
seeded in 96-well plates and cell proliferation was analysed by BrdU stainirﬁg. Il 3 /// s
*P, 0.05. Error bars are meéins.e.mn5 3...6H, c, &) s 1 //'0 1 >0 o1 /f'o y <3 5

Passage number Passage number o=
whether IFNe and TNF caused senescence-defining permanent Treameum Treame,m 0 G EN: +
growth arrest. Wash Wash TNF

Freshly isolated-cancer cells proliferated rapidly in medium._ o
When cultured in the presence of IFdand TNF b-cancer cells were Egifng‘s?;ﬁ-?;;;ﬂd TNth—depenI?egt st:]ab|l|zatt|)c_>n %f th‘:'. p16|fl\|l||:<;a...
fully growth arrested (Fig. 1c). To determine whether the growt: Cen waylcancer cells by the combined action of -~
arrestech-cancer cells were really senescent, we washed the ceI%?ﬁrL’iZﬂ%’frﬁ:NiST',D‘\I?:"Q;I ﬁfﬂ\gtgr? ;) %cﬁgfgggfélsbzge{ﬁglh of treatment
day5 and cultured them for another 2weeks with medium only.concentration-dependentinduction of $gaf cells by TNF, either in the
Although untreatedb-cancer cells continued to exparighcancer presence or absence of IENwithin 72 h inb-cancer cells from RIP-Tag2 or
cells that had been exposed for 5days to the combined actionmgfi1?/2 RIP-Tag2 micec, Induction of SAb-gal activity by IFNe, TNF, or
IFN-c and TNF were truly senescent, as they remained fully growsiN-c and TNF within 96 hd, Detection of p16INK4a dr-actin by western
arrested (Fig. 1c). Even 2 weeks after withdrawal ofdfNe TNF, blotting in b-cancer cells treated with medium or with IFNand TNF.
the b-cancer cells failed to incorporate 5-bromo-2-deoxyuridirfeDetection of phosphorylated Rb (p-Rb), total Ribaactin by western

(BrdU), whereas untreated controls strongly incorporated Brdilptting inb-cancer cells treated with medium or IRfNand TNF.f, b-cancer
(Fig. 1d, e and Supplementary Fig. 6) cells were transduced wishCtrlor shp16...ph&urine stem cell virus (MSCV)

IEN-c and TNF also ind d characteristi n nce- .ﬁct rs, and then treated for 5 days with medium only, or with tFixkd TNF.
ca aiso uced characteristic senescence-associal after, cells were washed and cultured with medium in the absence of

epigenetic and lysosomal changes, such as nuclear recruitrge@kines. Mean cell numbers of three cultures are shguBab-gal activity

of phosphorylated heterochromatin proteinc A(pHPIC) into  ofp-cancer cellsisolated from either RIP-TagSttE 2 RIP-Tag2 mice after
senescence-associated heterochromatin foci or senescence-assa@ateftreatment with medium or with IFd-and TNF*P, 0.05. Error bars
b-galactosidase (Stvgal) activity. Time...course studies revealed thet meat s.e.mn5 3...94, ¢, f, g).

within 3days, IFNe and TNF induced the early senescence marker

pHPIc in 75% (Supplementary Fig. 7a, b) and I$4al in 50% of  As combined stimulation of islets or islet tumours with IENnd

the b-cancer cells (Fig. 2a, b). However, induction of stable groatNF strongly induces JUNB the combined IFNs STAT1 and
arrest and the late senescence markebSat in 80% of the cells TNFR1 signalling may activate the JUNB downstream target
needed 4 days of incubation with both IFN-and TNF (Fig. 2c). p16INK4a and thus stabilize the p16INK4a...Rb senescence pathway
Double-staining with synaptophysin, an islet cell marker, confirméuTag-expressing-cancers. Indeed, IFNand TNF strongly induced
SAb-gal expression byb-cancer cells (Supplementary Fig. 8p16INK4a in subconfluent cultures within 48 h (Fig. 2d), whereas
Combined IFNe and TNF treatment established the senescen¢e6INK4a remained weak in medium-treated subconflibec&ncer
defining permanent growth arrest lmcancers cells, whereas neithetells (Fig. 2d). This induction of p16INK4a also caused sustained and
IFN-c nor TNF alone was sufficient to induce full growth arrestevere hypophosphorylation of Rb at Ser 795 (Fig. 2e). Corresponding
(Supplementary Fig. 6), although early signs of senescence, suthths conjoint IFNe- and TNF-induced senescence through stabili-
pHPIc recruitment to senescence-associated heterochromatin fmdion of the p16INK4a...Rb pathwayinancer cells, short hairpin
(Supplementary Fig. 7a, b) and $Agal positivity in 40% of the cells, RNA (shRNA)-mediated knockdown pi.6INK4aandp19(hereafter

were observed (Fig. 2c). termedpl6 pl19 in whichpl9refers to an alternate reading frame of
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thelnk4a Arf (Cdkn2a locus) fully abrogated senescence induction bya RIP-Tag2 b £ sham

IFN-c and TNF (Fig. 2f and Supplementary Fig. 9). In line with this, pHP1 H3K9me3 Caspase 3 W TagT1

STAT1- or TNFR1-deficienth-cancer cells fully resisted senescence | =

induction by IFN¢ and TNF, showing that hypophosphorylation of Sham S S

Rb strictly requires the combined action of the STAT1 and TNFR1 - 0 . %40 2 40

signalling pathways (Fig. 2b, g). \ 830 ge 8 30
IFN-c and TNF induced senescence in breast cancers from poly-_ 2 2 2 20 £ 20

omavirus middle T antigen (PyVmT)-transgenic mice (Supplemel " i &5 g o3 g

tary Fig. 10), in 3 outof 6 mouse tumour lines (Supplementary Table 1), o 10 £ 10 & 10

in human A204 rhabdomyosarcoma cells (Supplementary Fig. 11),in 6 I o %0 § 0

out of 11 IFN-receptor- and TNF-receptor-expressing human cancers T

from the National Cancer Institutess NCI-60 panel (Supplementary® RIP-Tag2 e @ RS

Table 2), and in freshly isolated primary melanoma or sarcoma cells
(Supplementary Table 3). Interestingly, primary melanomas fre-  Tag-1,1
guently show areas of inflammation and regression. Such tumour areas
harboured senescent melanoma cells strongly expressing p16INK4a
but not the proliferation marker Ki67, whereas p16INK4a-deficient ~ P16/\NK4a
melanoma cells strongly expressed Ki67 even in the presence of an Growth
inflammatory infiltrate (Supplementary Fig. 12). Thus, cytokine- arrest TagT.1
induced senescence was not restricted to Tag-expréssiagcers, !
but seems to be of broad relevance for tumour immunotherapy and
may cause tumour dormancy in sporadic human melanomas. TnfrlPPRIP-Tag2 p16INK4a Tnfr1PPRIP-Tag2
Combined IFNe and TNFR1 signalling is also necessary to arrest
b-cancersin viva? (Supplementary Fig. 1) and a senescence-like
phenotype was observed in spontaneously regressing melanomas
Thus, than vitro andin vivodata suggest thatyIL immunity arrested IHRRL
cancer progression through IFiN-and TNF-induced senescence !
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in vivo. To test this hypothesis, we first quantified senescence- Ca:mer

associated chromatin changes by counting cancer cells positive for growth  Tag.1,1 EL E%
pHP1c, trimethylation of histone 3 lysine 9 (H3K9me3), or apoptosis- 5% 5%
associated active caspase 3 by immunohistology in either sham-treated e e

mice or mice treated with TaggL cells. T,1 immunity significantly Figure 3| TNFR1-dependent induction of growth arrest and senescence in
increased pHRE and H3K9me3-positive nuclei rcancers, but not b-cancer cells by {§1 immunity in vivo. a, b, Analysis of the senescence
caspase-3-positive cells (Fig. 3a, b). markers pHP& and H3K9me3, or the apoptosis marker active caspase 3, by
To address whether;ll immunity also activated the p16INK4a... Rnmunohistochemistryd), and percentage of pHE4 H3K9me3- or active
pathwayin vivo, we double-stained sections for p16INK4a and tH@spase-3-positive cellsircancers from RIP-Tag2 mice that were glther
proliferation marker Ki67. In sham-treated mice, theancer cells Sham-or Tag-f1-cell-treatedtf). Scale bars, 16n. c,d, Double-staining for
were$ 30% Ki67 positive and only 5% pl6INK4a positivel T the senescence marker p16INK4a (red) and the proliferation marker Ki67

. - Lo . . . _(blue) ), and percentage of p16INK4a- and Ki67-positive cells in cancers from
immunity diminished Ki67 cells to 3%, and increased the fractio |P_%;g))2 Oﬁnﬂrlz 2 RI%-TaSZmice that were shaen-orTangcell-treated

of p16INK4& cells (nuclear and cytoplasmici®0% (Fig. 3c, d and (d). Nuclei are depicted in green. Scale barap25P, 0.05 from sham-
Supplementary Fig. 13). treated control. Error bars are mefrs.e.mn5 5...6l d).

Senescence induction by Timmunityin vivoalso strictly required
TNFR1 signallingTnfr1?/? b-cancers failed to increase pHP1 To determine whether senescence was also maintaineivo,
H3K9me3 or active caspase 3 when treated with Tdg-Gells we re-implanted the four differeft-cancer cell lines after the third
(Supplementary Fig. 14a, b). In addition, whether isolated from shapmassage under the skin of non-obese diabetic...severe combined immu-
or Tag-T,1-treated miceTnfr1>/? b-cancer cells expressed Ki67 butodeficient (NOD...SCIDRrg? > mice, as growth at ectopic sites
not p16INK4a (Fig. 3c, d), even though TagiTcells migrate into characterizes cancérsVithin 7 weeks, as few as 8.20° b-cancer
pancreata offnfr1*/2 RIP-Tag2 mic&. As T,1 immunity severely cells from sham-treated RIP-Tag2 mice significantly decreased blood
impairedb-cancer growtlin viva?, these data strongly suggest that thglucose (Fig. 4b) and increased the serum insulin levels (Fig. 4c),
combined IFNe and TNFR1 signalling also drove cancers into sedemonstrating the metastatic potentiallstancer cells from sham-
escence vivo. treated mice. Senescdntancers from RIP-Tag2 mice treated with

The most stringent criterion defining senescence is stable and J&rg-T,1 cells also remained growth arresitelivo, as blood glucose
manent growth arrest in the absence gflimmunity®**>¢We there- remained stable in all transplanted mice throughout the 7 weeks
fore cultured freshly isolaten-cancer cells from 12-week-old micgFig. 4b). Minute adenomas in some NOD...SR2HY /2 mice and
with medium only. Cells from sham-treated RIP-Tag2 mice first sufiarginally increased serum insulin (Fig. 4c) showed that the trans-
fered a critical loss and then re-initiated proliferation, yielding 1Glanted cells survived but remained growth arrestef fd weeks of
203 10° b-cancer cells per pancreas after three passages (Fig.idajtro andin vivoculture. Again, senescence-resistarit1? /2 RIP-
By contrastb-cancer cells from RIP-Tag2 mice treated with Tag-ag2b-cancer cells grew rapidly after transplantation and as little as
Twl cells were truly senescent, as they failed to proliferate over tHr@8 10° Tnfr12/? RIP-Tag2 cancer cells rapidly decreased blood glu-
passages and stably yielded only 0.53.200 cells per pancreas cose (Fig. 4b), irrespective of whether they were derived from sham-
(Fig. 4a). The #1-induced growth arrest remained stable when cureated or Tag-;1-treated mice. Transplanting 60% of tdiatancer
tures were extended for six passages (Supplementary Fig. 15). Aell? from sham-treated RIP-Tag2 mice generated tumours within
weeksp-cancers froniTnfr12/2 RIP-Tag2 mice yielded similar cell7 weeks, wherehascancer cells from TagglL-cell-treated mice failed
counts as those from RIP-Tag2 mice (Fig. 4)vitro, Tnfr1>/>  to grow (Fig. 4d). Only 10% bfcancer cells from sham- or TagsI-
b-cancer cells grew exponentially, yielding3 Q® cells within three  treatedTnfr1? /2 RIP-Tag2 mice generated large tumours within the
passages even when derived from Tag-freated mice (Fig. 4a). same timeframe (Fig. 4d).

21 FEBRUARY 2013 | VOL 494 | NATURE | 363
©2013 Macmillan Publishers Limited. All rights reserved

A3



 LETTER

RIP-Tag2 presence of IFN; TNF and the antiangiogenic chemokines CXCL9
and CXCL10 (Fig. 2f and Supplementary Fig. 16c, d). Importantly, this
is also validin vivo. Despite the absence of antiangiogenic signals,
senescent cancers remained growth arrested when transferred into
NOD...SCID2rc? /2 mice (Fig. 4b, c). As thejL-induced cancer cell
senescence thus explains the therapeutic efficiency of tumour-specific
Twl immunity in early cervical cancérand disseminated mela-
nom&®, Ty 1-cytokine-induced senescence may be of broad relevance
for cancer control, also in humans under therapeutic conditions.
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RIP-Tag2 and'nfr1?/2 RIP-Tag2 mice were either sham-treated or treated with
Tag2-specific 1 cells starting at week 6. Cancer cells were isolated by consecutive
collagenase...trypsin digestion from tumour tissues of RIP-Se?/? RIP-

Tag2, Tnfr1?/2 RIP-Tag2, or PyVmT-transgenic mice. Isolatedancer cells

were identified by immunofluorescence using anti synaptophysin (eadjl
marker) antibodies. Proliferationvivoandin vitro of tumour cells was measured

by BrdU incorporation, Ki67 stainingH-thymidine incorporation or cell cycle
analysis. Senescence was assessed byg&/Astaining, immunofluorescence,
immunohistochemistry or western blotting using anti-ptePanti-p16INK4a,
anti-Rb, anti-phospho-Rb, or anti-H3K9me3 antibodies, dnhytro andin vivo

growth assays. Apoptosis was determined by cell cycle analysis, orimmunohisto-
chemistry with an anti-active-caspase-3 antib@dyINK4awas knocked down

in b-cancer cells by the usesfp16...pMSCV vectors. For transfer experiments,
b-cancer cells from sham- orL-cell-treated mice (either RIP-Tag2 or
Tnfr1?/2 RIP-Tag2) were injected subcutaneously into NOD... B>

mice, and tumour growth was monitored with a caliper and by measuring blood
glucose and insulin levels.
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METHODS 0.9% NacCl solution (Tagg) or NaCl solution alone (sham) was injected intra-
Animals. C3HeB/FeJ (C3H) mice from The Jackson Laboratory, transgenic Rpgfitoneally once per week starting at week 6 (ref. 12). After 6 weeks of.Tag-T
Tag2 mic#, double-transgenignfri2/2 RIP-Tag2** and Stat?’? RIP-Tag2 treatment, all mice received a second 2-Gy total-body |_rradi‘§.tB:h)od glucose _
mice (backcross dtat? 2 mice from Taconic over 12 generations to C3H)yvas meagured using an Accu—Check sensor (Roche Diagnostics). If not otherwise
TCR2 micé all on a C3H background, and PyVmT-transgenic mice on §ated, mice were euthanized at week12. ) )
C57BL/6 backgrourdf were bred under specific pathogen-free conditiond ransfer ofpcancer cells into immune-deficient micér-cancer cells isolated
NOD...SCID2r?? mice (NOD.CgPrkde® I12rg™ ™Sz 33 were from The from the various groups qfrplce were cultured forthree passages.Then, 10...60% of
Jackson Laboratory. Animal experiments were approved by the local auth0rﬂf?@sb'c""nc‘?zr cells were injected subcutaneously into immune-deficient NOD...
(Regierungsprésidium Bingen, Germany; reference numbers HT 2/03, HT2/0$CIDII2rg2 mice. Tumour growth was monitored with a caliper, and blood
and K1/07). glucqse was measured using an Accu-Check sensor for up to 7weeks. Serum
Isolation of primary human cancer cellsTwo human rhabdomyosarcoma'”_Sl_J"” levels were determined using the rat/mouse insulin ELISA kit from
and four human melanoma cancer cell preparations were isolated from patighfidiPore- ) ) ) i
The isolation of cancer cells from patient-derived material and histology 'Btmunofluorescence and immunohistochemistryThe different cancer cells
cancers were approved by the local ethics committees (Ethik-Kommissior!&He grown on chamber slides (BD Biosciences). After treatment, the cells were
der Medizinischen Fakultét der Eberhard-Karls-Universitét und am Univefixed with acetone/methanol 1:1. The slides were washed with PBS buffer and
sitétsklinikum Tibingen, Germany, reference numbers 072/2011B02, 1895% Tween 20 at room temperature (21CP3blocked with serum-free
2008BO1 and 017/2012BO2; and Ethik-Kommission (KEK), Gesundheitsdit@RKO-Block (DAKO), washed again, and then incubated with the following
tion Kanton Zirich, Switzerland, reference number Nr. 647). Informed consefftibodies: anti-Ki67 (dilution 1:100; Abcam), anti-PCNA (dilution 1:100; Cell
was obtained from all patients. Signaling Technology), anti-pHP1(dilution 1:100; Abcam), anti-H3K9me3
Cell culture and single-cell analysid.ag-specific 1 cells were isolated and (dilution  1:500; Millipore,), anti-p16INK4a (dilution 1:100; Santa Cruz
generated from female TCR2 mice and characterized by flow cytétetry Blptelchnology), anti-SV40 Tag (dilution 1:100; BD Biosciences), anti-MHCII
Tumours were isolated from sham- or TagdFcell-treated female RIP-Tag2(dilution  1:50; eBioscience) or anti-synaptophysin (undiluted; Lifespan
mice, sham- or Tag+Tl-cell-treated femal@nfr1?’2 RIP-Tag2 mice, female Biosciences). After washing, the slides were incubated with anti-rabbit Alexa488
Statf /2 RIP-Tag2 mice, or mammary-tumour-bearing PyVmT-transgenic miélvitrogen), anti-rabbit-Cy3 (Dianova), anti-mouse Alexa555, or anti-mouse
by collagenase digestion (1 mghiServa) for 10 min at 3, and then sepa- A[exa488 (both from Cell Signaling Technology), washed again and incubated
rated under a dissection microscope (Leica Microsystems). Tumour cells Wt DAPI (Invitrogen). Finally, the slides were washed, mounted with fluor-
obtained by incubation in 0.05% trypsin/EDTA solution (Invitrogen) at37 €Scence mounting medium (DAKO) and analysed using a Zeiss Axiovert 200
for 10 min, and seeded on tissue culture plates. Adherent cells were culturedP§Foscope (Zeiss) with the VisiView software (Visitron Systems).
2...7 weeks in RPMI 1640 supplemented with 10% fetal calf serum, non-esserftig@sh...frozen cryostat sections of whole pancreata were stained as Hescribed
amino acids, antibiotics and 5 2-mercaptoethanol at 3T and 5% C@ The N brief, the sections were fixed with periodate...lysine...paraformaldehyde, blocked
murine cancer cell lines B16, LLC and CT26 Ep&amaddition to 11 human With donkey serum (dilution 1:20), and then incubated with rabbit anti-ptiP1
cancer cell lines from the NCI-60 paffesix primary human cancer cell prepara-(dilution 1:80), mouse anti-PCNA (dilution 1:50), mouse anti-p16INK4a (dilu-
tions and human rhabdomyosarcoma cells (A204 cells) were grown in compli&@ 1:50), or rabbit anti-Ki67, rat-anti-MHCII (dilution 1:50), or rabbit-anti-
RPMI 1640 medium. If not otherwise stated, subconfluent cells were treated Withaptophysin (undiluted) antibodies. After washing, the sections were incubated
100 ng mit * mouse or human IFN: (R&D Systems), or 10 ng ft mouse or  With Cy3-conjugated donkey anti-rabbit, donkey anti-mouse, or Cy5-conjugated
human TNF (R&D Systems), or with a combination of mouse or humandFNdonkey-anti-rabbit, donkey-anti-mouse, or donkey-anti-rat-dylight 549 and
(50...100 ng ft) and mouse or human TNF (0.1...10 ngnfor 2...6 dayb- ~ donkey-anti-rabbit-dylight 649 IgG (all from Dianova). Before mounting the
cancer cells were identified by immunofluorescence using an anti-synaptoph§fies with Mowiol (Hoechst), nuclei were stained with Yopro (1:2,000; Invi-
antibody (undiluted; Lifespan Biosciences). trogen). The sections were analysed using a Leica TCS-Sp/Leica DM RB confocal
Knockdown of p16INK4a.53 10* b-cancer cells were seeded in 6-well culturiser scanning microscope (Leica Microsystems). Images were processed with the
plates. After 72 h, cells were transfected with 2 ml cell culture supernatant conthfica Confocal Software LCS (Version 2.61).
ing shCtrlor shp16...pMSCV vectordin the presence ofriy mF * polybrene  Formalin-fixed pancreata were embedded in paraffin. Sectionsi@.thisk)
(Sigma) for a total transduction time of 12 h. After 5 days, transduced cells w&gge cut and stained with haematoxylin and eosin. Immunohistochemistry was
selected by treatment wittny mP * puromycin (Sigma) for 72 h. The transduc-performed on an automated immunostainer (Ventana Medical System) according
tion rate was determined by counting green fluorescent protein-positive ctlighe manufacturerss protocol, with minor modificati¢hdhe antibody panel
under a Zeiss Axiovert 200 microscope (Zeiss). used included activated caspase 3 (Cell Signaling Technology), Ki67 (DCS
In vitro proliferation assaysAfter treatment, cancer cell proliferation was mealnnovative Diagnostik-Systeme), pHP{Abcam) and H3K9me3 (Cell Sig-
sured either by the’H]-thymidine-incorporation assa$, or by the BrdU-based naling Technology). Formalin-fixed and paraffin-embedded melanoma were
Cell Proliferation ELISA and XTT-based Cell Proliferation Kit Il according to tHgained using monoclonal mouse-anti human Ki67 (clone MIB-1; DAKO) or
manufacturerss protocols (Roche Diagnostidil)-fhymidine incorporationwas  the CINtec p16INK4a Cytology Kit (Roche mtm laboratories AG).
quantified using a MicroBeta TriLux counter (PerkinElmer) and colorimetrigA--gal activity assayCancer cells were fixed for 15min at room temperature,
analyses were performed on a Multiskan EX microplate reader (Thermo Electrenyl then stained for 16 h at 8€ using theb-Galactosidase Staining Kit (United
In vitro growth-arrest assaydhe different cancer cells were seeded at a dens®jates Biological). Ségal-positive and -negative cells were then counted using a
of 13 10" cellscm 2. Next, the cells were treated with control medium or cytoZeiss Axiovert 200 microscope (Zeiss). In some experiments, the cells were coun-
kines as described above for 4...5 days. After treatment, the cells were trypsiarséined for synaptophysin by immunofluorescence, and synaptophysin... SA-
and viable cells (trypan blue exclusion) were counted under a Zeiss Axioverg@sdouble-positive cells were counted.
microscope (Zeiss) using a Neubauer counting-chamber (Karl Hecht GmbH). Tkl cycle analysisAfter treatment ob-cancer cells, cell cycle analysis was per-
cellswere seeded & 2.0% cells cni 2and grown in complete RPMI 1640 mediumformed using the BD Pharmingen FITC-BrdU Flow Kit according to the manu-
until the control cultures reached confluence. Then, the cells were trypsinifadiureres protocol (BD Biosciences). The samples were analysed by flow
counted and seeded again. After passage 1...2, 1,000...3,000 viable cells weaytsareleg on a LSR Il from Becton Dickinson, and the following cell cycle phases
on Multiscreen™ HTS 96 well Filtration Plates (Millipore), and proliferation wasvere determined as a percentage of the total population: sub-G1 (apoptotic cells),
measured by the BrdU-based Cell Proliferation ELISA (Roche DiagnosticsHGO (2n, BrdU-negative), S (2n to 4n, BrdU-positive) and G2/M phase (4n,
combination with the VectorSG Substrate Kit for Peroxidase from VectBrdU-negative).
Laboratories to visualize BrdU-incorporating cell clusters. BrdU-positive spdfestern blotting. After treatment, cancer cells were lysed in lysis buffer (50 mM
were counted with an ELISPOT reader (Bioreader-3000; Bio-Sys). In additioms-HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% SDS, 1 mM NaF, 1 mM
some cultures were stained wit§6tdiamidino-2-phenylindole (DAPI; Invi- NagVO, and 0.4%b-mercaptoethanol) containing a protease inhibitor cocktail
trogen) to visualize the nuclei of adherent cells. and a phosphatase inhibitor cocktail (PhosSTOP, Roche Diagnostics). Alterna-
Analysis of CXCL9 or CXCL10 in the supernatant df-cancer cellsb-cancer tively, cytoplasmic protein extracts were obtained from the cell cultures using the
cells were either treated with medium alone or with IEBRAd TNF. After 24h NE-PER extraction kit (Thermo Fisher Scientific) according to the manufactureres
incubation, CXCL9 or CXCL10 levels were determined in the cell culture sugmotocol. Before use, protease inhibitors and PhosSTOP were added to the lysis
natants using the mouse CXCL9 or mouse CXCL10 ELISA kit from R&D Systelmsfers CER | and NER. After determination of protein content by the bicincho-
Treatment of mice with Tag-T,1 cells Before the first Tag-T1-cell-based ther- ninic acid assay (Thermo Fisher Scientific), proteins were resolved by 12% SDS...
apy, all mice received 2-Gy total-body irradiation. Theh, 11’ Tag-Tyl cellsin - PAGE or by Mini-PROTEAN TGX Precast Gels (4...15%; BioRad), transferred
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onto a polyvinylidene difluoride (PVDF) membrane and blocked with 3% nofCCTTTCTG; humanIFNGR2 (558 bp): sense GTACACAGATCACAGC
fat milk in TBS/0.1% Tween 20 (TBST) as descfb@the membrane was incu- AACAG and antisense TCAGGACCAGGAAGAAACAG; humaNFRSF1A
bated with anti-p16INK4a (1:1,000; Santa Cruz), anti-Rb (Ab-780) (1:1,0GB880 bp): sense GGACAGGGAGAAGAGAGATAG and antisense GAGGAGGG
anti-Rb(phospho-Ser-795) (1:1,000; both from SAB Signalway Antibody), aATAAAAGGCAAAG.

CXCL9 (1:2,000), anti-CXCL10 (1:2,000; both from R&D Systems), ob-antiStatistics.If not otherwise stated, data were expressed as arithmetic Seans
actin antibody (1:1,000; BioVision). After washing with TBST and subsequaté.m., and statistical analyses were made by unpaggiior analysis of variance
blocking, the blots were incubated with goat anti-mouse horseradish peroxidisiag Dunnettes or Tukeyes test as a post hoc test, where apprdpyricdeds was
(HRP)-conjugated antibody or with goat anti-rabbit HRP-conjugated antibodpnsidered statistically significant.

(1:3,000; Cell Signaling Technology), washed again, and antibody binding was

detected with the ECL detection reagent (Amersham). Immunoreactive bafrisHanahan, D. Heritable formation of pancreatic b-cell tumours in transgenic mice

were quantified using the ImageJ software (National Institutes of Health), and i){gres'lsz'gg(;gg%';]b'"am'nsu""/S'm'an virus 40 oncogenes. - Nature 315,

the phospho-Rb/Rb ratio of the samples was calculated. ) 32. Pfeffer, K. et al. Mice deficient for the 55 kd tumor necrosis factor receptor are
Chromium release assa.53 10 target cells were labelled with 250i (9.25 resistant to endotoxic shock, yet succumb to L. monocytogenes infection. ~ Cell 73,
MBq) **NaCr (Hartmann Analytic) at 3@C for 1.5 h. After incubation, cells were 457...467 (1993).

washed and plated into microtitre round bottom plates & 10" cells per 33. Forster, ., Hirose, R., Arbeit, J. M., Clausen, B. E. & Hanahan, D. Limited capacity for
well. Effector cells were added at different effector to target ratios and incubatedgo;g”zgg‘;”(gggg‘ T cells specific for a pancreatic b cell neo-antigen. Immunity 2,
at37uC for 4 h. Spontaneous release in the absence of effector cells was alwayg le glione, J. E. et al. Transgenic polyoma middle-T mice model premalignant

then 30% of the maximal release induced by Triton X-100 (1%). After incubation, mammary disease. Cancer Res61, 8298...8305 (2001).

50m supernatant per well was mixed with 2@Gcintillation cocktail (Ultima  35. Shultz, L. D., Ishikawa, F. & Greiner, D. L. Humanized mice in translational

Gold, PerkinElmer) and measured in a liquid scintillation counter (MicroBeta, biomedical research. Nature Rev. Immunol.7, 118...130 (2007).

PerkinElmer). 36. Ziegler, A. et al. EpCAM, a human tumor-associated antigen promotes Th2

Gene-expression analysighe gene expression bfcancer cells and different __  development and tumour immune evasion. Blood 113, 3494...3502 (2009).
d human cancer cell lines was analysed after RNA purification g?].dMonks, A. et al. Feasibility ofah|gh_-flux anticancer drug screen using a diverse
mouse an o . Y , X p it panel of cultured human tumor cell lines.  J. Natl. Cancer Inst83, 757...766 (1991).
reverse transcription by PCR essentially as desttibEte following primers  3g Keyes, W. M.et al. p63 deficiency activates a program of cellular senescence and
were used: mous€dkn2a(pl6INK4a (146 base pairs (bp)): sense TTGCCC  leads to accelerated aging. Genes Dev.19, 1986...1999 (2005).
ATCATCATCACCT and antisense GGGTTTTCTTGGTGAAGTTCG; neous39. Dickins, R.A.etal. Probing tumor phenotypes using stable and regulated synthetic
Ifngrl (474 bp): sense AGGAGGAAGAAGGAAGAACAG and antisense MIicroRNA precursors. Nature Genet.37, 1289...1295 (2005). ‘
TACCACAGAGAGCAAGGAC; mouséngr2 (533 bp): sense TCATACACTTC 40. Kneilling, M. et al. Direct crosstalk between mast cell-TNF and TNFR1-expressing
d anti éACATCATCTCGCTCCTTTTC' Juesfl endothelia mediates local tissue inflammation.  Blood 114, 1696...1706 (2009).
TCCCCTCCC and antisense S MAUBESTa 4 Kunder, S. etal. A comprehensive antibody panel for immunohistochemical
(531 bp): sense TTCCCCTCCTACCTTCTCTCT C and antisense TITTT analysis of formalin-fixed, paraffin-embedded hematopoietic neoplasms of mice:
CACACTCCCTG; mouskprt (90 bp): sense TCCTCCTCAGACCGCTTTT and  analysis of mouse specific and human antibodies cross-reactive with murine
antisense CCTGGTTCATCATCGCTAATC; mougeflal (119 bp): sense tissue. Toxicol. Pathol.35, 366...375 (2007).
ACACGTAGATTCCGGCAAGT and antisense AGGAGCCCTTTCCCATCT@2. Hennige, A. M. et al. Overexpression of kinase-negative protein kinase C din
mouse Cxcl9 (80 bp): sense TTTTCCTCTTGGGCATCATCTT and antisense pancreatic b-cells protects mice from diet-induced glucose intolerance and ~ b-cell
i ) ) dysfunction. Diabetes59, 119...127 (2010).
AGCATCGTGCATTCCTTATCACT' mousexcl1(111 bp): sense GCTGCCG43. Biedermann, T. et al. Mast cells control neutrophil recruitment during T cell-
TCATTTTCTGC and antisense TCTCACTGGCCCGTCATC; hurtfeNGR1 mediated delayed-type hypersensitivity reactions through tumor necrosis factor

(417 bp): sense TCTCCTCTTTCTCCTACCCC and antisense ATTTGTCC and macrophage inflammatory protein 2. J. Exp. Med192, 1441...1452 (2000).

©2013 Macmillan Publishers Limited. All rights reserved

A7



SUPPLEMENTARY INFORMATION

doi:10.1038/nature11824

a r' N r' N
- Z
i F
<
Anti-CD4 Anti-CD4
b
1404 RIP1-Tag2 1401
120 - 120 4
100 100
S 80+ S 80
] ﬁ [}
(%] [%]
S 60 - S 60 -
3 \ 3
5 404 \ 5 40-
'§ El Sham b '§
o 204 MTagTyl g o 20
0 T L] L] T T 1 0
6 7 8 9 10 11 12
age (wk)
c
RIP1-Tag2
; '?.“.,.,.'L_...,-i
Sham
Tag-T, 18

Suppl. Fig. 1  Treatment of RIP1-Tag2 mice with IFN-
leads to TNFR1-dependent stabilization of blood gluc

growth

a,

fot of 7
° o, o ¢

b, %o °

2 o_ oo

, - &
'ch(fo-

S

(foo ° ¢

€

%0

A8

Anti-IL-4

Anti-CD4

TNFR17xRIP1-Tag2

El Sham
N Tag-T,1
6 7 8 91'01I11I2
age (wk)

TNFR1"xRIP1-Tag2

- and TNF-secreting Tag-T .1 cells
ose levels, and arrests islet cancer

oo € . ° -
'TCE < f oo . -
c, £ ”

WWW.NATURE.COM/NATURE | 1



(N=1=N: SUPPLEMENTARY INFbRMATION

Exo.

-cell tumor

. . ® 0000 o o oo .-'€,f'”

2 | WWW.NATURE.COM/NATURE

A9



SUPPLEMENTARY INFa{=S]=a\3) N

Tag-T,1-treated RIP1-Tag2 IFN- +TNF-treated
-cancer cells

MHC I MHC Il Peritoneal

Synaptophysin M

c d
60~ 60
m Tag-T,1 O—— cD8*Tcells
45 -
82} 82}
2 30- 2
L2 2
3 3
& 154 3
0 m_i\? O A —
1 10 20 30 40 1 10 20 30 40
effector: target ratio effector: target ratio
Suppl. Fig. 3 -cancer cells fail to express MHC class Il either or and are not
lysed by Tag-T .1 cells
a,
. + ot
. oo Eof o b, " €
€ o ° %0 * %o°
oo . . t
o- £.f, c i S o . .
< . o T E + oo of
T E + cee o T .

WWW.NATURE.COM/NATURE | 3

Al10



N=1=N: SUPPLEMENTARY INFbRMATION

a Sham b 6000 -
Exo. —~ 4500
IS
(o8
O
Endo. °
.S 3000 -
R
IS
>
£
c;,ll: 1500 +
*
Exo.
0 i
Endo. Sham Tag-
o Tyl

Suppl. Fig. 4  Treatment of RIP1-Tag2 mice with Tag-T 1 cells leads to inhibition of
cancer cell proliferation and
a, o o o

L) . e o o0 - b, €

4 | WWW.NATURE.COM/NATURE

All



SUPPLEMENTARY INFa{=S]=a\3) N

Tag-T,1 cell-treated Tag-T 1 cell-treated
+ IFN-

Large T antigen

Synaptophysin

Overlay

Suppl. Fig. 5 T,41 immunity and IFN-  do not suppress Tag expression.

oo . . . .- €,o

WWW.NATURE.COM/NATURE | 5

Al2



(N=N1=Y: SUPPLEMENTARY INFORMATION

Al3



Al4

SUPPLEMENTARY INFER{=N1=a\3) N



IN=ZN: SUPPLEMENTARY INFORMATION

Al5



SUPPLEMENTARY INFER{=S]=7a\3) N

a b m
|
©o 6-
=
< 44 |
0
3
o 2
a
8
~0 ——
1 2 3 4
Passage number
after transfection
C Samples for d
PCR ©
¥ 1.00
50000 cells/l 50000 cells/ =
9.6 cm? 9.6 cm? %_0.75
Cytokine Medium 5
ltreatment only s 0.50
> 2
$0.25 I
. g o0
cell line p4 o}
©
04
Suppl. Fig. 9 Knock-down of p16 '"4a py the use of ShRNA.
a, ee 000 o -e £ , e f b’ £
. S 5 - o € T e f %o t S
L] T L1 1¢ S L] L] s L] L]
L1 14 S L] € L] € L] LL N ] (E e00e -0 L]
o Ef C Z o . t € E %o - o o f
dl’ e £ , e ((E - o o o((Ee o o — ”f
" L] € L] (1] L] b’ d.f . y (1] € L] €. o0

. ..T - . L -___T:toof

Al6



(N=N1=Y: SUPPLEMENTARY INFORMATION

Al7



SUPPLEMENTARY INFER{=S]=7a\3) N

b .
1% IFN- + TNF

L

b4

Passage number

log ,, (viable cells)

Treatment TMedium only

Wash

d e

Co. IFN- + TNF

Suppl. Fig. 11 Combined IFN- and TNF treatment induces stable growth arrest and
profound Rb hypophosphorylation in A204 rhabdomyosarc oma cells.

a,
0o 000 0 £ oo o-f - fe. o .. Fe b, c,
€, cooe o -
° e - %0
~ . . S o < Et
t "o . be " Ce
cooe o€ _e 7 ¢ %o
%o . fe . €t beed, €, * o'
oo " eoe o€
— e (dee 7 £ ¢ . gee [ .
° Qoo

Al8



(N=N1=Y: SUPPLEMENTARY INFORMATION

Al19



SUPPLEMENTARY INFER{=S]=7a\3) N

A20



IN=ZN: SUPPLEMENTARY INFORMATION

TNFR1"xRIP1-Tag2

b TNFR17xRIP1-Tag2

[l
[

|jr:| B Y

Suppl. Fig. 14 Failure of Tag-T .1 cells to induce senescence markers in TNFR1  xRIP1-Tag2

mice
a‘ [ ]
coce ‘e o-£ , Y
.- b, t - . .
o« - . o-o cooe o o.£
. b
T Foo. ... o o€ Fig.

3a, b, , T %% S .. < -

T E.. Z -

108 €€%0 €’

A21



SUPPLEMENTARY INFER{=S]=7a\3) N

A22



IN=ZN: SUPPLEMENTARY INFORMATION

shp16/19

[]
[

A23

CXCL10 (pg/ml)

104
108
102
10t

shpl6/19

A
1.

Co.
Co =

7‘><
Me 7 IZIDD

/A‘
7‘/\/ i~
/A‘



SUPPLEMENTARY INFa{=S]=a\3) N

A24



RESEAR

SUPPLEMENTARY INFORMATION

N + + + 89 +18 94 +16

%eo€e + + + 17+6 16+ 3
S + + + 7Tx1 11+6
v:’/i: + + + 66 + 20 205
? - + + + 35+7 84 +17

< ® < . (oo o E o — .
B . o o ¢ (Eee o “ee B — < E ° <
e — o . < e < (Eee o " oo
To_(E . < o” * o_“_f
L — - < < o o — (E ™ (é ™ .

A25



SUPPLEMENTARY INFER{=SI=IA:) N

. N ) f€
Ti ’T N %o e -9%0 oo -,%o o f %o o f

: oo Lt fo ot

tt o e S LLE e
. zZ .
S oo -0%g oo - %0 oo f%O
- f ;o
%0 -

A26



(N=N1=Y: SUPPLEMENTARY INFORMATION

A27



SUPPLEMENTARY INFER{=S]=7a\3) N

A28



___________________________________________________________________________________________________________________|
Cell Cycle 12:19, 3146-3153; October 1, 2013; © 2013 Landes Bioscience

Changing T-cell enigma
Cancer killing or cancer control?

Thomas Wiedét, Heidi Braumlléf, Ellen BrennérLars Zendérand Martin Récken

Department of Dermatology; Eberhard Karls University; Tiibingena@®getDivision of Molecular Oncology of Solid Tumors; Department of Internal
Medicine I; Eberhard Karls University; Tubingen, Germany

These authors contributed equally to this work.

Keywordsimmune therapy, tumor
dormancy, cancer therapy, growth
arrest, cell cycle control, senes-
cence, T helper-1 cells, interferon-
tumor necrosis factor, &

AbbreviationsFor list of abbreviations,
see page 6.

Submitted: 07/16/2013
Accepted: 08/05/2013
http://dx.doi.org/10.4161/cc.26060

*Correspondence to: Martin Récken;
Email: mrocken@med.uni-tuebingen.de

3146

Old Ideas, New Insights

distribute.

D ata from different laboratories and
theoretical considerations chal-
lenge our current view on anticancer The best and probably only real eradi- 3=
immunity. Immune cells are capable ofation of solid cancers is complete surgicat
destroying cancer cells under in vitrexcision. This is important, as most can-
and in vivo conditions. Therefore, celcer patients die from cancer metastase
lular immunity is considered to con-and disseminated disease and not fro

trol cancers through mechanisms thahe primary cancer. Only very few can- -
kill cancers. Yet, therapeutic anticanceers, like basal cell carcinomas (BCC),
immune responses rarely delete canceran de nitely be eradicated by surgery.

If ef cient, they rather establish a lifeAnalysis of single disseminated tumor QC)
with stable disease. This raises the que®lls and experimental data from mice.—
tion of whether killing is the sole mechastrongly suggest that most cancers ar
nism by which immune therapy attackslready disseminated at the time of exci-m
cancers. Here, we show that, besides®n? Thus, tumor dissemination seems « =
cancer eradication by cytotoxic lymphato occur very early during tumor devel-
cytes, other modes of action are operatiepment. Nonetheless, a large propor-
and strictly required for cancer controltion, and sometimes even the majority of @)
We show that T helper-1 cells arregpatients are “clinically” cured. Most can- 5
cancer growth by driving cancers intaers seem to survive de nitely at a state ofC
a state of stable or permanent growttdormancy” in various organs, mainly the (O
arrest, called senescence. Such immusmne marro As the risk of dying from

cells establish cytokine-producing wallsancer seems to depend on the tumor
around developing cancers. When prdsurden caused by the metastases and isq
ducing interferon- and tumor necro- related to the extend of micrometastasigD)
sis factor, this cytokine-induced tumoobserved, surgery is frequently followedQ\]
immune-surveillance keeps the cancby complementary treatments. The main
cells in a permanently non-proliferatinggoal of such complementary strategies is
state. Simultaneously, antiangiogenithe reduction of cancer load.

chemokines cut their connections to the The “magic bullets” concept was origi-
surrounding tissues. This strategy signifially introduced by Paul Ehrlich more
icantly reduces tumor burden and prothan 100 years ago. Today this concept,
longs life of cancer-bearing animals. Amsed on the eradication of the remain-
human cancers also undergo senesceriog,tumor mass, was extended to concepts
the current data suggest tumor-immunéhat include cellular destruction using
surveillance through cytokine-induce@hemotherapy, different physico-chem-
senescence, instead of tumor eradicatidoal regimen such as radiation therapy,
as the more realistic and primary goal @r immune therapy using cytotoxic T
cancer control. cells (CTL) or natural killer (NK) cells
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I ————————  EXTRA\VIE\

(Fig. 1A. The clinical realization of thiswvith the common principle based on thef these therapies help only a minority of
concept was re ected on one side by timeluction of cell death through differenpatients, and the mean prolongation of
extensive cancer surgery that includeéchanisms. They include apopt8sidife is only in the range of months, even

large excision of cancers, the cancer sarious modes of necrdsiaytophagi?

for the most aggressive therapies. The

rounding tissues, and all related lymman lysis of cancer cells by T cells or NKcurrence of drug- or radiation-resistant
node areas, as exempli ed by the Halells3* Recent strategies combine cheancer cells and metastases remains the

sted procedure in case of breast cawstherapy and immune responses.

most important problem of those strate-

cer?® a method which was most popular In the last 2 decades, great intellectuaés. In addition, this problem is compli-
between 1960 and 198@n the other and nancial efforts were made to fucated by the unavoidable side effects of
side, the discovery of methotrexate andthsr develop the “magic bullets” concephany cytotoxic treatments on normally
therapeutic effects by Sidney Farber addw drugs, including biologic respongoliferating tissues, like hair follicle,

the subsequent bene cial effects of theodiers such as monoclonal antibodie®ne marrow, or mucosa and, in some _=
multi-drug chemotherapy as treatmenAb), antibody fusion constructs such eases, hormone-producing cells. The col-_FB
of childhood leukemia helped to declabéspeci c antibodi€’$,monoclonal anti- lateral damages such as those resultinds
the “war on cancer” that was developbddies drug conjugates like Trastuzumtbm the impairment of normal hormone- O
to ultimately delete the cancer disease @ortansing, or recombinant proteinsproducing cells still represent important "s—
a review, see refs. 8 and 9). Subsequédiitly interferon-%° have been successfullyroblems of those strategies. "(7)
multiple strategies were developed, iatroduced as cancer treatment. Yet, mostGiven that tumors share a quite diverse'z—3
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spectrum of mechanisms to secure their
growth and to escape from treatment—"a'
mediated or the body’s “counter-attatk,”
alternatives to “war-based” ghting strat-
egies should be sought to cope with this
devastating disease.

The “defensive wall“ concept is an -
alternative approach that relies on a les
militant approach of cancer coritrol O
(Fig. 1B. Such a strategy tries to create GC)
conditions of normal life in the presence.—
of tumor dormancy, rather than focusing O
on maximal killing of disseminated can- N
cer cells. This approach has not been thor-—
oughly tested. Yet, the bene t of different
treatment strategies may be subsumed
under such a “tumor dormancy strategy.” @)

One well-established cancer treatment5
that may work by building a “defensive C
wall” against cancer is hormone with- (O
drawal for prostdfeor breast cancdr. —I
Neither testosterone nor estrogen with-
drawal has chemotherapeutic properties—|
nonetheless, both treatments are amongD
the most ef cient anticancer therapies cur-Q\J
rently available. For example, testosteron
withdrawal for prostate cancer prolongs
the progression-free survival of patients by
8 mo?® On the other hand, estrogen with-
drawal by combination therapy for breast
cancer prolongs the life of patients by 6
mo, with a median overall survival of 47.7
mo2° In comparison, the median overall-
advantage of Trastuzumab emtansine for
HER2-positive breast cancer is 5 mo, with
a median overall survival of 30.9"h@ne
has to be extremely careful in comparing
different patient populations with different
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necrosis, for cancer chemotherapy daboration of the model in 3-dimeneascade originating from the tumor cells
long been anticipaté¥° Further elabo- sional in vitro cell culture experimenthemselves, or whether extrinsic signals
ration of the signaling pathways revealed to the description of tumor dormancsay prevent cancer by driving potential
that drug-induced apoptosis might eithas an equilibrium of cell death (necreancer cells into a state of permanent dor-
be death receptor-depenéferatr death sis) in the center and proliferation in th@ancy. In order to ultimately solve the
receptor-independent and mediated Ipgriphery of spherical tumétsLater, problem of these dormant, yet still haz-
the mitochondrial apoptosis path#aytumor dormancy was discussed eitheraadous cells, the organism should also pro-
In both cases, apoptosis depends on #meequilibrium between cancer cell kilde a mechanism to clear senescent cells
activation of caspases, the main effemg and cancer cell proliferati®mr as in the long run. Indeed, immune cells can
tor pathways of programmed cell deatln active suppression of cancer grovethar senescent cells as a nal act of cancer
Necrosis signaling by drug treatmeand tumor-angiogenesis.Since then, clearance. This step seems to play a critical
clearly differs from apoptosis inductiomnhis concept was extended by two impaole in cancer prevention and was termed

as drug-induced regulated necrosis cataesaspects: the induction of permanefsenescence surveilladte”. _.q_,)
a caspase-independent cell dé&thn tumor growth arrest and the role of the S
the case of TNF treatment under spetitmor environment. Induction of Permanent o)
ed conditions (e.g., high leukotriene A4 Growth Arrest and Senescence e
hydrolase levels), programmed necrosis Permanent Growth Arrest or through Extrinsic Signals "(7')
(necroptosis) may be mediated througﬁﬁanescence, and the Intrinsic Signals . —
RIP1 and RIP3, cyclophilin D, and acid Recently, Braumuller et al. found for O
sphingomyelinase. Permanent growth arrest (senescenit®) rst time that not only intrinsic but "5

Cancer immune therapy also mainbf eukaryotic cells was rst observed @hso extrinsic factors can drive cancer cellt
focuses on cancer eradication. These sfrashly isolated and cultured brobl&stsnto the senescence progfafihis rst
egies generally rely on CD8&totoxic and thought to de ne the nal lifespan oflescription showing that extrinsic factors
T lymphocytes (CTL) or natural killera normal cell, when it has lost the capaaign induce senescence has multiple impIiD
cellg#2*3Especially during the eliminatiorio devide. It was shown that normal celiations. An important one is that it fun-
phase of cancer, cytotoxic lymphocytesrbor an intrinsic aging program thatamentally changes the current conceptCD
seem to be capable of destroying hightermines their lifespan, and 3 differeoi the interaction of the immune system
immunogenic transformed tumor c&ls.Hay ick factors regulating the lifespan afith cancers. Until then, it was believed c
Alternatively, macrophages may cleam organism, namely telomere shortahat the immune system can only be con-.—
cancer cells that underwent oncogereg, pl6' derepression, and DNA damsidered in terms of killing. The authors, 8
o

e

induced senescerit&herefore, immune age, were de ned (for review, see ref. 499wever, showed that IFN-and TNF-
surveillance is discussed as being criticipescence is different from any typepobducing TAA-specic JL cells are
involved in cancer contt®iOne prevail- killing, as growth-arrested cells can liwapable to drive cancer cells into sene
ing concept suggests that dendritic cdlds long periods of time. More imporcence-de ning permanent growth arrest,
orchestrate CD4T helper cells and CD8 tantly, senescence was found to be th@rocess occurring even in the absencg])
cytotoxic T cells to contribute to the bodnajor difference that distinguishes a “na@f oncogene-stress or substantial DNATS
ies anticancer machin&yEventually, mal“ from a “cancer* cell. The concegtamagé.Detailed in vitro and in vivo C
poorly immunogenic or death-resistanf senescence changed fundamentallyalysis revealed that the combined action(O
tumor cells may escape immune surveiken oncogene activati®rpDNA dam- of IFN- and TNF is needed to stabilize —I
lance and reestablish tumor grottthage? and cellular stré$svere describedthe p16*aRb pathway by keeping Rb in
Thus, the critical question which lymphoas fundamental endogenous triggers &hypophosphorylated state, to arrest the—|
cyte is most effective for the treatmenttoanscriptional gene silencihgThese cells in the 3G, phase of the cell cycle, O
cancer disease may differ with the candata showed that premature senesceacé to induce a permanent cell cycle arresQ\]
developmental stage and the speci c phpsavides a natural barrier against cgirig. 2A and B. Importantly, this growth g@

of immune surveillance. cer development and thus representareest was permanent, i.e., cancer cells di
genuine protective physiological barrieot restart to proliferate after cytokine
Tumor Dormancy against cancer. The concept was furthemoval. Others had reported that sig-

supported by data showing that impainaling for a cell cycle arrest can only be

Besides cancer cell killing, varioirsg this barrier promotes the progressionnverted into senescence when the cell
studies show that cancers often acquifebenign tumors into malignant caneycle arrest is associated with a second sig-
a kind of non-proliferative state, and theers'®4” Although these data from indenal, e.g., inappropriate growth-promotion
term tumor dormancy has been coingmndent research groups clearly revismbugh mTOR activatioff.In line with
in the early seventies of the last centuthat senescence is a physiological deféiise the cytokine-induced permanent
This state was originally described in viReechanism against cancer, the questign®vth arrest also needs at least 2 simul-
and induced by prevention of neovasawmain whether oncogene-induced senesieously acting input signals: IFN-
larization of the tumor tisséfeFurther cence relies only on an intrinsic signalingd TNF receptor 1-dependent signaling
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(Fig. 2B. This recent experimental evieells activate macrophages of the tunmeechanism strictly depends on an appro-

dence showing that extrinsic signasoma. Stimulated macrophages thpriate microenvironment. Thus, loss of
can induce senesceéneell encourage secrete transforming growth factahat
researchers and clinicians to investigatés as a critical non-cell-autonomoleads to an in ammatory microenviron-
other extrinsic senescence inducers @rdlcer of cellular senescence. The tummeent that promotes lymph node metas-
address senescence induction as a spgica@ha may therefore serve as a reseteais of colorectal tumétsThis tumor

form of cancer immune therapy. In addfer signals mediating the feedback sermagroenvironment is affected by multiple
tion to the immunotherapeutic approachegnce induction loop necessary to lingenetic and acquired factors; it is de nitely
using tumor-speci ¢ lymphocytes andumor developmefi. Yet, this control not only affected by the tumor itself, and

or immune-modulating  cytokines,

p53-enhancing approaches, modulation of
the cell cycle machinery by kinase inhibi-
tors, or targeting replicative senescence by
telomerase inhibitors may serve as promis-
ing strategies for the therapeutic activation
of the senescence program, and may be
especially suitable for the development of
novel types of cancer immune therdpies.
In this context, it is interesting that newly
developed cancer therapies targeting othe
cellular signal transduction pathways,
e.g., the mutant BRA®, may also
cause permanent growth arfe3aken
together, senescence is not only an intrin-
sic process that protects the organism
from harmful proliferation of transformed
cells; senescence can also be triggered
either by small molecules interfering with
intrinsic signaling cascades, like the Ras-
Raf phosphorylation cascade, and, most
importantly, also by extrinsic signals, such
as cytokines when delivering coordinated
senescence sigridls.this respect, active
senescence induction resembles the apop
tosis program which can also be activated
by either intrinsic or extrinsic signals, and
is therefore an established target of mul-
tiple anticancer strategies, e.g., chemo-
therapy or radiation therapy.

Tumor Environment

Tumor dormancy occurs not only cell

autonomously, but also strictly depen
on the tumor environment (for review
see ref. 51). An intact immune system
required for the remodeling of the tumc
microenvironment and the inductior]
of sustained tumor regression in mi
suffering from lymphoma or leukemiz
Interestingly, this cancer-protective effe
of the immune system is at least in pz
mediated through chemokines, such
thrombospondin%.Using another trans-
genic mouse lymphoma model, it w
demonstrated that apoptotic lymphom
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T,1 immunity, for example, can heavilincluding antigenic peptides of tumopeaceful life with a domesticated cancer
change the cancer surrounding mflféu.drivers, like the tumor driver T antigeompens a long-sought door to basic and
The key importance of such a microenyifag), are generally released by damagjedcal research to develop more ef cient
ronment for cancer control and prognodismor cells. TAAs are then taken up amohd, most importantly, long-lasting and
in humans was best demonstrated for ga®sented by dendritic cells in the draisigni cantly less toxic treatments for this
trointestinal cancers. Here, the descripg lymph nod® or in the cancer sur-life-threatening group of disedses.

tion of the cellular microenvironmentounding lymphoid tissues, where they

surrounding and in ltrating the cancerstimulate adoptively transferred TAADisclosure of Potential Con icts of Interest
provides by far the best prognostic insighpeci ¢ T,1 cells when presented by No potential con icts of interest were
with functional T,1 cytokines-producing MHC class Il-positive antigen-presentingjsclosed.

clusters and IFN- and TNF-associatells!?> These T1 cells subsequently

cytokines or chemokines indicating thmigrate to the hyperproliferative isléts, Acknowledgments

best prognosisThus, the concept of anwhere they secrete high amounts of IFN- The work of the authors is supported =
immunoscore to predict the clinical ouand TNF after restimulation with anti-by the Deutsche Forschungsgemeinschaft=y
come in cancer and to classify human cgen through antigen-presenting cellSFB 685), the Wilhelm Sander-Stiftung O

e.

cers has recently been prop&sed. like macrophaged? (Fig. 3A. The (2012.056.1), and the Deutsche Kreb- ==

- cytokines together then drive the tumahilfe (109037). The authors want to "(7')

Clinical Impact cells into senescehd&ig. 3B. Ulti- thank S Weidemann and V Galinat for ==

mately, such senescent cancer cells maellent technical assistance. O

Classical cytotoxic chemotherapy oftee cleare®. Importantly, this mecha- "5

shows dramatic adverse effects. Besidem is different from the well-known Abbreviations c
this, drug resistance is one of the masxkic antitumor effect of proin ammatory APC, antigen-presenting cell; BCC,
important drawbacks of chemotherapgytokines® and even independent of théasal cell carcinoma; BRAF, proto-

After initial regression of the tumors, soma@tiangiogenic effect mediated by CXCldhcogene protein B-raf; CD, cluster D

malignant cells survive and eventuadind CXCL10 (see als&ig. 3C). These of differentiation; CTLA-4, cytotoxic
restart growing. Interestingly, the authoirssights may pave the way for a combirfalymphocyte antigen 4; CTL, cytotoxic
of a recent publication introduced a discotien of a targeted chemotherapy regimeh, cells; CXCL9, chemokine (C-X-C
tinuous dosing strategy for Vemurafenibsach as BRAF inhibition for reduction ahotif) ligand 9; CXCL10, chemokine QC)
drug that speci cally targd@® AFmuta- cancer burden, with an immune theragf-X-C motif) ligand 10; DNA, Deoxy- .—
tions in melanoma patieftdn addition, based on TAA-speci ¢,I cells that ulti- ribonucleic acid;, GO, G zero phase of 8
the combination of 2 drugs by using amately induce cancer cell senesé¢éiie. the cell cycle; E2F2, transcription factor o
antibody—drug conjugate, i.e., Trastu- E2F2; ELISA, enzyme-linked immu- .—
zumab emtansine, improved the clinical Outlook nosorbent assay; HER2, human epider-
outcome in patients with HER2-positive mal growth factor receptor 2; IFN-
advanced breast caidt¥®ery recent clini-  The description that immunity cannotnterferon-; IFNGR1, interferon-
cal results showed that a combination ofofily destroy cancers, but can also drieeeptor 1; IFNGR2, interferonrecep-
cell-activating anti-PD-1 and anti-CTLA-£ancers into senescence raises many ¢oes?2; JunB, proto-oncogene protein C
antibodies provided clinical activity thatons. Thus, where does the immune syisnB; MHC, major histocompatibility (O
differed from monotherapy, with objectem present intracellular tumor antigem®mplex; mTOR, mammalian target of —
tive response rates in up to 40% of tbhe MHC class Il-dependent CD7¥ cells? rapamycin; NK, natural killer cells; PD-1,
patients! Thus, future clinical researcidow can T-cell cytokines from T helpgprogrammed cell death 1; PD-L1, pro- «
will not only concentrate on the introduceells best affect the MHC class Il-negatiyjmmed cell death 1 ligand 1;'"p#%6 O
tion of new drugs, but also on optimizechncer cells? What is the relation betwedso known as CDKN2a, cyclin-depen- Q\]

des B

drug combination and/or dosing. tumor dormancy, senescence, and cadent kinase inhibitor 2a; p53, protein @
) cer stem cells? How stable is senescBB¢eas, small GTP-binding protein; Rb,
Conclusion in vivo? What is the role of the Warbungtinoblastoma protein; RIP, rat insulin

effect and the metabolic transition gfromoter; RIP1 also known as RIPK1,
In the present perspective, we summor cells, and how can clinicians targetceptor-interacting serine/threonine-
marized recent work dealing with thihis hallmark of cancer cells. Indepeprotein kinase 1; RIP3 also known as
antitumoral effects of I cells and their dent of these questions, the insight thalPK3, receptor-interacting serine/thre-
cytokines IFN- and TNF in the context extrinsic signals like T-cell cytokines canine-protein kinase 3; SAgal, senes-
of new anticancer strategies, which do misive cancers into senescence liberatecehice-associated-galactosidase; TAA,
rely on cancer cell destruction. Based minians and scientists from the militatymor-associated antigen; Tag, T antigen;
our data, we propose the following mecHaar on cancer” that searches for evig(l, T helper-1 cells; TCR, T-cell recep-
nism Fig. 3: small amounts of intracelmore ef cient killer mechanisms and eaor; TNF, tumor necrosis factor; TNFR1,
lular tumor-associated antigens (TAA$gr targets. Showing a path that will allotwmor necrosis factor receptor 1
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Fundamentals and historic review of

melanoma therapy

Melanoma ranks among those tumors that are able to me-
tastasize even when they are still very thin. Applying to all
patients with stage | to Il disease, the most important prog
nostic factors in melanoma include tumor thickness, the pre
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Immunotherapy of melanoma:
ef cacy and mode of action

Summary

Forty years of research have brought about the development o f antibodies that induce
effective antitumor immune responses through sustained ac tivation of the immune
system. These “immune checkpoint inhibitors” are directed against immune inhibi-
tory molecules, such as cytotoxic T lymphocyte antigen 4 (CT LA-4), programmed
death 1 (PD-1) or programmed death ligand 1 (PD-L1). Disrupion of the PD-1/PD-L1
interaction improves the intermediate-term prognosis even in patients with advanced
stage IV melanoma. One and a halfyears after treatment initiation, 30—60 % of these
patients are still alive. While cancer immunotherapies usually do not eradicate metas-
tases completely, they do cause a regression by 20—-80 %. It 5 well established that
the immune system is able to kill tumor cells, and this has also been demonstrated for
immunotherapies. Preclinical data, however, has shown that anti-cancer immunity is
not limited to killing cancer cells. Thus, through interfer on gamma and tumor necrosis
factor, the immune system is able to induce stable tumor grow th arrest, referred to as
senescence. Ensuring patient survival by long-term stabilization of metastatic growth
will therefore become a central goal of antitumor immunothe rapies. This therapeutic
approach is effective in melanoma and non-small-cell lung ¢ ancer. Once immunothe-
rapies also have an indication for common cancer types, drug prices will have to drop
considerably in order to be able to keep them available to those dependent on such
therapies.

especially in patients with melanomas thicker than 2.0 mm,
ulcerated melanomas, or micrometastases [2]. In case of
macroscopic lymph node metastases or those diagnosed by
ultrasound, the 5-year survival rate drops to roughly 30 %
[3]. Until 2008, the 3-year survival rate of stage IV mela-
noma with disseminated metastases was only 6—12 % [4].
At that time, the only standardized therapeutic option was
dacarbazine (DTIC) [5], an alkylating cytostatic agent given

sence of absence of ulceration, the number of mitoses in thin every four weeks, either at a higher (single) dose or daily for
melanomas, and micrometastases in the sentinel lymph node ve days at a dose of 250 mg/kg. However, chemotherapeutic

[1]. In addition to surgical melanoma removal, immunothe-
rapy with 3 million units of alpha-interferon three times a
week for 18 months may improve recurrence-free survival,

agents have been unable to improve overall survival in ad-
vanced melanoma patients. A prospective study published in
2011 showed an overall survival after three years of 10-15 %
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in patients with metastatic melanoma after four cycles of da-
carbazine [6]. While the introduction of “targeted therapi es”
and immunotherapies [7] has markedly increased the like-
lihood of longer survival in stage IV melanoma patients, the
spectrum of possible side effects has also broadened [8].

Developmental stages of immunotherapy
In metastatic melanoma

Although various therapeutic approaches — chemotherapy,
polychemotherapy, or chemoimmunotherapy — in metastatic
melanoma yielded better response rates and even long-term
remission in individual cases, none of these therapies ledt
a statistically signi cant improvement in overall survival [5].

Melanoma was one of the rst tumors in which the pos-
sibility of immunotherapy was investigated [9-11]. Many
basic science-oriented but relatively few randomized clirgal
studies provide evidence for the theoretical possibilitiesf
successful immunotherapy. Important clinically translaed
immunotherapies include intracutaneous treatment with in-
terleukin-2 [12], systemic interleukin-2 therapy with simul-
taneous peptide vaccination [13], systemic interferon alpa
therapy [14], vaccination with peptide-pulsed dendritic cells
[15], or adoptive T-cell therapies [16], to name but a few. Two
important observations have shaped melanoma immunothe-
rapy: (i) On principle, melanomas may regress with and ra-
rely also without immunotherapy, and may sometimes even
completely resolve (Figure l1a, b). This regression is usugl
associated with an oligoclonal T-cell in ltrate [17]. On im -
munotherapy, melanomas and melanoma metastases cons-
tantly regress, either partially or completely. However, these
therapeutic studies rarely led to statistically signi cant and
sustained tumor regression. Peptide vaccination combined
with interleukin-2 achieved a statistically signi cant pr olong-
ation of progression-free survival of about one month com-
pared to treatment with interleukin-2 alone [13]. Adoptive
T-cell transfer, too, may result in metastatic regression ad
sustained clinical improvement in individual patients [16,
18]. (ii) Conversely, however, tumor immunotherapy may
also accelerate tumor growth and metastasis if it induces ta
“wrong” immune response [19-22]. With respect to every-
day clinical practice, these data show that, outside of clingal
studies, tumor patients should receive neither a tumor vade
ne nor immunostimulants that are not supported by studies.
Moreover, while illustrating the risks and dif culties in d e-
veloping adequate tumor-protective immunotherapies, thg
also demonstrate that immune responses are able to in uence
tumor growth.

Collected over the course of more than 40 years, these
data raised serious doubts regarding the rationale behind t&
development of immunotherapies [23]. Until the treatment o

Cancer control by immune system-mediated senescence

Figure 1 Clinical appearance of a melanoma with areas
marked both by regression and progression. View from above
of a melanoma lesion with a regressing part (a) and a highly
pigmented, progressing part (b).

metastatic melanoma directed against cytotoxic T lympho-
cyte antigen 4 (CTLA-4) was described [6, 24], the subject of
tumor immunotherapy had been regarded very critically in
clinical practice, research, and the pharmaceutical industry.

Immunotherapy in the treatment of
melanoma

Every immune response — whether directed against infecticu
agents, autoantigens, or tumors — is characterized by a prime
and boost phase as well as a ‘stop phase’ in which the res-
ponse is once again subdued. The vast majority of tumor im-
munotherapies has focused on initiating the strongest posist
le immune responses, however, these therapies have not yet
found their way into clinical practice. This situation changed
when the opposite approach was adopted in studies that in-
vestigated whether releasing the immune brake could be used
therapeutically. This had been repeatedly attempted sincéne
discovery of “immunosuppression”. The breakthrough came
when studies began to examine the inhibitory signaling pa-
thways of CTLA-4 or programmed death 1 (PD-1) and its
ligand, programmed death ligand 1 (PD-L1), in patients with
stage IV melanoma.

In 2011, a prospective study showed that tumor im-
munotherapy in stage IV melanoma patients was able to
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achieve a small but statistically signi cant improvement in
3-year survival. The overall survival of patients who receved
the anti-CTLA-4 antibody ipilimumab in combination with
dacarbazine was 20 % and thus about 5 % greater than in
individuals treated with dacarbazine and placebo [6]. In this
study, patients received four one-day doses of dacarbazine
at four-week intervals. At the same time, one group was gi-
ven placebo, while the other received a monoclonal antibody
(mADb) directed against CTLA-4. The latter was given at a
dose of 10 mg/kg instead of 3 mg/kg, which today is the usual
therapeutic dose. Induction therapy included four doses of
anti-CTLA-4 antibody at four-week intervals. This was fol-
lowed by maintenance therapy with 10 mg/kg every three
months for three years; the control group received placebo.
The study yielded the following important results: (i) At the
end of the study, after 45 months, the number of survivors
in the anti-CTLA-4-treated group was roughly 5 % greater
than in the placebo group; the difference was signi cant.
This observation marked a breakthrough, as this was the
rst placebo-controlled study that showed that, compared to
placebo, tumor immunotherapy indeed improves survival in
stage |V melanoma patients.(ii) Although this therapy re-
sulted in a statistically signi cant survival advantage, een
continued anti-CTLA-4 antibody therapy, using a ve- to
seven-fold higher anti-CTLA-4 dose than currently licensed
led only to a slight improvement in survival. Patients sho-
wing a treatment-induced immune response, in which
T lymphocytes that produce interferon gamma (IFN-) and
tumor necrosis factor (TNF) prevail, appear to particularly
bene t from “immune checkpoint inhibitor” therapy [25].

The currently licensed therapy with ipilimumab (four do-
ses of 3 mg/kg at four-week intervals) differs markedly from
the aforementioned regimen. It would therefore be necessary
to compare the currently approved treatment regimen with
placebo and dacarbazine in order to ascertain whether this
form of immunotherapy (as monotherapy) is able to achieve
a signi cant therapeutic advantage over dacarbazine. A ran-
domized, placebo-controlled trial that investigated the effect
of adjuvant anti-CTLA-4 therapy in patients with stage Ill
disease showed signi cantly improved recurrence-free sur-
vival at three years [26]. However, a conclusion regarding
overall survival using adjuvant anti-CTLA-4 therapy cannot
be drawn at this time.

Immunotherapy with antibodies against
PD-1 or PD-L1

Following reports of the ef cacy of anti-CTLA-4 antibodies ,
ve publications showed that non-depleting monoclonal an-
tibodies (mAbs) with a similar mode of action — blocking the
interaction between PD-1 and its ligand PD-L1 — resulted in

Cancer control by immune system-mediated senescence

stabilization or regression of metastases in a strikinglydrge
number of patients with metastatic melanoma and a range
of other tumors [27-31]. Moreover, even this initial data ob-
tained from phase | and |l studies suggested that mAbs direc-
ted against the PD-1/PD-L1 interaction were able to prolong
overall survival not only in patients with stage Il or IV mel a-
noma but also with other tumors such as lung cancer. While
all previous immunotherapies had only been successful in in
dividual cases, these studies provided evidence of a broade
ef cacy, also impacting overall survival. Four recently pubis-
hed clinical metastatic melanoma trials yielded the following
important results: (i) 18 months after treatment initiation,
70 % of patients treated with anti-PD-1 antibodies were still
alive, marking a clear improvement in overall survival by
roughly 50 % compared to the dacarbazine control group [32].
(ii) Direct comparison between anti-CTLA-4 and anti-PD-1
antibody therapy showed a signi cant advantage for patients
treated with anti-PD-1 antibodies with respect to overall
survival after 18 months and also progression-free surviva
after ten months [33]. (iii) The combination of anti-CTLA-4
and anti-PD-1 antibodies resulted in progression-free swi-
val at twelve months in 55 % of patients without a BRAF-
V600E mutation, which, compared to anti-CTLA-4 mono-
therapy, was a signi cant improvement by 32 % [34]. (iv)
Another study was able to con rm the greater therapeutic
bene t of combined anti-CTLA-4 and anti-PD-1 antibody
therapy compared to the respective monotherapies. Moreo-
ver, that particular study also showed that only patients with
PD-L1-negative tumors bene ted from additional anti-CT-
LA-4 antibody treatment [35].

In patients with non-small cell lung cancer, too, the
overall survival rate at one year may roughly be tripled by
anti-PD-1 mAbs compared to classic therapy [36]. Thus,
using immunotherapy, two to three times as many patients
with tumors that up to now have been considered treat-
ment-refractory at the metastatic stage will in the future be
rendered stable for at least two years. The introduction of
immune checkpoint inhibitors has therefore markedly im-
proved the prognosis of patients with metastatic melanoma
and numerous other tumors (Figure 2). Further prognostic
improvement may be achieved by combining anti-CTLA-4
and anti-PD-1 treatment. Despite the frequently severe s&l
effects associated with this form of therapy [26], successfily
treated patients will be symptom-free after the conclusiorof
treatment.

Not only will these new anti-tumor therapies improve
the prognosis of patients with stage |V disease, they will ao
change our understanding of tumor immunotherapy. While
therapeutic strategies have so far focused on attempts aimed
at complete tumor eradication, new therapies show us that
this is obviously neither possible nor necessary. Althoughu-
mors regress partially, residual tumors or residual metastses
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Figure 2 Overall survival of melanoma patients with metas-
tatic disease. The figure depicts the estimated overall survival
in % of melanoma patients with metastatic disease receiving
standard chemotherapy (green curve, [6]), antibody-based
immunotherapy with anti-CTLA-4 (violet curve, [6]) or with
anti-PD-1/anti-PD-L1 antibodies (red curve, [32]). Note: actual
percentages of the survival curves have to be validated in
future clinical trials. Thus, only the 100 % value and the 0 %
value are marked on the y-axis.

persist in a long-term resting state [6, 11, 27-30, 32, 34, 35,
also known as tumor dormancy.

Mechanisms of tumor immune control

Up to now, the therapeutic goal has been to eradicate tumors
as completely as possible, using chemotherapeutic agents or
genetically targeted therapies [23], such as BRAF or MEK
inhibitors in the case of melanoma [37]. Within a short time,
these therapies can lead to marked, clinically almost com-
plete metastatic regression [37]. However, this regressiors
nearly always followed by a V-shaped recurrence of metasta-
ses. Thus, the effect of these targeted treatment approache
— BRAF inhibitors and chemotherapies — on overall survival
has been insigni cant [37, 38]. Even in case of a good initial
response, the overall survival of patients with stage IV me-
lanoma at nine to ten months usually corresponds to that of
patients on dacarbazine.

With the conviction that tumors have to be removed
completely, immunological approaches have been aintkat
inducing as many ef cient killer cells as possible.Here, the
focus has been on cytotoxic T lymphocytes (CTLs) chracte-
rized by the CD8 molecule and natural killer cells(NK cells).
A central therapeutic function of these two immune cells is
the destruction of target tumors. There are two bag me-
chanisms for killing target cells: (i) Following activation,

Figure 3 Mechanisms of immunotherapies. The figure
depicts established immunotherapy mechanisms: cytolysis by
CD8-positive killer cells (a), receptor-mediated induction of
programmed cell death or apoptosis (b), MHC-independent
NK cell-mediated cytotoxicity (c), NK cell-mediated antibo-
dy-dependent cellular cytotoxicity (ADCC) (d), and the newly
described mechanism of Thl cytokine-induced permanent
growth arrest or cellular senescence (e).

the killer cells produce lytic granules that contain perforin
and granzyme B. These substances induce holes inettcell
membrane of the target cells, thereby initiating htic cell de-
ath (Figure 3a). For tumors to be recognized specically by
CTLs, itis necessary that they express antigens &t may only
be found on them, designated as tumor-associated aigens
(TAA). This was rst demonstrated for melanoma-asscci-
ated molecules known as cancer/testis antigens. Theost
important tumor antigens expressed by melanomas irlo-
de MAGE-1, MAGE-3 [39], and the NY-ESO antigen [40].
(ii)y Apart from lysis, the most important way of killin g cells
is by induction of apoptosis. Here, the tumor cell receives a
signal, leading to active self-destruction by nuclar fragmen-
tation (Figure 3b). This signal cascade is initiate through
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speci ¢ death receptors such as the Fas molecule ¢4 The
T lymphocytes involved in transmitting the death sgnal to tu-
mor cells have to express the corresponding Fas liga (FasL).

Just like CTLs, NK cells, too, are able to kill tumor
cells through the two aforementioned mechanisms [42, 43]
(Figure 3c). However, the recognition mechanism is funda-
mentally different. Cytotoxic T lymphocytes can only recog-
nize tumor cells if they present the correct major histocomp-
tibility complex (MHC) molecule together with the TAA. In
order to evade this immune response, tumors have developed
various evasive strategies that prevent presentation of tir
TAA. One of the most important strategies involves the sup-
pression of the MHC molecule to such an extent that CTLs
are no longer able to recognize the tumor cells. In this case,
NK cells intervene [42] recognizing all those cells that hae
suppressed the MHC molecule and thus can no longer acti-
vate inhibitory receptor molecules on the surface of NK cels.
In addition to inhibitory receptor molecules, NK cells also
express activating receptors such as the Fececeptor llla, also
known as CD16, which in turn is able to bind the nonspeci ¢
F. segment of antibodies. The Fcreceptor Illais then able to
trigger antibody-dependent cellular cytotoxicity (ADCC) in
tumor cells marked by speci ¢ antibodies (Figure 3d).

Although these cell-killing mechanisms have been
meticulously studied in detail for 30 years, it has so far only
rarely been possible to successfully and effectively use CT
and NK cells in the treatment of tumors [9, 10, 44]. Possible
causes for the frequently inadequate tumor control by cyto-
toxic therapies include killing-resistant tumor stem celk [45]
and highly immunosuppressant myeloid-derived suppresso
cells (MDSC) [46].

Tumor control by induction of tumor
cell senescence

While therapeutic studies have primarily focused on ef-
fectively killing tumor cells, it has been shown that that
in some tumors a favorable prognosis for long-term survi-
val or successful therapy is associated with the expression
of the two cytokines IFN- and TNF [47, 48]. By contrast,
tumor-speci ¢ immune responses predominantly marked
by interleukin-17, interleukin-4, or TGF- 1 are associated
with a poor prognosis or unsatisfactory therapeutic respong
[22, 49-51]. Together, this data suggests that there is andier
tumor control mechanism besides the induction of tumor
cell death through cytolysis or apoptosis. Given that patiats
frequently live in a stable disease state for many years, IFN-
and TNF-dominated immune responses apparently result in
long-term tumor growth arrest.

A few years ago, it was rst shown that IFN- - and
TNF-producing T lymphocytes that do not themselves have

Cancer control by immune system-mediated senescence

the capacity to kill tumor cells induce permanent growth ar-
rest in various tumors [22, 52—-54]. Common to all these stu-
dies was that control of tumor growth was strictly dependent
on the T helper 1 (Th1l) cell cytokines IFN- and TNF [22],

thus precisely those cytokines associated with overall sui-

val in clinical trials.

The underlying mechanism has therefore long been
sought. Recent studies have shown that the joint action of
IFN- and TNF in many tumor cells, especially in primary
human tumor cells such as melanoma, induces permanent
growth arrest [11] (Figure 3e). This means that the tumor
cells remain alive but — for a period of weeks and months
— lose their ability to divide. Biologically speaking, the tu-
mors become too old to grow. Such growth arrest is referred
to as cellular senescence. There are basically two forms ofse
nescence. The rst form is associated with growing old, and
prevents cells from proliferating like young cells. The seond
form of senescence involves a permanent proliferation stop
of tumor cells — otherwise growing unchecked — through se-
nescence mechanisms [11, 55]. It has hitherto been assumed
that cell cycle arrest in tumors is solely mediated by endo-
genous signals. This cell cycle arrest is coupled, for instan
ce, with aging or with oncogenes such as the mutated BRAF
gene, or is triggered by certain chemotherapeutic agents [56]
By demonstrating cytokine-induced senescence in tumorst, i
has been shown that senescence mechanisms are not only ac-
tivated by endogenous signals but also by signals delivered
to the cell from the outside. This has been con rmed under
immunotherapy conditions [11].

Only in the correct concentration and composition do
IFN- and TNF induce senescence in tumor cells (Figure 3e).
Adverse cytokine combinations, such as the presence of TNF
in the absence of interferons or the presence of interferons
in the absence of TNF receptor 1 signals may even promote
tumor growth or tumor recurrence after successful thera-
py [22, 57]. Conversely, not only the observation that Thl
cytokines IFN- and TNF are able to inhibit tumor growth
by senescence induction but also insights into cytokine-in-
duced growth arrest have been con rmed and expanded. For
instance, IL-12-coding gene constructs that elicit IFN- pro-
duction induce senescence in human tumorsn vivo [58],
and liposomes containing interleukin-12 inhibit the growth
of breast cancer cells through the induction of an IFN-/
TNF signature [59]. Moreover, the soluble messenger throm-
bospondin-1 may induce senescence in lung tumor cells [60].

Clinical relevance of cytokine-induced
senescence for tumor immunotherapy

The observation that kinase inhibitors speci cally block di-
sease-relevant molecules such as the BRAF-V600E molecule,

© 2015 Deutsche Dermatologische Gesellschaft (DDG). Published by John Wiley & Sons Ltd| JDDG| 1610-0379/2016/1401

A4l



Review Article

Cancer control by immune system-mediated senescence

Figure 4 Targets of modern cancer
therapy. Therapeutic approaches of
cancer therapy (without surgery) are
depicted. With the exception of angio-
genesis inhibitors [74], which inhibit the
formation of tumor-supplying blood
vessels, all other cytotoxic, apoptosis- or
senescence-inducing agents, including
the immune checkpoint inhibitors, are
described in detail in the text.

thereby leading to clinical regression of melanoma metasta-
ses, ushered in a new era of melanoma therapy [61]. Howe-
ver, given the rapid recurrence of metastases, these theiap
were only able to prolong average survival in patients with
metastatic melanoma by a mere few months, if at all [37].
Results of phase | to Il studies with mAbs, known as im-
mune checkpoint inhibitors and directed against the mole-
cules CTLA-4, PD-1, or PD-L1 [6, 25, 27-30, 32-35], have
so far shown effects and disease courses previously unknown
in tumor therapies. Three aspects ought to be highlighted:
(i) Following treatment initiation, tumors appear to initial ly
grow radiographically. This must not be misinterpreted as
melanoma growth, as metastases tend to swell due to the
accompanying in ammation. Only after partial destruction
and regression of in ammation (after three to six months)
do they also regress radiographically.(ii) While patients
with advanced metastases frequently display disease symp-
toms, patients clinically recover with tumor regression. for
years, patients thus exhibit no clinical symptoms, while sill
affected by a demonstrable tumor burden. (iii) Following
the regression phase, ‘residual metastases” remain stable
[27-30, 32-35]. They may remain dormant for 24 to 30
months without signi cantly changing in size.

The new therapies show that the original goal of can-
plete tumor eradication by killing all tumor cells is no
longer required in every case. In this respect, th@rimary
treatment objective is changing from an all-out “war on
cancer” — necessitating tumor eradication — to the oncept

of living nearly symptom-free with few and smaller tumors
that are kept in check by the immune system. Accorihg to
the classic concept [9, 10], it is postulated thatthe stability
of metastases following treatment with CTLA-4, PD-1, or
PD-L1 antibodies is solely based on the equilibriumbetween
tumor cell growth, on the one hand, and continuous Kil-
ling of tumor cells on the other [27-32]. Given that immune
cells are able to arrest tumor growth through proin ammat-
ory cytokines, one might argue whether successfulumor
immunotherapies induce such growth arrest in melanma
metastases at least partially through Thl cytokinesFN-
and TNF. Tumor-in ltrating T cells [47] with a high interfe-
ron/interleukin-4 ratio [48, 51] are surrogate markers for a
good prognosis in various malignant diseases. Thudesides
killing tumor cells, there have to be other mechangsms in
play that inhibit tumor growth either directly or t hrough
the tumor-surrounding tissue. These mechanisms havalso
been summarized as cell death-independent “tumor ifmune
surveillance model” [62—64]. Non-toxic tumor control me-
chanisms play a key role in modern targeted cancetherapy
(Figure 4).

This type of tumor immune surveillance displays great
similarities with mechanisms leading to organ-speci ¢ au-
toimmune disorders. Thus, side effects of effective tumorm-
munotherapies, such as mAbs against CTLA-4 or PD-1 and
IFN alpha therapy, may include the triggering of organ-spe-
ci ¢ autoimmune diseases [65—-67]. Conversely, experiments
have shown that effective inhibition of TNF- or IL-12-induc ed
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IFN- in autoimmune disorders may increase the risk for
developing malignant tumors [68, 69].

Outlook and comments on clinical
implementation

Monoclonal antibody-mediated blockade of the immune
brakes CTLA-4, PD-1, and PD-L1 is therapeutically wse-
ful in the treatment of melanoma and other tumors aich

as non-small cell lung cancer [31, 36]. The clinicause of
immune checkpoint inhibitors has ushered in a new e

of cancer therapy. In particular, patients with treatment-

refractory cancers might now be helped long-term, ad

immunotherapy could, in the near future, become areal op-

tion for many patients with advanced or metastatictumors.

However, as exempli ed by chronic myeloid leukemia in

an analysis by 119 hematooncologists, a certain th@apy
can only be implemented if its costs remain acceptae for

society. In their article, the authors discuss thateven rich
nations cannot afford annual treatment costs of 50,000

to 100,000 per patient in the long term [70]. With th e
successful introduction of mAb-based therapeutic agnts,
the costs of modern cancer therapy have risen yetgain. In

the ongoing discussion, clinically active cancer reearchers
have proposed the need for a cost-bene t assessmennclu-

ding the demand for lower prices [71]. Based on curent pri-

cing, the new “immune checkpoint inhibitors” will le ad to

two-year drug costs of up to 250,000 per patient. These
costs have to be considered problematic insofar athey are
even higher than those of the kinase inhibitors, wich the
hematooncologists already deemed problematic. Morewer,

these costs will not only be incurred in the contex of rare

tumors but in common cancers as well. What is more the
nancial or scienti c justi cation for the current pricing of

innovative cancer drugs is not immediately understadable,
either [72, 73], especially considering the fact tkat the
majority of research ndings that have ultimately led to
the development of new drugs come from state-sponsed
and tax-funded research projects [72, 73]. It is trerefore
time for physicians, politicians, health system insitutions,

and society to negotiate with the pharmaceutical irdustry
over the prices of these modern cancer drugs. This the
only way to ensure the long-term nancing of medically

promising drugs.
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Abstract The immune response is a first-line systemic defensghow that even after efficient cancer therapies mininmidueads

to curb tumorigenesis and metastasis. Much effort has bedisease persists, we suggest that therapies should include
invested to design antitumor interventions that wouldtidthes  immune-mediated senescence for cancer surveillancea€IS h
immune system in its fight to defeat or contain cancerougigro the goal to control the residual tumor and to transform aylead
Tumor vaccination protocols, transfer of tumor-associatedlisease into a state of silent tumor persistence.
antigen-specific T cells, T cell activity-regulating antibodies,

and recombinant cytokines are counted among a toolbaxk filleKeywords Receptor-mediated growth arreSumor

with immunotherapeutic options. Although the mechanistic  dormancy Inflammation- Cytokine-induced senescence
derpinnings of tumor immune control remain to be deciphered

these are studied with the goal of cancer cell destruatioconk

trast, tumor dormancy is considered as a dangerous dquailibr 1 Cellular senescence

between cell proliferation and cell death. There is, however,

emerging evidence that tumor immune control can be achiev@dl The concept of cellular senescence

in the absence of overt cancer cell death. Here, we propose

cytokine-induced senescence (CIS) by transfer of T helgedls  Cellular senescence has been linked to a number of physiblog
(Tw1) or by recombinant cytokines as a novel therapeutic inteand patho-physiological conditions such as aging, agteel
vention for cancer treatment. Immunity-induced senestegc  diseases, tissue homeostasis, and embryogenesis @or see
gersastable cellcycle arrestof cancer cells. Itengagestiune  [1]). In the context of aging of multicellular organisms,def
system to construct defensive, isolating barriers araumadrs,  senescence has been described as one of the nine hallmarks of
and prevents tumor growth through the delivery or inductfon aging. Besides, senescence is considered to be part ofrthe co
Thl-cytokines in the tumor microenvironment. Keeping cancgsensatory or antagonistic damage responggsSpme
cellsinanon-proliferating state is a strategy, whicletijreopes  senescence-associated biomarkers, foremost the aelhtyiot
with the lost homeostasis of aggressive tumors. As mogstuditor cyclin-dependentkinase inhibitor 2A (5163 and telomere-
damageinducedfoci(TIFS), accumulate in cells of vaiigsigts

Thomas Wieder and Ellen Brenner contributed equally. of aged individuals, indicating that senescence and aging are
closely linked B, 4]. Importantly, elimination of senescent cells
*  Thomas Wieder from aged tissues improves overall tissue fitrigsw/hereas the
thomas.wieder@med.uni-tuebingen.de tissue-degenerative effects of senescence are likelyanbenit-
ted by the senescence-associated secretory phenotypd (SAS
1 Department of Dermatology, Eberhard Karls University, leastin partd] (Fig. 1a). Developmental senescence (Higis a
Liebermeisterstr. 25, 72076 Tubingen, Germany physiologically programmed senescence pathway thatieasre
2 Nuclear Organization and Oncogenesis Unit, Department of Cell ly been described to actively contribute to embryonic et
Biology and Infection, Institut Pasteur, 28, Rue du Dr. Roux, [7, 8]. This process is also accompanied by a SASP that attracts
75724 Paris, France macrophages which in turn seem to be necessary to remove se-
3 Inserm, U993, Paris, France nescentcells in a coordinate manner in order to fosteryiseph
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Fig. 1 Cellular senescence in aging, embryogenesis, and tumorganesisgumorigenesis, normal cells may enter an accelerated cell cycle (for
During aging of the organism, normal cells may enter the cell cycle. Afteexample by activation of oncogenes). These rapidly cycling tumor cells
several cell divisions, the chromosomal telomere length decreases andtipeegulate p53 and the cell cycle inhibitor 18 leading to permanent
expression of the cell cycle inhibitor 162 increases. This leads to cell cycle arrest or oncogene-induced senescence. The tumor cells can
permanent arrest of the cell cycle and in the castolf’ cells to  also be driven into senescence by other cellular stressors, e.g., by drugs or
replicative senescence. Senescent cells produce secretory factors, eytdkines. Interestingly, tumor cell senescence can both exert a pro- or
the SASP may contribute to enhanced tissue degeneratidden o antitumoral effect. Whereas the components of the SASP have been
individuals.b During embryogenesis, some embryonic cells may rurshown to enhance tumor growth, the macrophage-mediated clearance of
through the cell cycle leading to p53-independent p21 accumulatiosenescent tumor cells inhibits tumor grovith. macrophageq16™42

and permanent cell cycle arrest. On the one hand, thelsé cyclin-dependent kinase inhibitor 2f21 cyclin-dependent kinase
embryonic cells produce secretory factors (SASP), and on the othehibitor 1,p53cellular tumor antigen p53ASPsenescence-associated
hand, the senescent cells are cleared by macrophages. Both mechanisetsetory phenotype

then contribute to the tissue shaping during embryogereBiaring

development of the embryo (Fith). In contrast, oncogene- or SASP, which is an integral part of oncogene- as well as ook
therapy-induced premature senescence is a mere stresseespinduced senescence, and leads to the secretion of various
mechanism (FigLc). It is a cell intrinsic anticancer mechanismchemokines and growth factors, may play a tumor-promoting
that is triggered by various genetic or epigenetic petiarisa role, and should therefore be considered as hart¥ulThus,
including hyperactive oncogenés 0], cytotoxic drugs 1, itis currently believed that it is necessary to clear senesells

12), or by cytokines13-15] leading to an essentially irreversible from the organism.

cell cycle arrest. Oncogene-induced senescence is dlyemttia

companied by macrophage-mediated removal of the affected c 1.2 Cytokine-induced senescence

cer cells, and this clearance mechanism of senescentauizer

stantially improves the anti-cancer defense machindmga@ft  Cytotoxic cancer therapy is currently the gold standard of
mune systenifg]. Onthe other hand, itis stillunclear whether theclinical practice. A bevy of cytotoxic regimens has been
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developed over six decades to destroy or remove cancerqu®inflammatory T;1 cytokines, the senescence signaling
tissue. The complete surgical excision of cancer tissue inclugathways have been partially deciphered: permanent growth
ing all adjacent or distant metastases is the most effectiegrest needs the simultaneous activation of TNF receptor 1,
curative treatment option. It may be accompanied or followetFN- -signaling, and downstream stabilization of the
by other mainly cytotoxic therapies, i.e., radiation therapyprosenescent pT6*¥Rb pathway {4, 15]. CIS also occurs
[18], chemotherapyl[9], or cytotoxic immunotherapy2D, in vivo after adoptive transfer of tumor-associated antigen
21]. These therapies rely on (i) the induction of programme(TAA)-specific Ty1 cells in transgenic rat-insulin promoter
cell death 19, 22]; (ii) caspase-independent programmed neT antigen (RIP-Tag) mice (Figd) [14], or after vaccination
crotic cell deathq3, 24] or necroptosis, that is dependent onof sarcoma-bearing mice with an IL-12 transcribing gene con-
the ripoptosome2p]; (iii) autophagic cell death2p]; (iv) struct that induces IFN- and TNF-mediated immune re-
target cell lysisZ1]; and (v) respiratory burst mediated by sponses5]. This demonstrates for the first time that (i) ex-
neutrophils 27]. ogenous signals can override endogenous proliferative signals
The common goal of all cytotoxic therapies is the ultimatén cancer cells and (ii) that the immune system is able to
destruction of the cancer cell8g]. In clear contrast, pro- restrict cancer growth by senescence induction without erad-
senescence therapy is not aimed at destroying cancer cedlation of the cancer cells.
but to contain their expansion and thus can be considered as
a non-destructive alternative tumor control mechanisin [
15, 29-31]. In principle, cancer cell senescence can be trig2 The immune system strikes back
gered by intrinsic or extrinsic pathways (F2y. The intrinsic
pathways are triggered by reactivation/stabilization of the ti2.1 Immune destruction and immune surveillance
mor suppressor protein p537, by inactivation of the onco- of cancer
gene Myc B3], or by tumor suppressor phosphatase and
tensin homolog deleted on chromosome 10 (Pten) inhibitioApart from the destruction of tumor cells by chemotherapy,
by VO-OHpic [34]. Pten inhibition-induced senescenceradiation therapy or cytotoxic immune therapy, novel treat-
(PICS) in prostate cancer is especially intriguing, as loss ofient options appear that control cancers without complete
Pten is usually associated with oncogenesis, e.g., in aggressaradication. Some of these treatment options take advantage
breast cancei3p] or in follicular thyroid carcinomas3p].  of the immune system: (i) adoptive transfer of tumor-specific,
Thus, the fate of a given precancerous cell after Pten los®n-cytotoxic T helper cells may lead to durable clinical re-
may strongly depend on its ancestry and/or its molecular backiission in melanoma patient3d or to tumor dormancy in
ground. Nevertheless, the three intrinsic senescence pathwaysA-driven islet-cell cancerd)] and (ii) enhancement of T
mentioned above lead to cell cycle arrest (E&. The acti- cell-mediated antitumor immune response in patients with
vation of these pathways results either in tumor growth inhistage IV melanoma or non-small-cell lung cancer. Here,
bition or in tumor regression. Therapy-induced cancer cebllocking antibodies directed against immune checkpoints,
senescence can be induced by genotoxic stress, i.e., by dregg., primary monoclonal antibodies (mAbs) against the pro-
targeting genomic DNA (Figb). Thus, doxorubicind7] or  grammed death 1 (PD-1) receptor or its ligand PD-L1. The
cyclophosphamide treatmenit’] induces a senescence-like therapeutic efficiency may be enhanced by combining these
phenotype in tumor cells. However, chemotherapeutics ratherAbs with a mAb against cytotoxic T-lymphocyte-associated
induce a mixed response including both apoptosis and senesyigen 4 (CTLA-4)41-44]. The mechanisms underlying the
cence. In most cases, the senescent phenotype is only atserved immunotherapeutic effects are still to be defined in
served when the apoptosis machinery has been inhibite@tail. These antibodies can destroy cancers at least in part
[12]. Thus, targeted therapies, like the B-Raf inhibitor[45). However, under most conditions, tumors of patients are
vemurafenib, trigger senescence primarily in apoptosisiot completely eradicated and the responding patientiseont
resistant melanoma cell8g]. First hints that not only ue to live with stable disease. Thus, at the beginning of im-
membrane-penetrating drugs with a low molecular weighihune checkpoint inhibitor therapies, the tumor load tends to
can induce intrinsic senescence pathways came from the alecline, most probably due to infiltration of cytotoxic immune
servation that cytokines, such as the T helpergll}-Eyto- cells B2, 43, 4649]. After this first cytotoxic phase, the re-
kines interferon- (IFN- ) and tumor necrosis factor (TNF) maining tumor or metastases tend to stay at a constant level
[14] or transforming growth factor-(TGF- ) [13], can drive  but will not disappeard0, 51]. This indicates that immuno-
cancer cells into permanent growth arrest (B@. This is  therapy may follow thelefensive waltoncept, which relies
astonishing as senescence was mainly considered to be@annon-toxic control of the tumor burdeés?54] and which is
intrinsic antitumor mechanism. Cytokine-induced senescenbased on the induction of tumor dormancy. Tumor dormancy
(CIS) is the first example of an extrinsic senescence pathwéyconsidered as an equilibrium between cancer cell prolifera-
leading to a permanent stop of the cell cycle. For théon and killing of cancer cells5p, 56] with apoptosis or

@ Springer

A48



360 Cancer Metastasis Rev (2017) 36:36b

Intrinsic pathways Extrinsic pathways

a) b) C)

d)
Doxorubicin, IFN-y
Cyclophosphamide TNF
Re-expression or -
Oncogene inactivation TGFB
Vemurafenib IFN-y, {g
/ TNF
DC

Tumor cell Tumor cell Tumor cell

Cell cycle Cell cycle Cell cycle

B S

Permanent growth arrest

Cytokine 4 TAA
receptors

| MHC-II L Tcr

Fig. 2 Pathways of therapy-induced tumor cell senescence. Tumor cetceptors then triggers intracellular signaling pathwegsing to
senescence during therapy is induced either by intrimdi¢ ¢r extrinsic ~ permanent cell cycle arrest.Immune cells are also able to induce
pathways ¢, d). a Molecular induction of cellular senescence can beextrinsic senescence in tumor cells. Here, tumor-spegificcElls are
realized by reexpression of pro-senescence factors (e.g., p53), completgvated by MHC-II-positive DCs. After activation, thglTcells secrete

loss of Pten, or oncogene inactivation (e.g., Myc). These moleculdhe soluble factors IFN-and TNF in the vicinity of the tumors. The
manipulations eventually lead to permanent growth arfestnoor  secreted cytokines then bind to their specific receptors on the surface of
cells. b Different drugs, such as doxorubicin or cyclophosphamidethe tumor cells thereby activating intracellular senescence pathways.
target the DNA of the cycling tumor cells leading to DNA stress whichBRAF proto-oncogene B-Raf or v-Raf murine sarcoma viral oncogene
inturn induces a permanent cell cycle arrest. More specific drugs, e.g., themolog B1,DC dendritic cells|FN- interferon- , MHC-II major
B-Raf kinase inhibitor vemurafenib, target intracellldggnaling  histocompatibility complex class Ip53 cellular tumor antigen p53,
pathways and also lead to permanent cell cycle arce3ifferent Ptenphosphatase and tensin homolog deleted on chromosom&aAO,
cytokines, such as IFN; TNF or TGF- , bind to their specific tumor-associated antigeRCRT cell receptorTGF- transforming
receptors on the surface of the tumor cells. Activation of the cytokingrowth factor-, T41 T helper-1 cellsSTNF tumor necrosis factor

immune cell-mediated lysis of cancer cells being the maihe divided into a cytotoxic branch leading to tumor eradica-
killing mechanisms. This interpretation of the statsilgint  tion and a non-cytotoxic branch leading either to stable dis-
tumorshas now been complemented by four non-toxic mechease or tumor regression. Immune destruction of tumors relies
anisms, namely (i) active cell cycle control through regulatioon cellular immunity: (i) cytotoxic T cells (CTLs) (Figga) or
of cyclin-dependent kinase57]; (ii) induction of cellular  natural killer cells (NK) (Fig3b) specifically attack tumors by
senescencd®| 14, 15, 58]; (iii) control of differentiation by releasing pore-forming perforin together with proteases such
regulating inhibitor of DNA binding (ID) protein®§]; and  as granzyme B or soluble toxic factors such as THE-56,
(iv) inhibition of angiogenesisp]. 62-64); (ii) specific CTLs may directly target the cancer cells
Evasion from immune-mediated control of tumors hady inducing death receptor-dependent apoptisthe cluster
been added to the six original hallmarks of can6é}. [As  of differentiation 95 ligand/cluster of differentiatio® 9
shown in Fig 3, control of tumors by the immune system can(CD95L/CD95) death-inducing signaling complex (for
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Fig. 3 Toxic and non-toxic pathways of imnmune system-mediated tumareceptors on the surface of the tumor cells, the cytokintgase
suppression. The control of tumors by the immune system is achieved byracellular senescence pathways leading to permanent cell cycle arrest
immune destructiora( b) or immune surveillancee(d). a CTL either  and stable diseasd. Senescent tumor cells may also be cleared.
indirectly or directly attack tumor cells by secretion of toxic factors, suctMolecular factors released by senescent tumor cells lead to activation of
as perforin, granzyme B, or TNF, or by planting a kiss of de&h APC. The APCs then stimulate g4I cell response followed by
CD95L-CD95 interaction and induction of the apoptosis cascade. Thictivation of macrophages which in turn mediate the cleara

leads to tumor cell death by apoptosis, clearance of apoptotic bodies gnescent cancer cells. If senescence induction and sidigeq
macrophages, necrosis, or to tumor cell lysis. Finally, the immune systeciearance of senescent tumor cells is effective, immune surveillance
completely eradicates the tumbiNK cells, like CTL, indirectly attack may also induce tumor regressiéi?C antigen-presenting cell€D95

tumor cells by secretion of toxic substances, such as perforin, granzyroleister of differentiation 95;D95L cluster of differentiation 95 ligand,

B, or TNF. This leads to tumor cell death and complete eradication of tHeTL cytotoxic T cells|FN- interferon-, M macrophages cell§)K
tumor.c Tyl cells or macrophages silence tumor cells by secretion afiatural killer cellsSTGF- transforming growth factor; T41 T helper-1,

IFN- and TNF or TGF-, respectively. After binding to their specific TNFtumor necrosis factor

review see§?). If tumor immune destruction is successful,IFN- pathway genes in cancer cells serves as a mechanism
the apoptotic cells will be cleared by macrophages and tha resistance during immune checkpoint inhibitor therapies
tumors will be eradicated. In addition, it has been shown th§65] and that the disruption of cyclin-dependent kinase 5
the immune system can also control tumors by senescengedk5) strengthens antitumor immunit§€]. Likewise,
surveillance, a mechanism mainly based on cytokineFGF- originating from macrophages was shown to induce
induced cellular senescence (F3g) and an immune-cell- cellular senescence in lymphoma celld [Thus, senescence
mediated clearance pathway (F2d). Senescence has beeninduction alone leads to permanent growth arrest and stable
shown to be induceih vivoin murine islet cell tumors by a disease with a remarkable prolongation of the survival of
combination of IFN- and TNF released from tumor-specific death-prone RIP-Tag micé(]. In the long run, however, it

Th1 cells in the vicinity of the tumord fl]. Similarly, human may be necessary that senescent cancer cells become cleared:
sarcoma cell lines can be driven into senescence by IL-1fhe SASP of N-ras-expressing senescent hepatocytes leads to
mediated induction of al-phenotype in human T cells activation of professional antigen-presenting cells (&PC
[15]. In this line, it has been demonstrated that the loss afhich in turn drive a Ti1 cell response followed by activation
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of macrophages. One concept then suggests the subsequentiferation then leads to accumulation of additional DNA
clearance of senescent cancer cells by activated macrophadasiage and chromosomal chaos. Together, the genetic insta-
[16]. Yet, it remains unclear whether elimination of senesceritility of cancers and the highly selective local microenviron-
cells always supports cancer cure or whether it may on thaental forces, e.g., hypoxia, acidosis, and reactive oxygen
contrary promote cancer progressi@Y][ Senescence- species, are able to further promote somatic evolution. In ad-
inducing treatment of cancer patients is apparently based dition, cytotoxic regimens impose strong selection pressures
re-enhancement or restoration of dormant intrinsic pathwaysn the surviving cancer cells; the treatment should therefore
As survival with silenced tumors or with disseminated, sirather enhance the evolutionary rate and promote selection of
lenced tumor cells is possiblél] 52], cancer patients will mutated cancer clones]].

benefit from successful restoration of intrinsic senescsur- In clear contrast to conventional chemotherapy, immune
veillance. In addition, it is likely that the resulting side effectssurveillance of tumors is not exclusively dependent on tumor
of non-cytotoxic, pro-senescence therapies should be less sell destruction, and the biological target structures are mainly
vere as compared with cytotoxic regimefs][ However, signal transduction pathways and the respective signaling
similar to cytotoxic tumor treatment, the benefits of promolecules, e.g., receptors, adaptor proteins, kinases, or kinase
senescence therapy described above are only effective if tindibitors. For example, CIS byyIL cell cytokines (IFN-,

vast majority of the tumor cells is driven into senescencélNF etc) leads to stabilization of the p16'¥Rb pathway
Furthermore, the resting state of the silenced cancer cells lhsreby permanently arresting the tumor cells in the GO/G1
to be maintained, either by a permanent growth arrest or lphase of the cell cycld fl]. Furthermore, tumor-specifigyT
exogenous (immune)-signals that keep the cancer cells sileoglls that can now be generated for the use in hun¥éds [
The main problems of senescence surveillance of tumonsduce the production of antiangiogenic chemokines, e.g.,
which have to be solved in the near future are therefore: (Ghemokine (C-X-C motif) ligand 9 (CXCL9) and chemokine
fast growing tumor cells, e.g., acute leukemias, may escae-X-C motif) ligand 10 (CXCL10)14, 4Q] thereby leading
senescence surveillandel[ 15]; (i) resting tumor cells may to isolation of the tumor cellglp, 54]. Inhibitory antibodies,
eventually awake and start regrowing if CIS turns out to ben the other hand, targeellular exhaustion pathwaysy
reversible, at least in some very aggressive cancers; (iii) titerfering with ligand-receptor interactions thereby maintain-
fate of non-proliferating tumor stem cells is unclear; (iv) theéng the antitumoral activity of specific immune cefl§][ Last
regeneration of normal tissues may be impaired; and (Wut not least, small molecules targeting signal transduction
chronic inflammation§1] and some molecular components pathways, such as proto-oncogene B-Raf (BRAF) inhibitors
of the SASP [, 17, 69 may even promote tumorigenesis in or oncogenic BCR-ABL gene fusion product (BCR-ABL)

neighboring premalignant cells. inhibitors, specifically inhibit kinases thereby driving the can-
cer cells into cell cycle arres3g]. The common feature of

2.2 Evolutionary aspects of immune destruction those strategies is that they directly or indirectly impeircer

and immune surveillance of cancer cell proliferation. The selection pressure on the arrested cancer

cells is therefore strongly reduced and the treatment should
Eradication of tumors is mainly based on cytotoxic principlespot promote somatic evolution.
and the biological targets of different chemotherapeutics are
genomic DNA (genetic code) as in the case of epirubidh [ 2.3 Metabolic aspects of immune destruction and immune
the plasma membrane (outward demarcation of the cell) assnrveillance of cancer cells
the case of miltefosirY[)], or the cytoskeleton as in the case of
taxol [22). This holds also true for the destruction of tumors byCancer cells are distinct from normal cells as they switch from
the immune system. It is generally accepted that apoptosagrobic to anaerobic metabolism, even in the presence of suf-
induction by death receptors (e. g., CD95/CD95L, TNFficient oxygen support. Thus, they use anaerobic glycolysis
TNFR1, etc.) finally leads to caspase-dependent DNA frader adenosin triphosphate (ATP) production rather than oxida-
mentation 19, 22, 62] whereas the perforin/granzyme B sys-tive phosphorylation, the so callééarburg effecfl, 61]. As a
tem leads to target cell lysis, cell membrane rupture, and actesult, the oxygen consumption by the mitochondria is re-
vation of specialized serine proteasg3 p4]. However, if  duced. The cells produce lactic acid which is released into
DNA fragmentation is incomplete, mutated tumor cell cloneshe blood and transported to the liver where it is used for
might emerge and a Darwinian selection process is triggerggliconeogenesis.
[71]. This is to say that the vast majority of mutated tumor Chemotherapy- or radiation therapy-induced apoptosis
cells carrying large genomic aberrations (such as loss or gahould enhance the switch of tumors towards anaerobic me-
of whole chromosome arms) will die, but those mutated cellgbolism. In this line, it has been shown that drug-induced
that survive will restart proliferation and lose important enapoptosis signaling leads to dissipation of the mitochondrial
dogenous or exogenous control mechanisms. Uncontrolledembrane potential, release of cytochrome ¢, and
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downstream activation of caspase23 [73]. Thus, oxidative combination of IFN- and TNF [L4] opens the way to non-
phosphorylatiowia the mitochondrial respiratory chain is fur- toxic treatment options. Both cytokines are endogenous sig-
ther inhibited during drug-induced apoptosis. naling molecules which are already available as drugs. Their
On the other hand, cancer cells undergoing oncogenésxicity profiles are known and less toxic alternatives, such as
induced senescence (OIS) switch back to mitochondrial oxiFN- , are at hand. More importantly, stopping the fulminant
dative phosphorylation. By regulating the mitochondrial gatgrowth of malignant cancers by CIS will thus perfectly com-
keeper pyruvate dehydrogenase, senescent cells make plement the cytotoxic effect of most anti-cancer drugs. The
hanced use of pyruvate in the tricarboxylic acid cyéd.[ combination of cytotoxic drugs in the acute phase of the dis-
This causes increased respiration and oxidative stress ther@age with CIS as therapy during the consolidation phase is one
counteracting metabolic reprogramming in the cancer cellsf the most promising approaches which may be introduced
Interestingly, premature senescence is often accompaniedihto clinical practice in the near future. In conclusion, besides
activation of the target of rapamycin (TOR) pathway which ighe development and introduction of new drugs for cancer cell
considered to be a central regulator of mammalian metabolistestruction or senescence induction, clinical research should
and physiology. Activation of TOR in the context of cell cyclealso focus on optimized strategies that combine already ap-

arrest then leads teal senescence with irreversible loss of theproved medication with CIS.

regenerative potential . Metabolic reprogramming as seen

by the Warburg effect provides tumor cells with ATP and withacknowledgments The work of the authors is supported by the Sander
the substrates required for biomass generation. RecentlySifftung (2012.056.1, 2012.056.2 and 2012.056.3), thésCleei Krebshilfe
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hypoxia-inducible factor-1 (HIF-1 ). HIF-1 downregula-
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shown that succinate, an important metabolite of the tricarbox-
ylic acid cycle, serves as an inflammatory signal that induces
interleukin-1 (IL-1 ) through HIF-1 [77]. Thus, there are
several experimental hints that tight connections between t
regulation pathways of the cell cycle and the main metabolic
pathways of eukaryotic cells, i.e., glycolysis, tricarboxylic ac- =
id cycle, and oxidative phosphorylation, really exist. Future
work will decipher the signaling networks underlying inflam- 2.
mation, oncogenesis, cancer cell senescence, and netaboli

reprogramming. 3

3 Outlook: combining cytotoxic and pro-senescence
therapy 4.

Due to the still unsatisfactory clinical success of cancer treat-
ments, additional efforts including new concepts are urgentlys.
needed. As therapy resistance is the most important drawback
of the main cytotoxic cancer regimens, it is reasonable to
target different cellular structures or hallmarks of cance
Nevertheless, a combination approach may even be successﬁjl
if similar cellular signaling pathways are inhibited or induced
at the same time. For example, the combination of T cell-7.
activating anti-PD-1 and anti-CTLA-4 antibodies showed im-
proved clinical activity that clearly exceeded monotherapy
[41]. The finding that it is possible to induce extrinsic prema- g_
ture senescence by treatment of cancer cells with a cytokine
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Abstract
Background/Aims: &HOOXODU VHQHVFHQFH RU SHUPDQHQW JURZWK DUUH'
WXPRU VXSSUHVVRU PHFKDQLVP WKDW FDQ EH LQGXFHG E\ GL»HUHC
chemotherapeutics or cytokine cocktails. Previous studies demonstrated that the growth-
repressing state of oncogene-induced senescent cells depends on argonaute protein 2

$JR PHGLDWHG WUDQVFULSWLRQDO JHQH VLOHQFLQJ DQG $JR 5E
cell cycle genes. Cytokine-induced senescence (CIS) likewise depends on activation of the
ple"™4 5E SDWKZD\ DQG FRQVHFXWLYH LQDFWLYDWLRQ RI WKH () IDI
In the present study, we therefore analyzed the role of Ago2 in CIS.Methods: Human cancer

FHOO OLQHV ZHUH WUHDWHG ZL@ RQ® WXPIRHWRMHBDRFDYV NNOFWRU 7
induce senescence. Senescence was determined by growth assays and measurement of
VHQHVFHQFH DVVRFLDWHG A JDODFWRVLGDVH 6%$ A JDO DFWLYLW
.L LPPXQRAXRUHVFHQFH VWDLQLQJ DQG ZHVWHUQ EORW DQDO\VI
TXDQWLWDWLYH SRO\PHUDVRestuksD LY @HDEWLROHUB®RHQWO\ VWRSS|
FHOO SUROLIHUDWLRQ DQG WLPH GHSHQGHQWO\ LQFUHDVHG 6% A JD
treatment, Ago2 translocated from the cytoplasm into the nucleus of Ki67-negative cells, an

H»HFW ZKLFK ZDV VKRZQ WR EH UHYHUVLEOH ,PSRUWDQWO\ WKH £
suppressed Ago2-regulated cell cycle control genes, and siRNA-mediated depletion of Ago2
interfered with cytokine-induced growth inhibition. Conclusion: ,)1@DQG 71) LQGXFH D
stable cell cycle arrest of cancer cells that is accompanied by a fast nuclear Ago2 translocation
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and repression of Ago2-regulated cell cycle control genes. As Ago2 downregulation impairs
cytokine-induced growth regulation, Ago2 may contribute to tissue homeostasis in human

cancers. © 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Argonaute (Ago) proteins comprise a family of evolutionary conserved proteins that
have emerged as key molecules in the control of transcriptional and post-transcriptional
processes by association with small RNAs [1]. In humans, the family member Ago2 is a central
part of the RNA interference (RNAI) platform with enzymatic endoribonuclease activity [2].
Ago proteins are often recognized by their cytoplasmic function in which they regulate gene
transcrlpts V|a post-transcriptional gene silencing (PTGS) mechanlsms However, nuclear
pu—— } _( o0 Sf i on ,,i:t. TM:’:ZZ . Sf"f (@i"‘ e D(c.(.)if.-f "l’

4

Sf.(ooo co _"foo___"< —< ofz %Oi i .(Z:t.___(o%o a e Pcoeecie )if._'

transcripts to form the RITS (RNA-induced transcriptional silencing) complex at centromeric
regions to induce heterochromatin formation [3]. Thus, Ago proteins normally reside in the
cytoplasm, e.g. as part of the RNA-induced silencing complex (RISC), but may eventually
translocate into the nucleus and play a functional role in TGS in animal cells, too [4].

K772 f" ofefe. o 1 o fo £°Dc.. chom co—Tconc.. fomc. foo d" oF

6]) that stops the growth of premalignant lesions, as in the case of benign human naevi [7]
or lung adenomas [8]. Cellular senescence can be triggered by overexpression or activation
of oncogenes [9], and the loss of oncogene-induced senescence effectors may lead to the
development of malignant tumors [7, 8]. Intrinsic senescence can also be induced by
therapeutic intervention, and it has been demonstrated that different antitumor drugs, such

as cyclophosphamide [10] or the BRAF inhibitor vemurafenib [11], drive cancer cells into
permanent growth arrest. Recently, we and others described cytokine-induced senescence
(CIS) as an extrinsic form of senescence. In these studies, adoptive transfer of T helper 1
(T,1) cells [12] or the application of T,s ... +ZZ ..>—‘ecete & @ permanentlystaesv
growth-arrested different cancer cells and induced various senescence markarsvitro and

in vivo. Thus, CIS can be considered to be a part of the bodies” immune surveillance machinery

(N¢

SW 'Zf><o% fo <o "—fe— "ZF <o —SF t'—<Zc¢,"c—es 'Sfef sx " .fe..

mainly depends on activation of the p183/Rb pathway [12] and consecutive inactivation of

the E2F family of transcription factors. However, the exact molecular mechanisms remained

enigmatic. As it has been shown that Ago2 plays an active role during intrinsic senescence by
corepressing E2F target genes [17], we therefore analyzed its role in CIS. For this, we treated

S—efe . fe.t” . FZZ Z<ots ™c-S e@ ? fel offe—"FT ofete. . &

CAEA "f"efete— %" ™_S fUife_ St fef efete..fe. fafec .. f-tT >o%

activity [18]. We then analyzed the expression and nuclear translocation of Ago2 protein

fr=t" o—‘ecet .SfZZte%ot —eco%o %o't <Xy <oo—e'D7Z—""fe fe  f o—f

its functional role in extrinsic, cytokine-induced growth arrest by analyzing the regulation
of Ago2-dependent cell cycle control genes and by siRNA-mediated downregulation of Ago2.

Materials and Methods

Reagents
Recombinant human IFN{@nd recombinant human TNF were purchased from R & D Systems (Bio-
Techne GmbH; Wiesbaden, Germany). IFi@&nd TNF were dissolved in complete RPMI 1640 medium,
containing stable L-glutamine, 10% fetal calf serum, HEPES buffer (100 mM), non-essential amino acids,
sodium pyruvate (1 mM) and penicillin/streptomycin (100 U/ml; all from Biochrom AG, Berlin, Germany) to
%o<“F DcofZ ...t fe—"f—<'ee "(@rA00 pg/mlZ 10 hg/mIJBr TNF. Doxorubicin hydrochloride
™ fo tcoe'Z Ft o Tcof—-8>7 e—7"'8ctt a4, =S ""te <%oefee Z1t"<...S Stect o, 4
and used at a concentration of 1 pM.
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Cell lines

MCF-7 control vector-transfected breast cancer cells [19] and A204 rhabdomyosarcoma cells [12] were
a generous gift by F. Essmann (University of Tubingen, Germany) and K. Schilbach (University of Ttbingen,
Germany), respectively. Prior to treatment, cells were seeded at a density of 1 X t@lls/cm? and cultured
TETec%S— <o L te'Zt—F% eftc—e = fZZ'™ f1St"Fef fot Z'%f"<—Sec... %" ™-Sa -
removed and cells were either incubated in complete medium alone or in medium containing doxorubicin,
IEN-@2 & "f"<'—e oc 4@ @ .. te,cof—cte M8 e o fo —SF <ot f-FT . te. e
and for the indicated time periods.

Viability assay
Y27 “<f,«Zc—> ™Mfe Th—F"ecefT —ece% —SF . Z7cet-"c.., td use, <o teeet-S‘§
t e—f-"f®'Zc—erwe..[",'SfecZctt ofZ—@, foft feeof> ec— "7te .St <f%oete—c<
(Mannheim, Germany) according to the manufacturer’s instructions.

In vitro growth assay
St %" ™_S feef> ™fe "E" et fo the "< tt ff"Z<E" st a "<iDZ>a .fe..1"
density of 1 x 10 cells/cm?. Then, the cells were treated with control medium, doxorubicin or cytokines
as described above for 24 h or 4 d, respectively. After treatment, medium, doxorubicin or cytokines were
removed, the cells were trypsinized, and viable cells (trypan blue exclusion) were counted under a Zeiss
S TR - tw e e ] f"2Z tcoe & "¢ ... Sted fVefe> —eco% f t—,f—%1" .. ¢
GmbH, Sondheim, Germany). The cells were reseeded at 2 % @€lls/cm?, and grown in the absence of
doxorubicin or cytokines in complete RPMI 1640 medium for 1 — 2 passages (p (1) — p (2)).
o Yo't eo' . et ™e FE fcofe—0d trv ..fZZe ™I f %o ™e — f . teDZ—fe. ..t ZF"F:
treated either with siRNAs, IFN<@? L fe <o f—cte T e '@—e ~" vz Sa 7 -St
growth assay, the number of viable cells was counted after the treatment phase at passage 0 (p (0)), and
fr=3" =St e— et —te— "fesf%t ' s &
To exclude interference of the combined siRNA/cytokine treatment with the trypan blue exclusion
assay, we also counted dead cells directly after the treatment phase at p (0) and after further growth at p

s A o =8t f,efe..f " >—feceted o<« @m—"tf—ft 127 ' —Zf—<'ee «S'™Mtt Stat - UA
fet x&t - s&t” exv TIfT . tZZ¢ f— ' s & MSE "ffe St . le cof—<'e T e o7
uat” exv tTift ..fZZe f— 1 fef svds - waAu" exv TifT ..FZZe f-' s &
Proliferation assay
el fe—TFefe— T UZEfocted trv L feF L FZZe ™iZtellstvelt 1T f— f TEeec—
‘o' {xee™}Z27 DZf-e, ——'*FT 'Zf-tea "—-%1" tv S& -St .. tZZe ™" F-St" —"if-F1

siRNAs alone or a combination of both for the indicated time. In other experiments, the cells were pretreated

for 48 h with siRNAs alone or in combination with the cytokine cocktail. Then, the cells were reseeded to

effe—"% St L FZZ—Zf" Z Tt f—cte fO—f" "t TfZ 0 —SF —"if—ete—8 ¢ 2-Ssectce
tv § 7t =SE "hert . —<TF CZf—fe ™METE SfUThe—tt fof DeofZZ> offe—"11 —eco¥%o f
LT E—f " —8 L t—e—t" fZZ "ff%efe—e fet FU—cete— "' fVece Zef’a ‘e—'eda &

described [12].

ee__ o' OZ—*"te. . . teo. .t
Cancer cells were grown on chamber slides (BD Biosciences GmbH, Heidelberg, Germany), and
coe—e'DZ—""Fe.te.f fefZoete ™IVE F"ett feete—<fZZ> feo THe., it st d -

™37t De8ET ™c—S f..f—‘ef of-Sfe'Z sls & SF eZc«tfe ™i"f ™feStt ™S ra
temperature (RT), blocked with serum-free DAKO-Block (DAKO Deutschland GmbH, Hamburg, Germany),

™feStt f% fcoed fof co.—, f—FtT ™c—S foe—ca «<xy T<Z——<'e sasrra ,..fea fe*,” <t %
{ zat t<Z——<'e satrra «Z2Z<'"t4 <Z72%7<..fa & & "—1” ™MfeSce%d —St oZc<tTHe
"fan<— Zt8fvzz e“c—"'%ofed Tco—"¢,——*FT “<f SFver «eSt” .<fe—<Dc¢..& fZ-Sf-a
ZtSfwww  FZZ7 <%oefZ<o%o f..Se'Z'% >4 ‘e—‘ed & 4 MfeStt f% fce fof <o..—,
tee'StesZcet 2t & T<—"'%ote & «ofZZ>4 —St eZ<«tfe ™IF ™MfeSITE of—e—tt ™.

medium (DAKO) and analyzed using a Zeiss Axiovert 200 microscope (Zeiss) with the VisiView software
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coc—"'e se_feed — .. . SSFced fUefe> & ‘ FE..Z—1FTF —ee’t . (Dc...& T8 — <..comett
negative controls (in the absence of anti-Ago2 and anti-Ki67 antibodies) of medium- or doxorubicin-treated
cells were performed. At the appropriate device settings, all negative controls were virtually free of red or
%o"fFte DZ—"fo. . te..F ocUoefle Tf—f o'— ¢S ™e &

— izz_zfn SUf o —ctefocte
Cell lysis was performed using the NE-PERNuclear and Cytoplasmic Extraction kit (Thermo Fisher)
as described in the manufacturer’s protocol.

Immunoblotting
Western blot analysis was performed essentially as described [20]. After doxorubicin or cytokine

—ff—ete—& ..fe..F” . fZZe ™"t Zsett <o Zsece ,—""f" wr e V<o Z& ' yAWA sSwr
raw” 4ds e fasMOaffet rav’ >aet” . f = 1-Sfe'Z te—fcoco%o [ "'—Ffef oS¢«
(cOmplete™ from Roche). After determination of protein content using the bicinchoninic acid assay (BCA)

e Bfver o8F7  Lcfe—<Pc.. " 8% ‘=< —fe—; fesfs "7 =8 o, & ‘a a4 fZe

Ti_fcee ™ML TEet77ET s & fof —7fee 77t t ‘ot f 7257 ¢esZcttet T<DZ—""¢tt
Sted o'F...<Dc... ,fete ™Mi"F “co—fZcoett ,> —SF —ef 7 foe—<a@ %'ta ..Z'<f { zat s
Zfece & ...Z'+f sus u sasrrra 22 fe—c@m>aef ..o otet 2 efZ foe—c¢,'T>
EMD Millipore) in combination with an anti-mouse horseradish peroxidase (HRP)-conjugated antibody

SAurrrd 1727 <%oofZce%o t..Se'Z'%> & FZZ Zsef—%e "Vte f f L FZZe TE"IE "Fecce%o
controls (data not shown).

tfe—"tete— " @>@%fZf..—'octfet f..—< <>
@>@%fZ f..—<c—> ™fo offo_"fF fo ""F ¢ —eZ> tHe. "¢, fT std sz & ~—1" <o...
IFN-@2 & t< " "f"fe— o< o <o . te cof (@8 ™MZ_ & oftgeAd ..fe..t" .. 127 ™i"t D3t

SW ece f— & fol —Ste e—fcoft "7 sx S f— uy ! —ece% —-St >a& fZf..—'ectfet -
Biological; Swampscott, MA, USA). The staining solution was removed, the cells were washed with PBS and
o, of—Fe—7Z> o—fcoktt ™S — fZ72'™ ti—frecef—c'e N St ——fZ ..f727 e—+ 14
-negative (white) cells were counted using a Zeiss Axiovert 200 microscope (Zeiss), and the percentage of

@>@%fl@ ‘ec—<"f .. FZ2Ze Mfe _fZ..—Zf-%t4a

<o'Zf—c'e fol “—foe—c—f—<"%
Isolation of total RNA from cancer cells was performed using the NucleoSpiiRNA Plus kit from
Macherey-Nagel (Macherey-Nagel GmbH & Co. KG, Diiren, Germany) according to the manufacturer’s
ot 28 —,ef —te-7Z54 =St < V<= L e>e—Stece ec— e ft f,"f-""cte

™ fe —eft TN VETEYef —Ufee V< =<'l Fef FE'ieec'e feoflZvece > “—foe—<«—f—<"F "ifZ
then conducted essentially as described [12] with a LightCycleri80 Il system (Roche) using the following
primer pairs in combination with a KAPA SYBR vzr ® efe—F" «<& <%oefee Zt"<..S &
(i) human PCNAG efeetf fet fo—cofeot a
(i) human CCNAZA efeei fet fe—cofeot 3
(i) human CCNEZ efeef fet fe—cofeot a
(iv) human CDCA& <«fe-f fet fe—coteot a
(v) human CDCZ efeeit fet fe—cofeot a "«
human AGOZA efeei fet foe—coteot a "< S—efe
ACTBA efeet fet fe—cofeet a  “<<ALD®AGe pheot

GTGTTGTGGGCATCAAGGTAGA and antisense CGAAGTCAGCTCCGTCCTTCT; (bHiPRIFAN e Feef
TGATAGATCCATTCCTATGACTGTAGA and antisense AAGACATTCTTTCCAGTTAAAGHEE@A@Idolase

A and hypoxanthine-guanine phosphoribosyltransferase (HPRT) served as housekeeping genes. For
normalization the medium condition or control setting was set as 1.

Pfee <o feot oot et tT™™Me T %tx > e

T %o't eef et ™e F&'Fcoete—ed trv ... tZZe ™"t —"fee . —ff ™S tw o ®
using the DharmaFECT 1 transfection reagent (Dharmacon Inc., Lafayette, CO, USA) according to the
o—""Zct"ie oo — L —c'eed 'F.<Dc.. e T—'Z38Fe —Fe—Ft o Z—tit v T 71—
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as well as an Ago2 SMARTpool siRNA. A non-targeting pool was used as control. Functionality of all listed
siRNAs was either analyzed in combination with the cytokine cocktail or in culture medium for up to
48 h. After incubation, cancer cells were either used for RNA isolation and immunoblotting to check for
eet et ™o £7P ¢ <Fe ... >an VItré Viability” prdifetation or senescence assays.

. S —f"%t— ef“—tfe.. 14 a  ec t —f"%f— e —te.

a o< U —f"%t— of“—te..ta a o< Vo o—f "%t~
et —fe.. fa a Y7 —f"%et— i —fe..fea a
CCAAGGCGGUCCAGGUUCA, GGUCUAAAGGUGGAGAUAA, CAAGCAGGCCUUCGCACUA;  Non-targeting
TZ eft—te.ted a a a
UGGUUUACAUGUUUUCCUA.

—f—ce—c...e
Data are expressed as arithmetic means + s.e.m. (technical replicates), and statistical analyses were
made by unpaired t-test, or ANOVA using Dunnett’s or Tukey’s test as post hoc test, where appropriate.
TTATW ™ fe L teectf "t T e—foce—<. . fZ2Z> T< TF"te—A §'f"cefe—e ™IV TE"TNeit o —TM!
(MCF-7 and A204; biological replicates).

Results

— L ZEf7 =T feeZt L f=<'e T %o'X T—"<o% T8 — <..comcoet— .. FT efete.
First, we established the methods to analyze the role of Ago2 in cellular senescence. MCF-
7 breast cancer cells were treated with 1 uM doxorubicin for 24 h followed by removal of the
drug for 96 h essentially as described previously [17]. As expected, doxorubicin treatment of
the apoptosis-refractory MCF-7 cell line [19] inhibited the proliferation of the cancer cells.
Most importantly, doxorubicin also stopped MCF-7 cell growth for 2 passages after removal
C St tT—%  <%oA S A o flTTc—c'ed T'8§ 7" — <..co cot— .ttt f DZf—-4 oF+1
<Wod S A «<o.."ffettT efefe. . Fe.. taefee .. ofalfpositvee %elfsZth...— o<t fet
approximately 80% (Fig. 1C), and blunted BrdU incorporation into the DNA of proliferating
W FZ2Ze > p{w" <Bod S A FE3-4 ™I fefZreft %ot —"feeZ'. f—c'e <ot —
cof— 3t efefe fe.td ee—e'DZ—""fe te. . f fefZrece <ottit oS ™MLY
into the nucleus of non-proliferating, Ki67-negative MCF-7 cells after doxorubicin treatment
(Fig. 1E, F). Importantly, Ago2 translocation could also be demonstrated by western blot
analysis of nuclear extracts of doxorubicin-treated MCF-7 cells. As compared with medium-
treated control cells, the ratio of nuclear to cytoplasmic Ago2 was clearly increased after
doxorubicin treatment (Fig. 1G). Thus, the methods described above are well suited to
analyze Ago2 translocation during cytokine-induced senescence (CIS).

— L ZEf7 =V feeZt . f—<'e T %o'X T—"<o% ..>—‘ecefeecet— . . Ft efefe. . fo
The combined action of interferon-@IFN- @and tumor necrosis factor (TNF) drives
various cancer cells into senescence [12-14]. We therefore treated MCF-7 cells with the
established cytokine cocktail for 96 h, and then analyzed different senescence-associated
markers. Indeed, IFN-@? "frefefe—Z> ot —St " ZEf—cte 7 ey .17
after cytokine removal (Fig. 2A), and induced the typical egg-shaped, senescence-like
S 7 %> fot @>&@%fZ f..—<<—> <%oA t & o <o =St . fef " T’ —%ae
translocated into the nucleus of IFN{Q? e-"tf-ft @y ...127¢« <<%dat -St"f,> <o,
Ago27/Ki67 - cells from 10% to 77% (Fig. 2D). Cytokine-induced translocation of Ago2 into
St e— . Zf—e " @y ..1ZZe ™Mfe "1 <D<ttt > ™Mie—F"e 7 foefZrece ‘"
Further experiments using the cytokine-sensitive rhabdomyosarcoma cell line A204 [12,
13] demonstrated that IFN-@? fZe' <ot — .3t —St DZf— sfete. . fe . tafoe' .. <f—
<%oA t A <o.."ffett @>@%fZ f..—<"<=> <%od t & fot FeSfe..Ft e—.
in those cells (Fig. 2G, H). These data clearly demonstrate that nuclear Ago2 translocation
occurs during CIS in two different cancer cell lines.
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time of 72 h thereby [ w >
o o m&WUO
indicating that senescence S m )19 o )1y
induction continuously o 7 I 1)
proceeds after start of the 2 x
cytokine treatment. On the e s
‘—St" Sfeta tr- " a

. H T
of the total cell population @ o ./i\;
already showed nuclear >’

Ago2 translocation after 24 h
of treatmentin A204 or MCF- 7LPH K , 7TLPH K
7 cells, respectively (Fig. 3B,
D). In these experiments,
Ago2 translocation reached
f "¥fe 7 xw” trv
74% (MCF-7) after 48 h of
treatment with the cytokine
cocktail (Fig. 3B, D). Thus,
Ago2 translocation into
the nucleus appears as an
early event in the signaling
pathway of CIS and does Fig. 3. Kinetics of cytokine-induced Ago2 translocation. A, B) Time

m&WUO
m,)1yY
71)

" )1y
71)

6$EIJDCFHOOV

P S|

7LPH K 7LPH K

1XFOHDU $1R FHOOV

not simply represent  fti'fetie..> ° L>—‘ecefamcet—. ..ttt @®@>&@%[fZ f..—<<—> A
another senescence marker e+xa{ & fet ..>o—‘scetacet— .. tt e— . ZFf" %'t —"feeZ ... f—<
of permanently arrested _—‘—f7Z '"—Zf—<‘e & effe - catacdad extvaex ‘" trv "Sf, Trer‘e
cancer cells. wtZ2784 ftc—eam-"tf-%T trv .. FZZe¢ t<o’Zf>*T srax - ray”

- cells after 72 h of incubation (A). C, D) Time dependency of cytokine-
%0 ‘X —"feeZ' fo<'wtf ¥ @>@%fZ f..—<T<—> & +Ffe - catdcdd cxx & fot .
Lor—teced ... S [ Z Zauel¥artago2<translocation in % of the total population (D; mean +
reversible catdcdad oxy ' @y "ffe— .. fe..t" . fZ7e4a ttc—em-"ff-
<o SE" ef%oe<Dc...fetZ¥>4TF yav - ra{" - zcells afters72%offidcubation (C).
-St coo—e'DZ—""te  fe . %
pictures revealed that Ago2
is present in three cellular compartments. Besides its cytoplasmic and nuclear localization,
we also detected Ago2 in the perinuclear region of cytokine-treated A204 cells (Fig. 4A). We
therefore reasoned that Ago2 might shuttle between the cytosol and the nucleus of the cells.
To study this in more detail, we treated cells for 72 h with IFN@2 4 —Ste "t "t -St
cytokines, and incubated the cells for another 48 h or 120 h in the absence of the stressors.
Again, Ago2 accumulated in the nucleus of Ki67-negative A204 cells after 72 h of cytokine
treatment (Fig. 4B). 48 h after cytokine removal, the percentage of Ag#Ri67 - cells already
declined, and nearly reached control levels another 72 h later (Fig. 4B). Taken together, Ago2
rapidly translocates into the nucleus after stimulation of the cytokine receptors, and the
protein reenters the cytosol when cytokine signaling is terminated.

— " feecte T %o'x@"tWo—Zf—FT .FZZ > ZF te="'7 BoFefe T—"<co%0
Ago2 has been descrlbed as a corepressor of several cell cycle genes thereby interfering

™S feSfe ¥27 "2t f—<'e sy & F —S—e effe—"F1t —SF —<etfe

IFN- @2 ‘o —Si i“’":c-« o T ee' ™o %ta"t%—Z2f-tt . 327 ..>.. 7% ..t

cells. 24 h of cytokine treatment, a time point where Ago2 is already present in the nucleus,

reduced the expression of proliferating cell nuclear antigen (PCNA), cyclin A2 (CCNA2),

cyclin E2 (CCNEZ2), cell division cycle associated 8 (CDCAS8), and cell division control protein

t tA fZe' ee'™e fo Zcsetfi fetdoe— ecefet s s > tw owr’ %o
exception of PCNA, suppression of the cell cycle control genes was continuing for the whole

period of 96 h of sustained cytokine treatment and did not resume the starting levels at time

ce— r <%od W & —"-St” f3'F cefe—e ™S trv "Sf, treriefn tef | Z—:
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Efe— L fe.t” L fZZe 7
St T ™"t % —Zf—cte ‘7
%otete f7—F" tv S fet vz S

CIS proceeds through rapid suppression
W e fe L A77 5. ZH
which are known to be regulated by Ago2.

N¢«—+
DL

~+~ ++

&WUO D1g 71) D¥ 71)

"feecte— T ™o 1% —Zf—<'a
®( (o’f("o ...)—l'(°i$('1— $JR $JR $JR
growth inhibition 3 3 3
To examine the functional role of Ago2

in cell cycle regulation in more detail, | %
we downregulated Ago2 in A204 cells
using siRNAs. Combined treatment of
siRNAs with cytokines for 72 h strongly
impacted the viability of cells in an Ago2-
independent manner. The number of
“<fo.Z%F ...tZZe ™fe sva{ -
Ago2 siRNA plus cytokine-treated cells
fet syar - sat™ exx 7' ot
control siRNA plus cytokine-treated cells
as compared with transfection reagent-

1XFOHDU $1R FHOOV

Fig. 4. Ago2 shuttling between the nucleus and

tr_eated cells. We therefore reduced th_e cytosol. A) Localization of Ago2 (red) in the cytosol of

SIRNA treatme_m cycles to 24 h — 48 h in medium-treated A204 cells (left), in the perinuclear

the absence (Fig. 6A) or presence of IVFI‘@ Pt Ohcte et tZE 7 <o 8% e Ft_e " %S_ <"

. Hod x @ b .= ZT Tabetep=ifrd 1y L t77ea 7% fUEf o L, 2-

that a mixture of four different Ag.02 Retranslocation of Ago2 into the cytosol after cytokine

SIRNAs (SMARTpool) as well as single »y,~¢5 . ry  $77« etfe = cafa-44 stuex 4 f”
%o'tee't..«Dc.. e o TET L EE el el eftc—ee—"1f—FT ...te-"'2Z a

MRNA levels by 70% — 80% as compared

with control siRNAs (non-targeting pool)

(Fig. 6C), while the viability of Ago2 siRNA-treated cells was only slightly reduced (82.4 +

SAt" exx fe . te'f"FT ™S o —"ZA A& tTtr<—<'efZZ54& ' F...<Dc... o< o fLZo

FE "feecte <o =S Eete it N —SF Lo-teced tie—f<Z %ol X ™8 —-
-St ~<f,,<2<—> srwau - {ay” exx feo .t f7% T ™S e¢ —"74 A "feecte-
™fe fZe' L feDc"eft ‘e —St "i-tce Z17F7Z %8 x A FE-4 ™I —Fe—tt
of Ago2 downregulation, and measured the proliferation of A204 cells byHl]-thymidine

incorporation. IFN- @2 Zl—e—%T " ZCEf—cte N trv L fZ27e fZ27FfT> fO-%°

inhibition lasted atleast 96 h (Fig. 7A). Then, we asked whether Ago2- siRNAs could antagonize

the cytokine-induced inhibition of proliferation. However, we realized that siRNA treatment

in the absence of cytokines strongly reducedifi]-thymidine incorporation to a similar level

(Fig. 7B). Thus, analysis of cell proliferation by this method did not show consistent effects

of Ago2 knockdown on cytokine-induced inhibition of DNA synthesis, neither during the 48

S —"ff—ete— 'Sfet <God Yy o7 %" e "fZ 7 —St e—"fee'"e (%ol Yy
sffe—"3t @>@%fZ f..—<<=> "=t f —'=fZ <o...— , f—<'s —<of " str S
72 h removal phase). After this long incubation time, the medium-treated, siAgo2- or siCtrl.-

—feett . —tt . EZZe fZ7Ef 1> oS ™ teB(RgSTH)INevVERhETesS, BICtER-%o [ Z

treated A204 cells still responded to IFN@? & fof =St o—‘eced e f<Z *<%o<D
<o "Ffett ST 1. 1. ¢l hip'to appeoxisdtelf A6%. In contrast, the cytokine
e f<Z "f<Ztt = "—"—-8%" $eSfe.t @®@>E%[Z [..—<<—> <o o< %o'tae—

functionally test for another feature of senescent cells, i.e. cell cycle arrest, we performed
Toe—f,Z<*SEtT %" ™S feefse st ™c_S o'ef o' tDc...foc'ee off fZe' f-1%
the absence of cytokines, siAgo treatment did not change the proliferative behavior of A204
FZZe =% ‘et vz S —"fif—ete— > 7% <%oA Yy 4 & o ..'e="fe—& %o
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Discussion

Ago2 is a prominent member of the argonaute protein family. The protein combines
RNA binding properties with an intrinsic enzyme activity and is thus a central part of the
RNA silencing machinery [2]. Besides its role as the enzymatic component of the cytosolic
RISC, translocation of Ago2 into the nucleus has been described [17, 22]. In addition,
detailed analysis of the subcellular localization of Ago2 revealed that the protein also
foe'.ocf—te "Ssec. . fZZ> Mc=S —SF " — %S Fet 'Zfeec... "Ft—<...—Z—+ tu &
"te'Z——<'e <oo—e'DZ—""Fe fe f Tc..——"Fe oS ™Mce% f 'F"ce— . Zff" Z
with our observation that Ago2 may shuttle between the cytosol and the nucleus. Whereas
the molecular regulation of Ago2 as part of the RISC or as part of the nuclear gene silencing
machinery has been extensively studied, not that much is known about the roles of Ago2
in superordinated cellular processes, such as apoptosis, differentiation, proliferation or
permanent growth arrest. For example, it has been demonstrated that the activity of Ago2 is
regulated by phosphorylation/dephosphorylation [24-26]. These data clearly show that (i)
an Ago2 phosphorylation cycle regulates the interactions of miRNAs with their targets [26],
(i) the epidermal growth factor receptor (EGFR) enhances Ago2 phosphorylation which in
turn inhibits miRNA processing [24] and (iii) phosphorylation of Ago2 at the amino acid
"fect—1t > u{u «oSc,<—¢ Z'ftce% ™c—S e o fot ec @meftc<f-1tT %otet
According to these data, phosphorylation of Ago2 correlates with a disturbed function as a
gene silencer. In this line, preliminary data from our laboratory show that cytokine treatment
of cancer cells leads to a rapid dephosphorylation of Ago2 thereby pointing to activation of
its gene silencing function (data not shown).

As far as the role of Ago proteins in essential cellular pathways is concerned, several
reports point to Ago-dependent regulation of programmed cell death or apoptosis [27-29].
For example, evidence has been provided that Ago2/miR-21 targets large tumor suppressor
kinase 1 (LATS1) thereby inhibiting apoptosis in T cells [29]. This miRNA-mediated
mechanism might explain the involvement of Ago2 in this process, as apoptosis is a rapidly
proceeding cellular pathway with activation of the executioner enzymes, i.e. caspases, as
early as 10 h to 48 h after challenge with the death-inducing substances [30, 31]. In addition,
Ago2 downregulation has been associated with apoptosis induction in prostate cancer cells
[28]. Thus, Ago2 seems to counteract apoptosis. On the other hand, as demonstrated in the
present study for extrinsic, cytokine-induced growth inhibition, and by others for intrinsic,

‘o 'Y%otetacet— .. fT efefe..te. . f SYA tw & %'t e— . Zff" —VfeeZ' . f-
This is an interesting aspect as it is known that senescent cells are resistant to stimulus- .
o 'F. <P, fr=tece <oF— . —<¢'e Ut & ,—— ...fe ,F oF..<Dc...fZ2Z> ..ZIf

induction using proapoptotic FOXO4-derived peptides [33].
Senescence induction in tumors is an intrinsic cellular response to oncogenic
signaling that may have evolved alongside apoptosis to suppress tumorigenesis [34].
However, in contrast to apoptosis, senescent cells are viable over a long period of time. In
ftte—ced =St> Sf™F =St ""—Fe—<fZ - <eDZ—Fe...Ff ¢1<%S, "<o% ——e""
microenvironment through secreted soluble molecules, known as the senescence-associated
ef..7t—*"> "Ster—s't uwauy 8 e—F"fe—<e%Z>4 —St —"fee...t272—27Ff"
s e 7 7% “f=tTe <o fZet —7—F <. f Ti7efA ‘—”" Dcotco%oe —Sf— % ..
cancer cells by cytoklne secretion and CIS [12] demonstrate that immune surveillance of
tumors [16, 38] takes advantage of extrinsic, receptor-mediated senescence pathways.
CIS is now accepted as a non-cell-autonomous inducer of cellular senescence that limits
—— e " Kofoefece sw & fet %" fF"fZ T<“¢”T-°— od=tecete Vs —teced oc§——
@X U{ & —"fee " "eco%o %" ™S “f..—'" @A TNF §@&214]\hava *” &
been implicated in senescence induction.
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Conclusion

In conclusion, we show here that the small RNA-binding protein Ago2 rapidly translocates
into the nucleus of senescence-prone cancer cells after stimulation with thgT'cell cytokines
IFN- @nd TNF. Ago2 translocation in cancer cells is already observed after 24 h and reached
a maximum after 48 h of treatment thereby preceding the induction of permanent growth
arrest which takes at least 96 h continuous presence of IFN&nd TNF [12]. We also show
the suppression of important Ago2-regulated cell cycle control genes as early as 24 h after
cytokine challenge thereby pointing to a functional role of Ago2 in the signal transduction of

1116

A o fTte—c'sa =St "Z1 " %'t T—"co% -5t Do vz § 7 Lo—tecef -
—feectem Yo't T ™M % Zf_c'ed fot o, of —Fto— effe—"Fefe " _Sf of
S@e%fZ Sz fof —8% %" ™-8 . Sf'f..—f"co—c..o " 8% ..f177+4 =

the signals that mediate Ago2 translocation in CIS, e.g. phosphorylation/dephosphorylation
and binding to nuclear import proteins, (ii) the binding partners of Ago2 which build up the
repressor complex that leads to transcriptional silencing of the important cell cycle control
genes in CIS and (iii) the role of Ago2 in the later phases of CIS, i.e. in the phase of permanent
growth arrest which, at leastin vitro, may last several weeks.
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Current perspectives

Immune checkpoint blockade therapy ® Cheok for updates

Thomas Wieder, PhD, Thomas Eigentler, MD, Ellen Brenner, Dipl Biol, and Martin R 6écken, MD  Tébingen, Germany

Immune checkpoints are accessory molecules that either immune responses by inhibiting immune suppressor molecules.
promote or inhibit T-cell activation. Two inhibitory molecules, It thus prevents the termination of immune responses or even
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed awakes those CTLs that became exhausted during an immune
cell death protein 1 (PD-1), got high attention, as inhibition of  response. Therefore, blocking negatively regulating immune
CTLA-4 or PD-1 signaling provides the brst immune therapy checkpoints restores the capacity of exhausted CTL to kill the
that signibcantly improves the survival of patients with cancer they inbltrate. In addition, they drive surviving cancer
metastatic solid cancers. Inhibition of CTLA-4 or PD-1 was brst  cells into a still poorly debned state of dormancy. As the therapy
studied in and approved for patients with metastatic melanoma. also awakes self-reactive CTL, one downside of the therapy is
Blocking immune checkpoints is also efbcient in nonBsmall-cell the induction of organ-specibc autoimmune diseases. The second
lung cancer, renal cell cancers, hypermutated gastrointestinal ~ downside is the exorbitant drug price that withdraws patients in
cancers, and others. Immune responses, whether directed need from a therapy that was developed by academic research,
against infections or against tumors, are divided into 2 phases: which impairs further academic treatment development and

an initiation phase and an activation phase, where the immune Pnancially charges the public health system. (J Allergy Clin
system recognizes a danger signal and becomes activated by Immunol 2018;142:1403-14.)

innate signals to bPght the danger. This reaction is fundamental
for the control of infections and cancer, but needs to be turned
off once the danger is controlled, because persistence of this
activation ultimately causes severe tissue damage. Therefore,
each activation of the immune system is followed by a
termination phase, where endogenous immune suppressor
molecules arrest immune responses to prevent harmful damage.  Modern cancer immune therapy developed over more than
In the case of cancer immune therapies, therapeutic approaches 50 yearsl_ Bone marrow transplantation and donor T lymphocyte

Key words: Cytokine-induced senescence, cytotoxic T lymphocytes,
interferon, T helper cells, tumor dormancy, tumor eradication,
autoimmunity

classically enhanced the initiation and activation of immune transfusiof showed that T-cell-dependentimmune responses can
responses to increase the emergence and the efbcacy of cytotoxiccontrol hematological malignancies. Yet, solid cancers were
T lymphocytes (CTL) against cancers. In sharp contrast, largely resistant to cancer immune therapy in humans. Around
immune checkpoint blockade focuses on the termination of 2010, the 50 years of basic and clinical research then provided

the rationale to investigate immune checkpoint blockade (ICB)
as therapy of solid cancer. Important insights came from data
From the Department of Dermatology, Eberhard Karls University. showmg that cancer C_an be killed by Cytotoxic T Iymphoc_:ytes
The work of the authors is supported by the Wilhelm Sander Stiftung (grant no(CTL) or by natural killer cells’ and from the demonstration
2012.056.3), the Deutsche Krebshilfe (grant no. 110664), and the Deutschighat |FN.g_producing cluster of differentiation (CD) 4H'[ can
Forschungsgemeinschaft (grant nos. DFG Ro764/14-1, Ro764/15-1, WI 1279’4'(’:ontain solid tumor§'5 Importantly the description of tumor-
and SFB-TR 156). iated ti .TAAg hich ! . t for tail d
Disclosure of potential con ict of interest: T. Eigentler received consultancy fees fromas‘SOCI_a ed antigens ( )’V ICharea requ!rgmen orial Ore_
Bristol-Myers Squibb, Merck-Serono, and Roche and payment for lectures from MSEUMOr immune therapi’paved the way for clinical use. Yet, this
and Novartis. M. cken received a grant from Deutsche Forschungsgemeinschagcienti ¢ progress did not directly result in the development of
(grantno. SFB TRR 156/1 TP B06) and Deutsche Forschungsgemeinschaft (grant gf cient immune therapy for patients with established cancers.
RO 764/15-1 AOBJ) for this work and from Deutsche Forschungsgemeinschatft for : . . - . : :
other works; consultancy fees from both Almirall Hermal and Biogen Idec for other, Cancers are less ef cientin activating I.nn.ate .Immumty t.han are
works, and Regeneron; is employed with Government Badéintddmberg; has stock |nf_ec_t|ons_by patho_g_ens- Therefore, op_tlml_zatlon O_f the immune
options from Bristol-Myers Squibb and Merck; received travel expenses fronQriming with dendritic Ce||58, MRNA vaccination against person-
Deutsche Dermatologische Gesellschaft e. V., the European Academy of Dermatologyized neoantigen%'}l or novel innate stimuli as adjuvants, such
and Venereology, and diverse universities and public funding organizations (e%ls Toll-like receptor Iigand§2*13 became an important research
Deutsche Krebshilfe e. V.); and holds patent DE 10 2012 024 749.4. The rest of tf}e io 1 AandB). Alt 't. lv. th d ofi ti
authors declare that they have no relevant con icts of interest. _OCUS Flg_ , AandB). ernatively, the need o 'mmune activa-
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tion February 27, 2018. these approaches of immune activation were successful in single
Available online March 27, 2018. patients, but none of them brought signi cant improvement in
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Abbreviations used
BRAF: Serine/threonine-protein kinase
BRAFVS9E/X. serine/threonine-protein kinase B-Raf carrying the
respective V600 mutation
CD: Cluster of differentiation
CTL: Cytotoxic T lymphocytes
CTLA-4: Cytotoxic T-lymphocyte-associated antigen 4
ICB: Immune checkpoint blockade
JAK1/2: Janus kinase 1 or 2
NSCLC: Non-small-cell lung cancer
PD-1: Programmed cell death protein 1
PD-L1: Programmed death-ligand 1
PD-L2: Programmed death-ligand 2
TAA: Tumor-associated antigen
TCR: T-cell receptor

regulating the activation and silencing of T cells are now called
immune checkpoints. While some researchers focused on the
enhancement of T-cell priming-(g 1, B; see also above), others
developed immune therapies based on the inhibition of negative
signals or signaling pathways, like CD2%L-10,"” indoleamine
2,3-dioxygenasé® the TGFb—docking receptor glycoprotein
A repetitions predominant/TGB-axis;° cytotoxic T-lympho-
cyte—associated antigen 4 (CTLA-A)or programmed cell death
protein 1 (PD-1)* Blocking such negative signals either delays
or even prevents T-cell silencingrig 1, C). This may, on one
side, induce tumor surveillance and, on the other, induce organ-
speci ¢ autoimmune diseases, as expected.
All immune therapies developed so far did not only fail as
treatment of established cancers but also as treatment of chronic
infections, like chronic lymphochoriomenigitis virus. Lympho-
choriomenigitis virus—speci ¢ T cells become exhausted during
chronic infection. Exhausted T cells originating from either
chronic infections or from the cancer microenvironment both
express PD-¥ and are functionally indistinguishabfé.
In 2006, Barber et &f found that exhausted T cells can be re-
activatedin vivo with an anti-PD-1 antibody (mAb) by studying
chronic lymphochoriomenigitis virus diseada.vivo treatment FIG 1. Time course of immune responses with or without immune therapy.
not only restored the activity of exhausted CTL but was also thg, siphasic courses of immune responses. Directly after infection, an im-
rst successful immune therapy of a chronic infection. Subsemune response becomes initiated and later on fully activated. After reach-
quent academic work then showed that PD-1 is also express@‘he pgak of immune acltivatlion, the immune response will be silfenced
by T cell in the tumor microenvironment, and on tumor cellsy *T15% . Chesca e ey uees sovse o e
such as melanonia or esophageal adenocarcinofiiaThe li- tion and activation rate of the immune response. After reaching the peak
gands of PD-1, programmed death-ligand 1 (PD-L1) and pravith a steeper slope, the immune response becomes terminated at a
grammed death-ligand 2 (PD-L2), however, are expressedrmal rate. C, Novel immune therapy-induced course of immune re-
mainly by tumors and antigen-presenting cells in the microenvisPonses during ICB. After normal initiation and activation phases of the im-

ey e . . mune response, ICB therapies (anti-CTLA-4 or anti-PD-1 or anti-PD-L1
ronment. Moreover, inhibiting the PD-1/PD-L1 interaction was P pies (

. : N i ; ~ “"antibodies or in combination) stop the termination and prolong the activa-

highly ef cientin the treatment of experimental tumors, includingtion phase of the immune response.

melanomas? These data showed for the rst time that a para-

lyzed immune response could be restored. Hence, they provided

a rationale to further develop biologic response modi@ré® selectively expressed on thymoma cells after apoptosis induc-

in this case antibodies against immune suppressor molecules,tig#.” It took about a decade to decipher the physiological role

an immune therapy for patients with either chronic infectionand the signaling pathways of this immunoinhibitory receptor.

like chronic hepatitis, or metastatic cancer. The rstreports that PD-1 may play a crucial role in maintaining
self-tolerance came from the description of PD-1 knockout mice:
depending on their genetic background, these mice developed

T-CELL EXHAUSTION IN THE TUMOR different autoimmune diseases such as systemic lupus erythema-

MICROENVIRONMENT tosus® or autoimmune cardiomyopathy.in 2000, the novel B7

Mouse PD-1 has originally been described in 1992 as a novémily member PD-L1? and in 2001 PD-L2* were described as
member of the immunoglobulin gene superfamily that idigands for PD-1. Both PD-1/PD-L1 and PD-1/PD-L2 binding
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inhibit T-cell activation. Detailed analyses revealed important
molecular mechanisms and intracellular pathways leading to
T-cell anergy, inhibition of cell growth, and attenuation of T-
cell effector function (for review, see Okazaki etl The PD-
L1/PD-1 interaction leads to the recruitment of the tyrosine phos-
phatase Src-homology 2 domain-containing tyrosine phospha-
tase®* which then in turn dephosphorylates and inactivates
downstream effector signaling molecules of the T- or B-cell re-
ceptors, such as Zap70 in T céfis®or Syk in B cells®* Thus,
signaling through PD-1 mainly impairs the effector phase of an
immune response through cell-intrinsic inhibition of the
antigen-speci c signalingKig 2, A). This discriminates PD-1
from CTLA-4, which has a distinct mechanism of immune sup-
pressior:’ Speci ¢ T-cell activation requires at least binding of
the trimolecular TCR-antigen-MHC complex and an important
costimulatory molecule, namely, CD?%binding with low af n-

ity to CD80 or CD86 Fig 2, B). During this T-cell activation,
CTLA-4, which represents another accessory molecule that atten-
uates T-cell activation, starts to be expressed on the cell mem-
brane. Because of higher af nity, CTLA-4 then captures CD80
and CD86 on the antigen-presenting cells. As a result, CD80
and CD86 are no longer able to occupy the binding sites of
CD28. CTLA-4 thus not only suppresses T-cell activation but
also abrogates the costimulatory effect of CD28 on effector T
cells Fig 2, C). In line with the clinical data demonstrating that
combined treatment with an anti-CTLA-4 mAb and an anti—
PD-1 mAb is more ef cient in the acute cancer remission phase
than either therapy alon&;*® recent experimental data show
that the costimulatory CD28 pathway enhances the rescue of ex-
hausted CTL by anti—-PD-1 mAb. Yet, the exact molecular mech-
anisms underlying this effect remain to be elucidateith view of

the fact that deeply exhausted CTL cannot be rescued because of
the speci c methylation status of their DN& the question has to

be answered whether the CD28-mediated enhancement of the
CTL response results from an improved T-cell recruitment, or
from a direct interaction between the CD28 and the PD-1
signaling cascadim vivo.**

Data suggesting that the tumor or the tumor microenvironment
may dampen the immunosurveillance of tumors through nega-
tively regulating accessory molecules came from the observation
that overexpression of PD-L1 on plasmacytoma cells enhances
cancer growth and invasiveness by inhibition of the cytolytic,
antitumor activity of CD8 T cells*®In line with this, a correla-
tion of PD-L1 expression with the appearance of exhausted T
cells in the tumor microenvironment was frequently observed.
Recent characterization of such exhausted, PD-1-expressing T
cells suggests a critical role for their metabolic reprogrammin
in the glucose-poor tumor microenvironment. The data ShO\% PD-1 bei A . ;

- . L. A, eing expressed on T cells inhibits prosurvival pathways, induces
that activated T cells need enhanced glycolytic activity. In add'f:ytotoxicity, and downregulates IFN- g production after binding to PD-L1
tion, the glycolytic metabolite phosphoenolpyruvate functionsn APCs. Anti-PD-1 antibodies interfere with PD-1/PD-L1 interaction,
as a crucial regulator of T effector cells by repressing sarco/endthereby reactivating the T-cell functions (not shown). B, Activation of naive
plasmic reticulum C% -ATPase. This repression, inturn, sustain T (?ells proceeds via TAA-mediated T-cell receptorsf(imulation a}nd costimu-
Ca21 -dependent nuclear factor of activated T-cell si naﬁﬁ . _atlon.of CD28 by CD80/8_6 expressed on APCs. This leads to mcreased pro-

p A ! g 9 liferation of antigen-specic T cells. C, Once T cells are activated, CTLA-4
Thus, overexpression of the gluconeogenic enzyme phosphoenglcomes expressed on T cells. Because of its higher af nity to CD8O/
pyruvate carboxykinase 1 in tumor-speci ¢ brin CTL leadsto  CD86, CLTA-4 replaces CD28 and inhibits the T-cell activation. Anti-CTLA-

enhanced phosphoenolpyruvate Ievels, thereby strengtheniﬁg‘”“bf’d‘es interfere with CD80/CD86/CTLA-4 interactions, thereby sup-
f ; S A4 préssing the negative signaling and reactivating CD28-mediated T-cell
their antitumor activity. L o ) . )
L. . . . . signaling (not shown).  AP-2, Activating protein 2;  APC, antigen-
This is in accordance W'th a second re_port 'nveStlgatlng thﬁresenting cell; ARF-1, ADP-ribosylation factor 1; Bcl-2, B-cell lymphoma-
balance between anabolic and catabolic pathways and theBcl-xL, B-cell lymphoma-XL; CD28, 80, 86, cluster of differentiation 28,
regulatory role of the mitochondria in activated T céftsThe au- 80, 86; NF-kB, nuclear factor kB; PI3K, phosphatidylinositol-4,5-

thors describe 2 different types of mitochondria: (1) punctuatepfSPhosphate 3-kinase; PLD, phospholipase D; PP2A, protein phosphatase
2A; SHP-2, Src-homology 2 domain-containing tyrosine phosphatase.

G 2. Molecular mechanisms of T-cell inhibition by immune checkpoints.
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FIG 3. Cytotoxic tumor reduction and consolidation phase during ICB. A, Change in target lesions in % of
the initial value at the start of ICB therapy (modied from Le et al 53 and Topalian et al **). Responders
(blue line) show a 2-phasic response with a strong decline in the target lesions in the rst phase and stable
target lesions in the second phase. Nonresponders  (black line) show progressive target lesions. B, During
the rst phase, ef cient ICB therapy leads to activation of a cytotoxic immune response, leading to intensive

tumor cell death via apoptosis and/or lysis. Because the clearance of dead cells by far outweighs hyperpro-
liferation, the tumor regresses.  C, During the second phase, ef cient ICB therapy leads to activation of im-
mune surveillance, leading to tumor cell control by induction of tumor cell dormancy. As dormant/
senescent cells hardly proliferate, cell proliferation and cell clearance reach an equilibrium, and the target
lesions stay at a constant level for years. However, some tumor cells may escape from proliferation control

and start regrowing.
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mitochondria in effector T cells, which favor aerobic glycolysisA very similar enhancement of the anti—-PD-1-mediated immune
(ie, lactate-producing glycolysis in the presence of oxygenyesponse can be achieved by combining oncolytic virotherapy
This leads to enhanced utilization of the glycolytic pathwaywith anti—-PD-1 immunotherapy. Intratumoral application of on-
mainly not for ATP production but presumably as supply of carcolytic viruses followed by a treatment with an anti-PD-1 mAb
bon chains for anabolic pathways. In contrast, (2) preactivateidcreases the number of tumor-in ltrating CTL, PD-L1 gene
T cells show fused networks in their mitochondria, therebyexpression, and an IFysignature on several cellular subsets in-
con guring the electron transport chain and enabling oxidativeside the tumof® As these reports support the nding that ICB-
phosphorylation, instead of aerobic glycolysis. Recently, it wabased immune therapies of larger tumors strictly require the in |-
therefore hypothesized that T cells might be manipulated by tatration by CTL>® improving the attraction of CTL to dissemi-
geted reprogramming of metabolic pathwd§such as glycol- nated metastases may in the future improve their treatment.
ysis or gluconeogenesis (see above), also for therapeuticBesides the need of in Itrating CTL, an increasing number of
purposes in the presence of immune checkpoint inhibitors.  studies show that the ef cacy of cancerimmune therapies through
Besides metabolic reprogramming, exhausted T cells in thikCB critically depends on 4 factors: (1) the mutational burden of
tumor microenvironment show an epigenetic landscape that the tumors*?(2) the capacity of the tumor to respond to INF-

distinct from that of memory CD8-positive T cells. Most g,°>®°(3) the expression of PD-L1 in the tumdtand (4) the tu-
importantly, those cells display functional enhancer maps leadinmor load*®

to exhaustion-specic genome editing and altered gene

expressiorf. 1.

CANCER KILLING AND INDUCTION OF CANCER
DORMANCY BY REACTIVATION OF EXHAUSTED
TUMOR-SPECIFIC T CELLS

The concept of reactivation of exhausted, tumor-specic
T cells by ICB was extensively tested in clinical trials. The
treatment was especially ef cient in patients with metastatic
melanoma;’“%“84%yut clinical ef cacy has also been shown in
a series of other advanced cancers, for example, advanced
non-small-cell lung cancer (NSCLEJMerkel cell carcinoma;
metastatic urothelial cancéfor colon cancers® The analysis of
cancer lesions and tumor markers after initiation of ICB revealed
a characteristic time course of tumor reductidn*Following the
initiation of animmune response, tumors may rstincrease in size
for up to 3 months, due to the in ltration of T cells and the
activation of dendritic cells and macrophages in the tumor
microenvironment® Subsequently, during the next 5 to 7 months,
the target lesions of responding patients show a strong decline.
During this regression phase, some tumors disappear clinically
while other target lesions remain stable and can still be detected
2 years after initiation of the ICBFig 3, A). Even though
complete cancer regression occurs only in a minority of patients,
recent data suggest that metastases tend to remain growth-
arrested when ICB is discontinued and a state of stable disease
is achieved’® This situation is operationally best summarized
under the terntumor dormancya condition in which the cancer
cells are maintained in a condition of equilibrium. In proliferating
tumors, however, this equilibrium is disturbed by hyperprolifera-
tion of the cancer cells. These cells sustain proliferative signaling
and evade growth suppression by the gain of tumor driver genes
and the loss of tumor suppressor gefeBuring the rst phase
of ICB, cancerous hyperproliferation is counteracted by in Itra-
tion of reactivated, cytotoxic CO8T cells and as a consequence
by extensive induction of cancer cell dedthTumor cell death
occurs by apoptosis and/or lysis, and clearance of the dead cells

then leads to a steep decline in the target lesidrig G, B). 2.

This in ammatory and cytotoxic immune response can further
be enhanced by combining cancer radiation with anti-CTLA-4
and anti—-PD-L1/PD-1: anti-CTLA-4 increases the ratio of cyto-
toxic CD8" T cells to antiin ammatory T regulatory cells, while
radiation shapes the TCR repertoire of the expanded peripheral
clones, and PD-L1 blockade reverses T-cell exhaustion.
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The association between the mutational burden and the
clinical response to immune therapies was originally sug-
gested by the observation that ICB-sensitive melanomas
comprise the tumors with the highest mutational
burden®”:°® This association was later conrmed by
studies on colorectal cancers and NSCLC. Thus, only hy-
permutated colon cancers with a mismatch repair de -
ciency tend to respond to treatment with anti-PD-1 mADb,
whereas colon cancers with a low mutational burden are
largely resistent® In NSCLC, treatment with anti-PD-1
mADb signi cantly improved the survival of only those pa-
tients having NSCLC with a large number of mutations,
whereas no therapeutic benet was obtained in patients
with NSCLC that had a low mutational burdéhThese
data support the concept that ef cient antitumor responses
correlate directly with an increasing number of specic
TAAs or neoantigens expressed by the cancer cells. It is
thought that an increasing number of TAAs also recruit
more T cells and a more diverse spectrum of T cells, which
should strongly amplify the CTL activity against the tu-
mors®:62€° The expression of neoantigens is especially
high in mismatch repair-de cient cancers, and in conse-
quence the large spectrum of neoantigens renders these tu-
mors especially sensitive to immune checkpoint
inhibition.>>"° A potential drawback is that such fragile
cancer cells may more easily escape from tumor surveil-
lance by losing their capacity to present TAAs or neoanti-
gens and thus become resistant against ICB thetapyo
circumvent these problems, it will be necessary either to
improve the expression and presentation of cancer-
speci ¢ neoantigens, or to use technological innovations
that are capable of guiding the immune cells to neoanti-
gens that arise as a consequence of cancer-speci ¢ muta-
tions®® One such approach could be the use of mAbs
that preferentially bind to cells or extracellular structures
of the tumor microenvironment and are capable of attract-
ing T cells.

Another important area of resistance development in
response to ICB therapy is related to the I§Nsignaling
pathway. Yet, this regulation may be more complex than
a simple loss of distinct signaling pathways. On the one
side, metastases with defects in the Janus kinase 1
(JAK1) or the IFNg signaling pathway seem to escape
from cancer immune therapy with anti-PD-1 m&k>*
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Moreover, suppression of the IFisignaling pathway in
experimental tumors abrogates the cancer control with an
anti—-CTLA-4 mAb. On the other side, prolonged IFEN-
signaling induces multiple alternative inhibitory pathways
that are distinct from the induction of PD?and result in

a loss of proin ammatory cytokine signaling (for details,
see also ‘Ambiguous role of IFN signaling during ICB
therapy” section). Thus, it is currently best assumed that
ef cient ICB in cancer therapy critically requires an intact
JAK1-IFN-g signaling pathway. Nevertheless, persistent or
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and less toxic than with ipilimumab in the adjuvant setting;
yet, despite treatment at the stage of minimal residual dis-
ease, about 30% of the patients still developed metastatic
disease during treatment or the following 12 moriths.
These data underline on one side that a low tumor burden
and a functioning immune system increase the ef cacy of
cancer immune therapy by ICB. Yet, they also show that
still unknown factors interfere with the ICB-induced can-
cer control, even at conditions of an adjuvant immune ther-
apy (see “nonresponders’ iRig 3, A).

aberrant IFNg signaling may induce PD-L1-independent
immune suppression and speci ¢ ICB resistance.

3. PD-L1 expression is induced by different cytokines
namely, IFNg”® and IL-27/* and can be expressed by
multiple cells in the tumor environment including the tu-
mor itself>>">"®1t is currently assumed that interruption

As far as the consolidation phase of ICB is concerned, the
situation is not as clear, and only limited information is available.
‘Nevertheless, in this phase of immune checkpoint inhibitor
therapy, the residual lesions are controlled by the immune system,
most likely by T;1-mediated, cytokine-induced senescefifcg’
of the PD-1/PD-L1 interaction at the tumor site is critical Cytokine-indu.ced senescence not only gtops hyperproliferation
for an ef cient therapy with anti-PD-L1 antibodiés.In of the remaining cancer cells but, espeglally aftgr clearanqe qf

the senescent cells, also leads to stable disease without eradication

line with this, treatment of NSCLC in humans with the ) A
anti—PD-1 mAb pembrolizumab improved the OutComeofthetumorﬁg 3, C). Immune checkpoint inhibitor therapy thus

of patients, where at least 50% of the tumor cells express%?eally targets cance.r |mm“un_oe_d|t|r_19, \:vhlchudesc_:r_lb_es tu”mors In
PD-L1°° While the experimental data and the data from sequential phases: the “Elimination,” the “Equilibrium,” and

NSCLC are relatively clear, the role of PD-L1 expressiontheh Esiage pgaieé% Fere, the ‘f.’mt'_PD'lt mAbsT rst rltla acttl\éateb
in the microenvironment of melanomas is less clearcX ‘auSteéd an -1-expressing, cytotoxic cells, thereby

Thus, no treatment-limiting PD-L1 expression has beeI1:.educing large parts of the tumor mass. Later on, ICB shifts the

: . b Femaining tumors from the “Escape” phase to the “Equilibrium”
found for the responsiveness of melanomas to anti-PD ase. In the “Equilibrium” phase, CDH4T cells as well as IL-12

therapies. Moreover, no correlation was found betweeR - A ) .
the PD-L1 expression and the response of metastatl%ndIFNg_.dom'natEd |mm%1r?8eSresponseSW|ll keep the tumors in
melanomas to combination treatment with the PD-1 mAI§* long-lasting dormant state
nivolumab and the CTLA-4 mAb ipilimumaB’ Because
PD-L1 is expressed by multiple cells, including
immunosuppressive plasma celfs,macrophage$] or  AMBIGUOUS ROLE OF IFN SIGNALING DURING
tumor cells>® it remains to be established whether the|CB THERAPY
PD-1/PD-L1 interaction suppresses CTL only in the tumor Acute antitumor immunity can arrest tumor growth by inducing
microenvironment, or whether distant PD-L1 expressionjumor dormancy. In a multistage carcinogenesis model, it has
for example, in a draining lymph node, may cause théyeen demonstrated that,T stop tumor development by an IFN-
T-cell exhaustion. Because the association between thg- and tumor necrosis factor (TNF) R1-dependent mechafiism.
PD-L1 expression inside the tumor and the response tlore detailed analyses revealed that thd Tytokines IFNg and
anti—PD-1 therapies differs between tumor entities, theNF drive tumor cells into permanent growth arrest, that is,
exact role of the PD-L1 expression, the magnitude of theellular senescendé:®*#Cellular senescence is an endogenous
PD-L1 expression, and the site for the PD-L1 expressioBtress response mechanism that directly copes with the hyperpro-
needed for an efcient therapy with anti-PD-1 mAD |iferative properties of tumor celf§’¥0n the other hand, cellular
remain to be established. senescené@ as well as chronic inammation and TNF

4. A major parameter negatively in uencing the response tgignaling” may also have tumor-promoting effects. Thus, it is
ICB is a high tumor burdefi’ This can partly be compen- not surprising that the role of IFN-signaling in ICB therapy
sated by a combined treatment with an anti-CTLA-4 mAbhas been controversially discussed. In a recent report, Benci
and an anti-PD-1 mAb, 2 agents targeting differenkt ai’? provide experimental evidence for a protumoral role of
immune-suppressive molecules. In treatment conditionshronic IFNg. In this case, chronic IFN-signaling in tumor
in which monotherapy with an anti-PD-1 mAb inducescells increases resistance to ICB through induction of multiple
remission in about 40% of patients, the combined applicanhibitory pathways. Upregulation of inhibitor receptor ligands
tion of the anti-CTLA-4 mAb ipilimumab with the anti- on the tumor cells generates deeply exhausted T cells that can
PD-1 mAb nivolumab can increase the response rate 9o longer be targeted by anti~PD-1 therapy. This nally leads
about 60% for 18 month$.“® The role of the tumor to tumor progressionF(g 4, A). In contrast, loss of IFNy
burden is further highlighted by adjuvant ICB treatmentsignaling in tumors® and/or in T cellS* has been described as a
for RO resected stage Ill or IV melanomas. In these pamechanism of resistance to immune checkpoint inhibitor therapy.
tients, high-dose ipilimumab (10 mg/kg body weight) im- Accordingly, ICB therapy leads to IFiy-signature and signaling
proves the 5-year overall survival as compared withn responding melanoma lesions and later on to tumor cell death
placebo, at the expense of a relatively high toxicity thatand cancer regressiofi 4, B, left panel). Alternatively, cyto-
mainly manifests as severe coliff$In a direct compari- kine signaling may originate from checkpoint blockade-
son, treatment with nivolumab was even more ef cientmediated reactivation of exhausteq,T which secrete IFNy
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FIG 4. The dual role of IFN signaling during ICB: cytokine-induced regulation of PD-1 versus cytokine-
induced antitumor effects. A, Chronic IFN- g signaling upregulates inhibitor receptor ligands and other nega-

tive immune regulators on tumor cells. Enhanced expression of these negative immune regulators leads to
deeply exhausted T cells that cannot be reactivated by ICB therapy. ’> As a consequence, the tumors
continue to progress during therapy. B, Ef cient ICB leads to an acute IFN- g signature, and to CTL- and
IFN-g—induced tumor cell death  (left). ICB may also lead to reactivation of exhausted T 1. Tyl then secrete
IFN-g and TNF, and drive the surviving tumor cells into cytokine-induced senescence (right) . Consequently,
ICB therapy leads to tumor regression by CTL and IFN-  g-mediated apoptosis or lysis, °° to control of the sur-
viving tumor cells by IFN-  g-induced JAK1/2 signaling, °* or to cytokine-induced senescence. °2 Tumors may
escape from this control, if the IFN- g—induced signaling becomes abrogated (not shown).

and TNF in the vicinity of the tumor lesions. Combined IgNnnd  JAK1/2 de ciency may also result in T-cell resistance due to
TNF then induce senescence in the tumor ¢&lleading to long-  HLA class |-negative tumor lesiofs. Taken together, over-
lasting tumor controliig 4, B, right panel). In line with this, a whelming evidence exists that IF§lsignaling, presumably via
recent report analyzed the genetic alterations that are associatétK1/2, plays a crucial role in the initial antitumor response dur-
with acquired resistance to anti—PD-1 therapy. They found thang anti—-PD-1 treatment or other immunotherapeutic regimens.
the cells of relapsing patients showed loss-of-function mutations As far as the role of in ammation and IFi§-signaling during

in the genes encoding IFN-receptor—associated Janus kinase 1©B therapy is concerned, it has to be taken into account whether
2 (JAK1/2)%*These mutations resulted in insensitivity to the anti-(1) the cytokine signal is chronic or acute; (2) IRNs acting in
proliferative effects of IFNg. Interestingly, JAK1/2 losses are not the presence of additional cytokine signaling, for example, TNF
rare in melanomas and predispose to I§Nesistance. Thus, signaling; (3) cells of the tumor microenvironment are also
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in uenced by the cytokines; and (4) the tumor cells of respondersntigen-presenting cells of the tumor microenvironment, or to
initial nonresponders, or acquired nonresponders are analyzecan important role of PD-L1 outside the direct tumor
microenvironment, like in the tumor-draining lymph nodes (see
also “Cancer killing and induction of cancer dormancy by
CLINICAL APPLICATION OF ICB reactivation of exhausted tumor-specic T cells” section).
A decade ago, advanced melanoma was a tumor largeBembrolizumab, the second available PD-1 antagonist, was
resistant to all available therapeutic approactie®Despite evaluated in a phase Il trial against ipilimum&bThe 1-year
worldwide efforts, especially the immunotherapeutic studiesverall survival rate was between 74.1% and 68.4%, depending
published until 2011 were restricted to highly selected patientn the frequency (10 mg/kg either every 2 weeks, or every
cohorts or included only small numbers of patients with3 weeks), and 58.2% for ipilimumab (3 mg/kg every 3 weeks
melanoma. However, in 2011, a report of a phase Il triafor 4 doses). Updated overall survival rates of this study were
suggested that HLA-A020.1—positive patients with melanomahown at the ASCO 2017 meeting. At 33 months, 50% of the
treated with high-dose IL-2 combined with a gp100 peptideatients in the pooled pembrolizumab arms were alive and 39%
vaccine and incomplete Freund’s adjuvant might have a smalh the ipilimumab arm.
temporary survival bene 3 Thus, immune therapies with mAbs against immune
In the same year, a groundbreaking study showed for the ratheckpoints not only induce a clinical improvement, but may,
time that an immune therapy may slightly but signi cantly in line with the originally published data, even induce a stable
improve overall survival of patients with metastases of a solidong-term survival in those patients with stage IV melanoma who
cancer, in this case melanomiaThe study compared the treat- respond to the therapy. However, in about 50% to 60% of patients
ment with an anti-CTLA-4 mAb (ipilimumab) at 10 mg/kg plus the tumors fail to respond to the therapy and progress
dacarbazine versus dacarbazine plus placebo. Dacarbazine wastinuously despite the therapy. This behavior, referred to as
given for 4 cycles. Subsequently, either the anti-CTLA-4 mAlprimary resistance, is currently under intensive evaluation (see
or placebo was given as maintenance therapy every 12 weeldso “Cancer killing and induction of cancer dormancy by
This was the rst trial demonstrating a discrete (about 5%) buteactivation of exhausted tumor-specic T cells” section).
signi cantly improved 3-year overall survival for patients Despite a large number of conclusive reports, the reasons for
receiving an immune-based therapy for metastases from a sofitis primary unresponsiveness are still poorly understSbd.
cancer*%° On the other hand, 40% to 50% of the patients with melanomas
An independent trial in pretreated HLA-A020.1-positiverespond to ICB therapy performed with either nivolumab
patients with melanoma compared a monotherapy with thé€8 mg/kg every 2 weeks) or pembrolizumab (2 mg/kg every
anti—-CTLA-4 mAb ipilimumab (3 mg/kg for 4 cycles), against 3 weeks). This success rate is much lower in most other cancer
either a combination of the anti-CTLA-4 mAb plus a gp100entities?®>* Once melanomas are responding, ICB seems to
peptide vaccine (in incomplete Freund’s adjuvant) or the gpl0Oduce a long-lasting, durable response in most tumor-bearing
peptide vaccine alone. Monotherapy with ipilimumab resulted ipatients. However, a subset of patients initially responding to
a signi cantly higher number of patients achieving a long-termcheckpoint inhibitor treatment relapse and develop therapy
overall survival compared with the other 2 arifis)’ Thus, over-  resistance—referred to as acquired resistance. The mechanisms
all survival rates in the ipilimumab plus gp100 group, theleading to the development of this special kind of therapy
ipilimumab-alone group, and the gpl00-alone group wereesistance are the subject of current research; one reason is the
21.6%, 23.5%, and 13.7% at 2 years. The therapeutic impact tifss of IFNg responsiveness by the tumor cells. Most of the
ipilimumab remains, however, unclear in this study, because thesponders become “clinically” healthy with various degrees of
gp100 peptide vaccine in incomplete Freund's adjuvant masesidual disease, and only a minority of these patients achieves
have adversely affected patient survival due to the induction df clinically complete response. This suggests that the reactivation
a tumor-promoting immune response. Indeed, induction of aafthe immune system by PD-1 antagonists deletes only part of the
inappropriate antitumor immune response may not only beetastase¥ The remaining metastases seem to be driven into a
neutral but even promote tumor progresstdii.® state of dormancy. A similar state of dormancy can be induced by
While melanoma therapy with anti—-CTLA-4 mAb paved thethe combined action of IFig-and TNF on melanoma celf§.This
way, the major clinical breakthrough in melanoma immuno-mode of action may be of relevance for ICB therapy, as recent data
therapy was the introduction of PD-1 antagonists. Two suckhow that the effectiveness of a therapy with either CTLA-4 or
antagonists are currently approved (nivolumab and pembrolizi®D-1 antagonists depends on the presence of an intacglFN-
mab), both being directed against the PD-1 molecule. Othesignaling pathway in melanoma metasta%e%>
antagonists (namely, avelumab and atezolizumab), binding the Various approaches are currently being tested to improve the
PD-1 ligand PD-L1, are likewise approved for solid cancers suctesponsiveness to the immune therapy. The only approved therapy
as urothelial carcinoma, or Merkel cell carcinoma, or are undds the combined treatment of patients with melanoma with
clinical development for a large number of cancers?*%° nivolumab and ipilimumab. This combination (nivolumab
Nivolumab (3 mg/kg every 2 weeks), the rst PD-1 antagonistl mg/kg and ipilimumab 3 mg/kg every 3 weeks for 4 cycles
evaluated in a phase lll trial, was compared with dacarbazine ifollowed by nivolumab 3 mg/kg every 2 weeks) was compared in
treatment-naive patients with serine/threonine-protein kinasephase Ill trial to the individual drugs (nivolumab 3 mg/kg every
(BRAF) wild-type melanom4?® The 1-year overall survival was 2 weeks, and ipilimumab 3 mg/kg for 4 cycles, respectively) for
signi cantly in favor of the nivolumab-treated patients (72.9%treatment-naive patientS. Patients in the treatment arms
vs 42.1%). Interestingly, response to treatment was independergntaining the anti-PD-1 mAb achieved a signi cantly
of the PD-L1 expression in the tumor samples. This phenomendonger progression-free survival than those treated with the
might be attributed to a heterogeneous expression of PD-L1 @nti-CTLA-4 mAb only. Also, the 2-year overall survival rates
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TABLE I. Frequently applied treatment algorithm for patients with metastatic melanoma where surgery is no longer applicable

Extent of metastases BRAF status General health Treatment metastases approach

Limited BRAF wild-type or BRAF/®20E/K Good ICB using anti—-PD-1/PD-L1 antibodies

Extended BRARCOE/K Good or poor Combined inhibition of BRAX and MEK
Extended BRAF wild-type Good or poor ICB using anti—-CTLA-4 and/or anti-PD-1/PD-L1

antibodies or chemotherapy

MEK, Mitogen-activated protein kinase kinase.
The table summarizes treatment options using immune checkpoint inhibitors, kinase inhibitors or chemotherapy for patients suffering from metastatic melanoma (according to the
extent of disseminatioff’ see text).

were 64% for the combined treatment with the anti-PD-1 mAlf metastatic disease in patients at high risk. An adjuvant phase Il
and the anti-CTLA-4 mAb, 59% for those treated with thetrial compared ipilimumab (10 mg/kg body) with placebo applied
anti-PD-1 mAb, and 45% for those treated with thein an induction phase every 3 weeks for 4 cycles, followed by a
anti—-CTLA-4 mAb“° The combined therapy provided the highestmaintenance phase of 1 anti~CTLA-4 infusion every 3 months for
benet for both progression-free and for overall survival inup to 3 years® After a median follow-up of 5.3 years, both the
patients with a low PD-L1 expression (<5%). Thus, PD-15-year recurrence-free survival and the 5-year overall survival
antagonists (and probably also PD-L1 antagonists) are superioere superior for patients treated with the anti—CTLA-4 mAb.
to CTLA-4 antagonists and seem to prolong the median overaBubsequent studies with an anti—-PD-1 mAb (3 mg/kg nivolumab,
survival of patients with metastatic melanoma up to 32 monthsvery 2 weeks) showed that the anti—-PD-1 treatment, given in the
Moreover, patients with melanoma with limited metastaticadjuvant setting for 1 year, is at 2 years safer and more ef cient
disease and a good health status seem to respond very favorathlgin the anti—-CTLA-4 mAb (10 mg/kg ipilimumab; every 3 weeks
to the immune therapy with an anti—-PD-1 mAb, whereas thosr 4 doses and then every 12 weeks for up to 1 year). The 1-year
with a poor health status and extensive metastases seemrabe of recurrence-free survival in the nivolumab arm was 70.5%
respond rarely to an anti-PD-1 mAb ther&fy. compared with 60.8% in the ipilimumab arthTogether, these 2
Combining the current experience with immune therapies witstudies demonstrate for the rst time that an immunotherapy may
the experience obtained from the treatment of metastatise ef cient in the adjuvant setting when given to patients at high
melanomas bearing the serine/threonine-protein kinase B-Re$k of further metastatic disease after RO resection of melanoma
carrying the respective V600 mutation (BRAFEX) mutation metastases.
led to the treatment algorithm illustrated ifable |, which is
currently broadly used. It is based on the following experience:
anti-PD-1 mAbs are independently of the presence of BMMUNE CHECKPOINT INHIBITOR-INDUCED
BRAFY°EX mutation ef cient in patients with a limited tumor AUTOIMMUNE DISEASES
load, especially with lung and lymph node metastases, and normalPD-1 (also CD 279) was initially recognized as a receptor
monocyte numbers in the peripheral blood. It seems that in mangducing a downregulation of the immune system and thus
of those patients treatment can be terminated or interrupted aftpreventing autoimmune diseases. Thus, PD-1 promotes
2 years of successful therapy. In contrast, in patients with a higheelf-tolerance by suppressing T-cell-driven tissue destruc-
tumor burden, where rapid responses are needed, the combinattimm.2°** As immune checkpoint inhibitors antagonize exactly
of targeted drug therapies using inhibitors of the serinethis brake, treatment regimens with PD-1 or CTLA-4 antagonists
threonine-protein kinase BRAF and the mitogen-activated proteimay initiate the development of mainly T-cell-mediated
kinase kinase seems to be more efcient. Yet, thisorgan-specic autoimmune diseas€s.*°® In principle, both
pharmacotherapy requires the presence of the BRI CTLA-4 and PD-1 antagonists are able to induce any
mutation in the metastases. It seems to be somewhat less ef ciesrigan-speci ¢ autoimmune disease described; yet, CTLA-4 and
than anti—-PD-1 mAb in patients with a limited tumor load (if the PD-1 antagonists cause those diseases with different frequency
data from phase Il studies are compared) and requires and distributior’® Severe colitis is mainly caused by the
continued therapy. For patients with more extensive melanomanti-CTLA-4 mAb?® whereas endocrine and pulmonary side
metastases that are devoid of the BRAFEX mutation, the effects are more closely linked with PD-1 antagoni§tghe
approved combination therapy with ipilimumab and nivolumakseverity of side effects is rather modest for most patients treated
is to date the treatment option with the best-reported treatmentith PD-1 antagonists alone, whereas the severity of side effects,
outcome. To improve the outcome, the combination of targetedspecially of colitis, is increased in patients receiving
drug therapies using the above-mentioned kinase inhibitors witmonotherapy with anti-CTLA-4 mAb, and most severe in those
PD-1 and PD-L1 antagonists is currently in clinical trials.receiving PD-1 antagonists combined with anti—-CTLA-4
The use of anti-PD-1 mAbs in combination with othermAb.2° In those patients, severe grade 3 to 5 colitis occurs in
immune-modulating approaches is also being investigated imp to two-third of the treated patients and may even be fital.
clinical studies. This comprises the combination with Albeit the time to onset of adverse events is not predictable,
indoleamine 2,3-dioxygenase 1 inhibitors or the intralesionamost events develop within the rst 3 months of treatment and can
use of oncolytic viruses or bacterial DNA. normally be controlled with systemic glucocorticosteroids of 1 to
Most immunotherapies are applied in the metastatic settin@ mg prednisolone equivalents per day. An exception is the
However, another central question focuses on whether ICB wakestruction of endocrine tissue, which may require a livelong
also ef cient in the adjuvant situation to prevent the developmenhormone replacement therapy. The sooner side effects are
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detected and the more rigorously they are treated, the better is th&-

clinical outcome. In consequence, a close follow-up of the18
patients is mandatory to avoid long-lasting harm.

19.

SUMMARY

ICB is a novel treatment option for metastatic melanoma,zo'
which prolongs the lifespan of patients with metastatic melanoma;_

and many different types of carcinomas. Interestingly, this very
successful drug regimen seems to be based on 2 different

biological mechanisms, that is, a cytotoxic immune response&?
through reactivation of exhausted CD8-positive T cells and the,;

induction of cytokine-mediated tumor dormancy. Besides the
active role of immune cells, for example, T cells, ICB therapy

needs a special cytokine milieu. Especially, intact IFN signaling2*

in the tumor cells is necessary to obtain objective responses of the

cancer patients during immune checkpoint inhibitor therapy.,s.

However, chronic in ammation and/or chronic IF§signaling
might be harmful and lead to enhanced cancer progression due to
the induction of additional signals that promote tumor immune
evasion.
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Cancer immune control needs senescence
Induction by interferon-dependent cell cycle
regulator pathways in tumours
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Immune checkpoint blockade (ICB)-based or natural cancer immune responses largely
eliminate tumours. Yet, they require additional mechanisms to arrest those cancer cells that
are not rejected. Cytokine-induced senescence (CIS) can stably arrest cancer cells, sug-
gesting that interferon-dependent induction of senescence-inducing cell cycle regulators is
needed to control those cancer cells that escape from killing. Here we report in two different
cancers sensitive to T cell-mediated rejection, that deletion of the senescence-inducing cell
cycle regulators p18k4ap19AT (Cdkn2j or p21CiPt (Cdknlgin the tumour cells abrogates
both the natural and the ICB-induced cancer immune control. Also in humans, melanoma
metastases that progressed rapidly during ICB have losses of senescence-inducing genes and
ampli cations of senescence inhibitors. Metastatic cells also resist CIS. Such genetic and
functional alterations are infrequent in metastatic melanomas regressing during ICB. Thus,
activation of tumour-intrinsic, senescence-inducing cell cycle regulators is required to stably
arrest cancer cells that escape from eradication.
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mmune therapy with ICB and natural immune responseasot arrestStattnegative RT2-cancers that grew rapidly even when

reveal that tumour-inltrating cytotoxic T cells, natural Killer treated with ICB (Fig.1a). Stattnegative tumour cells were

cells and Ti1 cells can be activated to cause cancer regresgid@nk4anegative and expressed Ki67 (Fifp, c) but neither
and clearance of tumour cells through cytolysis, apoptosis anddhyP1 , H3K9me3, nor SA-gal (Fig.2b—d). In vitro data con-
activated macrophages in mice and in huniaHs Nonetheless, rmed that RT2Statl/ -cancers were selectively resistant to CIS
cancers are often not completely eliminated, and aggregatebor susceptible to apoptosis (Fig).
single cancer cells may persist in a controlled state, called tumoummune activation with anti-PD-L1 and anti-LAG-3 requires
dormancy*1-17. The failure of inducing tumour dormancy is athe presence of PD-LBtattpositive andStattnegative RT2-
major cause of treatment resistance that may result from inagancers expressed PD-L1 in the tumour tissue and on more than
propriate immune activation, low tumour mutation burdenl0% of the isolated cancer cells (Supplementary Fig. 4a, b),
resistance to lysis or apoptosis, and other mechaffsHis®24,  showing thatStatlnegative RT2-cancers expressed the target of
More recent data associate melanoma progression and treatnibatanti-PD-L1 mAb. IFN- strongly increased PD-L1 an®-
resistance of cancers with functional losses of the IFN-JAMﬂicroglobulin expression on RT2-cancer cells but not on RT2.
STATL1 signalling pathwa}y232530, |[FN- has multiple effects Statl/ -cancer cells; 2-microglobulirt cells were found in
on cancers. Previously, we have shown that the combined actentions of RTStatl / -cancers, showing that IFN+esponsive
of IFN- and TNF is capable of inducing a stable, senescence-hkst immune cells intrated the tumour microenvironment
growth arrest in cancer cells that is called cytokine-inducedring ICB (Supplementary Fig.-43).
senescence (CPB) As the IFN-JAK1-STAT1 signalling cascade Statlwas not required for tumour elimination by Cb&ells
activates two key inducers of senescEtiéé? p1@nk4a and but for the induction of p16%4@ by IFN- -producing immune
p21€iPl here we analyse whether cancer immune control requirgsls and for an etient cancer immune control. As P& is
the IFN- -dependent induction of the tumour-intrinsic pts*a  needed for CIS in RT2-cancer c&ljswe asked whether cancer
CDK4/6-Rb1 and MDM-p53-pZdP1 cell cycle regulation path- immune control needs the senescence-inducing cell cycle regulator
ways to arrest those cancer cells that escape from cytotoxicitp1dnk4a in the tumour cells. To address this question, we

generatedCdkn2ade cient RT2-cancer cell lines through in vitro
and in vivo selection. Comparative genomic hybridisation (CGH)

Results showed the loss @dkn2aon chromosome 4 (qC4.A) as the only
Cancer immune control need$tattdependentCdkn2aactiv- genetic aberration common to all six cell lines (Supplementary
ity. In vitro activation of p1B*42 and p2F£iP! requires IFN-  Fig. 5a). PCR analysis comed the loss o€dkn2a(Supplemen-
signalling in the tumour cefi$32 We therefore asked whethertary Fig. 5b); PCR also revealed tBakn2a’ -RT2-cancer cells
in vivo activation of p1Bk4a senescence induction and cancesxpressed Tag. RTkn2a’ -cancer cells also expressed PD-L1
immune control also require a functioning IFNsignalling cas- and responded to IFN-(Supplementary Fig. 4a, b, d). While the
cade in the cancer cells. To investigate the role of theSfat parental RT2-cancer cells were susceptible to CIS and to apoptosis,
dependent activation ofCdkn2a what encodes alternativelythe Cdkn2aloss mutant cell lines were resistant to CIS but
spliced variants, including the structurally related CDK4 kinasesceptible to apoptosis in vitro (Figh). To test the role of
inhibitor isoforms p18%42 and p19'f, we analysed the immune Cdkn2afor tumour immune control in vivo, we injected the
control of transplanted cancer cells isolated from RIP-Tag2 mitemour cell lines into syngeneic mice and again started treatment
where expression of the T antigen under the control of the raith ICB once tumours reached a diameter >3mm. As we
insulin promoter (RIP) leads to pancreatic islet cancers (RT2ansferred polyclonaCdkn2aloss mutant cancer cell lines, the
cancersy. For this, we implanted eitheBtatipositive orStatt tumours grew with slightly different dynamics (Figy). ICB did
negative RT2-cancer cells into syngeneic mice. Blastpositive not attenuate the growth ofCdkn2ade cient RT2-cancers.
and Stattnegative RT2-cancers (>80%) were rejectedStast Immune histology showed that ICB also failed to induce
positive andStattnegative RT2-cancers were similarly susceptildenescence i@dkn2ade cient RT2-cancers as they displayed a
to lysis by cytotoxic CD8 T cells (Supplementary Fig. 1a), w&i67*p18™4a = pHP1 , H3K9me3, SA--gal phenotype
depleted CD8 T cells with mAb before transplanting the candgtig. 1b, ¢ and Fig2b—d).
cells. Following CD8-depletion the tumours grew in vivo, and To test whether the resistance to ICB spedlly resulted from
treatment was started when tumours reached >3 mm (Supplee plé%4gp1AT |oss, and to exclude other potential con-
mentary Fig. 1b). In sham-treated mice cancers reached a critfoahders, we generated RT2-cancer cells from another diseased
size within three weeks, and the tumours were analysed1éBig. mouse and deletegp18"k4gp1P (gCdkn2a using CRISPR-
The rapidly growing cancers from sham-treated mice had a p@as$9™. In vitro, RT2-cancer cells transfected with either a control
liferative Ki67 p18nk4a phenotype (Figlb, ¢ and Fig2a) that sgGFP or the@dkn2aconstruct grew with similar dynamics. Both
was negative for phosphorylated heterochromatin proteifg93) cell types were sensitive to apoptosis. The CRISPR-Cas9 control
(pHP1) in senescence-associated heterochromatin foci (SAHE8ls expressed SAgal when exposed to IFNTNF and did not
H3K9me3 and senescence-associatgdlactosidase (SAgal) restart their exponential growth following IFMTNF withdrawal,
(Fig. 2b—d, Supplementary Fig. 2a, b). To determine whether tsbowing that they were susceptible to CIS (Baj. In contrast,
immune system can control these cancers, we treated mice witkd- /TNF did not induce SA--gal in the RT2.CRISPRédkn2a
combination of anti-PD-L1 and anti-LAG-3 mA& In preclinical cancer cells, and the cells restarted exponentially growing after
studies and human trials, dual blockade of LAG-3 and the PD4EN- /TNF withdrawal, showing that RT2.CRISE&kn2acan-
PD-L1 interaction generates a more @ént anti-cancer immu- cer cells were resistant to CIS (Fig). To specically analyse
nity in mice and in humans than blocking either molecule aténe Cdkn2ain vivo, we injected the cells into the CD8-depleted mice.
The Stattpositive RT2-cancers became growth arrested AH CRISPR-Cas9 control cell lines were rejected, revealing that the
regressed (Figa). The residual cancer cells displayed a senesosglts were highly immunogenic. In contrast, 80% of the RT2.
pl@nk4a Ki67 phenotype with an induction of p£¥Plin single CRISPREdkn2acancer cells grew in syngeneic mice (Supplemen-
cells (Fig.lb, ¢ and Fig2a). RT2-cancers were also positive falary Fig. 5c), demonstrating that natural immune responses
pHP1 , H3K9me3 and SA-gal (Fig.2b—d), and showed no ICB- required the senescence-induci@gkn2agene to control these
induced double strand breaks as determined B)2AX and highly immunogenic cancer cells (Fitp, upper panel). Even
DNA-PK staining (Supplementary Fig. 3a, b). In contrast, ICB dehhancement of the immune response with ICB did not arrest
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their growth in vivo (Figla, lower panel). RT2.CRISRRIkn2a methylation that persist& Importantly, ICB treatment increased
cancer cells expressed PD-L2;microglobulin (Supplementary neither H3K9me3, nor DNA-PK, norH2AX in RT2.CRISPR-

Fig. 4ad) and Tag. Immune histology revealed that th€dkn2acancer cells (Figc, Supplementary Fig. 3a, b).

rapidly growing RT2.CRISP@dkn2acancer cells had a Ki&7 CGH of 10 different cell lines revealed that the loss of the
pl@nk4a  pHP1 , SA--gal proliferative phenotype, but werep18nk4ap1®f-locus was the only common signature where the
positive for H3K9me3 (Figlb, ¢ and Fig2b—d). Even though RT2Cdkn2a’ - or the RT2.CRISPRdkn2acancer cells dif-
H3K9me3 is a marker of senescence, others have shown fee¢d from the parental or the CRISPR-Cas9 control cell lines
CRISPR-Cas9 editing itself may also induce a non-spét3K9 (Supplementary Fig. 5a, b). We analysed a total of seven different
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Fig. 1Stat1- and Cdkn2adependent immune control of transplanted RT2-cancers and induction of Ki67p18"k4a*+ senescent cancer cells. andividual
follow-up of tumour volumes. CD8-depleted mice were subcutaneously (s.c.) engrafted with 1SRI®-, RTStatl/ -, RT2Cdkn2a’ - or RT2.CRISPR-
Cdkn2ecancer cells. Treatment with isotype control mAbs (Ctr) or combined immune checkpoint inhibitors (ICB; anti-PD-L1 and anti-LAG-3) once per
week was started when tumours were >3 mm in diameter. Cancer size was measured 2 times per week. Number of mice with regressing tumours and the
total number of mice is given in parenthesis; RT2 @tr= 9, ICBN = 10, RTStatl/ CtrN= 6, ICBN= 8, RT2Cdkn2a’ CtrN= 12, ICBN = 14, RT2.
CRISPRGdkn2aCtr N= 5, ICBN= 10. Each cell line was given a different lining. Black lines summarise the results for different treatment groups (as
obtained from ANCOVA) p-values examine the question whether the treatment effect was different between two genotypes. Mice were killed either when
tumours reached the critical diameter of 280 mm or ulcerated, or when mice developed signs of wastitgRepresentative triple-staining for the
senescence marker pi®42 (red) and the proliferation marker Ki67 (blue) and for nuclei (green) of the s.c. tumour of individual mice treated as described
in (a). Scale bar 2um. ¢ Individual data points showing quanttation of p1&k4a* (left) or Ki67* (right) cells. Each data point represents the total of
three tumour slides measurements, tumours of three individual mice (describedinvere analysed. Ire signi cance was tested by using unequal
variancest-test, p-values examines the treatment effect, comparing the ICB-treated RT2-cancers with each ICB-treated knock-out group.

Cdkn2ade cient RT2-cancer cell lines in vitro. All were resistardouble strand breaks, remained largely negative,roting that
to CIS. Next, we analysed three of them in vivo, all were resisten$ caused only minor DNA damage (Supplementary Fig. 9).
to ICB. Thus, cytotoxic CD8T cells can directly reje€@dkn2a- Electron microscopy commed the accumulation of SA-gal in
de cient RT2-cancers, but senescence-induction through FNthe cytoplasm of senescent tumour cells (Supplementary
mediated activation of the cell cycle regulators'f#8p19™  Fig. 10ac). These residual RT2-cancer cells were also function-
was strictly needed to control those cancer cells that escape fally senescent. When isolated and cultured f&r passages
cytotoxicity. in vitro they preserved their growth-arrested, S&al* pheno-
Cancers are frequently rejected by CD8 T cells. In additiagpe (Fig.7a—). RT2-cancer cells with such a senescent pheno-
immune clearance of senescent cancer is mediated by -IFNype remain growth arrested for at least 3 months, even when
producing Tl cells and by IFN-activated type | transplanted into immune compromised NGBCIDI2r /
macrophages3136-39, Indeed, the tumours controlled by ICBmice, demonstrating the absence of cancer initiating>éells
showed the established features of thd-fediated clearance Sham-treated RT2-mice, sham-trea®tl / RT2 mice or
mechanism, as2-microglobulin was strongly expressed (Suppl&tatl /  RT2 mice treated with ICB/AT died within 4 weeks,
mentary Fig. 4c, d) and as the tumours wereltiated by showed large tumours and failed to control their blood glucose
CD3"CD8 T cells and F4/80 and MHC class It activated levels (Fig4a—c). The tumours of these three groups of mice
macrophages (Supplementary Fig=§aWe detected no CD8 were strongly enriched in Ki67 RT2-cancer cells that were
T cells and no CD49b NK cells (Supplementary Fig. 6d), whanegative for p18k4a p21CiPl H3K9me3, pHP1, and SA--gal
may be due to the fact that NK cells are primarily found in théFig. 4d, e and Fig.6a—d). The isolated tumour cells also
spleer%4l As ICB induced a similar immune iftrate in RT2- proliferated strongly when cultured in vitro and did not develop a
cancers and inStatt and Cdkn2ade cient RT2-cancers senescent phenotype (Figg—c). While treatment with ICB/AT
(Supplementary Fig. 6e), the data strongly suggest thatlid not induce a senescent phenotype and did not attenuate the
senescence induction in the cancer cells was a prerequisitetdarour growth in the RTStatl/ mice, the inammatory
tumour cell clearance byl cells and IFN-activated type | in ltrate was similar to that of cancers in R$@t/+ mice
macrophage$31.36-39 (Supplementary Fig. 8a). Also three-dimensional imaging and
FACS analyses revealed that the adoptively transferred T cells and
dendritic cells inltrated RT2-cancers dBtatl/ or Statl/*
mice with similar dynamics (Supplementary Fig.-E)aimmune

: ; a in1 histology conrmed these ndings. Islet tumours of RT2 and

3!2%2?13‘1?‘352?3&;22352‘l‘;ﬁiﬁiﬁiﬁa‘izalfepd'ei‘ir”o‘ii"fB‘;es?rﬁigﬁzswtl’ mice had both CD3 T-cells and MHC class 1
. A 0 macrophages (Figa and Supplementary Fig. 8a, b). In

cell responses, we treated RT2 mice by the combination of al {'1_/8 phag / . .
PD-L1 and anti-LAG-3 mAbs and adoptive T cell transfer (ATi}S et tumours of RTStarl *  mice the T cell _|n|trate was
with T,1 cells spect for a tumour associated antigen (TAA) in ariable but there was no detectable size difference between
the SV40-Tag proteit (Supplementary Fig. 7a). Combiningtumour areas that were strongly or _poorly itrated. At this
anti-PD-L1/anti-LAG-3 mAbs with AT further enhances therdvanced cancer stage, the combined ICB/AT therapy was
therapeutic effect of ICB and largely eradicates all canceticelUPerior to either ICB or AT monotherapy that provided
We started the treatment once RT2 mice had a major cancer Ioﬂg;'med'ate results (Figa-e and Figha-d).

Cancer immune therapy and senescence induction requir
Statl To determine whether IFN-signalling throughStatlis

as documented by magnetic resonance imaging (SupplementayPortantly, the tumour cells surviving the combined ICB/A

Fig. 7b). This immune therapy strongly decreased the islet dJ[prhune therapy did not result from classical immune evasion

within 4 weeks, and functionally restored the blood glucogéechanisms. In vitro, all RT2-cancer cells, including tA&.R

control (Fig.4a—). It largely destroyed the RT2-cancers but faile . Al |
to eradicate all cancer cells (Fith, Supplementary Fig. 8a).(>uPPlementary Fig. 1a) or apoptosis (Bg. RT2Statl' ™* -cancer
Immune histology of residual RT2-cancers showed CBals, cells and RT&tatl ’ -cancer cells expressed normal levels of
MHC class It and F4/80 cells following ICB/AT treatment but 129 (F'9'5,E' ¢). the antigen targete}’ by the immune therapy.
only very few or no Foxg3regulatory T cells, CD8or CD49b RT2Stat/*-cancers and RTQtatl’ -cancers had normal
cells (Fig.5a, Supplementary Fig. -83) 1I'he RT2-cancers baseline levels of PD-L1 an@®-microglobulin, and in RT2.
expressed- no’rmal levels of Tag mI.?NA énd protein (5bg.c) Statl / -cancers 2-microglobulin was in the tumour micro-
and expressed PD-L1 and-microglobulin protein (Supple- €nvironment (Supplementary Fig. 4a and Supplementary
mentary Fig. 8d). The RT2-cancer cells showed a senes A9 8d). Foxp3 regulatory T cells were not increased inside the
phenotype as they expressed P¥8 p2CPL H3K9Ime3 umours (Supplem_entary Fig. 8b). In consequence, th_e RT2.
pHP1 , and SA--gal but were Ki67 (Fié 4d. e a,nd Figba-d) ' Statl/ -cancers differed from RTRtatl/+-cancers selectively

Staining for H2AX and DNA-PK, markers that mainly indicateby their resistance to CIS (Figa).

atl ! -cancer cells were fully susceptible to T cell-mediattaikil
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Fig. 2 Statl- and Cdkn2adependent induction of the senescence markers pHP1H3K9me3, and of SA--gal in transplanted RT2-cancers.

a-d Representative microscopic images of s.c. RT2-cancers feither RT2-, RTS&tatl/ -, RT2Cdkn2a’ - or from RT2.CRISPRdkn2acancer cells. Mice
were treated with isotype control mAbs (Ctr) or with immune @tkpoint blockade (ICB, anti-PD-L1 and anti-LAG-3). Staifiinghe senescence marker pSiPl
(red), the proliferation marker Ki67 (blue) and for nuclei (mite) (a), pHP1 (red), nuclei (white) (b), H3K9me3 (red), nuclei (white) €). SA- -gal activity at
pH5.5 and percentage of SA-gal positive tumour cells in each tumourdj. The colour evaluation and calculation of the SAgal* cells are described in
Supplementary Fig. 2 and Methods (fol). Scale bars 1gm (a), 2 um (b, ¢), 1000 um (d). Histology was performed in one to three representative tuoms from
Fig.1c.
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Even though the ICB/AT combination therapy largelyere devoid of the senescence marker§e6p21CiPL pHP1 ,
destroyed the tumours, the therapy failed to eradicate all cane®@K9me3, or SA-gal (Fig.8b, ¢, Fig9a—c and Supplementary
cells. Together the data prove thHatatlis needed to activate Fig. 12a).
p18nk4ain vitro and in vivo and thaStattmediated activation of  ICB-mediated p24iP! induction and lymphoma prevention
Cdkn2ais needed to induce senescence in cancer cells.réquired IFN-, as mice receiving ICB in the presence of anti-
consequence, cancer immune control requiBtdttmediated IFN- mAb died from CD2®W B-cell lymphomas as fast as
activation of the cell cycle regulators like 318 to stably arrest untreated mice (Fig8a). B cells were Ki67and negative for
the growth of those cancer cells that are not eliminated pRICPL p16nk4a pHP1 , H3K9me3 and SA-gal (Fig.8b, ¢ and
cytotoxicity. Fig. 9a—), showing that IFN- was needed to activate the cell

cycle regulators pit4aand p2£iPL that, in turn, were required

for senescence-induction in vivo. This proves that the senescence-
Cancer immune control needs IFN-dependent p2%iP! inducing cell cycle regulator p2®! was strictly required to
induction. Following ICBStattde cient cancers showed nei-prevent the transition of pre-malignant B cells into B-cell
ther increased pi’g““”1 nor p21°PL Thus, besides p642 lymphomas in ICB-treated -MYC mice, and that ICB-
cancer immune control may also require p#1 activation. mediated p2%P1 activation was IFN-dependent.
SV40-Tag expression impairs p53 activatfoAs p53 regulates
mRNA and protein production of pZIPl, RT2-cancers are
inappropriate to carefully investigate the role of $21 for Impaired senescence pathways in melanomas resistant to.ICB
senescence induction in response to ICB. To test the need@B is an approved standard of care therapy for metastatic
senescence-inducing 28! for cancer immune control and to melanoma and some other cancers, andieft in about 40% of
determine whether senescence induction is also needed datients with metastatic melanoma. Another 40% are non-
tumours other than RT2-cancers, we studied the role of{§21 responder patients that mostly progress rapidly despite ICB
in the immune control of lymphomas. For this, we uselYC therapy83%44 Based on the experimental data, we asked whe-
mice, where a humaMYC oncogene under the control of thether cell cycle regulator genes that control senescence induction
immunoglobulin  enhancer induces the development ofvere also needed for cancer immune control in humans. To
endogenous B-cell lymphonfds This also allows directly address this, we compared the genetic alterations by targeted
investigating the role gp21€iPL in the immune therapy of a panel sequencing of 30 melanoma biopsies of consecutive non-
naturally developing malignancy. Untreated mice died withresponder patients, where metastases progressed within
<150 days (Fig8a) from Ki67"p18nk4a = cCD2dow B-cell <3 months of ICB with the genetic alterations in melanoma
lymphomas that destroyed lymph nodes and spleen @higc biopsies of 12 responder patients, where metastases regressed
and Supplementary Fig. 12a). The Ki6B cells were also during ICB 1 year. For each patient we idersd the tumour-
negative for p24iPl, pHP1 , H3K9me3 or SA-gal, showing specic alterations by paired sequencing of tumour and normal
that the tumours had a high proliferative capacity and wexe ntissue. In agreement with published data, the biopsy material of
senescent (Figb, ¢ and Fig9a—c). Combined ICB with anti- responder patients had a sigoantly higher tumour mutational
CTLA-4 and anti-PD-1 mAb protected 18% (Fin) to 30% burden than that of non-responder patieht84> (Fig. 10a). We
(Fig.8d) of -MYC mice from lymphomas for at least 200 daysused a panel that includes a total of 678 established cancer-
In a long-term experiment, 18% of theMYC mice with a associated gerffs(Supplementary Data Tables3). To deter-
combined ICB therapy were still healthy at >250 days @&g. mine whether CIS was needed to protect from tumour progres-
a lifetime that has never been achieved by any other themapysion, we explicitly focussed only on 19 genes of the panel
this mouse model. Treatment with either mAb alone did ndhat encode for molecules that are also involved in the IFN-
rescue mice from lymphomas. Lymph nodes from healthy ICBiediated activation of the senescence signalling pathways that we
treated -MYC mice showed a normal architecture with normaidenti ed in our murine experiments. This panel approach
B and T cell areas, expression of PD-L1 aBemicroglobulin, may have missed very rare fusion/translocation alterations of the
no T cell in Itration, normal CD20 -MYC B cells, few genes investigated, but it would be diflt to identify such
CD161" cells, no signs of DNA double strand breaks and nmare fusion/translocation alterations also with an exome-based
destruction (Supplementary Fig. 23 Even though we found approach, as the panel allowed the deep sequencing necessary to
no signs of immune destruction in the lymph nodes, depletiomd the DNA alterations in less than 10% of all cells of the
of pan-T cells with a mAb abrogated the ICB-mediated pranelanoma metastases.
tection of -MYC mice, as all mice died from lymphomas by We focused on somatic alterations, namely copy number
day 200 (Fig8d). Splenic dendritic cells ofMYC mice express variants (CNVs) and single nucleotide variants (SNVs) in key cell
the CTLA-4-targets CD80 and CD86 that are enhanced by IFNycle control gene€CND1/2/3CDKN2A/B/CCDK4/6 CCNE1
41 Lymphoma-spect, regulatory T cells are also increased i6DKN1A/B RB1 TP53 MDM2/4), as well adAK1,2,2andMYC.
the spleen. Yet, depletion of regulatory T cells delayshpma Both groups had a similar distribution of genetic aberrations in
development and death only for a short titAe JAK1,2,3MYC and the cell cycle control genes when all somatic

Nodal B cells from ICB-treated, healthyMYC mice were alterations (SNVs and CNVs) were included (Figb).

Ki67 but strongly expressed nuclear P62 and p2F£iPl contrast, comparing especially the number of strong am@llon
(Fig. 8b, c), pHP1, H3K9me3 and SA-gal (Fig. 9a—), ( 3fold ampli cation) and of fully inactivating mutations
displaying a senescent phenotfp&. This suggests that ICB-(homozygous deletions and loss of heterozygosity (LOH)), we
mediated protection from B-cell lymphomas included mechaobserved signcant differences between the two groups.
isms other than cancer cell killing. To test whether ICB-mediatdtelanomas of non-responder patients had sigantly more
lymphoma prevention required the senescence-inducin§®21 fully inactivating mutations of senescence-inducing cell cycle
we generated syngenechYCpZP'Plf mice. While ICB genes CDKN2A/B/GC CDKN1A/B RB1 TP53 JAK1/2/3 or
protected 1830% of -MYC mice from lymphoma and death 3fold ampli cations of genes promoting cell cycle progression
(Fig. 8a, d), all ICB-treated -MYCp2L€iPl /' mice died from (CCND1/2/3CDK4/6 CCNE1MDM2/4; MYC) than the biopsy
lymphomas between day 100 and 210 (Rig). Histology material of melanomas from responder patients (Figc,
revealed lymph node destruction by KIgTTD23°% B cells that Supplementary Fig. 13 and 14a, b).
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The genetic data were supported by functional analysefsresponder patients were susceptible to both, CIS and drug-
in vitro. Melanoma lines that we developed from biopsies ofduced apoptosis. TNF and IFN-are established inducers of
non-responder patients grew with similar dynamics as thoaenexin V and apoptosis in multiple cancer cells including
derived from biopsies of responder patients and were susceptibianoma cell linés. Importantly, they induced senescence only
to apoptosis (FigLad). Yet, these cell lines were resistant to CI#\ selected lines, such as those that could be derived from biopsy
In contrast, melanoma lines that we derived from biopsy materialterial of responder patients (Figle).
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Fig. 3 Statl- and Cdkn2adependent induction of CIS in RT2-cancer cells, bustatl: and Cdkn2aindependent induction of apoptosis. ac Assays were
performed with RT2-cancer cellsa( b), RT2Stat1/ -cancer cells &), Cdkn2ade cient RT2-cancer cellsk), or RT2.CRISPR-Ctr- control, or RT2.CRISPR-
Cdkn2acancer cells €). For the senescence growth assay, cells were cultured either with medium (Ctr) or with medium containing 100 n§lfiN- and

10 ng ml L TNF for 96 h, washed and then cultured with medium for another3days. One representative out of 3 independent experiments was given.
SA- -gal activity was determined after 96 h of culture with medium (Ctr) or with medium containing 100 ng mlFN- and 10 ng ml 1 TNF, data show the
mean with SD, RT2 Ctn= 7, CISn= 7, RT2Statl/ Ctrn= 6, CISn= 8 (a), RT2Ctrn= 6, CISn= 9, RT2Cdkn2a’/ Ctrn= 4,CISn=5 (b), RT2.
CRISPRGtr Ctr n = 4, CISn = 5, RT2.CRISPRdkn2aCtr n = 4, CISn = 5 (c). For apoptosis induction, cells were exposed to either medium (Ctr) or
etoposide (Eto, 10M) or staurosporine (Sta, 0.uM) for 24 h and then stained for annexin V. Positive cells were detected lyw cytometry data show
the mean with SD & (including gating strategy)b, ¢), RT2n= 4, RT2Statl/ n= 4 (a), RT2 Ctrn= 4, Eto, Stain= 3, RT2Cdkn2a’ n= 3 (b), RT2.
CRISPRGtrand RT2.CRISPRdkn2a = 3 (c). Signi cance tested by using unequal variancegest.

Discussion While senescence is established as a barrier against cancer
Our results show that cancer control strictly requires thi-a developmerf, and while it is needed to prevent the rapid regrowth
vation of tumour-intrinsic, senescence-inducing celleyeg- of cancers that escape from therapy- or immune-mediated liysis o
ulators by the immune system to stably arrest those canlier capoptosis, the exact role of senescence in halting the progreksion
that escape from eradication, in mice and in humans. Eveastablished cancers is still under debate. Some data suggdse that t
though elimination of cancer cells is a primary therapegtial, senescence-associated secretory phenotype (SASP) may even exert
cancer cell reduction by cytotoxicity is frequently incéet@ harmful effect?®. Moreover, senescence induction requires sub-
and insuf cient for permanent cancer control. About 90% of alequent clearance of the residual cancer cells, y cElls and
cancer-related deaths result from metastases arising feam macrophages to protect from cancer progression in a model of
wakened, dormant cancer cells that survive chemo- or immurteepatocellular carcinorda In contrast, other data strongly suggest
therapied#%->1 often months to decades after treatment of ththat senescence is a critical barrier that protects beginst the
primary tumouf®. The data here unravel that IFNSTAT1- progression of cancers than the attempt to clear all cancetlcells
dependent activation of the senescence-inducing celke cycllt remains open whether senescence in established cancers
regulators p18k4dp19°T and p2£iPlis needed to keep thosegenerally protects against cancer progression or whether this
cells senescent that escape from ICB-induced cell death, dapends on the mode of senescence induction. TNF and IFN-
that metastases resistant to immune therapies grow, whame major inducers of apoptosis in cancer cells but some cells
senescence-inducing signalling pathways become intedupescape from TNF- and IFN-induced apoptosi€. We have
This concept is supported by recent clinical data. Thusamepreviously shown that TNF and IFN-induced senescence in
noma metastases regress and may even clinically disappe#ls escaping from TNF/IFN-mediated apoptosi§ and here
upon ICB therapy, but can restart growing when mutationse showed that CIS protected from the regrowth of cancer cells
abrogate the IFN-signalling pathwasf. Various observations resistant to the elimination by natural or ICB-enhanced cyto-
suggest that immune control of cancers requires, in additio toxicity. In RT2-cancers, CIS establishes a stable type of senes-
cancer cell killing, IFN-dependent activation of canceriisic cence where the SASP does not promote cancer progression for
senescence-inducing cell cycle regulafdrs15253 to stably prolonged periods of time, as the senescent RT2-cancer cells
arrest those cancer cells that escape from cytotoxicity. remain growth arrested for extended periods of time, even when
Even though senescence occurs following cancer ti¥érdipy transplanted into severely immune compromised Flice
role of senescence in the development of metastases andlrimortantly, CIS requires the combined action of TNF and IFN-
response to chemo- and immune-therapy has not beenasimmune therapies of cancers in the absence of either,IFN-
resolve@?5355, In mice, loss op16™4a promotes the develop- of Statl- or of Tnfrl-signalling strongly accelerate the transfor-
ment of melanoma metastases in rfcand loss of theSuv39h1 mation and growth of cancer célfg®.
or p53genes in senescent cells may transform these cells in highlyhis is especially relevant in the context of our data showing
aggressive, cancer initiating c&ll$n contrast, in humans the bi- that melanoma metastases that fail responding to ICB therapies
allelic loss ofCDKN2Ahas only been shown to promote melaand that grow very fast despite ICB, frequently show functionally
noma invasion. Until now, it was not possible to identify specirelevant gene aberrations in IFNregulated, cancer-intrinsic
gene mutations, like the loss @DKN2A that promote the senescence-inducing cell cycle regulators. Even though IFN-
development of melanoma metastases in humans. This has antjuces a broad spectrum of tumour-protective mechanisms, the
been demonstrated in mig&>%. The missing identication of data here proved that IFN-dependent senescence induction is a
metastases-promoting genes may be due to the fact that the IkBly mechanism required to protect against those cancer cells that
-mediated activation of the MDM2-p53-p2®1 senescence escape from cytotoxicity.
pathway can in part compensate the los<C&IKN2&5. In line
with this, we found gene amptiations ofMDM2 and MDM4 in
26% and oCDK4/6in 13% of the melanoma biopsies of patient¥lethods _

. N . Animals. C3HeB/FeJ mice were purchased from The Jackson Laboratory (Bar
that did not r_esppnd to |C_B- These amp_ﬂatlons were absent in yamor, ME, USA). Syngeneic transgenic TCR2 #R%express a T cell receptor
melanoma biopsies of patients responding to ICB. More than h@l€r) specic for Tag peptide 362-384 on CbA cells, RIP-Tag2 (RT2) mice
of the metastases of non-responder patients had at least one def@gtss the T antigen under control of the rat insulin promotor (RIP) that leads to

; - i ; dgpcreatic islet cancers (RT2-canc¥® and double transgenic RBzat1 /
in the IFN-dependent senescence-signalling pathway. B ice (backcross of 12956/SvietimIRdsmice3l) were provided by Taconic and

ka 1 inhibiti
p16"4a and p2£PL induce senescence by inhibiting CDK4/6yacicrossed to C3HeB/FeJ. OT-1 mice (C57BL/6-Tg(TcraTerb)1100Mjb/J, and
and most genes associated with the resistance of melanq®e (NODCg-Prkdecdi2rgmIWi/Sz) mice were from The Jackson Laboratory.

metastases to ICB were up-stream of CDK4/6. Therefore, corMYC mice and double transgenieMYC.p21/ mice (both C57BL/6 back-
bining ICB with CDK4/6 inhibitors is a promising strategy to turrground) express a h(;"gamlfc oncogene under the Cﬂ“ro' %‘h‘? 'mml;:‘o@'o'

. . enhancer and develop an endogenous B-cell lymphorivice witl
metastases with these types _Of defects '_n the senescence pa /FeJ background, OT-I mice and NSG-mice were bred in the animal facility
from metastases not responding to ICB into metastases respofiiingen. -MYCand -MYC.p21/ mice were bred in the animal facility
ing to ICB. Munich. All animals were bred under specipathogen-free conditions. Animal
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experiments were in accordance with animal welfare regulations and ethical mAb3° (Rm-CD8-2 AK, Core Facility mAb, Helmholtz-Zentrum Miinchen). CD8
approval was obtained by the local authorities (Regierung von Oberbayern andepletion was repeated every ten days till the tumour lesion became palpable. Once
Regierungsprésidium Tibingen). tumours were 3 mm, mice were treated with anti-PD-L1 mAb and anti-LAG-3

mADb once per week (initially 500 pg, then 200 pg). Ctr mice received isotype-

control mAbs (clone LTF-2 and HRPN, Bio X Cell). Tumour growth was mon-
Treatment of RT2-cancers in C3HeB/FeJ miceA total of 1 x 16 cells (in 1001 itored two times per week using a calliper and blood glucose was measured twice a
NaCl) RT2-, RTStatl/ -, RT2Cdkn2a’ - or RT2.CRISPRedkn2acancer cells week using an Accu-Check sensor for up to 8 weeks. Cancer size was measured two
were s.c. transplanted, three days after depletion of CD8 cells with 100 pg anti-@B@s per week. Mice were saced after 4 treatment cycles, when the tumour
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Fig. 4 Stat:-dependent immune control of endogenous RT2-cancers and induction of Ki6p16nk4a+ senescent cancer cells. Survival curves of RT2 or
RT2Statl/ mice treated with either isotype control mAbs (Ctr, RTR = 9, RT2Statl/ N = 4), with adoptive transfer of T antigen-spect CD4*
Tul cells (AT, RTN = 15, RTStatl/ N = 9), with immune checkpoint inhibitors (ICB, RT®= 12, RTStatl/ N= 4; anti-PD-L1 and anti-LAG-3) or
with ICB/AT (RT2N = 15, RTStatl/ N = 10). For each AT experiment we generated a non-cytotoxic Tag-spediyl cell lineb Cancer size shown by
representative hematoxylin and eosin staining of pancreas of RT2 (upper panel) orRa@./ mice (lower panel) after four weeks of treatment. Mice
were treated as described ia. Green lines depict the size of RT2-cancers after treatment. After 4 weeks of treatment ICB/AT-treated niite ) had a
two-fold smaller islet size than Ctril = 7). c Time course of blood glucose levels as surrogate marker for the growth of the insulin-producing tumours of
RT2 or RTStatl! mice (median * interquartile range) treated as described mCtr, RT2N = 7, RT2Statl/ N= 4; AT, RT2N= 10, RTStatl/ N=

9; ICB, RTN = 6, RT2Statl/ N= 4, ICB/AT, RT2N = 12, RTStatl/ N= 10). The mice were sacrced after 4 weeks of treatment for ex vivo
analysis.d, e Representative triple-staining for the senescence marker B8 (red) and the proliferation marker Ki67 (blue) and for nuclei (greenjl),

e showing quanti cation of p1ék4a+ (left) or Ki67* (right) cancer cells of individual mice, treated as describeddneach data point represents the total of
three tumour slides measurements (Ctr, RT2= 9, RT2Statl! N= 4; AT, RT2N= 12, RTStatl/ N= 5;ICB, RTN = 9, RT2Statl/ N= 3, ICB/
AT,RT2N= 13, RTStatl/ N= 7), box plots show the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 x IQR. Gigoe
tested by using Log Rank tesa( left), Fishers exact testd, right), or two-tailed Mann-Whitney test €, €). RT2Statl/ mice have been censored after
3.7 weeks of treatment. Scale bars 2Q@n (b) or 2 pm (d). Number of mice is given in parenthesis.
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Fig. 5 In ltration of either RT2 or RT2.Statl / cancers by CD3 T cells, mRNA expression of tumour associated antigens (TAA) and protein
expression of the SV40-Tag tumour antigen recognised by the transferred TAA-specic Tyl cells. aRepresentative CD3 immune histochemistry
images of RT2-cancers from either RT2 or R$@atl/ mice treated with adoptive transfer of T antigen-speci CD4* Ty1 cells (AT) or immune
checkpoint blockade combined with AT (ICB/AT), scale bar 2. b Relative expression 08V40-Tag insulin (ns} or of synaptophysin 8yp in single
tumours isolated from RT2 or RTStatl/ mice after control (Ctr) treatment with NaCl or AT. Gene expression was analysed usghogp and Eeflahs
references. Each point represents one tumour from one mouse (Ctr, RT2 5, RT2Statl/ N= 5;AT,RT2N= 4, RT2Statl/ N= 3), box plots show
the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 x E3R/40-Tag immune histochemistry images of RT2-cancers were
from either RT2 or RTS&tatl/ mice after ICB/AT therapy. Scale bar upper panel 4@fn, lower panel 20um.

diameter reached >15 mm, or ulcerated or when blood glucose dropped the sectmeditment of RT2 or RT2Statl / mice. Ten- to eleven-week-old old female
time below 30 mg dI*. Tumours were collected for ex vivo analysis. The tumouRIP-Tag2 (RTH62 or RT2Statl / mice were irradiated with 2 Gy one day
volume was calculated as ellipsdids2 abg a, b, c are the semi-major axis before the rst i.p. transfer of 1 x T0tumour antigen-spect Ty1 cells. Tag-

lenght - width  with the assumption that the tumour height is equal to the shorpPeCic Tnl cells were generated from spleen and lymph node cells 02TCR
22 - mice. CD4 T cells were enriched by positive selection over magnetic
tumour side, dened as widthb = ¢ microbeads. To generate TagdTcells CD4 T cells were stimulated with Tag
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peptide 362384 (EMC Microcollections), CpG-DNA 1668 (Eurs MWG Cell) were i.p. injected twice per week (initially 500 udheatterwards 200 pg).

Operon) and 11B11 mAb (anti-IL-4; in-house production) andtured in the  Ctr mice received isotype-matched control antibodiesngloTF-2 and HRPN,
presence of irradiated (30 Gy), syngeneic, T-cell-depketéigen presenting Bio X Cell) and PBS. Blood glucose was measured twice perusiegkthe

cells (APCY®. After 3-4 days, Tag-§1 cells were expanded in the presence of SHemoCue Glucose 261System (HemoCue). Treatment was ended either after
U IL-2 (hrIL-2). After cultivation for another 8 days, the &1 cells were 4 treatment cycles for ex vivo analysis of tumour tissue,fmmwthe blood

used for adoptive transfér Cell transfer was applied once weekly. Anti-PD-LIlucose of the mice dropped twice below 30 md dir when disease reached
mADb (clone 10F.9G2, Bio X Cell) and anti-LAG-3 mAb (clone ©D8BBio X  evidence; mice had no food restriction.
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Fig. 6 Statl-dependent induction of the nuclear senescence markers p2P1 HP1, H3K9me3, and of SA--gal in RT2-cancers by combined ICB/AT
therapy. Representative fresh frozen cryostat sections of RT2-cancers from either RT2 or&atd./ mice with established cancers were treated

with either isotype control mAbs (Ctr), with adoptive transfer of TAA-spea Ty1 cells (AT), with immune checkpoint inhibitors (ICB; anti-PD-L1 and anti-
LAG-3), or with ICB/AT.a p2LiPL(red), Ki67 (blue), nuclei (green)b HP1 (red), nuclei (white).c H3K9me3 (red), nuclei (white).d Representative
microscopic images of SA-gal activity at pH5.5 and percentage of SAgal positive tumour cells in each tumour. The colour evaluation and calculation of
the SA- -gal* cells are described in Supplementary Fig. 2 and Methods. Scale baus 2a—c), 1000 um (d). Histology was performed in one to three
representative tumours from Figle.
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Fig. 7 Statl-dependent induction of senescence in RT2-cancers by combined ICB/AT therapy. aHither RT2 mice & or RT2Statl’/ mice (b) with
established cancers were either treated with isotype control mAbs (Ctr) or treated with immune checkpoint blockade (anti-PD-L1 and anti-LAG-3) and
adoptive transfer of TAA-specic Tyl cells (ICB/AT). After four weeks of treatment cells were isolated from the RT2-cancers and cultured in medium.
Cells were counted at each passageAfter the passage 5, we determined the percentage of the SAgal* cells. Data show the mean with SD; Ctr, RT2

n= 6, RT2Statl/ n= 6; ICB/AT, RT2n= 15, RTStatl/ n= 6. Staining for synaptophysin commed that the cultured cells were RT2-cancer cells.
Signi cance was tested by using unequal variancegest.

Treatment of -MYC mice. -MYC mice and double transgenieMYCp21 / (catalogue number 712-166-153, dilution 1:500, Dianova), donkey-anti-goat-Cy3
mice received intraperitoneal (i.p.) injections of 1Ganti-CTLA-4 mAb (clone (catalogue number 705-166-147, dilution 1:500, Dianova) and donkey-anti-rabbit-
UC10-4B9, BioLegend) and 10§ anti-PD-1 mAb (clone J43, Bio X Cell) (ICB) Alexa 488 catalogue number 711-546-152, dilution 1:500, Dianova). For nuclear
two to four times every ten days, starting at day 55 after birth. Control mice (Csdaining, Yopro (catalogue number Y 3603, dilution 1:1000, Invitrogen) or DAPI
received no treatment. For IFNneutralisation (ICB/anti-IFN- mAb), mice were (catalogue number D9542, dilution 1:2000 Sigma) was used. Sections were analysed
additionally treated with an initial dose of 50§ on day 54 and later with 30@ using a LSM 800 confocal laser scanning microscope (Zeiss Oberkochen). Images
anti-IFN- mAb (clone XMG1.25, Core Facility mAb, Helmholtz-Zentrum were processed with the software ZEN 2.3 (blue edition) and the Image Analysis
Miinchen) 6 h prior to the anti-CTLA-4/ PD-1 mAbs injection. Administration of Module.

100 g of the IFN- -neutralising mAb was continued at ten day intervals until the

mice developed lymphomas. T cells were depleted by i.p. injection of 1 mg a
pan-T-cell mAb MmTCE3 at day 54. Treatment was repeated every 3 to 4 day:
using doses of 40Q. Mice were sacrged as soon as tumours became clinicall
visible.

rs]éuanti cation of immuno uorescence Tumour areas of images derived from

hree individual stained cryosections per tissue sample were analysed. For quan-
ti cation of the Ki67 staining, 4500 Yopro stained nuclei were counted fot Ki67
cells (1500 per slide, three serial slides per mouse). For qeatitin of p16%42a

the area (urf) of the nuclear p18k4a signal derived from 4500 Yopro stained
Immuno uorescence staining Fresh frozen 5 um serial cryosections of lymph nuclei (1500 per slide three serial slides per mouse) was measured.
nodes from -MYC mice, whole pancreas from RT2 and RStatl/ mice or
IpS:rljaotggtsLi}r?éaéﬁra?fro?igl:;%glgr:cﬁgnzs-?grceetr)lgillz c\jlnglnzd dvt\)”r:illey seru Hematoxylin and eosin staining Hematoxylin and eosin staining of the serial
stained with primary antibodies using rabbit-anti-§162 (clone CDKN2A, cat- K ections was performed according to standard procedures.
alogue number AHP1488, dilution 1:100 Bio-Rad/Serotec), rat-anti-Ki67 (clone
SolA15, catalogue number 14-5698-82, dilution 1:100, Thermo Fisher S¢ienti Immunohistochemistry staining Immunohistochemistry was performed on an
eBioscience), rat-anti-p2P! (clone HUG0291, catalogue number, dilution 1:100automated immunostainer (Ventana Medical Systems) according to the company
Abcam), goat-anti-CD20 (clone M-20, catalogue number sc-7735, dilution 1:5@rotocols for open procedures with slight mothtions. 5 um sections were stained
Santa Cruz), rabbit-anti-CD3 (clone SP7, catalogue number C1597R06, dilutiovth rabbit-anti-human/mouse-CD3 (clone SP7, catalogue number CI597C01,
1:100, DCS), rabbit-anti-pHPIphospho S93 (aa 50-150, catalogue number  dilution 1:50, DCS-diagnostics) and PAB101 (Tag-spewiouse 1gG2a mAb;
ab45270, dilution 1:50, Abcam), rabbit-anti-H3K9me3 (aa 1-100, catalogue nuilution 1:200; in-house production).
ber ab8898, dilution 1:100, Abcam), rat-anti-PD-L1 (clone MIH6, catalogue
number ab80276, dilution 1:50, Abcam) to use a mAb that recognises a differ,

PD-L1 epitope than the applied in vivo mAb from clone 10F.9G2, rabbit-anti-b 506 ! - ;
h - . O 4 glutaraldehyde and washed in PBS/Mlbes were incubated in X-gal (5-
2 microglobulin antibody (clone EP2978Y, catalogue number ab75853, d'lut'°%romo—4—chIoro—3—indonI—beta—D—galactopyranoside) staining solution (1 mg/mL

1:50, Abcam), goat-anti-CD3clone M-20, catalogue number sc-1127, dilution -
: gy ! ! . X-Gal, 1 mM MgC}, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 in PBS, pH 4.0, 5.5, and
1:20, Santa Cruz), rat-anti-CD8a (clone 53-6.7, catalogue number 14-0081, dil up to 10 h at 37 °€% The stained slides were rinsed in PBS/Mg@id

1:1000, eBioscience), rat-anti-F4/80 (clone BM8, catalogue number 14-4801- - . . S . i

dilution 1:50, eBioscience), rat-anti-MHC Class Il antigen | Ak,d,b,q,r (ER—TRé‘%‘alySEd using a Nikon Eclipse 80i microscope; magtion x4.

(catalogue number NB100-64961, dilution 1:200 Novusbio), armenian hamster-

anti-CD49b (Integrin alpha 2) (catalogue number 14-0491 dilution 1:50, SA- -gal positive percentage quotation with Adobe Photoshop CS6AIl
eBioscience), rabbit-anti-gamma H2A.X (phospho S139) (aa 100-200, catalogimages were analysed with th&/hite Balance Toblto obtain the same white
number ab2893, dilution 1:200, abcam), goat-anti-DNA PKcs (aa 4078-4128, batkground, followed b$Quick Mask Mode to identify only the tumour area.
alogue number ab168854, dilution 1:500, abcam), rabbit-anti-synaptophysin (adsing this area the arithmetic mean of the blue-green values was obtained by the
41-62, catalogue number NB300-653, dilution 1:200, Novusbio), rabbit-anti-CD16ter “Blur Average Todl The“Eye Dropper Todlwas used to identify the red,
antibody (clone ERP21236, catalogue number ab234107, dilution 1:100, abcagngen and blue (RGB) colour code to get the corresponding co&dr(Supple-
rabbit-anti-Foxp3 (aa 43-100, catalogue number NB 100-39002, dilution 1:200mentary Fig. 2a). Afterwards the tumour area was reselected using the previous
Novusbio). Bound antibodies were visualised using donkey-anti-rabbit-Cy3 (cateeated‘Quick Mask Mode Lay&r The pixels outside the tumour area were

logue number 711-166-152, dilution 1:500 Dianova), donkey-anti-rat-Alexa 64deleted by inversing the selection. The number of pixels in the histogram correlates
(catalogue number 712-606-153, dilution 1:500 Dianova), donkey-anti-rat-Cy3with the tumour area:The Posterize Tobkeparated the different tonal values, in

L -gal detection. 20 pm serial cryosections weneed in 2% formaldehyde/
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our case blue-greefiThe Magic Wand Todlwas used to select and delete the solution. X-gal staining solution was added for 12 h. Samples were washed in PBS/
white pixels (Supplementary Fig. 2b). The number of pixels correlates with the avigeCl, solution afterwards followed by Karnovskyation. Samples were embed-

of SA- -gal stained tumour cells. The SAgal stained tumour cells in Figd, ded in glycid ether for electron microscopic anafysis

Fig.6d and Fig9c were calculated and given in percent (blue pixel of total pixels of

the tumour area). Electron microscopy SA- -gal stained cryosections wenged with Karnovsk

xative for 24 h. Postxation was based on 1% osmium tetroxide containing 1.5%
SA- -gal activity for electron microscopy. Small tissue samples (semi-thin K-ferrocyanide in cacodylate buffer. After following the standard methods, blocks
0.5um and for electron microscopy ultra-thin 20 nm, respectively) wezd in were embedded in glycide ether and cut using an ultra-microtome (Ultracut,
xation solution (0.25% Glutaraldehyde in 2% PFA) and washed in PBS/MgCReichert, Vienna, Austria). Ultra-thin sections (30 nm) were mounted on copper
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Fig. 8 IFN- and p2XciPldependent immune control of -MYGinduced lymphomas by ICB therapy. &urvival curves of control (CtN= 27), or immune
checkpoint inhibitor (ICB; anti-CTLA-4 and anti-PDNl= 29) treated -MYCmice, or of -MYCmice treated with ICB and anti-IFN{N= 16).b, c Triple-
staining for the senescence marker p6*a (red, upper panel) or p23iP1(red, lower panel), the proliferation marker Ki67 (blue), and for nuclei (green);
scale bar 2um; representative pictures from Figc (b). Box plots with individual data points representing p1& (c, left) or Ki67* nuclei (c, right) of B

cells from Ctr- (N= 7), ICB- (N= 9), ICB and anti-IFN-treated -MYCmice (N= 7), or ICB-treated -MYCp2F£iP1/ mice (N= 7). Lymph nodes were
isolated at similar ages. Each point represents triplicates from one mouse, box plot show the median with 25th and 75th interquartile range (IQR), and
whiskers indicate 1.5 x IQR. -MYCmice from the individual treatment groups living at day 200, Oi= 13, ICBN = 15, ICB and T-cell-depletioN= 11e
Survival curves of either control (Ctiy= 14) or ICB-treated -MYCp2£iP1/ mice (N= 10). Signicance tested by using Log Rank tesd, (), two-tailed
Mann-Whitney test (c).

a Ctr ICB ICB/p21°P1-= ICB/anti-IFN

o pHP1 Nuclei

H3K9me3 Nuclei

SA- -gal

7.9% 90.6% 13.6% 8.1%

Fig. 9 IFN- and p2iPldependent senescence induction in B cells of-MYCmice during ICB. ac Fresh frozen cryostat sections of representative lymph
nodes of -MYCor -MYCp2F£iP1/ mice. -MYCmice were controls (Ctr) or treated with anti-CTLA-4 and anti-PD-1 mAbs (ICB) or anti-CTLA-4, anti-PD-
1 and anti-IFN-mAbs (ICB/anti-IFN-), or -MYCp2F£iP1/ mice were treated with ICB (ICBI2EP1/ ). pHP1 (red), nuclei (white) (). H3K9me3 (red),
nuclei (white) (b). Representative microscopic images of SAgal activity at pH5.5 and percentage of SAgal positive tumour cells in each tumour. The
colour evaluation and calculation of the SAgal* cells are described in Supplementary Fig. 2 and Methods. Scale bara 2a, b), 1000 m (c). The SA--

gal data are representative for three individual tumours. Immungorescence was performed in one to two representative tumours from Big.

grids and analysed using a Zeiss LIBRA 120 transmission electron microscopprocessed for immunaiorescence microscopy, immunohistochemistry or gene
(Carl Zeiss, Oberkochen, Germany) operating at 120 kV. expression analysis. Alternatively, single tumour cells were obtained by incubation
of the tumours in 0.05% trypsin/EDTA solution (Invitrogen) at 37 °C for 10 min.

. . ) After incubation, RT2-cancer cells were seeded onto tissue culture plates.
Cell culture. Adherent primary murine RT2-cancer cells (described above), B16-

F10 melanoma cells (catalogue number CRL-6475, ATCC) and B16-OVA mela-

noma cells (gift from R. Dutton, Trudeau Institute, New York, USA) were culture@eneration of primary p18nk4a.de cient RT2-cell lines CDKN2a-loss variants

in Dulbeccés Modi ed Eagls Medium (DMEM) supplemented with 10% foetal on chromosome 4, qC4.A were generated by random selection from CIS- or ICB-

calf serum (FCS), nonessential amino acids, sodium pyruvate, antibiotics, andesistant RT2-cancer cells.

50 uM 2-mercaptoethanol at 37 °C and 7.5%,CIhe murine melanoma cell lines

B16 and B16-OVA were cultured in DMEM medium, containing 10% FCS and X . . i . .

penicillin/streptomycin (100 U mi; all from Biochrom AG), at 37 °C and 5% Géneration of CRISPR-mediated deletion dEdkn2ain primary RT2-cell lines

CO,. The human patient-derived xenograft (PDX) cell lines were cultured in 9RNAS targeting Exon 2 (position 120-142 and 125-157) of m@itkn2a )

RPMI-1640 medium supplemented with 10% FCS, nonessential amino acids, (sequence from Ensembl genome browser 97) were designed using CRISPRdirect

sodium pyruvate, antibiotics, and 5 pg rhlPlasmocin (Invitrogen) to treat (gCdkn2a 1: 5-gegtegtggtggtegeacagggdkna_2: Sgacacgetggtggtgetgeag-3

infections of clinical samples, at 37 °C and 5.0%.@@Il line supernatants were As a control a previously described gRNA targeting GFP gRNA targeting GFP

tested with a mycoplasma detection PCR VenovGMlinerva Biolabs GmbH) (sgRNA target site SeqUenc_eg@gcgaggagctgt;caccg‘i@was used. The DNA

regularly every 4 weeks. oligos were ordered from Sigma Aldrich. Eqwmo_lar amounts of complementary
DNA oligos were annealed and phosphorylated in T4 ligation buffer (NEB). The

reaction was performed at 37 °C for 30 min, 95 °C for 5 min, followed by a gradual

Generation of primary murine RT2- or RTStatl / -cell lines. RT2-cancers  temperature reduction to 25 °C (5 °C/min). The vector pSpCas9(BB)-2A-GFP

were isolated from the pancreas of female RT2 or&&el / mice by intraductal (pX458; Addgene plasmid ID: 48138) was digested witBlisérestriction enzyme

injection of collagenase (1 mg M| Serva, Heidelberg, GermafiypL. After (NEB) and dephosphorylated using Calf Intestinal Alkaline Phosphatase (NEB).

injection, the pancreata were harvested, digested in collagenase solution at 37 “Chioligation reaction (NEB) was performed overnight. The plasmids were

10 min, and then mechanically disrupted. Whole encapsulated tumours were sequenced (Microsynth Seqlab) with a hU6 sequencing primer (LKOgadat-

separated under a dissection microscope (Leica Microsystems) and further catatgcttaccgt). For transfection, plasmid DNA was generated by using the Qiagen
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EndoFreeMaxi Kit® The primary RT2-cell lines were transfected using the (100 m mesh). The melanoma cell suspension was implanted with Matrigel (Corning
Quiagene Effectene Transfection Reagent. Life Sciences) subcutaneously in NSG (N@PRrkdecid 12rgmIWilSzJ) mice,
patient derived xenografts (PDX). Tumour grafts were harvested when they reached a
diameter of 10 to 15 mm, digested as above and the single cells were taken into culture
Generation of primary human melanoma cell linesMelanoma tissue was cut into using RPMI1640 with Hepes and L-Glutamine, containing 10% foetal bovine serum,
small pieces, digested in HBBS (w/dCand M@*) with 0.05% collagenase, 0.1%1% penicillin-streptomycin at 37 °C with 5% gand 95% humidity. For cryo-
hyaluronidase and 0.15% dispase, at 37 °C for 1 h lmed through a cell strainer preservation cell pellets were resuspended in Biofreeze medium (Biochrom/Merck)
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Fig. 10 Loss of senescence-inducing and amptation of senescence-inhibiting cell cycle regulator genes in melanoma metastases of patients
resistant to ICB. a Sequencing data from metastases of non-responder patierfts 30) versus metastases of responder patient®(= 12). In non-
responder patients disease progressed within 3 months of ICB therapy. In responder patients metastases regressedr of ICB therapy. Tumour
mutational burden (TMB, copy number variationsp). Number of tumour-specic alterations in 19 genes of the cell cycl@AKor MYC pathway

(b). Number of genes with homozygous deletions in cycle inhibitors or amgpéitions  3fold in cell cycle promoters. Genes analys€dDKN2A/B/C,
CDKN1A/B, RB1, TP53, JAK1/2/3, CCND1/2/3, CDK4/6, CCNE1, MDM2/AMe¥€rformed paired panel sequencing of the tumour DNA and of normal
DNA to identify tumour-specic alterations. Box plots show the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 x IQR
(c). d, e Growth curves of patient derived melanoma lines from two metastases of non-responder patietit®( from two metastases of responder
patients (e). Cells were cultured for the senescence assay either with medium (Ctr) or with medium containing 100 nd i#N- and 10 ng ml 1 TNF
for 96 h, washed and then cultured with medium for another@8 days.d, e Apoptosis assay with melanoma cells derived from two non-responder
(d, including gating strategy) or two responder patientg) were exposed to either medium (Ctr) or etoposide (Eto, 1Q®) or staurosporine

(Sta, 0.5uM) for 24 h for apoptosis induction and then stained with propidium iodide. Subtlls were detected by ow cytometry analysis; data
show the geometric mean with geometric S, = 3. Signi cance tested by using two-tailed Mann-Whitney testa(c).

and 1 ml per cryotube of the cell suspension was frozen for short-term storage @&nd selected structural rearrangements Supplementary Data TaBlésus-

80 °C and for long-term storage in liquid nitrogen. tom gene panel ssSCv2 ssSCv3 ssSCv4). The library preparation and in solution
capture of the target region was performed using the Agilent SureSelectXT
and SureSelectX'f reagent kit (Agilent, Santa Clara, CA). DNA from tumour
(FFPE) and matched normal controls (blood) were sequenced in parallel on an
lllumina NextSeq500 using 75 bp paired-end reads. The tumour samples were
rs,equenced to an average sequencing depth of coverage of 511x and the normal
control samples to 521x, respectively. An in-house developed pipeline, called
“megSAP was used for data analysigtps://github.com/imgag/megSA#ersion:
0.1-733-g19bde95 and 0.1-751-g1c381e5]. The sequencing reads were aligned to
SA- -galactosidase activity assay in vitra After treatment with IFN- and TNF,  the human genome reference sequence (GRCh37) using BWA (vers£0.7.15)
RT2-cancer cells werexed for 15 min at room temperature, and then stained folariants were called using Strelka2 (vers. 2.7.1) and annotated with SNPeff/SnpSift
16 h at 37 °C using the-galactosidase staining kit (United States Biologitdl)  (vers. 4.3859 The overall mutational rate was as calculated using the formula:
addition, cell nuclei were stained with&tdiamidin-2-phenylindole (DAPI; Invi- Somati Known Tumorgenes 5610 me sizeh Tumorgenes

Targetsize

trogen). SA--gal-positive and -negative cells were counted using a Zeiss Axiovert—— - Genomesze - or validity and clinical relevance, an

200 microscope equipped with Visiview software and analysed by using Imagggele fraction of 5% (i.e. 10% affected tumour cell fraction) was required for

software (NIH). reported mutations (SNVs, INDELs). Copy number alterations (CNAs) were
identi ed using ClinCNV [pttps://doi.org/10.1101/8379#ittps://doi.org/10.1101/

Apoptosis assay. For apoptosis assay, cancer cells were exposed to etoposide @6971v], a method for multi-sample CNV detection using targeted or whole-

100 pM, Bristol-Meyers-Squibb, ETOPOPHOS), staurosporine (Sta, 0.5 uM, Bigenome NGS data. The method consists of four steps: (i) qeatitn of reads per

Vision) or medium (Ctr) for 24 h and stained for propidium iodide and annexin Viarget region, (i) normalisation by GC-content, library size and median-coverage

Senescence assayRT2-, RTStatl/ -, RT2p16nk4a, RT2-CRISPER-control-
or RT-CRISPER16nNk4a.cancer cells or human melanoma-derived (PDX) cells
were cultured with medium containing 100 ng tHIFN- and 10 ng ml1 TNF or
exclusively with medium (Ctr) for 96 h, washed, then cultured with medium fo
another 34 days (till the Ctr cells reach camence) and countéd

Annexin V-positive and subG1 cells were detected and queththy ow cyto- within a cohort of samples sequenced with the same NGS panel, (iii) calculation of
metry. Analysis was performed on a LSRII cytometer (BD Bioscience) and analyega-fold changes between tumour and normal sample, (iv) segmentation and
by FlowJo software version 10. CNV calling. Using log2-fold changes CIinCNV estimates statistical models for

different copy number states per region (conditioned by tumour sample purity)
and reports an likelihood for each statistical model, assuming that the majority of
samples are diploid at a focal region. The log-likelihood of the diploid model is
subtracted from alternative models, resulting in positive likelihoods for true
alternative copy number states. Finally, maximum segments of contiguous regions
with positive log-likelihood ratios are idenéid in an iterative manner. Segments
consisting of at least three regions with log-likelihood rat#® and CN state 1.5

3 are reported as CNVs. Quality control (QC) parameters were collected

ng all analysis steffs

Chromium release assayCD8' cytotoxic T cells (CTL) were generated from
spleen and lymph node cells of OT I-transgenic mice. CD&ells were enriched
by positive selection over magnetic microbeads. To generate CTL cefis CD8
T cells were cultured in the presence of irradiated (30 Gy), syngeneic, T-cell-
depleted antigen presenting cells (ABG) the presence of IL-2 (10 U mi), IL-
12 (5ng ml 1), and anti-IL-4 Ab (10 g ml 1).312.5 x 16 target cells were labelled r
with 250 uCi (9.25 MB@NaCr (Hartmann Analytic) at 37 °C for 1.5 h, washed duri
and plated into microtitre round bottom plates at 1 x4iflls per well. CD8

effector cells were added to target cells in the ratio 40 to 1 and incubated at 37 °C
for 4 h. B16-OVA cells were used as positive controls, B16-F10 melanoma cells
were used as negative controls. Spontaneous release in the absence of effect@aalimrative genomic hybridisation (CGH) arrayDNA was isolated from RT2-
was <30% of the maximal release induced by 1% Triton X-100. After incubatieancer cells or reference spleen (wildtype male) tissue with the DNeasy Blood &

50 | supernatant per well was mixed with 20Gscintillation cocktail (Ultima Tissue Kit (Qiagen) according to the manufactigémstructions. DNA was
Gold, PerkinElmer) and measured in a liquid scintillation counter (MicroBeta, labelled using the SureTag Complete DNA Labelling Kit (Agilent Technologies)
PerkinElmer). and hybridised on an Agilent Mouse Genome CGH Microarray, 2 x 105 K (Agilent

Technologies), and the image was analysed using Feature Extraction 10.5.1.1 and
Patients and specimen collection Patients with metastatic melanoma were Agilent Genomic Workbench Lite Edition 6.5 with Genome Reference Consortium

treated with either anti-PD-1 mAb or combined anti-CTLA-4 and anti-PD-1 ~ Mouse Build 38.

mADbs. Non-responder patients were 30 patients (43.3% female, 61.5 median age,

22-89 age range) that progressed during th& 3 month of therapy. Responder

patients were 12 patients (33.3% female, 56.5 median ag& &e range) that  guanitative PCR RT2-cancer cells were harvested by trypsin digestion and snap

had either a partial (>30%) or complete tumour regression over more than 1 Y§@dzen in liquid nitrogen. RNA was prepared using the Nucleospin RNA Mini kit

Tumour biopsies were compared to healthy tissue from the safety margins as(\jacherey-Nagel); cells were lysed using Tris(2-carboxyethyl)phosphine (TCEP)-

Contro! tissue. Eth'|cal approval' was lobtalned from the Ethics Committee TUb'”gegntaining RL1 buffer, followed by DNase digestion (Invitrogen). RNA quality was

All patients had S|g_ned tht_a written |nforme_d consent form_ for resear_ch_analys%mm”ed by agarose gel electrophoresis and by OD600 measurements using a

Tr_\e_ study was carried out in accordance with the Declaration of Helsinki and g%tometer (Eppendorf AG). Complementary DNA was prepared using the iScript

clinical practice. cDNA synthesis kit (Bio-Rad Laboratories). Quantitative PCR was performed with
SybrGreen using a LightCycler 480 (Roche). Gene expression was analysed using

Sequencing All patient samples were analysed using a hybridisation-based cust@i@se software (Biogazelle) based on the delta-delta-CT-method and reference

gene panel. Since the patient samples were collected in clinical routine, threegenes were evaluated using geNorm (feature of the q base software, Biogazelle). The

different versions of the panel were used (ssSCv2, ssSCv3 and ssSCv4). Theollowing primers were use@&V40-Tagense Stcc act cca caa ttc tgc tet;3

number of target genes was increased from one version to the next starting antisense Sitg ctt ctt atg tta att tgg tac aga-@pkn2asense 5ttg ccc atc atc atc

from 337 genes on ssSCv2, to 678 genes on version ssSCv3 and 693 on the c8a@nd, antisense &ygg ttt tct tgg tga agt tcg3Actb sense 5cta agg cca acc gty

version ssSCv4. The panels were designed to detect somatic mutations (SNV&3a ag-3 antisense Sacc aga ggc ata cag gga c&8flalsense 5aca cgt aga ttc

small insertions and deletions (INDELs), copy number alterations (CNAs) ~ Cgg caa gt 3antisense fgg agc cct ttc cca tcte 3

16 NATURE COMMUNICATIONS (2020) 11:1335 | https://doi.org/10.1038/s41467-020-14987-6 | www.nature.com/naturecommunications

A98



NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14987-6 ARTICLE

Magnetic resonance imaging Magnetic resonance imaging (MRI) was performeource data for Fig. 1a, ¢ and-8and 4a, c, e and 5b and-€aand 8a, ¢, d, e and da
with ten-week-old RT2 mice under 1.5% ismane anaesthesia using a 7 T small and Supplementary Figs. 1a and-¥lare available as a source ddta A reporting
animal magnetic resonance scanner (ClinScan, Bruker Biospin MRI, Ettlingen, Geémmary for this article is available as a Supplementary Informatean

many) equipped with quadrature mouse whole-body coil with an inner diameter of

35mm. For detection of the-cancers and general anatomic information, a T2- . . . . .
weighted 3D turbo spin-echo-sequence (TE/TR 205/3,000 ms, image matrix of 1(%Q<Celve¢ 26 November 2018; Accepted: 7 February 2020;
256, slice thickness 0.22 mm) was used. Respiration was monitored and used for

triggering MRI data acquisition. The acquired MRI data was visualised using Inveon

Research Workplace software (Siemens Preclinical Solutions, Knoxville, TN, USA).

were treated with TAA-[1 cells or NaCl as described. Mice were injected i.v. wi eferences . .

50 pug of Alexa Fluor 700 anti-mouse CD4 mAb clone GK1.5 and Alexa Fluor 647 -€ach, D. R., Krummel, M. F. & Allison, J. P. Enhancement of antitumor

anti-mouse CD11b mAb clone M1/70 (BioLegend), 48 h after the second treat: mmunity by CTLA-4 blockadeScienc@71, 17341736 (1996).

ment. After 2 h, organs were harvested amed in 4% paraformaldehyde/PBS 2- Koebel, C. M. et al. Adaptive immunity maintains occult cancer in an

solution at 4 °C for 8 h. Tissue was dehydrated at room temperature using equilibrium stateNature 450, 903-907 (2007). .

increasing concentrations of ethanol (30, 50, 70, 80, 90%) for 2 h each and in 180% Okazaki, T., Chikuma, S., Iwai, Y., Fagarasan, S. & Honjo, T. A rheostat for

ethanol at 4 °C overnight. Tissues were incubated in n-hexane for 2 h and then ~ immune responses: the unique properties of PD-1 and their advantages for

cleared using two parts benzyl benzoate and one part benzyl alcohol (Sigma-  clinical applicationNat. Immunol.14, 1212:1218 (2013).

Aldrich) three times for 30 min. Air exposure was strictly avoided during this step. Tumeh, P. C. et al. PD-1 blockade induces responses by inhibiting adaptive

The samples were then visualised and analysed using a custom-built laser scanningmmune resistancéNature 515 568-571 (2014).

light sheet microscope using a high NA 20x magation and reconstructed using 5. Twyman-Saint Victor, C. et al. Radiation and dual checkpoint blockade

the IMARIS software (Bitplane). activate non-redundant immune mechanisms in candature520, 373-377
(2015).

6. Topalian, S. L., Drake, C. G. & Pardoll, D. M. Immune checkpoint blockade: a
common denominator approach to cancer therapgncer Celf7, 456-461
(2015).

Light sheet uorescence microscopyFive-week-old RT2 or R™®atl/ mice (;E

Flow cytometry. Five-week-old RT2 or RT®atl/ mice were irradiated with 2
Gy one day before therst i.p. transfer of 1 x I0TAA-T1 cells or NaCP. 48 h
after the second treatment mice were samd. The pancreatic lymph node was ) : .
separated from the pancreas tissue of each mous’;, the panc?/eaz was homog niségoeme_r, G. Se_nowlla, L. Ga_lluzzL L Andre, F. & Zitvogel, L. Natural and
via a 200 um cell strainer in DMEM media containing 20% FCS at 4 °C, ery- therapy-induced immunosurveillance in breast caniat. Med.21,

throcytes were lysed with ACK lysis buffer (Cambrex), and samples were stained 1128-1138 (2015). .

for 30 min at 8 °C with uorochrome-conjugated antibodies (anti-mouse CD4- 8- Blank, C. U., Haanen, J. B., Ribas, A. & Schumacher, T. N. Cancer

Paci ¢ Blue, clone GK1.5, catalogue number 100428; anti-mouse CD8a-PE-Cy7, immunology. The‘cancer immunografh Scienc@52, 658-660 (2016).

clone 536.7, catalogue number 100722; anti-mouse CD45.2-APC-Cy7, clone %04 Tran, E., Robbins, P. F. & Rosenberg, $:ikal common pathwayf human
catalogue number 101224; anti-mouse-CD11c-APC, clone N418, catalogue numbercancer immunotherapy: targeting random somatic mutatide. Immunol.
117310; anti-mouse CD11b-Pacblue, clone M1/70, catalogue number 101224; 18, 255-262 (2017).

or corresponding isotype controls (dilution 1:150, BioLegend)). Cells were sept0- Ribas, A. & Wolchok, J. D. Cancer immunotherapy using checkpoint

rated again via a 50 um cell strainer. Flow cytometry was performed using a FACS blockade Scienc@59, 1356-1355 (2018).

Aria and analysed with DIVA software (Becton Dickinson). Alternativedyy 11. Galon, J. et al. Type, density, and location of immune wih#n human
cytometry analyses withL cells or RT2-cancer cells which have been stained colorectal tumors predict clinical outconfécienc&13, 1966-1964
with uorochrome-conjugated antibodies (anti-mouse-PE-IFNlone XMG1.2, (2006).

catalogue number 505807; anti-mouse-PE-TNElone MP6-XT22, catalogue  12. Rocken, M. Early tumor dissemination, but late metastasis: insights into tumor

number 506306; anti-mouse-PE IL-4, clone 11B11, catalogue number 504104; anti-dormancy.J. Clin. Invest120, 1806-1803 (2010).

mouse- PE 2-microglobulin, clone A16041A, catalogue number 154503; anti- 13. Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated

mouse PE/Cy7 CD274 (B7-H1, PD-L1), clone 10F.9G2, catalogue number 124313cancer cell dormancy: an awakenirgd. Nat. Rev. Cancelr4, 611622

(dilution 1:250, BioLegend)) were performed on a LSRII cytometer (BD Bioscience) (2014).

and analysed by FlowJo software version 10. 14. Perez-Mancera, P. A., Young, A. R. & Narita, M. Inside and out: the activities
of senescence in canchiat. Rev. Cancelr4, 547558 (2014).

Statistical analysis. The experiments were not randomised. The investigators 15. Pollard, J. W. Daiing metastatic cell latenci. Engl. J. Me@75 280-282

were not blinded to allocation during the experiments or outcome assessment. No (2016).

power calculations were used, but sample sizes were selected on the basis oftpreMassague, J. & Obenauf, A. C. Metastatic colonization by circulating tumour
vious experiments; in vitro results were based on three independent experiments to cells.Nature 529, 298-306 (2016).

guarantee reproducibility ofndings. The statistics software JMP version 12.2.017. Aguirre-Ghiso, J. A. How dormant cancer persists and reaw&8@esc861,

(SAS Institute) and GraphPad Prism version 6 (GraphPadSoftware, California, ~ 1314-1315 (2018).

USA) were used for statistical analyses and for the generation of diagrams. T&8. Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: integrating
address the question whether the treatment effect was different between two immunity’s roles in cancer suppression and promotiSnienc&31,

genotypes, the decadic logarithms of tumour volumes were analysed in ANCOVAs, 1565-1570 (2011).

using the nominal factorémouselD (nested undeftreatment and “genotyp&), 19. Landsberg, J. et al. Melanomas resist T-cell therapy throughimation-

“treatment and “genotypé as well as the combinatiditreatment and “geno- induced reversible dedifferentiatiodature 490, 412416 (2012).

type’; “time” was used as continuous factonally, the combinations dfmouse  20. Baumeister, S. H., Freeman, G. J., Dranoff, G. & Sharpe, A. H. Coinhibitory
ID” and“time”, “treatment and “time”, “genotypé and time' and the most Pathways in Immunotherapy for Cancémnu. Rev. ImmunoB4, 539573
important combination‘treatment and “genotyp& and “time” were used. For (2016).

purpose of normalisation, decadic logarithms of tumour volume were used in e patel, S. J. et al. Idemtition of essential genes for cancer immunotherapy.
analyses; zero observations were replaced by half the minimum of positive valuesNature 548 537542 (2017).

before calculating the logarithms. Group comparisons were made with non-paga-  pan D. et al. A major chromatin regulator determines resistance of tumor cells

metric, unpaired, two-tailed Mann-Whitney (Wilcoxon) tests or parametric, to T cell-mediated killingScienc&59, 776-775 (2018).
unpaired, two-tailed t test with Welshcorrection for unequal variances. Log-ranky3  Ferrari de Andrade, L. et al. Antibody-mediated inhibition of MICA and
test was used for the comparison of survival froflYC mice, RT2 mice and MICB shedding pro}notes NK cell-driven tumor immuni§cienc@ss,

tumour latency curves. Because of disparate censoring between RT2 mice and RT2537 1542 (2018).

tSht:tt]é >/<t) mr\llcreestge:g ?ﬁ:ﬁl};sgzrv‘gs l;;ii:g ?\tw)irggirrestgriSluerglgild(izlllr}?r:?sn?%ﬂ Milanovic, M. et al. Senescence-associated reprogramming promotes cancer
different.mice respectively. P ’ P stemnesshature 553 96-100 (2018). ; ) . .
' ' 25. Muller-Hermelink, N. et al. TNFR1 signaling and IFN-gamma signaling

determine whether T cells induce tumor dormancy or promote multistage

Data availability carcinogenesi€ancer Cell3, 507518 (2008).

Primary generated cancer cells are available from the authors. The sequencing data?@mZaretsky, J. M. et al. Mutations Associated with Acquired Resistance to PD-1

patient samples have been deposited in the EGA database under the accession code Blockade in Melanoma\. Engl. J. Med75, 819-829 (2016).

EGAS0000100415Comparative genome hybridisation array data have been deposiéd. Manguso, R. T. et al. In vivo CRISPR screening idenftpn2 as a cancer

in the NCBI GEO database under the accession G®ig142192All the other data immunotherapy targetNature 547, 413-418 (2017).

supporting the ndings of this study are available within the article and its 28. Kammertoens, T. et al. Tumour ischaemia by interferon-gamma resembles
supplementary informationles and from the corresponding author upon request. physiological blood vessel regressiature 545, 98-102 (2017).
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