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triggering the epigenetic regulator KDM1B
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Cancer stem cells (CSCs) are a subpopulation of cancer cells endowed with high tumorigenic, chemoresistant and metastatic
potential. Nongenetic mechanisms of acquired resistance are increasingly being discovered, but molecular insights into the
evolutionary process of CSCs are limited. Here, we show that type | interferons (IFNs-I) function as molecular hubs of resis-
tance during immunogenic chemotherapy, triggering the epigenetic regulator demethylase 1B (KDM1B) to promote an adaptive,
yet reversible, transcriptional rewiring of cancer cells towards stemness and immune escape. Accordingly, KDM1B inhibition
prevents the appearance of IFN-I-induced CSCs, both in vitro and in vivo. Notably, IFN-I-induced CSCs are heterogeneous in
terms of multidrug resistance, plasticity, invasiveness and immunogenicity. Moreover, in breast cancer (BC) patients receiving
anthracycline-based chemotherapy, KDM1B positively correlated with CSC signatures. Our study identifies an IFN-1 - KDM1B
axis as a potent engine of cancer cell reprogramming, supporting KDM1B targeting as an attractive adjunctive to immunogenic

drugs to prevent CSC expansion and increase the long-term benefit of therapy.

cells, are a relatively rare stem-like cell subpopulation within
the tumor capable of self-renewal and multilineage differen-
tiation, and responsible for tumor initiation, progression, spreading
and therapy resistance'”. Mounting evidence indicates that CSCs
can evolve over space and time leading to a high degree of geno-
typic, phenotypic and functional heterogeneity*’. Along with this,
it is emerging that non-CSC subsets can adapt to the changes in the
tumor microenvironment (TME), undergoing cell reprogramming
and (re)generating CSCs”.
Epigenetic dysregulations critically affect cancer-immune cell
interactions and coevolution during disease onset, progression and

( : SCs, also known as tumor-initiating or tumor-propagating

response to therapy by influencing cellular states and fates*. Not sur-
prisingly given their role in normal stem cell maintenance, epigen-
etic mechanisms have also been involved in CSC preservation®. This
feature, together with the inherent reversibility of epigenetic modi-
fications, makes the use of epigenome-targeting drugs (epidrugs) a
unique opportunity to rationally target CSCs in combination with
conventional therapies*®.

One key concept in tumor immunology is that some chemother-
apeutics, including (but not limited to) anthracyclines (for example,
doxorubicin, DOX), oxaliplatin (OXP) and cyclophosphamide'*"
induce cancer immunogenic cell death (ICD), a form of regulated
cell death that initiates adaptive immune responses by the emission
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of damage-associated molecular patterns (DAMPs)'>"* and cyto-
kines. In particular, the IFN-I family of proinflammatory cytokines,
upon binding to the interferon a0 and p receptor (IFNAR), triggers
the production of the IFN-stimulated gene (ISG) C-X-C motif che-
mokine ligand 10 (CXCL10), a chemoattractant for inflammatory
monocytes and T cells'. Nonetheless, depending on the duration
and intensity of the transduced signaling and/or the nature of the
unleashed ISGs, IFN-I can also display protumorigenic effects',
promoting the expression of the immune checkpoint (IC) ligand
CD274 (best known as PD-L1)'"'>'°. Moreover, innate immune sig-
naling upstream of IFN-I has been associated with nuclear repro-
gramming and malignant transformation"’.

In this work, we elucidated the downside of IFN-I during ICD.
We demonstrated that IFN-I reprograms cancer cells toward a more
aggressive, stem-like phenotype by upregulating KDM1B, an epi-
genetic regulator also known as LSD2, which erases mono- and
dimethyls on histone H3 at lysine 4 (H3K4mel and H3K4me2)'®.
Such detrimental resetting represents a hitherto undescribed mech-
anism of tumor evolution, which drives acquired resistance and
immune evasion.

Results

IFN-I administration drives enrichment and de novo induction
of CSCs. To investigate the impact of the IFN-I— IFNAR axis on
the appearance of cancer cells with a stem-like phenotype (hereaf-
ter referred to as CSCs), we selected a panel of cancer cell lines of
distinct origin (epithelial or mesenchymal) and species (human or
mouse) and treated them for 72h with 6 x10°Uml! IFN-I before
assessing, by flow cytometry, the levels of prominin 1 (Prom1, best
known as CD133), CD24 and CD44 surface markers, whose expres-
sion, alone and in combination, has been associated with putative
CSCs. In this setting, we observed that IFN-I favors the enrich-
ment of rare CD133*CD24*CD44" putative CSCs (IFN-CSCs)
in all analyzed murine cancer cell lines. Specifically, we identified
two main populations of IFN-CSCs in MCA205 sarcoma cells: the
CD133*CD24*CD44**" (CD44L, ~7 times higher compared with
the untreated condition, (CTR)) and the CD133*CD24+*CD44+high
(CD44H, ~9 times higher compared with the CTR) CSC subsets
(Fig. 1a). Putative IFN-CSCs were also detected in AT3 breast car-
cinoma, namely the CD133*CD44*CD24*" (CD24L, ~3.5 times
higher compared with the CTR) and CD133+*CD44+*CD24*"e"
(CD24H, ~2.6 times higher compared with the CTR) CSC sub-
sets, but we focused on the former, the widely recognized CSC
subpopulation in breast carcinoma'® (Fig. 1a). Similarly, we found
(1) CD133*CD44*CD24* in CT26 colon carcinoma cell line and
(2) CD133*CD44+*CD24*"¥ and CD133+*CD44*CD24*"¢" in B16.
F10 melanoma cell line (Extended Data Fig. 1a). These results
are in line with the intra- and intertumoral heterogeneity often

ascribed to CSCs*. To assess whether this phenomenon was exclu-
sive of the murine cancer model, we treated human osteosarcoma
(U208), breast carcinoma (MCF7, HMLER) and mammary epi-
thelial (MCF10A) cell lines with recombinant human IFN-oa2a and
then analyzed the expression of standard human CSC markers. We
detected IFN-CSC subpopulations in U20S (CD133*CD44* and
CD44v6*CD24*) and MCF7 (CD44*CD24 7 and CD44v6*CD247")
but not in the nontumorigenic MCFI0A and in the highly
CSC-enriched HMLER (CD44+*CD247'%) (Extended Data Fig. 1b).

We then isolated MCA205 CD133* and CD133~ (that is,
non-CSC) cell fractions by fluorescence-activated cell sorting
(FACS) and exposed them to IFN-I. By flow cytometry, we found
that IFN-I treatment led to a significant increase in the CD44H and
CD44L cell fraction and in the levels of the pluripotency transcrip-
tion factor (TF) SRY (sex determining region Y)-box 2 (SOX2)
in both the CD133* and CD133" subsets (Fig. 1b). In parallel, by
quantitative PCR with reverse transcription (QRT-PCR) analyses of
common stem-related TFs and CSC markers, we found that exog-
enous IFN-I significantly upregulates Kruppel-like factor 4 (KiIf4),
POU domain, class 5, transcription factor 1 (Pou5f1, best known as
Oct3/4), Sox2 and nestin (Nes) in FACS-isolated CD133~ cells and
Nanog homeobox (Nanog) in FACS-isolated CD133~ and CD133*
cells (Fig. 1b). These results suggest that IFN-I-mediated CSC
enrichment depends on the co-occurrence of positive selection of
rare, pre-existing CSCs and de novo generation of CSCs.

Phenotypic and transcriptional profiles of IFN-CSCs revealed
that IFN-I-treated epithelial cancer cells (AT3 and B16.F10) acquired
a typical stem-like elongated morphology (Extended Data Fig. 1c).
Moreover, IFN-I promoted the emergence of the side population
(SP, a bona fide CSC feature) accompanied by a significant increase
in cell death (Fig. 1c and Extended Data Fig. 1d). As expected, SP
was significantly reduced by cotreatment with verapamil (VRP), the
blocker of ATP-binding cassette transporters. Accordingly, IFN-I
exposure induced significant upregulation of Kif4, Oct3/4, Sox2,
Nanog, hes family bHLH transcription factor 1 (HesI) and Nes
(Fig. 1d and Extended Data Fig. le), and endowed MCA205 and
AT3 cancer cells with increased sphere-forming ability (Fig. le).
Moreover, when serially replated in standard CSC culture condi-
tions, only spheres pre-exposed to IFN-I retained a CSC-related
phenotypical and transcriptional profile (Extended Data Fig. 1f).

Notably, the local treatment of MCA205-derived tumors in syn-
geneic immunocompetent C57Bl/6] mice with one single dose of
10°U IFN-I promoted a significant accumulation of CD44H CSCs,
while treatment with repeated doses of 2 X 10* U IFN-1 did not enrich
for CSCs (Fig. 1f). Moreover, at odds with one single 6 x 10*Uml*
IFN-I administration (Fig. 1a), repeated treatment with lower doses
IFN-I (3x10*Uml™" and 10°Uml™) did not induce CSC accumula-
tion in MCA205 and AT3 cell lines (Extended Data Fig. 1g).

\

Fig. 1| Emergence of CSCs following IFN-I treatment. a, Multiparametric flow cytometry analysis of the illustrated CSC surface markers in MCA205

and AT3 cells treated with mock (CTR) or IFN-I (6 x 103U ml™, 72h). Representative biparametric plots and histograms showing CD133+*CD24+CD44+
percentages (mean +s.e.m. with individual data point, n=3 and n=4 independent experiments) are shown. For more details on gating strategies,

see Supplementary Fig. 1. b, Flow cytometry analyses of CD44L and CD44H percentages (top) and gRT-PCR analyses of the reported TF (bottom) in
FACS-isolated CD133~ and CD133* MCA205 cells treated as in a. Mean +s.e.m. with individual data point, n=3 independent experiments. gRT-PCR

data are reported as mean fold change (FC) +s.e.m. over CTR after Ppia intrasample normalization, n=3 and n=2 independent experiments. 'P< 0.05,
"P<0.01, "P<0.007; for exact P values, see Supplementary Table 1. ¢, SP (Hoechst 33342~ within propidium iodide, PI7) in MCA205 and AT3 cells left
untreated (black), treated with VRP (100 uM, light green), IFN-I (blue) or VRP +IFN-I (dark green). Mean +s.e.m. with individual data point, n=9 and
n=6 independent experiments. d, TF expression levels in IFN-I-treated MCA205 cells. Data are reported as in b, n=3 and n=4 independent experiments.
'P<0.05, "P<0.01, "P<0.001, see Supplementary Table 1 for exact P values. e, Clonogenicity of MCA205 and AT3 cells plated in soft-agar upon
treatment as in a. The number (mean +s.e.m. and individual data point) of biologically independent samples collected over three independent experiments
is shown. f, Ex vivo flow cytometry of CD44L and CD44H cells within the CD45 negative (CD45-) fraction of MCA205 tumors from C57BI/6J mice

either treated with one single dose (1x10°U) or repeated doses (2 x10%U) of IFN-I. Mean +s.e.m. and individual data points for 10 mice per group

from two experimental replicates. a,b,d Unpaired two-sided Student'’s t-test and unpaired two-sided Student'’s t-test with Welch's correction compared
with CTR. ¢,f, Brown-Forsythe test with Dunnet'’s correction and ordinary one-way ANOVA test followed by Bonferroni's correction. e, Unpaired two-sided
Student's t-test with Welch's correction and two-tailed Mann-Whitney test compared with CTR.
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Collectively, these data demonstrate that depending on the dose
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putative CSCs in multiple murine and human cancer cell lines.
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IFN-I during immunogenic chemotherapy triggers cancer stem-
and time of administration, IFN-I may favor the appearance of mness. As IFN-I plays a role during ICD"!, we asked whether immuno-
genic chemotherapy could enrich for CSCs. We took advantage of a
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library of prevalidated MCA205-derived clones deficient for cardinal
elements of the IFN-I pathway, including: (1) Ifnarl, (2) stimulator
of interferon response cGAMP interactor 1 (Stingl, best known as
Sting), (3) toll-like receptor 3 (TIr3), (4) toll-like receptor adapter
molecule 1 (Ticaml, best known as Trif), (5) interferon induced
with helicase C domain 1 (Ifihl, best known as Mda5) and (6) mito-
chondrial antiviral-signaling protein (Mavs, also known as Ips-1)
(Fig. 2a)"". We exposed these clones to the ICD inducer OXP (‘donor’
dying cells), then cocultured donor dying cells with untreated
clones of the same genotype (‘receiving’ viable cells) for 24h, and,
finally, analyzed receiving cells at phenotypic and transcriptional
levels (Extended Data Fig. 2a). Wild-type (Wt) clones respond-
ing to OXP displayed a significant increase in the two CD44H and
CD44L CSC subpopulations (ICD-CSCs, Fig. 2b). On the contrary,
the vast majority of clones deficient in the IFN-I pathway presented
a certain degree of impairment of ICD-CSC enrichment (Fig. 2b),
indicating dependence on IFN-I signaling. This effect was not par-
alleled by differential cell death induction, as all clones displayed
similar sensitivity to OXP (Extended Data Fig. 2b). The comparison
within each genotype revealed a significant ICD-CSC enrichment
in OXP-treated versus untreated conditions in all but Ifnar~- clones,
suggesting a compensation between nucleic acid-sensing pathways
(Fig. 2b). Accordingly, both IFN-I and OXP treatment induced
the accumulation of CSC-related transcripts in Wt clones and, to
a lesser and heterogeneous extent, in Stingl™~, Tlr3~~, Ticaml™'~,
Ifih17~ and Mavs™~ clones, but failed to do so in Ifnar”~ clones
(Fig. 2c). Moreover, the abrogation of the AIM2 and RIG-I signal-
ing significantly reduced, but did not completely abrogate ICD-
CSC enrichment in Wt and Ifih1~~ clones (Extended Data Fig. 2¢
and Supplementary Fig. 2). Finally, DOX-mediated ICD induction
favored a complete transcriptional rewiring toward pluripotency,
enhancing the expression of the entire panel of TFs analyzed, while
the non-ICD drug cisplatin (CDDP), which induces very low levels
of IFN-I (ref. "), affected the expression of only few TFs (Fig. 2d).

We then exploited DOX red fluorescence, observing two dis-
tinct cell subsets (DOX*°" and DOX*"¢") in DOX-treated MCA205
cells differing for the capability to extrude DOX and Hoechst 33342
(Extended Data Fig. 2d). Notably, following drug withdrawal, only
DOX*v cells survived and resisted rechallenge with distinct ICD
inducers (Extended Data Fig. 2e), indicating multidrug tolerance/
resistance’’. To explore the in vivo appearance of ICD-CSCs, we
evaluated the effect of DOX and CDDP on syngeneic immunocom-
petent mice bearing MCA205 tumor grafts, analyzing tumor growth
control as well as CSC markers 15days after (the first) treatment,
that is, when starting to escape growth control''. We found a two-
fold increase of CD44H and NANOG cells upon DOX, but not
CDDP administration (Fig. 2e and Extended Data Fig. 2f). Also,
when used as an adjunctive to DOX treatment, repeated doses of
2%10*U IEN-I prevented ICD-CSC accumulation, favoring tumor
control and animal survival (Fig. 2f).

Altogether, these results demonstrate that IFN-I production
upon ICD can promote CSC enrichment, both in vitro and in vivo,
pointing to this effect as an adaptive response deployed by cancer
cells to escape therapy control.

Nucleic acid transfer transduces stem signaling between cancer
cells. To dissect the molecular mechanisms underlying ICD-CSC
enrichment, we cocultured OXP-treated donor MCA205 cells with
untreated receiving MCA205 cells alone or in combination with
benzonase (BNZase), which degrades all nucleic acids, or RNase A,
RNase H or DNase, which selectively degrade single-strand RNAs,
double-strand RNAs or DNA. We observed differential effects in
the two CD44H and CD44L ICD-CSC subsets, with BNZase pre-
venting the enrichment of both CSC populations, while RNase
A, RNase H and DNase significantly affecting only CD44L cells
(Fig. 3a). Accordingly, BNZase halved the proportion of ICD-CSCs
in receiving AT3 and CT26 cells (Extended Data Fig. 3a). The obser-
vation that only the depletion of all nucleic acids nullifies ICD-CSC
enrichment, again suggests that this phenomenon depends on
intact IFN-I signaling.

We next investigated the involvement of extracellular vesicles
(EVs) in ICD-CSC enrichment. EVs isolated from donor MCA205
cells and stained with the nontoxic fluorescent membrane dye
PKH26 were added to receiving MCA205 cells (Extended Data
Fig. 3b). EV uptake in receiving cells, confirmed by fluorescence
microscopy and flow cytometry (Fig. 3b), induced a consider-
able increase in CD44H and CD44L cells and in the expression
of most TFs, which was impaired by cotreatment with the actin
inhibitor cytochalasin D (cyto D) (Fig. 3c,d). Intriguingly, EVs
from OXP-treated cancer cells carried messenger RNAs (mRNAs)
for TFs (Myc, Oct3/4, Sox2, Nanog, Hesl, Nes), invasion mole-
cules (Twist-related protein 1 (Twistl, also known as bHLHa38)),
ICs (programmed cell death 1 ligand 2 (Pdcd1lg2, also known as
Pdi2), lectin, galactose binding, soluble 9 (Lgals9, best known as
galectin-9)) and Ifnb1 (Fig. 3e), suggesting their contribution to can-
cer cell dedifferentiation and aggressiveness upon ICD.

Altogether, these data indicate that ICD-CSC enrichment occurs
through paracrine processes involving free and EV-mediated trans-
fer of nucleic acids and stem-related mRNAs.

Behavioral and immunogenic features of IFN-CSCs and ICD-
CSCs. We then analyzed FACS-isolated CD44H and CD44L ICD-
CSCs separately, and analyzed hallmark CSC features, including
chemorefractoriness, tumorigenic/metastatic potential and capa-
bility to escape immune control. We observed that CD44H and
CD44L MCA205 cells exhibit a distinct sensitivity to ICD induc-
ers, with only CD44H cells showing higher therapeutic resistance
than parental (PAR) cells, both in vitro (Extended Data Fig. 4a) and
in vivo, in immunocompetent mice (Fig. 4a). In vivo studies also
revealed higher tumorigenicity and less immunogenicity of CD44H

>
>

Fig. 2 | CSC promotion during immunogenic chemotherapy. a, Major intracellular pathways upstream of IFN-I and inflammation. b, Multiparametric flow
cytometry analysis of CSC surface markers in MCA205 derived clones with the indicated genotypes left untreated (CTR) or treated with OXP (300 pM,
24-h). The histograms represent the percentage (mean +s.e.m. and individual data points, n=3 independent experiments) of CD44H and CD44L cells.
¢,d, Quantification by gRT-PCR of the expression levels of the illustrated reprogramming factors in MCA205 clones left untreated or exposed to OXP
(3,30,300 uM, 24 h) or IFN-I (6 x 10> Uml™) (¢) and in MCA205 and AT3 cells left untreated or administered with DOX (0.25, 2.5, 25 uM), OXP (3, 30,
300puM) or CDDP (1.5, 15, 150 pM) (d). Data are reported as mean FC over untreated condition after intrasample normalization to the expression levels
of Ppia, n=2, for ¢, and n=3, ford. P<0.05, "P<0.01, "P<0.001, see Supplementary Table 1 for exact P values. e f, MCA205 tumors grown in C57B|/6)J
mice treated intratumorally as illustrated. Ex vivo flow cytometric analysis of the percentage of CD44L and CD44H cells in the CD45 negative (CD45)
fraction are reported in e, while tumor growth curves (mean tumor surface +s.e.m.) and the percentage of tumor-free mice are shown in f. In e, data are
presented as mean + s.e.m. along with individual data points for 15 and 12 mice from two experimental replicates; the results for CSC enrichment upon one
single dose of 1x10°U of IFN-I or repeated doses of 2x10%U of IFN-I of this experiment are reported in Fig. 1f. In f, data are presented as mean +s.e.m.
along with individual data points for 6 and 8 mice from two experimental replicates. b, Unpaired two-sided Student'’s t-test with Welch's correction
compared with CTR cells with each clone. d,e, Ordinary one-way ANOVA test followed by Bonferroni's correction compared with CTR cells (d) and
PBS-treated and DOX-treated mice (e). f, Ordinary two-way ANOVA test and log-rank (Mantel-Cox) test.
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ICD-CSCs compared with CD44L ICD-CSCs. Although both sub-  hosts when injected at the highest number (Fig. 4b). Several find-
populations were able to generate tumors in immunocompromised  ings confirmed the unique low immunogenicity of CD44H cells.
NOD SCID y (NSG) mice, only CD44H ICD-CSCs developed neo-  First, DOX-treated PAR cells were able to vaccinate 85% of mice
plasms at the lowest doses (Fig. 4b). Along with this, CD44H (but against PAR and CD44L ICD-CSCs, but only 30% of mice chal-
not CD44L) ICD-CSCs were able to overcome immunosurveil- lenged with CD44H ICD-CSCs (Fig. 4c). Second, while only
lance, developing tumors at high incidence in immunocompetent  15% of immunocompetent mice rejecting CD44H ICD-CSCs were
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Fig. 3 | Cell-to-cell horizontal transfer of nucleic acids and dedifferentiating factors during immunogenic chemotherapy. a, Multiparametric flow
cytometry analysis of CSC surface markers in receiving viable MCA205 cells upon coculturing with donor MCA205 cells left untreated or previously
treated with OXP (300 uM, 24 h) alone or in combination with the indicated nucleases. Columns represent the percentage of CD44H and CD44L cells,
expressed as mean +s.e.m. and individual data points. Number of biologically independent experiments are reported. b, Fluorescence microscopy (left)
or flow cytometry (right) analysis of the internalization (at 37 °C and 4 °C) of donor cell-derived, PKH26-stained EVs by receiving MCA205 cells. Scale
bar, 100 pm. One representative experiment out of two is shown. ¢, Multiparametric flow cytometry analysis of CSC surface markers in receiving MCA205
cells cocultured with donor MCA205 cell-derived EVs in the presence of cyto D (0.5 uM). Data are expressed as mean +s.e.m. and individual data points;
number of biologically independent experiments is reported. d,e, Assessment of the expression levels of the indicated reprogramming factors by gRT-PCR
in receiving MCA205 cells stimulated with donor MCA205 cell-derived EVs alone or in the presence of cyto D, as before (d) and inside EVs (e). Data are
reported as mean FC +s.e.m. over control conditions,n=2and n=3, ford, n=2,n=3,n=4,n=6,n=7,n=9 and n=10 for e, independent experiments,
after intrasample normalization to Ppia expression levels. 'P< 0.05, “"P< 0.01, P < 0.001, see Supplementary Table 1 for exact P values. See also Extended
Data Fig. 3. a,c,d, Ordinary one-way ANOVA test followed by Bonferroni's correction. e, Unpaired two-sided Student's t-test.

vaccinated against viable PAR cells, CD44L ICD-CSCs and PAR  into immunocompetent mice, CD44H (but not CD44L) ICD-CSCs
cells conferred a higher long-term protection against this rechal-  developed lung metastases (Fig. 4d). In this experiment, CD44L
lenge (Extended Data Fig. 4b). Finally, when injected intravenously =~ ICD-CSCs reacquired metastatic potential in immunocompetent
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mice depleted of CD4 and CD8 T cells and, even more, in immu-
nodeficient NSG mice (Fig. 4d and Extended Data Fig. 4c), thus
confirming their immune control. Of note, while a considerable
fraction of CD44H ICD-CSCs divided asymmetrically (a common
CSC feature), the vast majority of CD44L ICD-CSCs underwent
symmetric division (Fig. 4e,f). Altogether, these results indicated
that CD44H but not CD44L can be considered bona fide CSCs.

We thus focused on the CD44H ICD-CSCs subset. To gain
insights into their immunogenicity, we analyzed the proliferation
rate of isolated CD8* H-2Kb/ovalbumin (OVA)-specific OT-1
T cells previously primed with dendritic cells (DCs) that had
taken up apoptotic OVA-expressing CD44H (CD44H-OVA) ICD-
CSCs or PAR cells, and then boosted with viable cells of the same
type. In line with the immune privileged nature observed in vivo
(Fig. 4a-d), CD44H-OVA ICD-CSCs induced a significantly lower
expansion of OT-1 CD8 T cells than PAR counterparts (Fig. 5a) and
resisted CD8-mediated killing (Fig. 5b). These data prompted us to
hypothesize that CD44H ICD-CSCs could escape immune control
by inducing CD8 T cell exhaustion. To pursue this hypothesis, we
analyzed common IC ligands, finding an increase in the percent-
age of cells positive to PDL1, PDCD1LG2, CEA1 and LGALS9 in
CD44H cells (Fig. 5c). Consistently, CD8* T tumor-infiltrating
lymphocytes isolated from MCA205-bearing mice 15days after
intratumoral injection of DOX (when CSC enrichment occurs), but
not of CDDP, displayed a significant increase in the fraction of cells
expressing the LGALS9 receptor IC Hepatitis A virus cellular recep-
tor 2 (HAVCR2, best known as TIM3) (Fig. 5d). We extended the
characterization of ICD-CSCs to AT3 cells (that is, the CD24L cell
subset), confirming the increase in the percentage of cells displaying
PDL1, PDCD1LG2 and LGALS9 (Fig. 5¢).

To further characterize ICD-CSC immunogenicity, we measured
cytokine production through Luminex Multiplex Assay, observing
a unique chemokine secretion pattern in CD44H MCA205 and
CD24L AT3 ICD-CSCs compared with their respective PAR cells.
This encompasses reduced levels of proinflammatory chemokines
CCL2 and CCLS5, which mediate inflammatory monocyte traffick-
ing and DC-T cell interactions®, and enhanced capability to secrete
CXCL1 and CXCL2 (the latter in CD24L AT3 cells), which promote
chemoresistance and metastasis” (Fig. 5e). Notably, CD24L AT3
cells also showed higher levels of the regulatory T cell chemoattrac-
tant CCL22 (ref. **) than PAR ATS3 cells. Accordingly, when CD24L
ICD-CSCs or PAR AT3 cells were confronted with histocompat-
ible splenocytes in ad hoc microfluidic devices” and then analyzed
by videomicroscopy for their in vitro capability to recruit immune
cells, only PAR cells were able to attract and stably interact with
splenocytes at as early as 24h (Fig. 5f,g and Supplementary Videos
1-4). At odds, CD24L ICD-CSCs failed to do so and, instead,
migrated towards splenocytes starting a transient and unproductive

interaction only upon 48h. Finally, when we confronted PAR and
CD24L ATS3 cells in a microfluidic ‘competition’ device** (Extended
Data Fig. 4d), immune cells selectively migrated towards PAR cells,
moving away from CSCs (Fig. 5h,i).

Altogether, these results indicate the existence of a mechanism
of adaptation of cancer cells to immunogenic chemotherapy that
actively contributes to intratumor heterogeneity, as the collection of
induced CSC subpopulations has differential therapeutic response,
aggressiveness and immunogenicity.

Global chromatin remodeling downstream of IFN-I. To dissect the
mechanisms underlying cancer cell reprogramming downstream of
IFN-I, we mapped the chromatin landscape of PAR (P) and CD44H
(H) MCAZ205 cells by the assay for transposase-accessible chroma-
tin with high-throughput sequencing (ATAC-seq) (Fig. 6a—-c). By
analyzing ATAC-seq peaks, we conceived a closed-to-open (C — O)
and an open-to-closed (O — C) logic, and stratified genes in four
groups. The C*C* and OPO" groups comprise genes with peaks per-
manently closed (that is, putatively repressed) or open (that is, puta-
tively expressed) in both samples, while the C°O" and O*C" groups
comprise genes whose peaks are closed in PAR cells and open in
CD44H IFN-CSCs and vice versa. In particular, we focused on the
CPOH group containing genes putatively more expressed in CSCs.
As expected, we found genes dictating the CSC phenotype and
behavior, including, but not limited to, cancer stemness (Myc and
Sox) and epithelial-to-mesenchymal transition (EMT) (Gata6 and
Tfcp2). We also found genes involved in immune evasion, including
the negative regulator of the antigen presentation machinery Gpri7
and the inhibitor of granzyme activity Serpin (Fig. 6a). Consistently,
the OPCH group contains tumor suppressor genes (Cdh, Cdk2ap1,
Dlg2, Ripk3 and Fbxw2) and genes involved in antigen presenta-
tion machinery (Tapl, Tap2 and Ctsl) and inflammation (1124, 1127,
Gsdmd and Uba7) (Fig. 6a). Integration with RNA-sequencing
(RNA-seq) analyses confirmed an increased expression of genes
involved in tumorigenesis, tumor progression, invasiveness (CsfIr,
Trpm4, Itga5, Weel, Baiap2, Ttll7 and Spirel) and immune escape
(Gprl17), coupled with repression of genes involved in tumor sup-
pression and immune recognition (Cdhl, I112b, Tlr5, Cdk2ap1, 1134,
1116 and Ctsl) in CD44H IFN-CSCs (Extended Data Fig. 5a).

Next, we performed TF-binding motif enrichment with the
HOMER motif software, revealing considerable differences between
CSCs and PAR cells for accessible motifs, indicating extensive
global chromatin remodeling in CSCs (Fig. 6¢ and Supplementary
Fig. 3a). In particular we found enrichment of motifs for vari-
ous TFs of the helix-turn-helix superfamily (that is, RFX, RfxI,
Rfx2, Rfx5 and X-box), the Homeobox basic helix-loop-helix
(bHLH) member Pitx1:Ebox, the Rel homology domain fam-
ily member NFkB-p65 and the zinc-finger family member ZBTB

>

>

Fig. 4 | Functional characterization of CSCs induced during immunogenic chemotherapy. a, Tumor growth of PAR and CD44H MCA205 cells in C57BI/6)J
mice either PBS- or DOX (2.9 mg kg™)-treated. Growth curves show the mean tumor surface +s.e.m. in one representative experiment out of two.
Number of biologically independent mice and P values for DOX-treated CD44H versus DOX-treated PAR cells (purple) and DOX versus PBS treatments
in PAR cells (black) are shown. See Supplementary Table 1for exact P values, and Extended Data Fig. 4a. b, In vivo evaluation of the tumorigenicity of
PAR, CD44H and CD44L MCA205 cells in C57BIl/6J (Wt) or NSG mice at the indicated dose. The percentage of tumor-free mice out of 12 and 15 mice
per group from two experimental replicates is shown. Tumor-free mice from this experiment were rechallenged as reported in Extended Data Fig. 4b.

¢, In vivo evaluation of the vaccination potential of MCA205 cells. CTR or PAR MCA205 cells treated with 25uM DOX (vaccination/VAX condition)
were inoculated in the flank of C57BI/6J mice. Seven days later animals were challenged with 1x10° PAR, CD44H or CD44L MCA205 in the other flank.
The percentage of tumor-free mice out of six biologically independent mice per group in CTR and VAX conditions is shown. d, In vivo evaluation of the
metastatic potential of parental or ICD-CSC MCA205 injected in the tail vein of C57BI/6J mice, NSG mice or C57BI/6J depleted of CD4 and CD8 cells.
Representative macroscopic observation and quantification (mean + s.e.m. and individual data points, n= 6 biologically independent mice per group) of
the number of lung metastases 15 days post injection are reported. See also Extended Data Fig. 4c. e f, Immunofluorescence analysis of cell divisions in
FACS-isolated CD44H and CD44L MCA205 cells upon NUMB staining (e) and videomicroscopy analysis of cell divisions in FACS-isolated CD44H upon
PKH26 staining (f, scale bar, 20 um). In e, the percentage of asymmetric divisions upon image analysis quantification of the fluorescent signal in the two
daughter cells is reported (n=100, pool of three independent experiments, scale bar, 5um). a, Ordinary two-way repeated measures (RM) ANOVA test
followed by Bonferroni's correction. b,¢, log-rank (Mantel-Cox) test. d, Ordinary one-way ANOVA test followed by Bonferroni's correction.
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in CD44H cells. Conversely, the zinc-finger motifs CTCFE, BORIS
and NRSE the transcriptional enhanced associate domain (TEA,
TEAD) motifs (that is, TEAD and TEADI1-4), the Rel homology
domain-basic leucine-zipper superfamily member NFAT-API,
the ETS, RUNT, the interferon-sensitive response element and the
CCAAT box-binding transcription factor motifs were more acces-
sible in PAR cells. We finally reconstructed protein-protein inter-
action subnetworks and biological processes specifically modulated
in CD44H IFN-CSCs using the clusterProfiler and enrichPlot R
packages (Fig. 6d and Supplementary Fig. 3b). Gene ontology (GO)

analysis showed that most of the upregulated genes in CD44H cells
(red module) have significant functional connections with stemness
maintenance, tissue remodeling, immune suppression, response to
stress and enhanced chromatin accessibility.

Altogether, these results provide clues about a global chroma-
tin remodeling and a modular reorganization of specific pathways
downstream of IFN-I.

Epigenetic regulation of cancer stemness by KDM1B. Among the
genes specific for the CSC fraction (CD44H cells), we identified
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multiple ISGs, including (but not limited to) Ifi2712a, Ifi27I12b and
the epigenetic regulator Kdml1b (Fig. 6a,b). We were particularly
intrigued by Kdm1b given the crucial role of chromatin remodel-
ing in cancer evolution, cellular plasticity and immune escape™.

We first performed ATAC-seq studies on MCA205 cells engi-
neered to either silence (KD) or overexpress (OVER) Kdmlb
(Extended Data Fig. 5b). We revealed the presence, in KdmIb°VER
cells, of open peaks for genes involved in cancer stemness (Kif4,
Myc, Pou5fl, Sox2, Nanog and Hesl), embryonic development
(Tbx4), EMT (Gata6 and Tfcp2), cancer cell invasiveness and meta-
statization (Spirel and Trpm4), tumorigenesis, tumor progression
and therapy resistance (Csflr, Itga, Baiap and Slc6a6) and immune
escape (Gprl7) (Extended Data Fig. 5¢). Of great interest, all these
peaks were closed or significantly less open in Kdm1b*" cells, thus
supporting their epigenetic regulation by KDMIB. To further
address the epigenetic role of KDM1B, we performed chromatin
immunoprecipitation sequencing (ChIP-seq) analysis on CD44H
ICD-CSCs. We found that KDM1B interacts with genes involved
in stemness maintenance, embryonic development, EMT, invasive-
ness, wound healing and sprouting angiogenesis, cell-to-cell and
cell-to-extracellular matrix adhesion, response to stress (DNA dam-
age, hypoxia, starvation), epigenetics, regulation of gene expres-
sion (at transcriptional, translational and post-translational levels),
senescence and apoptosis, metabolism, cell cycle and viral signature
(Extended Data Fig. 5d and Supplementary Fig. 4).

To explore in-depth the role of the ISG KDM1B in the induc-
tion of ICD-CSCs, we added the KDM1B inhibitor tranylcypro-
mine (TCP) to the donor-receiving in vitro coculture, finding
a significant reduction of CD44H percentages in receiving cells
(Fig. 6e). Accordingly, when coadministered with DOX, TCP pre-
vented the enrichment of ICD-CSCs and the increase in the per-
centage of TIM3* CD8* tumor-infiltrating lymphocytes in MCA205
tumor-bearing mice (Fig. 6f), resulting in improved tumor growth
control and mice survival compared with DOX alone (Fig. 6g).
Moreover, through ex vivo (MCA205) and in vitro (MCA205, CT26
and B16.F10) analyses, Kdm1b°VF® cells displayed higher basal levels
of CD44H and higher expression of most reprogramming factors
than KdmIb*P cells (Fig. 6h and Extended Data Fig. 6a,b). Kdm1b
overexpression also boosted the in vitro migration in CT26 and
B16.F10 cells (Extended Data Fig. 6¢), and the in vivo metastatic
potential in MCA205 cells, which, of note, was annulled in condi-
tion of Kdm1b depletion (Fig. 6i). Furthermore, Kdm1b overexpres-
sion decreased in vitro and in vivo sensitivity to DOX (Fig. 6j and
Extended Data Fig. 6d). Finally, Kdm1b°VER MCA205 cells displayed
exquisite tumorigenicity, developing tumors much more frequently
than Kdm1bX° MCA205 cells when transplanted in immunocompe-
tent mice (Fig. 6k). Accordingly, in vitro extreme limiting dilution
analysis (ELDA) revealed that Kdm1b overexpression confers high

sphere-forming potential in the different cancer cell lines analyzed
(Extended Data Fig. 6e). Corroborating the impact of the immune
system, no differences in the growth of KdmIb®*® and Kdm1b*°
MCA205 cells were observed in NSG mice (Fig. 6k).

Overall, these data demonstrate that KDM1B operates down-
stream of IFN-I, editing the epigenome of cancer cells toward stem-
ness, immune escape and therapy resistance.

KDM1B correlates with stemness in BC patients. To investigate the
clinical relevance of the IFN-I — KDM 1B axis, we first calculated the
correlation between KDM1B, IFN-I-related metagenes, stem-related
reprogramming factors, IFN-I signatures and stemness signatures
using publicly available transcriptomic data on BC patients respon-
sive to anthracyclines'”*. We observed that the expression lev-
els of KDMIB positively correlated with a signature composed of
Yamanaka factors and two previously described stemness signa-
tures’* in at least two analyzed datasets (Fig. 7a). Moreover, we
observed a positive correlation, in most analyzed databases, between
stemness signatures (and in particular that reported in ref. %) and
IFN-I signatures'***, including a signature characterized in our pre-
vious work that we dubbed ‘viral mimicry’"' (Fig. 7a and Extended
Data Fig. 7a). Next, we used the BC cohort METABRIC (which
includes 1,903 patients) and performed a multivariate survival analy-
sis by stratifying patients into two groups, according to risk behavior.
Of note, high-risk group patients exhibiting a significantly reduced
disease-specific survival presented high expression of KDM1B and
IFN-I or stemness signatures (Fig. 7b). Similar results were obtained
for distant recurrence-free incidence (Extended Data Fig. 7b), indi-
cating that KDM1B combined with IFN-I signature or with stemness
signature positively associated with dismal prognosis.

To further correlate IFN-I and CSC signatures, we performed
longitudinal immunohistochemistry (IHC) analyses on consecu-
tive formalin-fixed paraffin-embedded BC biopsies, assessing
the levels of KDM1B, IFN-I-related factors (MX1 and CXCL10)
and CSC markers (CD44-CD24 and CD133) on CD45"8 can-
cer cells at pre- (TO; at diagnosis) and post- (T1; at surgery)
neoadjuvant anthracycline-based chemotherapy (Fig. 7c¢ and
Supplementary Table 4). We found increased CSC Allred scores
(either CD44P>*CD24"¥"¢ or CD133"*) in 15% of cases, which posi-
tively correlated with an increased KDM1B Allred score (Fig. 7¢).
Confirming the mutual correlation, KDMIB levels decreased in
four out of six cases in which CSC marker levels were reduced at
T1. When checking for other clinically relevant parameters, we
observed that three patients with increased CSC and KDM1B lev-
els at T1 were negative for the Erb-B2 Receptor Tyrosine Kinase 2
(ERBB2, best known as HER2), of which two were triple-negative
and one luminal A (Fig. 7¢). Intriguingly, although no differential
impact was observed in classical BC subtypes, KDMIB combined

>
>

Fig. 5 | Phenotypic and functional profiling of IFN-CSC immunogenicity. a, Flow cytometry analysis of proliferation rate of CFSE-stained CD8*+ OT-1T cells
stimulated with PAR or CD44H OVA-expressing cells. The histograms represent the FC (mean +s.e.m. and individual data points, n=3 independent
experiments) of nonproliferating CFSE*"&"CD8* cells. b, Flow cytometry analysis of CD45- OVA-expressing PAR and CD44H cell resistance to CD8* OT-
1-mediated killing. The histograms represent the FC (mean +s.e.m. and individual data points, n=3 independent experiments) of dying PI*CD45- cells.

¢, Multiparametric flow cytometry analysis of the indicated IC molecules in MCA205 or AT3 cells. Data are presented as mean +s.e.m. and individual data
points, with number of biologically independent samples collected over three independent experiments reported. d, Flow cytometry analysis of TIM3 in
CD8* tumor-infiltrating lymphocytes from MCA205-derived tumor grafts 15 days post in vivo treatment with PBS, DOX (2.9 mgkg™), or CDDP (2.5mgkg"
). Data are presented as mean +s.e.m. and independent data points for 15 mice per group from three experimental replicates. e, Quantification of released
chemokines in supernatants from MCA205 and AT3 cells by Luminex Multiplex Assay. One representative experiment out of two is shown. f-i, Time-lapse
analysis of H-2Kb splenocyte migration towards PAR and CD24L AT3 cells in microfluidic devices. Plots in (f) represent individual splenocyte trajectories
towards target cancer cells (black spots) upon time-lapse recording. Quantification of interaction times between individual splenocytes and PAR or
CD24L ICD-CSCs are shown in g, see also Supplementary Videos 1-4. Pictures of splenocytes in competition microfluidic devices (scale bar, 100 pm) and
quantification of splenocytes migrated towards PAR or CD24L ICD-CSCs are shown in h and i. Data are expressed as mean +s.e.m. and individual data
points; number of biologically independent samples collected over three (f,g) and two (h,i) independent experiments is reported. See also Extended Data
Fig. 4. a-c, Unpaired two-sided Student'’s t-test and unpaired two-sided Student'’s t-test followed by Welch's correction. d,f.g, Two-tailed Mann-Whitney
test compared with PBS (d) and CTR (f,g). i, Ordinary two-way RM ANOVA test followed by Bonferroni's correction.
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with IEN-I signature or with stemness signature positively associ-
ated with dismal prognosis in HER2 negative (HER2"%¢) but not in
HER2 positive (HER2P*) tumors (Extended Data Fig. 7¢,d).
Altogether, these results suggest a clinically relevant cor-
relation between KDMIB levels and CSC markers during
anthracycline-based immunogenic chemotherapy.

Discussion

IFN-I may either restrain or promote tumor growth depending
on the duration and intensity of the transduced signaling, two fea-
tures that jointly delineate the patterns of ISG expression, so-called

IFN signature', and shape the accessibility to chromatin, so-called
IFN-mediated epigenomic signature®*. The leverage of transcrip-
tional and epigenetic changes defines cell responses to environ-
mental hints, dictating the efficacy of natural and therapy-induced
immunosurveillance*'**”*, Here, we provide preclinical and clinical
evidence that, depending on the dosage and timing of administra-
tion, IFN-I can favor the appearance of CSCs. This occurs via posi-
tive selection of pre-existing CSCs and KDM1B-dependent de novo
reprogramming of cancer cells toward stemness. Therefore, beyond
stimulating antitumor immunity, IFN-I can foster malignant pro-
gression leaving a detrimental ‘imprint’ on cancer cells.
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Fig. 6 | IFN-I-driven chromatin remodeling. a-d, ATAC-seq (a-c) and RNA-seq (d) analysis in PAR or CD44H MCA205 cells. Heatmap illustrating
global open (O) or closed (C) genes and representative gene subgroups in PAR/P and CD44H/H are shown in a, representative Kdm1b loci within C*OH
group in b, TF binding motifs enriched more than twofold in PAR (black) or CD44H (purple) cells (x-axis, TF motif enrichment log FC in target/nontarget
cells; y-axis, significance enrichment level) in ¢, and GO network analysis of upregulated (red) and downregulated (blue) genes in CD44H cells (nodes,
enriched GO terms, node size, false discovery rate-adjusted enrichment P value (g value)) in d. e, Multiparametric flow cytometry analysis showing
CD44H cell percentages upon OXP or OXP + TCP. Mean + s.e.m. and individual data points. Number of biologically independent samples collected over

two independent experiments is reported. f, Schematic experimental protocol of in vivo KDM1B inhibition and multiparametric flow cytometry analysis of
CD44H and CD8*TIM3* percentages in tumors from mice upon DOX or DOX + TCP treatment. Mean + s.e.m. and individual data points for 12 and 15 mice
per group from three experimental replicates. g, In vivo MCA205 tumor growth control in mice treated as illustrated. Tumor growth curves (mean tumor
surface +s.e.m. for 15 and 16 mice per group from three experimental replicates) and tumor-free mice percentages are reported. h, Ex vivo multiparametric
flow cytometry analysis of CD44H percentages in PAR and Kdm1b-overexpressing (Kdm1b°V®) MCA205-derived tumors. Mean +s.e.m. and individual
data points for 12 mice per group from two experimental replicates. i-k, In vivo evaluation of Kdm1b°VER and Kdm1b-depleted (Kdm1b®) MCA205
metastatic potential (i), DOX-based therapeutic response (j) and tumorigenicity (k) in C57BI/6J (i-k) and NSG (k) mice. Mean +s.e.m. and individual
data points for 6 mice per group from two experimental replicates (i, j), and for 12 and 6 mice per group from two experimental replicates (k). See also
Extended Data Figs. 5 and 6. ¢, One-sided binomial test. e, Ordinary one-way ANOVA test with Bonferroni's correction. f, Kruskal-Wallis test with Dunn'’s
multiple comparisons. g k.j, Ordinary two-way RM ANOVA test with Bonferroni's correction (g) and log-rank (Mantel-Cox) test (g k). h, Two-tailed
Mann-Whitney test compared with PAR. i, Unpaired two-sided Student'’s t-test with Welch's correction.
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Fig. 7 | Correlation between KDM1B, stemness signature and IFN-I signatures in BC patients. a, Spearman correlations between expression score of
KDM1B and the reported IFN-| related metagenes, stem-related reprogramming factors, IFN-| signatures and stemness signatures from microarray

data of three publicly available cohorts of BC patients treated with neoadjuvant anthracycline-based chemotherapy. ‘P < 0.05, “"P<0.01, "P<0.0071;

see Supplementary Table 2 for exact correlation and P values and Extended Data Fig. 7a for other datasets. b, Kaplan-Meier plots depicting the
disease-specific survival (DSS) in BC patients from the METABRIC cohort stratified according to risk behavior and boxplots reporting the expression
levels of KDM1B and the illustrated stemness or IFN-I signatures across the two groups. P value was calculated using P Cox, log-rank (Mantel-Cox).

P values <0.05 were considered statistically significant. The relative expression of the indicated genes and signatures is reported as mean +s.e.m. from
1,903 patients. For statistics of boxplots see Supplementary Table 3. The correspondent distant relapse-free incidence is reported in Extended Data Fig. 7b.
¢, IHC analysis of 20 paraffin-embedded paired BC biopsies at TO (diagnosis) and T1 (surgery) using antibodies to KDM1B, MX1, CXCL10, CD44 + CD24
and CD133. Representative IHC images from sections of two representative patients with reduced (one patient out of four) and increased (one patient
out of three) KDM1B/CSC marker score are reported on the right (scale bar, 30 pm). A heatmap reporting relevant information regarding tumor grade,
the mutational status of the illustrated genes and the Allred score for all analyzed markers is reported on the left. See also Extended Data Fig. 7 and

Supplementary Table 4. na, not available. a, Two-sided Spearman'’s rho.

Our study sheds light on the debated and poorly investigated
contribution of IFN-I signaling on tumor heterogeneity and CSC
induction. On the one hand, we and others previously reported a
host-protecting role of IFN-I in HER2/neu transgenic mice and
triple-negative BC, because the abrogation of steady-state endog-
enous IFN-I signaling leads to the emergence of breast CSCs***’. On
the other hand, exogenous administration of IFN-I favored cancer
stemness in mouse models of pancreatic cancer*’ and human BC
and squamous carcinoma cell lines*’. Nonetheless, in these studies
the molecular mechanisms underlying IFN-I-CSC expansion have
not been analyzed, and this phenomenon has been neither investi-
gated in the context of ICD, nor associated with potential cancer cell
reprogramming. In this respect, it appears of interest that the induc-
tion of the ISG IFI27 in ovarian carcinoma biopsies and cell lines
drives EMT, cancer stemness, invasiveness and therapeutic resis-
tance®. Whether IFI27 is involved in ICD-CSC expansion requires
further investigations. Irrespective of this unknown, on the basis of
our results, we surmise that, depending on its duration and inten-
sity, IFN-I signaling can either limit CSC proliferation and survival,
restraining tumor growth, or favor the survival of pre-existing CSCs
and cancer cell dedifferentiation, potentially leading to therapy
resistance/failure. The use of a reporting system measuring IFNAR
signaling in the TME upon immunogenic therapies will provide for-
mal confirmation of this hypothesis.

Here, we also found a certain degree of phenotypic and func-
tional heterogeneity within IFN-CSCs, consistently with the cur-
rent view of an adaptable, evolutive and dynamic nature of CSCs***.
In particular, we observed specific IFN-I-CSC subsets character-
ized by resistance to (immuno)chemotherapy, elevated tumori-
genic and metastatic potential and low immunogenicity, in line
with previous observations**”. In our setting, CSC immune privi-
lege encompasses a reduced capability to attract and stably inter-
act with effector immune cells, in part due to decreased secretion
of proinflammatory chemokines and enhanced capability to sup-
press T cell activation, and in part due to upregulated expression of
IC ligands and cognate receptors. Of note, IFN-I-related immune
escape has been previously associated with the upregulation in can-
cer (stem) cells of (1) PD-L1 and LGALS9 (ref. '°), (2) nitric oxide
synthase 2, which favors the recruitment of regulatory cells* and
(3) SERPINBY, which inhibits granzyme B activity and thus CD8*
T cell cytotoxicity®. Intriguingly, through ATAC-seq and RNA-seq
analyses, we found, in CD44H IFN-CSCs, upregulation of Serpins
and downregulation of Uba7, a tumor suppressor ISG which codes
for a protein able to attract effector T cells®. Whether these factors
play a major role in protecting CSCs from immune attack remains
to be established.

The ability of IFN-I to induce cancer stemness relies on
an autocrine/paracrine cancer cell circuitry centered on the
IFN-I - IFNAR — KDM1B signaling pathway. We propose a model
whereby CSC induction lies on the horizontal transfer of nucleic
acids and possibly stem-related encoding mRNAs from cancer cells

NATURE IMMUNOLOGY | VOL 23 | SEFTEMBER 2022 | 1379-1392 | www.nature.com/natureimmunology

undergoing ICD to viable cancer cells. In this regard, the cytotoxic
effect of IFN-I on cancer cells can also have a contributive role by
fueling this circuitry. Notably, such intercellular communication
can also occur via EVs, according to the role recently ascribed to
EVs in conferring resistance and metastatic recurrence to anthra-
cyclines”. Intriguingly, we showed that DNA from dying/dead
cells triggers the STING pathway once internalized by bystanding
cells. We surmise that such exogenous, yet self, DNA is internal-
ized though EVs and then released in the cytosol of acceptors cells
where it activates the cyclic GMP-AMP synthase (cGAS). Although
the precise mechanisms underlying this transfer remain to be deter-
mined, we speculate that once transferred from dying to viable cells,
nucleic acids act as DAMPs leading to IFN-I production, which ulti-
mately drives KDM1B-mediated cancer cell reprogramming, and,
thus, therapy failure and tumor regrowth.

Although we are aware of the limitations of our study, and in
particular the need for further confirmation in human models, we
hypothesize that the activation of the IFN-I signaling directly stimu-
lates CSCs in tumors undergoing ICD. We thus surmise the existence
of a mechanism similar to that underlying virus-induced cell trans-
differentiation that leads to the upregulation of core pluripotency
genes'. Supporting our hypothesis, IFN-I was recently ascribed to
have a role in chromatin remodeling and gene expression repro-
gramming’>*“*2, Moreover, the expression of diverse KDMs has been
correlated with ‘cold” TMEs in different tumor models, as also the
use of epidrugs with the reinstatement of inflammation®-*°. Recently,
epidrug-related immune modulation was shown to co-occur with
MYC suppression®®. Of relevance, here, by combining the analy-
sis on publicly BC databases and our retrospective studies on BC
patients that had received anthracycline-based therapy, we found a
mutual correlation between KDM1B and stemness. In particular, in
our cohort, we reported clinical evidence of combined enrichment
of CSCs and KDM1B upregulation upon immunogenic treatments,
especially in a HER2-negative context. Further validation on a larger
cohort of patients with patient follow-up will be launched.

In conclusion, we demonstrated that IFN-I can elicit a protective
but ephemeral anticancer response. By triggering KDM1B, IFN-I
promotes the appearance of CSCs with traits of immune privilege
and therapy resistance. This evidence provides the basis for the use
of epidrugs as adjunctives to anticancer immunogenic therapies,
including conventional chemotherapies and current and upcoming
immunotherapies, as therapeutic means to prevent CSC expansion
and patrol tumor recurrence.

Online content

Any methods, additional references, Nature Research report-
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Methods

Reagents. Further information and requests for resources and reagents are
provided in Supplementary Table 5 and should be directed to and will be fulfilled
by the Lead Contact, Antonella Sistigu.

Cell lines and culture conditions. Unless otherwise indicated, plasticware was
from Falcon, Corning B.V. Life Sciences. Cells were cultured in the reported
growth media under standard culture conditions (37 °C, 5% CO,). Murine
MCA205 Wt, Kdm1b*°, Kdm1b°V¥*, MCA205-OVA fibrosarcoma cells,
MCA205-derived clones (Wt, Ifnar~"~, Tlr3~"~, Ticam™", Ifih™"~, Mavs™'", Stingl ™',
produced as in ref. '), AT3 mammary carcinoma, CT26 Wt, Kdm1b*®, Kdm1b°VER
colon carcinoma cells: Roswell Park Memorial Institute (RPMI) 1640 plus fetal
bovine serum (FBS, 10% v/v), 2mM L-glutamine (L-glut), 100U ml penicillin G
sodium salt (pen), 100 ugml' streptomycin sulfate (strept) (R10). Murine B16.F10
Wt, Kdm1b*°, Kdm1b°'*™ melanoma cells, human MCF?7 breast carcinoma, U20S
osteosarcoma cells: Dulbecco’s Modified Eagle Medium (DMEM) supplemented
as above (D10). Puromycin (1:500) was added to Kdm1b*" cell medium. Human
MCF10A normal breast cells: DMEM/F12 plus 5% horse serum, L-glut, pen, strept
(as above), 10 pgml™ insulin, 5pg ml™ hydrocortisone, 100 ng ml™ cholera-toxin,
10ngml™ human epithelial growth factor. HMLER cells: 1:1 DMEM/F12 plus pen,
strept, insulin (as above), 10 ugml™ hydrocortisone and HuMEC Basal Serum-Free
Medium plus HuMEC Supplement.

CSC growth potential was tested in culture conditions as described elsewhere”.

Cytofluorometric analysis, cell sorting. To assess CSC surface markers,

1 10° tumor cells were cultured in 2 ml growth medium (6-well plates) and
treated with purified mouse IFN-I (1-3x10°Uml™, 10days or 6 X 10°Uml™,

3 days), recombinant human Roferon-A (6 X 10°Uml ™, 3 days), DOX (25 uM),
OXP (300 uM) + TCP (10 uM) thalidomide (10 ugml'), amlexanox (5 uM),
BX795 (100nM) and MRT67307 (500 nM), 48 h. Cells were then washed in
Dulbeccos phosphate buffered saline (D-PBS) and stained with fluorescently
labeled monoclonal antibodies (mAbs) anti-CD44, anti-CD133, anti-CD24,
anti-CD44v6 (1:20) in cold D-PBS-1% FBS solution, 30 min on ice. Appropriate
Alexa Fluor (AF)—488 secondary Ab (1:500) was added to CD44v6 stained

cells. In all experiments 4',6'-diamidino-2-phenylindole (DAPI)/Sytox blue/
Viobility 405-452 were used to distinguish live from dead cells; only live cells were
analyzed. All acquisitions were performed with FACSCanto-II (BD Biosciences),
MACSQuant-VYB Analyser-10 (Miltenyi Biotec), CytoFLEX (Beckman
Coulter) cytofluorometers and data analyzed with the FlowJo software v10.0.7.
Using the same costaining protocol, specific CSC-like subsets were isolated by
fluorescence-activated cell sorting (FACS, FACSAria, BD Biosciences) and
further characterized by in vitro/in vivo assays. For gating strategies, see
Supplementary Fig. 1.

DOX** and DOX*g" MCA205 cells were sorted post DOX treatment
(2.5pM, 48h). For assessment of IC expression, FACS-isolated AT3 and
MCA205 ICD-CSCs were stained (4 °C, 30 min) with mAbs anti-PD-L1 (1:100);
anti-PD-L2CDI1LG (1:100), anti-LGALS9 (1:20) and anti-CEACAM!1 (1:100).

To evaluate free nucleic acid-mediated CSC induction, 3 X 10° tumor cells
were cultured in 6-well plates (2ml medium per well) and OXP-treated (300 pM,
24h, donor cells). Donor cells were washed and incubated (37°C, 4h) in
1.5 ml-Eppendorf microtubes containing growth medium +2001U ml™' BNZase,
10TU ml™ RNase A, 10IUml" RNase H or 100U ml! DNase. Donor cells were
then cocultured with untreated live (receiving) cells, 24 h + the indicated nucleases
before assessment of CSC surface markers on receiving cells.

Side population assay. Hoechst 33342 dye efflux was detected as in ref. *. Tumor
cells (1% 10°) were cultured in 6-well plates (2ml medium per well) and treated
with IFN-I (6 X 10*Uml™, 72h) or DOX (2.5uM, 48h). Cells were washed and
incubated in growth medium 100 uM VRP (30 min, 37 °C). Hoescht 33342
(5pgml, 90 min, 37 °C) was added to cell suspension. SP were identified as
distinct Hoechst 33342~ within PI- cells.

Quantitative RT-PCR. Total RNA extraction and genomic DNA removal were
performed with the RNeasy Plus Mini Kit. Total RNA (30 ng per sample) was
reverse transcribed and amplified using GoTaq Probe 1-Step RT-qPCR System
in the presence of the specific primers as listed in Supplementary Table 5. qRT-
PCR was analyzed on a StepOnePlus Real-Time PCR System and data invariably
normalized to the housekeeping gene Ppia expression levels.

Asymmetric, symmetric division. NUMB staining: FACS-sorted MCA205
ICD-CSCs, seeded on round coverglass (15h), were fixed in paraformaldehyde
(PFA) 4% D-PBS solution (10 min), washed and blocked (30 min, in 5% BSA,
0.05% TWEEN in D-PBS). Anti-NUMB mAb (1:400, overnight) was added. Slides
were stained with secondary (AF) conjugates (1:500) and 10 uM Hoechst 33342.
Fluorescence images were visualized, captured and analyzed with Leica-DMI3000
B microscope (100x objective, HCX PL Fluotar, AN1.3), Leica-DFC 310FX
camera, and LAS-X acquisition software (Leica Microsystems). At least 100

late anaphases-telophases were analyzed. PKH26 staining: FACS-sorted cells

(as above) were seeded and PKH26-stained. Cell divisions were tracked by live
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videomicroscopy using Nikon-LIPSI system (Nikon) equipped with IRIS 15
photometrics camera and NIS Element acquisition software. Images were taken
every 20 min for 48 h, with a 20X long-range objective (S-PLAN AN 0.4).

Clonogenic assay. IFN-I pretreated cancer cells (1 10°U) were seeded between
two layers of 0.4% agarose in CSC medium as in ref. °” (500 pl, 24-well plates) and
incubated under standard culture conditions for up to 15 days. Colonies were
fixed/stained with crystal violet (0.02% in 20% methanol) and counted under an
inverted microscope. Some spheres, prior fixation, were recovered, cultured in
ultralow attachment flasks in CSC medium® and analyzed for morphology and
transcriptional profiles.

Multidrug resistance assay. PAR, IFN-CSC KdmI1b*°, Kdm1b°'*™® MCA205, CT26
Kdm1b*°, Kdm1b°VER, B16.F10 Kdm1b*P, Kdm1b°VR cells (5 X 10°) were seeded

in 96-well plates (90 ul medium per well) and either left untreated or treated with
OXP (3-30-300 uM), DOX (0.25-2.5-25 pM), mitoxantrone (0.04-0.4-4 uM) or
CDDP (1.5-15-150 pM) for 24-72h. Cell viability/proliferation was determined by
CellTiter-Glo Luminescent Cell Viability Assay via multimode reader (DTX-880;
Beckman Coulter).

T cell proliferation and cancer cell killing assays. UV-irradiated MCA205-OVA
as in ref. *° were cocultured with BM-derived DCs (2:1 ratio, 24h). DCs were
cultured (5:1 ratio, 72 h) with splenic purified CD8*OT-1 cells. Cross-primed
CD8*OT-1 cells were labeled with carboxyfluorescein succinimidyl ester (CFSE)
dye (1M, 10 min, 37°C) and restimulated with live PAR or CD44L MCA205-OVA
cells (1:5 ratio, 3 days) before cytofluorometric CFSE level analysis on live-gated
CD8* cells and PI level analysis on CD45~ cells.

Microfluidic devices. H-2Kb splenocytes (2x 10°) from C57Bl/6] mice and
5x10* PAR or ICD-CSC AT3 cells were loaded into the device reservoirs in 200 ul
R10. Time-lapse recordings were collected in the incubator for 72h with a Juli
Smart microscope (Bulldog Bio Inc.) that generated one microphotograph every
2 min. ImageJ v1.5 software (Manual Tracking and Trackmate plug-ins) was used
for data analysis. For devices based on competition, 2 X 10* PAR and ICD-CSC
AT3 cells were resuspended in Matrigel (3 pl, 2mgml™, on ice) and loaded in
two opposite chambers. Splenocytes (1 x 10°), PKH26 labeled, were loaded in the
central chamber in 10 pl R10 (ref. *°). Phase-contrast, visible and fluorescence
microphotographs were generated with the EVOS-FL fluorescence microscope
(Life Technologies-Thermo Scientific) and analyzed with Image] v1.5 software.

Extracellular vesicle isolation and uptake. MCA205 cells (3 x 10°) were seeded
in 6-well plates (2ml R10 per well), treated with OXP (300 uM OXP, 4h (donor
cells)) and washed. EV from supernatants were purified using exoEasy Maxi Kit
and added to receiving cells, 24 h, +cyto D (0.5 uM). Receiving cells were analyzed
by cytofluorometry and gqRT-PCR. For uptake analysis, isolated EV's were PKH26
labeled, washed with Exosome Spin Columns and cocultured, 4h, with receiving
cells either at 37°C or 4°C. Cells were washed, fixed in 4% PFA in D-PBS and
analyzed by cytofluorometry and EVOS-FL fluorescence microscopy.

Luminex assay. PAR and ICD-CSCs from MCA205 and AT3 cells were seeded

in 24-well plates (1 ml R10 per well, 48 h). Supernatants were collected on ice,
centrifuged and immediately frozen (—80 °C). Chemokines were measured by
xMAP multiplex technology with Mouse Magnetic Luminex assay multiplex

panel as specified in Supplementary Table 5. Analysis was performed with 50 ul of
twofold diluted samples. Quantification was performed on a Bio-Plex 200 System
(Bio-Rad) equipped with a magnetic workstation and a Bio-Plex Manager Software
version 6.1. Chemokine levels were normalized to total cell number.

ATAC-seq, ChIP-seq and RNA-seq. PAR, CD44H IFN-CSC, Kdm1b*" and
Kdm1b°VER MCA205 cells (1 x 10°) were treated with DNase I (37 °C, 30 min),
washed and cryopreserved in R10 plus 5% dimethyl sulfoxide (DMSO) in 1.5-ml
vials. Cryopreserved cells were either sent to Epigenetics Services Active Motif,
Inc. for ATAC-seq or analyzed at the Regina Elena National Cancer Institute.
Cells were thawed and tagmented as in ref. °’. Tagmented DNA was purified
(MinElute PCR purification kit), amplified, repurified (Agencourt AMPure XP
beads), quantified (KAPA Library Quantification Kit for Illumina platforms) and
sequenced 2x 100 bp on a Novaseq 6000 instrument (Illumina). For data analysis,
reads were aligned to the mouse genome (mm10, BWA algorithm). Duplicate reads
were removed and only reads mapping as matched pairs and only uniquely mapped
reads (mapping quality >1) were considered. Alignments were extended in silico
at their 3’-ends to a 200bp length and assigned to 32-nt bins along the genome.
The resulting histograms (genomic ‘signal maps’) were stored in bigWig files.
Peaks were identified using the MACS 2.1.0 algorithm at a cutoff of P=1x107,
without control file, and with the nomodel option. Peaks on the ENCODE
blacklist of known false ChIP-seq peaks were removed. Signal maps and peak
locations were used as input data to Active Motifs proprietary analysis program.
A peak recalling strategy was used to reduce false positives. ChIP-seq assay in
MCA205 CD44H IFN-CSCs were performed as previously described in ref. ¢!
using anti-LSD2 (1:80). Immunoprecipitations with no specific immunoglobulins
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were performed as negative controls. Data analysis was performed as described

in ref. . To determine the overall transcriptional profile, 2.5x 10° PAR MCA205
cells and their IEN-CSC counterparts were harvested, washed and cryopreserved
in RNA-seq analysis performed by Epigenetics Services Active Motif, Inc. Total
RNA was isolated from cells (RNeasy Mini Kit), 2 ug of total RNA/sample was
used in Illuminas TruSeq Stranded mRNA Library kit. Libraries were sequenced
on Illumina NextSeq 500 as paired-end 42-nt reads. Sequence reads were analyzed
with the STAR alignment — DESeq2, edgeR, limma-voom software pipelines.

Transcription factor motif discovery and network analysis. Motif enrichment
analysis was performed with HOMER software comparing TF motifs enriched

in target set (from ATAC-seq) versus reference motifs (randomly selected
background sequences). Only motif ratios >2 with P<0.05 (Benjamini-Hochberg
correction) were considered biologically/statistically significant. The functional
enrichment analysis was performed with the clusterProfiler package. Network
visualizations were made with the enrichPlot package.

Generation of Kdm1b*" and Kdm1b°V™® cells. MCA205, AT3, CT26 and
B16.F10 cells were seeded at a 7.5 10° in 100 ul growth medium (96-well plates).
For KD cells, lentiviral particle (LP) transduction was performed using polybrene
(8 ugml™) and 4 X 10? multiplicity of infection (MOI) of shRNA LP targeting
Kdm1b or scrambled control. For OVER cells, cDNA encoding Kdm1b gene

was cloned into a LP with a bidirectional promoter. Kdm1b (sense orientation)
and ALNGEFR (low affinity nerve growth factor receptor) reporter (antisense
orientation) gene expression were driven by hPGK and mhCMV promoter,
respectively. LPs were packaged by an integrase-competent third-generation
construct and pseudotyped by the VSV envelope. LPs were added to target cells
at 1 10*MOL. Cells were centrifuged (30°C, 1,800g, 90 min) and let in culture,
24-48h. KD cells were FACS-sorted for green fluorescence protein (GFP)
expression and selected with puromycin (1:500). OVER cells were FACS-sorted
for ALNGFR expression. Transduction efficiency was assessed by gqRT-PCR

and immunoblot.

Extreme limiting dilution analysis. Clonogenic ELDA assays were performed as
in ref. ©. Kdm1b*P or Kdm1b°V™® cells were seeded in 96-well plates at doses from
1 to 50 cells per well with 60 replicate wells per cell dose and analyzed by http://
bioinf.wehi.edu.au/software/elda/. Wells containing viable adherent cells 2 weeks
after plating were scored as positive.

Cell invasion, migration transwell assay. Migration ability of Kdm1b*" and
Kdm1b°VER cells were measured using Transwell cell culture chambers (8 uM
pore size). Cells, 1x 10* well, were seeded in 200 ul matrigel diluted 1:4 in RPMI
0.5% FBS in the upper chamber of the Transwell insert. R10 was placed in the
lower chamber and incubated, 72h, in standard culture conditions. Migrated
cells were fixed with 4% PFA and stained with 0.2% crystal violet. Nonmigrated
cells were removed by wiping the membrane upper side with a cotton swab.
Photomicrographs of migrated cells were obtained using an inverted microscope
and the percentage of scratch area in five random fields measured using Image]J
V1.5 software.

Animals. Mice were maintained in specific pathogen-free standard housing
conditions (20+2°C, 50 + 5% humidity, 12h-12h light-dark cycle, with food
and water ad libitum). All in vivo experimentations were in compliance with the
EU Directive 63/2010 and included in an experimental protocol approved by

the Institutional Animal Experimentation Committee at the Istituto Superiore

di Sanita (Rome) and the Italian Ministry of Health (858/2015-PR). Six to seven
week-old female C57Bl/6], NSG, C57Bl/6-Tg(TcraTcrb)1100Mjb/] OT-1 mice
were from Charles River, housed in the animal facility at the Istituto Superiore

di Sanita and employed after a 7-day acclimatization period. All experiments
followed the Guidelines for the Care and Use of Laboratory Animals. A maximal
tumor size of 15mm for the longest axis of the tumor was accepted and was always
observed during this study, with only the exception of later time points of therapy
experiments (that is, Figs. 2f, 4 and 6g) as differences of tumor size 20-30 days
post-treatment were crucial to evaluate therapy response/escape.

Tumor models, vaccination and chemotherapy. Tumorigenicity assessment:
1x10*-10°-10*-10° PAR, IEFN-CSC, Kdm1b*°, Kdm1b°V** MCA205 cells, were
subcutaneously inoculated into the flank of C57Bl/6] and NSG mice and tumor
surface (longest X perpendicular dimension) routinely monitored using a common
caliper. Vaccination experiments: 1 10° PAR MCA205 cells were subcutaneously
inoculated in mice which rejected the first injection, and tumor growth monitored
weekly. The absence of tumors was considered an indication of efficient vaccination.

Long-term protection of ICD-driven PAR cells on CD44H and CD44L
ICD-CSCs: 1x 10° PAR MCA205 DOX (25 uM) pretreated were subcutaneously
inoculated into the flank of C57Bl/6]. Two weeks later, mice were challenged on
the opposite flank with either 1x 10° PAR, or CD44H or CD44L cells and tumor
growth and mice survival monitored over time.

In vivo CSC induction and IFN-CSC, MCA205 Kdm1b*°, Kdm1b°VE® therapy
response: 1 X 10° PAR, IFN-CSC, Kdm1b*P or Kdm1b°*® MCA205 cells were

subcutaneously inoculated into the flank of C57Bl/6] mice and tumor growth

was monitored weekly. When the tumor surface reached 35-45 mm?, mice were
randomized to control and treatment groups and injected with D-PBS, CDDP
(2.5mgkg™), DOX (2.9mgkg™), IEN-I (2x 10*U per mouse every other day or
1Xx10°U per mouse once) all intratumorally in 50 pl D-PBS, TCP (5mgkg™)
intraperitoneally every 3 days. All experiments contained 5-10 mice per group and
were run at least two times, yielding similar results. GraphPad Prism was used for
data analysis.

Tumor dissection, flow cytometry and sorting. Tumors from mice treated with
CDDP, DOX, D-PBS, TCP, DOX 4 TCP, IFN-I or IFN-I+DOX were carefully
removed 15 days post-treatment. Tumor burdens were digested with scissors in
RPMI 1640 plus 400 U ml™' Collagenase-A, 200 Uml™' DNase I and incubated

(30 min, 37°C). Single cell suspensions obtained by grinding the digested

tissue and filtering through a 70-pum cell strainer were purified using mouse
CD45 MicroBeads, MACS columns and separators. CD45* cells, including
tumor-infiltrating lymphocytes, were resuspended at 1 X 10 cellsml™ and stained
(4°C, 30min) with mAbs anti-CD45 (1:25); anti-CD8a (1:150); anti-TIM3
(1:100). CD45" cells were stained with mAbs anti-CD45, anti-CD133, anti-CD44,
anti-CD24 and anti-Nanog (1:5). For gating strategies, see Supplementary Fig. 1.

In vivo invasiveness assay. PAR, ICD-CSCs, Kdm1b*® and Kdm1b°VE®

MCA205 cells (2 % 10°) were injected into the tail vein of C57Bl/6] mice. In some
experiments, mice were treated with 200 ug per mouse anti-CD4 and anti-CD8 Abs
in D-PBS, at day-1 and then every 4 days for 15 days. Then, lungs were explanted
and macrometastases counted. For CD4-CD8 in vivo depletion, at the end of the
experiments, spleens were recovered and analyzed by cytofluorometry. Images of
lung metastases were captured with a ZEISS STEMI 305 Stereo microscope (Carl
Zeiss). GraphPad Prism was used for data analysis.

Immunohistochemistry. Sections (3 um) of formalin-fixed paraffin-embedded
BC biopsies and autologous surgery tissues were cut on SuperFrost Plus slides
(Menzel-Gldser). Immunoreactions were revealed by Bond Polymer Refine
Detection and ChromoPlex TM1 Dual Detection in an automated autostainer
(Bond III, Leica Biosystems) using the following mAbs: mouse anti-CD45
(1:500), rabbit anti-CD133 (1:1000), rabbit anti-CD44 1:100), mouse anti-CD24
(1:100), rabbit anti-IP10 (1:50), the polyclonal rabbit anti-MX1 (1:100) and the
recombinant rabbit anti-LSD2/AOF1 (1:500). Chromogenic substrates were
diaminobenzidine and Fast Red.

Patients included in neoadjuvant chemotherapy studies. Twenty patients
(female, 30-77 years old, see Supplementary Table 4), with histologically confirmed
BC by the Pathology Unit at the Regina Elena National Cancer Institute, were
included. All patients underwent biopsies and received neoadjuvant anthracyclines.
This retrospective study was conducted according to the Declaration of Helsinki
and, being a part of standard-of-care patient management, did not require a
dedicated protocol. All patients signed a written informed consent to treatment
and data collection. For metagene correlation analyses, publicly available patient
cohorts (accession codes GSE6861, GSE20271, GSE25065, GSE16446, GSE41998,
GSE32646, METABRIC) reported in refs. '*" were selected. Gene expression
analyses were performed on tumor biopsies obtained at diagnosis. Survival
analyses were performed by implementing Python (v.3.7.0) scripts. Kaplan-Meier
curves for disease-specific survival and distant relapse-free incidence events were
computed and drawn using the following Python libraries: lifelines (v.0.26.0,
Davidson-Pilon, 2021), matplotlib (v.3.2.2, Hunter, 2007), seaborn (v.0.11.1,
Waskom, 2021), numpy (v.1.17.4, Harris et al., 2020), pandas (v.1.0.4, Reback

et al, 2021). Differences between Kaplan-Meier curves were evaluated by log-rank
test (Bland & Altman, 1998) implemented in the logrank_test function of the
lifelines library, and applying a P value threshold =0.05. Patient stratifications
were based on a prognostic index estimation on the SurvExpress online resource
(Aguirre-Gamboa, 2013). Patients were stratified by splitting the ordered
prognostic index by the median, obtaining two groups with (nearly) equal patient
numbers. Gene signatures in correlation and survival analyses were included upon
performing the gene set variation analysis as in ref. **.

Statistical analysis. In vitro experiments: no statistical methods were used to
determine sample size (1). Experiments were independently repeated at least
three times with similar results, with few exceptions in which experiments were
repeated twice or one replicate was excluded from the analysis due to technical
problems (always specified in figures and/or figure legends). When data were not
clear/inconclusive in terms of statistical trends, n was increased (>3) to improve
statistical power. For each experiment every sample was processed identically and
internal controls and normalization methods were included to avoid technical
bias. In vivo experiments: n were defined based on our experience with the
experimental models used to detect differences of >20% in continuous endpoints
between groups (0.05 significance level, 80% statistical power). Exact n for each
experimental group/condition, whether # represents technical or biological
replicates, are reported in figures and/or figure legends. Data were analyzed

with Microsoft Excel (Microsoft) and Prism (v.8.4.0, GraphPad Software), while
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statistical analyses were performed using Prism and SPSS software (SPSS v.21,
SPSS Inc-IBM). For each dataset of each in vitro experiment conducted at least
three independent times, normal distribution was controlled with the Shapiro—
Wilk test (SPSS and/or Prism). In case of normal distribution, statistical analysis
was performed as follows. Comparisons of two sample groups: unpaired t-test,
unpaired t-test with Welch's correction, depending on the group variance equality
(compared using the F-test). Comparisons involving more than two sample
groups: ordinary one-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test, Brown-Forsythe and Welch one-way ANOVA followed by Dunnett
T3 post-hoc test depending on variance equality (assessed with Brown-Forsythe
test). Alternatively, in case of data not normally distributed or of two independent
experiments, Mann—Whitney and Kruskall-Wallis tests were applied. In vivo
growth curves and in vitro splenocyte migration: ordinary two-way RM ANOVA
followed by Bonferroni’s correction. IHC: Allred scores were calculated to assess
the correlation between MX1, CXCL10, KDM1B, CD133 and CD44-CD24
markers. P values <0.05 were considered to be statistically significant. All
significant P values are reported in Figs. P values of qRT-PCR studies are reported
in Supplementary Table 1, P values of Spearman correlation studies are reported
in Supplementary Table 2. Statistics of ELDA assay are reported in Supplementary
Table 6. In in vitro experiments involving normalization of treated on untreated
conditions, controls are expressed as percentages or FC +s.e.m. calculated upon
normalization on the average of raw control data of all experiments included

in each analysis. Data collection and analysis were not performed blind to the
conditions of the experiments.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All bulk ATAC-seq, ChIP-seq and RNA-seq datasets have been deposited in
the Gene Expression Omnibus (GEO) under accession code GSE173851). The
following published GEO datasets were also accessed: GSE6861, GSE20271,
GSE25065, GSE16446, GSE41998 and GSE32646. Source data are provided with
this paper.
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