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Tumor-associated neutrophil precursors
impair homologousDNArepair andpromote
sensitivity to PARP inhibition
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Tumor evolution is one of the major mechanisms responsible for acquiring
therapy-resistant and more aggressive cancer clones. Whether the tumor
microenvironment through immune-mediated mechanisms might promote
the development of more aggressive cancer types is crucial for the identifi-
cation of additional therapeutic opportunities. Here, we identify a subset of
tumor-associated neutrophils, defined as tumor-associated neutrophil pre-
cursors (PreNeu). These PreNeu are enriched in highly proliferative hormone-
dependent breast cancers and impair DNA repair capacity. Mechanistically,
succinate secreted by tumor-associated PreNeu inhibits homologous recom-
bination, promoting error-prone DNA repair through non-homologous end-
joining regulated by PARP-1. Consequently, breast cancer cells acquire geno-
mic instability promoting tumor editing and progression. Selective inhibition
of these pathways induces increased tumor cell killing in vitro and in vivo.
Tumor-associated PreNeu score correlates with copy number alterations in
highly proliferative hormone-dependent tumors from breast cancer patients.
Treatment with PARP-1 inhibitors counteract the pro-tumoral effect of these
neutrophils and synergize with endocrine therapy.

Hormone-dependent breast cancers, also referred to as estrogen
receptor-positive (ER+) or luminal-like tumors, rely on estrogens to
promote proliferation and inhibit apoptosis1. Highly proliferative
subtype of ER+ breast cancer, associated with Luminal B tumors2, has
greater tumor aggressiveness and significantly worse prognoses than
low proliferative Luminal A tumors3. Since ERα is the primary

oncogenic driver in most ER+ breast cancers, endocrine-based ther-
apeutic options are the current standard of care3. Although endocrine
therapies extend overall survival, one-third of all early-stage ER+ breast
cancer patients experience treatment resistance, leading to
metastasis4–6. Genomic alterations in early and advanced breast can-
cers are proposed to be the cause of emergent therapy-resistant
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cancer clones7. The well-established dependency of cancer cells on the
tumor microenvironment (TME) suggests that the microenvironment
might have a role in the development ofmore aggressive cancer types.
ER+ breast cancers are considered to be immunologically cold due to
low infiltration of lymphocytes within the TME8. A growing body of
evidence suggests that the TME of ER+ breast cancer is highly infil-
trated by neutrophils and estrogen signaling contributes to the
immunosuppressive nature of breast cancer by driving the recruit-
ment and function of these cells9–11. Lectin-type oxidized LDL receptor-
1 (LOX-1) expression, which has been associated with higher immu-
nosuppressive activity, defines tumor-infiltrated immunosuppressive
neutrophils12,13.

Our laboratory and others have previously demonstrated differ-
ent pathogenic functions of neutrophils in breast and other hormon-
ally driven cancers and identified different subsets of neutrophils
within the TME14–17. However, a clear picture of neutrophil hetero-
geneity in ER+ breast cancer is missing, and whether these cells may
regulate the pathogenicity of ER+ breast cancers remains unknown. In
this work, we identify tumor-associated neutrophil precursors (Pre-
Neu) in ER+ breast cancer. PreNeu inhibits homologous recombination
in cancer cells, further promoting error-prone DNA repair and sensi-
tizing to PARP inhibition therapy.

Results
Neutrophil precursors are enriched in the TME of highly pro-
liferative estrogen-positive breast cancers
We performed multiparameter flow cytometry on fresh tumor tissues
obtained from 63 women with early-stage ER+ breast cancer (Supple-
mentary Data 1) to define the neutrophil heterogeneity within low and
highly proliferative ER+ breast cancers. The patients were classified as
low or highly proliferative based on the tumor proliferative capacity.
Tumors with Ki67 expression, defined by immunohistochemistry
(IHC), higher than 20% were classified as highly proliferative2. Live
CD45+ immune cells in the TME were projected onto a 2-dimensional
map via the uniform manifold approximation and projection
(UMAP)18,19 and clustered using PhenoGraph20, resulting in the identi-
fication of three distinct neutrophil clusters (Fig. 1a; Supplementary
Fig. 1a, b). The first cluster (Cluster 1) comprised neutrophils (CD45+

CD11b+ CD33+ CD66b+ CD15+ CD163− LOX-1−)21, while the second cluster
(Cluster 2) comprised LOX-1+ neutrophils (CD45+ CD11b+ CD33+

CD66b+ CD15+ CD163− LOX-1+)12,13. A third cluster (Cluster 3), that was
predominantly found in highly proliferative tumors (Fig. 1a, b), inclu-
ded cells positive for the neutrophil lineage marker CD66b and LOX-1
while lacking maturation markers including CD11b, CD15, CD33, and
expression of CD163, a prototypical marker of tumor-associated
macrophages22 (Supplementary Fig. 1b).

To characterize the undefined cluster of immune cells (Cluster 3),
we performed single-cell (sc)-RNA sequencing using BD Rhapsody
known for preserving low-mRNA content cell integrity23, on a highly
proliferative ER+ breast biopsy. Applying an unsupervised analysis to
these data, we observed three neutrophil clusters (named Clusters A,
B, C; Fig. 1c) as previously revealed by flow cytometry (Fig. 1a; Sup-
plementary Fig. 1b). Notably, cells classified in Cluster C possessed
strong enrichment in translation, aerobic respiration, and mitosis, as
revealed by pathway analyses (Fig. 1d, Supplementary Fig. 1c, Supple-
mentary Data 2). Upon further flow cytometry analysis of the cells in
cluster 3, we observed positive expression of CD71, CD117, CD45RA,
and CD66b markers, along with negative expression of CD11b, CD33,
and CD16 markers (Supplementary Fig. 1d). These phenotypic char-
acteristics are consistent with a population defined as PreNeu, recently
identified in the bone marrow of healthy donors24. Next, to cross-
validate the definition of the neutrophil subsets, we performed
scSMART sequencing to compare the gene expression profile of
tumor-sorted cells classified as Cluster 3 to tumor-infiltrating LOX-1+

neutrophils (Cluster 2), which have been reported to be the major

tumor-infiltrating, pro-tumoral neutrophil population25–27 (Supple-
mentary Fig. 1e, f). Cells classified in Cluster 3 possessed myeloid
precursor signatures (Fig. 1e; Supplementary Data 3) that were asso-
ciated with a subset of human bone marrow PreNeu in a published
dataset28 (Supplementary Fig. 1g) and showed a positive enrichment
only for a PreNeu signature when analyzed by GSEA enrichment ana-
lysis with the other seven validated neutrophil-specific genes sourced
frompublisheddata28,29 (SupplementaryFig. 1g, h).Consistentwith our
previous data, overlaying the PreNeu signature generated by
scSMART-seq on the Rhapsody dataset, we registered a significant
enrichment of the tumor-associated PreNeu signature in cluster 3
compared to the other neutrophil clusters (Fig. 1f; Supplementary
Fig. 1i), as well as overlapping with the recently public bone marrow
PreNeu signature28 (Supplementary Fig. 1j) and not with a mature
neutrophil signature (Supplementary Fig. 1k).

Notably, cluster 3 expressed immunosuppressionmolecules such
as LOX-1, IDO1, PD-L1, and CTLA425 (Fig. 1e; Supplementary Fig. 1d,
Supplementary Data 3). Trajectory analysis revealed a transcriptomic
continuum connecting cluster 3 with clusters 1 and 2, suggesting that
these cellsmayhave thepotential to transition intomature neutrophils
(Fig. 1g). Cell proliferation is a key biological function that distin-
guishes PreNeu frommature neutrophils21,30,31. To verify this, we tested
Ki67 expression using flow cytometry in tumor-associated neutrophil
subsets. We identified cluster 3 cells as the only neutrophil population
in breast cancer with proliferative potential (Fig. 1h). Based on these
observations, we classified Cluster 3, detected through both flow
cytometry and different single-cell sequencing technologies, as tumor-
associated PreNeu. We found that tumor-associated PreNeu is enri-
ched in highly proliferative hormone-dependent breast cancers,
compared to lowproliferative tumors andnormalbreast tissue (Fig. 1b,
i). The abundance of tumor-associated PreNeu was associated with a
higher histological tumor grade (Fig. 1j). Of note, no difference in the
frequency of LOX-1+ neutrophils was observed (Fig. 1k, l).

In summary, we observed that highly proliferative ER+ breast
cancers were specifically infiltrated by tumor-associated PreNeu.

Tumor-associated PreNeu promotes genomic instability by
inhibiting high-fidelity homologous recombination DNA repair
in cancer cells
To study the role of PreNeu in ER+ breast cancer, we generated PreNeu
in vitro from human cord blood (CB) mononuclear cells (CB-derived
PreNeu; cbPreNeu; Supplementary Fig. 2a). cbPreNeu clustered together
with previously defined neutrophil28 (Supplementary Fig. 2b).
Importantly, cbPreNeu have a similar expression profile, phenotypically
mimic tumor-infiltrating PreNeu, harbor proliferation capacity, and
show immunosuppressive activity (Supplementary Fig. 2c–g). Having
demonstrated that the cbPreNeu phenocopies the tumor-associated
PreNeu, we used the in vitro differentiated cells as a model to
mechanistically study their role in breast cancer progression.

Given that tumor-associated PreNeu was predominantly found in
highly proliferative ER+ breast tumors, rather than low proliferative
ones, we hypothesized that the presence of these immune cells was
associated with the more aggressive phenotype observed in these
tumors. We investigated this hypothesis by co-culturing MCF-7 cells, a
human ER+ breast cancer cell line32, in the presence of either condi-
tioned medium obtained from PreNeu (cm-PreNeu;), from LOX-1+

neutrophils (cm-LOX-1+), or vehicle (∅; Supplementary Fig. 3a).
Even though the conditioned medium of both cbPreNeu and

cbLOX-1+ neutrophils sustained the proliferation and survival of ER+ BC
cells cultured under hormone deprivation (Supplementary Fig. 3b),
only MCF-7 cells grown in cm-PreNeu showed significant down-
regulation of DNA Damage Response associated pathways in 4 Gene
Set collections tested (Supplementary Fig. 3c) and had lower expres-
sion of DNA repair proteins (Supplementary Fig. 3d, e). Of note, the
secretome of LOX-1+ neutrophils did not decrease the expression of
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DNA repair proteins (Supplementary Fig. 3e). To orthogonally validate
this finding, we quantified DNA single-strand and double-strand
breaks accumulated in MCF-7 cells treated with cm-PreNeu and LOX-
1+ neutrophils using a comet assay (Supplementary Fig. 3f). The defects
in homologous recombination, induced by cm-PreNeu and not by
LOX-1+ neutrophils, led to the accumulation of single-strand
and double-strand DNA breaks (Supplementary Fig. 3g, h). To distin-
guish accumulation of DNA damage per se from indirect effects

caused by the accelerated cellular proliferation observed (Supple-
mentary Fig. 3b), we used irradiated MCF-7 cells treated with or with-
out cm-PreNeu in a kinetic experiment (Fig. 2a). MCF-7 cells treated
with cm-PreNeu exhibited DNA damage, while untreated cells showed
repaired DNA (Fig. 2b). In keeping with this, vehicle and cm-LOX-1+

neutrophils engaged homologous recombination proteins, whereas
cells treated with cm-PreNeu failed to do so (Fig. 2c, d; Supplemen-
tary Fig. 3i).
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Next, we explored the association between the PreNeu signature,
which we derived from our single-cell sequencing data (Fig. 1e), and
the presence of genomic alterations in breast cancers using data from
a published cohort of deeply profiled early breast cancers33. We
observed that PreNeu enrichment was associated with increased
genomic instability in highly proliferative ER+ breast tumors, with the
PreNeu score correlated with the proportion of the genome altered by
copy number alterations (Fig. 2e).

To extend our investigation, we tested whether PreNeu pro-
motes genomic instability in ER+ breast cancer in vivo using theMCF-
7-FP model34 (MCF-7 Luciferase tumors grafted in the mammary fat
pad (FP) treated with PreNeu or vehicle; Fig. 2f). The experimental
administration of PreNeu led to a marked increase in tumor volume
with a corresponding increase in Ki-67+ cells (Supplementary Fig. 3j,
k). Notably, the presence of tumor-associated PreNeu showed a
higher percentage of the double-strand break marker γH2AX,
accompanied by lower expression of the DNA repair marker RAD51
(Fig. 2g; Supplementary Fig. 3l) and higher DNA damage (Fig. 2h).
Strikingly, genomic instability was enhanced in MCF-7-FP tumors
grown in mice treated with PreNeu compared to the controls
(Fig. 2i). To further validate our findings, we employed three addi-
tional allograft models of breast cancer: PyMT-N, PyMT-M, and
E0771. The PyMT models are derived from a mammary tumor
developed in a transgenic polyoma middle-T (MMTV-PyMT) mouse.
MMTV-PyMT is a model of breast cancer metastasis, and early-stage
tumors progressively lose ER expression during tumor
progression35. PyMT-N and PyMT-M are genetically similar primary
tumor lines that are preferentially infiltrated by granulocytic-like or
monocytic-like cells, respectively9. PyMT-N allografts were highly
infiltrated by neutrophils, which included PreNeu36 compared to
PyMT-M allografts (Supplementary Fig. 4a–c). The E0771 allograft
has been characterized as highly proliferative, ERα−, ERβ+, PR+,
HER2+ mammary cancer cell37 and is infiltrated by tumor-associated
PreNeu (Supplementary Fig. 5a). The role of PreNeu in favoring DNA
damage by inhibiting the high-fidelity homologous recombination
DNA repair in tumor cells was confirmed in all the allografts, in which
an external boost of PreNeu (tumor cells co-injected with bone
marrow (bm)-derived PreNeu, bmPreNeu) or inhibition of neutrophil
recruitment to the tumor using a selective CXCR2 antagonist16,38

(αCXCR2) affected tumor progression, proliferation and accumula-
tion of DNA damage (Supplementary Fig. 4d–i; Supplementary
Fig. 5b–f).

Taken together, these data demonstrate that tumor-associated
PreNeu promotes breast tumor cell genomic instability by compro-
mising homologous recombination DNA repair in vivo.

Succinate produced by PreNeu drives homologous recombina-
tion DNA repair defects in tumor cells
To identify factors secreted by PreNeu which induce defects in
homologous recombinationDNA repair, we fractioned cm-PreNeu and
cm- LOX-1+ neutrophils, testing the ability of the different fractions to
induce DNA damage in MCF-7 cells in vitro (Supplementary Fig. 6a).
Only the PreNeu secretome fraction containing molecules with a mass
lower than 3 kDa induced tumor DNA damage as assessed by comet
assay compared tomoleculeswith amass higher than 3 kDa andLOX-1+

neutrophil conditioned medium (Supplementary Fig. 6b). This finding
prompted us to hypothesize that metabolites produced by PreNeu
maymediate inhibition of DNA repair. A metabolomic analysis in both
murine and human PreNeu (Supplementary Fig. 6c) showed that suc-
cinatewas the highest-ranked PreNeumetabolitewithin a cluster of 116
overexpressed metabolites (Fig. 3a; Supplementary Data 4). Succinate
is an oncometabolite39 that is synthesized in mitochondria during the
tricarboxylic acid cycle and is released extracellularly, where it can
modulate cellular gene expression as well as the epigenetic landscape
anddemonstrate hormone-like signaling40,41.Metabolite quantification
by colorimetric assay further confirmed that tumor-associated PreNeu
produced succinate in vivo, with tumor-associated PreNeu sorted from
highly proliferative ER+ breast cancers and PyMT-N allografts produ-
cing even higher levels of succinate compared to other tumor-
associated neutrophils (Fig. 3b). Moreover, similar to our results
found in vivo, cbPreNeu produces succinate at a higher level compared
to cbLOX-1+ neutrophils, additionally validating their functional simi-
larity to cells found in patients or mice (Fig. 3b). Succinate can be
converted into fumarate by the enzyme succinate dehydrogenase
(SDH). Notably, PreNeu showed significantly decreased SDH activity
(Fig. 3c), perhaps explaining the high levels of succinate observed.

To functionally validate the association between succinate pro-
duction by PreNeu and homologous recombination deficiency, we
havefirst compared the inhibitionofDNA repair proteins to the sites of
DNA breaks, finding that both PreNeu secretome and succinate
impeded TIP60 and pATM recruitment (Fig. 3d–f). Of note, these
findings were also validated in LNCaP cells, a human hormone-
dependent prostate cancer cell line (Supplementary Fig. 6d). Secondly,
we inhibited succinate uptake by the tumor cells inMCF-7 cells using a

Fig. 1 | Tumor-associated PreNeu predominantly infiltrate highly proliferative
ER+ breast cancers. a UMAP plots derived from PhenoGraph cluster analyses of
concatenated low proliferative (n = 3) and highly proliferative (n = 3) breast cancer
biopsies gated on CD45+ cells. Cluster 1: CD11b+, CD33+, CD66b+, CD15+, CD163−,
LOX-1−; Cluster 2: CD11b+, CD33+, CD66b+, CD15+, CD163−, LOX-1+; Cluster 3: CD11b−,
CD33−, CD66b+, CD15−, CD163−, Lox-1+; Cluster 4: CD11b−, CD33−, CD66b−, CD15−,
CD163−, LOX-1−. b Bar graph displaying the frequency of the four clusters in normal
tissues (NT, n = 3), low proliferative ER+ breast cancer biopsies (Low proliferative
ER+ BC; n = 48) and highly proliferative breast cancer biopsies (Highly proliferative
ER+ BC; n = 15). c UMAP plot derived from BD Rhapsody scRNA-seq cluster analysis
of the neutrophil compartment in a highly proliferative ER+ tumor (n = 1).
dMetascape analysis of enriched gene pathways of cluster C neutrophil compared
to clusters A and B. Saturation of red color is proportional to p value significance.
eUpregulatedgenes (FDR<0.01; log2FoldChange > 1) in PreNeu compared to LOX-
1+ neutrophils sorted from highly proliferative ER+ breast cancer biopsies resulting
from single-cell differential expression analysis (Smartseq-2). Significantly upre-
gulated genes are organized into a protein-protein interaction network generated
using String Database. The dimension of the nodes is proportional to the highest
statistical significance (represented as −10xlog10FDR). Saturation of red color is
proportional to increased gene expression in PreNeu compared to LOX-1+ neu-
trophils (represented as log2FoldChange). Yellow color indicates the manually
selected genes. Highlighted in yellow are genes belonging to the magnified sub-
network shown on the right of the figure panel. f UMAP plot derived from BD

Rhapsody scRNA-seq data displaying the enrichment score of the PreNeu signature
derived from scSMART-seq analysis based on significantly upregulated genes.
g Pseudotime trajectory embedded in the UMAP plot with cluster C as the starting
point of the trajectory (green line). h Bar graph showing the percentage of Ki67
positive cells in the different populations of neutrophils (from n = 3 patients). Data
are represented as mean ± SEM. Statistical analyses (one-way analyses of variance,
ANOVA,multiple comparison test). i Bar graph displaying the percentage of cluster
3 cells within CD45+ cells in normal tissues (NT, n = 3), low proliferative (LP, n = 48),
or highly proliferative (HP, n = 15) ER+ breast cancer biopsies. Each symbol repre-
sents an individual patient. Data are represented asmean± SEM. Statistical analyses
(one-way analyses of variance, ANOVA, multiple comparison test). j Cluster 3
relative abundance on CD45+ cells stratified based on tumor grade (n = 9 for grade
1, n = 40 for grade 2, n = 13 for grade 3). Data are represented in violin plots with
median (bold line) and quartile (regular lines). Statistical analyses (Brown-Forsythe
andWelch ANOVA tests). k cluster 3 to cluster 2 ratio in NT (n = 3), LP (n = 48), and
HP (n = 15) ER+ breast cancer biopsies. Each symbol represents an individualpatient.
Data are represented as mean ± SEM. Statistical analyses (one-way analyses of var-
iance, ANOVA, multiple comparison test). l Bar graph displays the percentage of
cluster 2 within CD45+ cells in NT (n = 3), LP (n = 48), and HP (n = 15) ER+ breast
cancerbiopsies. Each symbol represents an individual patient. Data are represented
asmean± SEM. Statistical analyses (one-way analyses of variance, ANOVA, multiple
comparison test). Source data are provided as a Source data file.
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selective inhibitor of the succinate transporter SLC13a5 (αSLC13a5)42,
which were then cultured in the presence or absence of cm-PreNeu
(Fig. 3g, h). While the cm-PreNeu inhibited TIP60 and pATM recruit-
ment, and promoted single and double-strand DNA breaks in
untreated MCF-7 cells, MCF-7 cells treated with αSLC13a5 were not
affected (Fig. 3i, j). Similar results were also obtained usingMCF-7 cells
silenced for the succinate receptor (siSUCNR1)42,43 (Supplementary
Fig. 6e, f), which were then cultured in the presence or absence of cm-
PreNeu (Supplementary Fig. 6g) and validated using a second tumor
cell model (Supplementary Fig. 6h–j).

To validate these findings in vivo, we analyzed DNA damage and
defects in the homologous recombination pathway in PyMT-N tumor
allografts where PreNeu was unable to secrete succinate. The tumor

cells were pre-treated with conditioned media from either untreated
PreNeu cells (cm-PreNeu∅) or PreNeu cells in which the succinate
transporter Monocarboxylate Transporter 1 (MCT1) was pharmacolo-
gically inhibited (cm-PreNeuMCT1i; Fig. 3k). Tumors treated with condi-
tioned media from PreNeu that could not secrete succinate (cm-
PreNeuMCT1i) showednodefects inDNAdamage accumulation andDNA
repair capability (Fig. 3l, m). Similarly, when PreNeu was treated with
theMCT1 inhibitor were directly administered to NRGmice implanted
with PyMT-N cells, DNA damage induced by PreNeu was prevented
(Supplementary Fig. 6k–m). Succinate has been shown to suppress
DNA repair by inducing inhibition of the lysine demethylase KDM4B,
resulting in aberrant hypermethylation and increased expression of
histone 3 lysine 9 (H3K9me3)39, leading to the binding of H3K9me3 to
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genes related to DNA double-strand break repair in MCF-7 cells upon
succinate treatment (Supplementary Fig. 7a, b; SupplementaryData 5).
We evaluated whether succinate secreted by PreNeu could regulate
hypermethylation of H3K9 in breast cancer by acting in a non-cell
autonomous manner. Inactivation of SUCNR1 in MCF-7 cells sig-
nificantly decreasedH3K9me3 expression (Supplementary Fig. 7c). In a
validation dataset, the degree of PreNeu enrichment was positively
associated with SUCNR1 expression and negatively associated with
KDM4B expression (Supplementary Fig. 7d). Indeed, succinate mod-
ulates the expression of SUCNR1 in a concentration-dependent man-
ner onMCF-7 cells (Supplementary Fig. 7e). While it has been reported
that myeloid cells can induce epithelial mutations through the pro-
duction of reactive oxygen species (ROS)44, we found that PreNeu
produced lower amounts of ROS compared to LOX-1+ neutrophils
(Supplementary Fig. 8a), and PreNeu did not induce DNA damage
through ROS (Supplementary Fig. 8b–e). In summary, these data show
that the succinate released by PreNeu into the TME acts by directly
impeding homologous recombination DNA repair proteins and pro-
moting DNA damage in tumor cells.

Breast tumor cells affected by tumor-associated PreNeu rely on
PARP to survive
Given the induction of homologous recombination deficiency by Pre-
Neu, we interrogated the status of other DNA repair mechanisms in
tumor cells challenged with cm-PreNeu, including poly (ADP-ribose)
polymerase 1 (PARP-1) and non-homologous end joining (NHEJ) DNA
repair. MCF-7 cells challenged with cm-PreNeu showed elevated levels
of PARP-1 andDNA-PKcs (Fig. 4a), suggesting a dependenceof the cells
on these alternative DNA repair mechanisms.

To investigate whether the PreNeu secretome regulates the
transcription of PARP-1, we tested levels of PARP-1 in MCF-7 cells
silenced for the succinate receptor (siSUCNR1-MCF-7 cells), demon-
strating decreased PARP-1 protein level when the cells were challenged
with the PreNeu secretome (Fig. 4b) or succinate (Fig. 4c) compared to
scrambled MCF-7 cells. Interestingly, PARP-1 is transcriptionally upre-
gulated by the PreNeu secretome or succinate (Fig. 4d, e). Altogether,
these data demonstrate that succinate produced by PreNeu induces
PARP-1 transcription in tumor cells.

PARP inhibitors (PARPi) are licensed for use in cancer patients
harboring BRCA germline mutations45. We hypothesized that tumor-

associated PreNeu, by blocking the homologous recombination
pathway, may sensitize breast tumor cells to PARPi. We treated MCF-7
cells, pre-conditioned with the PreNeu secretome, with PARPi and
observed reduced cellular proliferation (Fig. 4f), the acquisition of
apoptotic marker Annexin V (Fig. 4g) and decreased expression of
NHEJ DNA repair proteins (Supplementary Fig. 9a). To further validate
our results in vivo, we treated E0771, PyMT-N, and PyMT-M allografts
with PARPi (Fig. 4h–j). Only E0771 and PyMT-N tumors, enriched in
PreNeu (Supplementary Fig. 4b, c; Supplementary Fig. 5a), were sen-
sitive to PARPi, as defined by a reduction in tumor volume (Fig. 4h, i)
and higher expression of cleaved caspase 3 (Fig. 4k) upon treatment.
To corroborate the role of PreNeu in promoting sensitivity to PARPi in
breast cancer cells, we pre-treated PyMT-N and PyMT-M cells for
48 hours with or without the cm-PreNeu and PARPi before tumor cell
injection in C57/BL6 mice and assessed tumor growth over time
(Supplementary Fig. 9b). In line with our previous results, the pre-
treatment of PyMT-N or PyMT-M cells with the cm-PreNeu conferred
sensitivity to PARPi (Supplementary Fig. 9c).

Altogether, these data demonstrate that following homologous
recombination pathway inhibition induced by PreNeu, breast tumor
cells become dependent on error-prone DNA repair mechanisms and
are sensitized to PARPi. Our results uncover an unexpected neutrophil
feature as a cellular mediator of synthetic lethality.

Olaparib is effective in tumors with PreNeu-induced homo-
logous recombination deficiency
To evaluate the therapeutic relevanceof ourfindings, wenext assessed
whether olaparib, a safe and widely used PARPi46, could synergize with
endocrine therapies used in the treatment of ER+ breast cancer,
including tamoxifen (a selective estrogen receptor modulator) and
fulvestrant (a selective estrogen receptor degrader)34,47. As expected16,
PreNeu promoted tumor progression and decreased the efficacy of
endocrine therapy in vitro and in vivo (Supplementary Fig. 9d–f;
Fig. 5a–c). Interestingly, olaparib reverted the pro-tumoral activity
induced by PreNeu and synergized with tamoxifen, decreasing tumor
volume (coefficient of drug interaction = 0.59) and proliferation
(Fig. 5b, c).

Since olaparib is approved for treating cancers with BRCA muta-
tions, we sought to enhance the clinical relevance of our findings by
testing its effects in the HCC1937 triple-negative breast cancer

Fig. 2 | PreNeu impair homologous DNA repair, which leads to genomic
instability. a Experimental scheme created using BioRender. Garda, c. (2025)
https://BioRender.com/yj15tp2. Briefly, ER+ MCF-7 breast cancer cells were irra-
diated and co-culturedwith conditionedmedia (cm) fromPreNeu fordifferent time
points (0h, 2 h, 6 h, and 24h) or control (Ø). b Quantification and representative
images of the neutral comet assay ofMCF-7 cells treated as indicated in a; black for
Ø and red for cm-PreNeu). Each dot represents an individual comet from a pool of
three biological replicates. Aggregated data from three independent experiments
are reported as mean± SEM (n = 10 for time point). Statistical analyses (two-tailed
unpaired Student t test). c Heatmap showing fold change in protein levels using
western blot of the reported proteins in MCF-7 cells treated as described in a.
Values were normalized to the relative housekeeping gene followed by normal-
ization on t =0 for both untreated and treated MCF-7 cells upon irradiation (n = 3
biological replicates for time point, except n = 4 biological replicates for pATM/
ATM). Statistical analysis (two-tailed unpaired t test). d Experimental scheme cre-
ated in BioRender. Garda, c. (2025) https://BioRender.com/8prt8a8, Immuno-
fluorescence images (left panel: DAPI blue, TIP60 green, P-53BP1 red; right panel:
DAPI blue, p-ATMgreen, γH2AX red), and quantification ofMCF-7 cells treatedwith
either the conditionmedia of the PreNeu or LOX-1+ neutrophil, or control (Ø). Scale
bar 5 µm. (P53BP1: n = 91 for Ø and cm-PreNeu, n = 98 for cm-LOX-1+ neutrophils;
TIP60: n = 141 for Ø, n = 149 for cm-PreNeu, n = 139 for cm-LOX-1+ neutrophils.
γH2AX: n = 34 forØ,n = 40 for cm-PreNeu,n = 31 for cm-LOX-1+ neutrophils. p-ATM:
n = 31 for Ø, n = 50 for cm-PreNeu, n = 33 for cm-LOX-1+ neutrophils. Aggregated
data from three biological replicates per condition. Data are reported as mean±
SEM. Statistical analysis (two-tailed unpaired t test). e Correlation analyses of

PreNeu score with copy number alterations (R2 = 0.32, p = 9.7e-05 linear regres-
sion). RNA sequencing and WES data were collected from 235 breast cancer cases
treated with pre-operative chemotherapy. Data are reported with the regression
line and confidence interval of 95%. Statistical analyses (simple linear regression).
f Experimental scheme created in BioRender. Garda, c. (2025) https://BioRender.
com/6n3mu0w. Female NRGmice were surgically implanted with estrogen pellets
three weeks before the injection ofMCF-7 Luciferase+ cells in themammary fat pad
(FP-MCF-7 Luc+).When the bioluminescence-based totalflux reachedmore than 106

counts, mice were randomly enrolled in the following groups: untreated (Ø; n = 8)
or treated with PreNeu (30× 103, twice a week, i.p.; +PreNeu; n = 5). The mice were
sacrificed after 4 months. g Immunofluorescence images (DAPI blue, RAD51 green,
γH2AX red) and quantification of untreated vs PreNeu-treated MCF-7 tumors
(n = 20 for each group). Scale bar 5 µm. Aggregated data from at least three tumors
per condition. Data are reported as mean± SEM. Statistical analyses (two-tailed
unpaired Student t test). h Quantification and representative images of neutral
comet assay using cells collected fromMCF-7 tumors described in f (n = 20 for each
group). Scale bar 5 µm. Data are reported as mean ± SEM. Statistical analyses (two-
tailed unpaired Student t test). i Experimental scheme created in BioRender. Garda,
c. (2025) https://BioRender.com/014yk4s. Tumors collected from mice treated as
described in (f) were processed as single-cell suspensions and EpCaM+ epithelial
cells purified to extract DNA. Whole-genome sequencing was performed. Hier-
archical clustering of untreated (n = 2) and PreNeu-treated (n = 4) mice based on
standardized whole-genome copy number calls (euclidean distance, average link-
age), is shown on the left. The violin plot indicates the proportion of the cancer
genome affected by aneuploidy. Source data are provided as a Source data file.
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xenograftmodel, whichharbors a BRCA1 germlinemutation (HCC1937
BRCAmut), under experimental administration of PreNeu (Fig. 5d).
Interestingly, the efficacy of olaparib was further enhanced in the
presence of PreNeu (Fig. 5e, f). These results suggest that in BRCA-
mutated tumors, PreNeu may improve the therapeutic effect of ola-
parib. However, further studies are needed to investigate the presence
of this immune cell subset in the TMEof BRCA-mutated cancers and its

role in modulating olaparib responses in patients affected by BRCA-
mutated cancers. Additionally, we validated the therapeutic relevance
of our findings by testing olaparib in the BRCA wild-type variant of the
HCC1937 xenograftmodel (HCC1937 BRCAwt), observing an effect only
when PreNeu was administered (Fig. 5g, h).

Taken together, these data demonstrate that olaparib treatment
can be effective not only in tumors that harbor genetic homologous

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

Article https://doi.org/10.1038/s41467-025-61422-9

Nature Communications |         (2025) 16:6999 7

www.nature.com/naturecommunications


recombination deficiency per se but also in tumor contexts in which
the homologous recombination is altered by the presence of tumor-
associated PreNeu.

Discussion
In this study, we described a population of tumor-associated PreNeu as
a pro-tumoral subset of neutrophils enriched inhighly proliferative ER+

breast cancers. This population can proliferate in the TMEand secretes
high levels of succinate, an oncometabolite that inhibits high-fidelity
homologous recombination DNA repair in tumor cells, resulting in an
increased reliance on PARP-1 and error-proneDNA repairmechanisms,
leading to increased genomic instability (Supplementary Fig. 10).

During cancer progression, multiple studies have shown that the
tumor secretome influences intra-tumoral neutrophil heterogeneity by
promoting emergency granulopoiesis30. Recent publications demon-
strated that tumor-infiltrating neutrophils may be present in pre-
determined lineage states but are also incredibly plastic, contributing
to multiple neutrophil subsets within the TME15,36,48.

We have observed that neutrophil precursors can infiltrate
tumors, where they appear capableof proliferatingwithin the TMEand
potentially maturing into pro-tumoral neutrophil subsets previously
identified in other tumor contexts14–17. However, this phenomenon is
not formally demonstrated in our study, underscoring the need for
further research to conclusively establish thesedynamics.Our findings
open opportunities for investigating the heterogeneity of tumor-
associated neutrophils and their functional implications.

Our data sheds light on the heterogeneity of tumor-infiltrating
neutrophils and adds to our knowledge of the role of immune cells in
cancer editing and progression. Previous data demonstrated that
myeloid cells induce mutations in epithelial cells through the pro-
duction of reactive oxygen species44. We describe a mechanism of
tumor editing, wherein PreNeu appears to promote the generation of
more aggressive tumor subclones by promoting cancer cell genomic
instability.

Nowadays, targeting neutrophils represents a promising antic-
ancer therapy. Our laboratory and others have previously shown that
CXCR2 inhibitors prevent the recruitment of immunosuppressive
neutrophils in cancers, limiting tumor progression16,17,38,49. Pharmaco-
logical inhibition of CXCR2 signaling was largely explored and com-
bined with checkpoint blockers in pancreatic cancer38 and prostate
cancer16 or proposed for the treatment of castration-resistant prostate
cancer patients in combination with second-line androgen deprivation
therapy50. Interestingly, tumor-associated PreNeu infiltrating highly
proliferative ER+ breast cancer also express CXCR2 and can be tar-
geted by the CXCR2 inhibitors currently in the clinic.

However, recent insights into neutrophil heterogeneity within the
TME have revealed not only the presence of pro-tumorigenic neu-
trophils with a traditionally short lifespan but also the ability of the
TME to extend their survival, enabling these cells to remain function-
ally active within the tumor15,17. This discovery poses significant chal-
lenges for therapeutic strategies, suggesting that simply blocking
neutrophil recruitment may be insufficient14.

Our work demonstrates an additional capacity of PreNeu within
breast tumors, which supports the previous assertion that CXCR2
inhibition is not enough to combat the neutrophil-related pro-tumoral
role. Considering these findings, we propose an alternative strategy:
rather than targeting these neutrophils for removal, we aim to harness
their functions to sensitize tumor cells to clinically approved cancer
therapies. Specifically, our data show that tumor-associated PreNeu
induces a dependency in tumor cells on PARP for DNA damage repair,
thereby enhancing their sensitivity to PARP inhibitors.

PARP inhibitors, including olaparib, represent groundbreaking
therapies approved for the treatment of cancers characterized by
germline homologous recombination deficiency. Our findings high-
light an additional interplay between tumor-infiltrating immune cells
and targeted cancer therapies. The identified mechanism of action
played by PreNeu in breast cancer paves the way for the use of PARP
inhibitors not only in patients with BRCA-mutated tumors but also in

Fig. 3 | Succinate is a major soluble factor produced by PreNeu and drives
homologous recombination deficiency. a LC-MS/MS quantification of the most
upregulated metabolites. b Succinate quantified in sorted neutrophil precursors
(PreNeu; n = 1: pool of three independent highly proliferative ER+ breast cancer
patients) and LOX-1+ neutrophils (n = 1: pool of three independent highly pro-
liferative ER+ breast cancer patients), cord blood-derived PreNeu (n = 5), cord
blood-derived LOX-1+ neutrophils (n = 6), PyMT-N tumor-sorted PreNeu (n = 6) and
tumor-associated neutrophils (n = 3). Data are represented as mean ± SEM. Statis-
tical analyses (two-tailed unpaired Student t test). c Succinate dehydrogenase
(SDH) activity quantified by SDHColorimetric Assay in cord-blood derived PreNeu,
LOX-1+ neutrophils and PreNeu (n = 4 for neutrophils and PreNeu, n = 5 for LOX-1+

neutrophils). Data are represented as mean ± SEM, one-way analysis of variance
(ANOVA multiple comparison test). d Experimental scheme created in BioRender.
Garda, c. (2025) https://BioRender.com/8prt8a8. Briefly, MCF-7 cells were irra-
diated at 10Gy, then cultured in hormone deprivation and treated or control (Ø)
with cm-PreNeu or succinate (2mM). e Immunofluorescence images (DAPI blue,
TIP60 green, P-53BP1 red) and quantification of irradiated MCF-7 cells treated or
control (Ø) with condition media of PreNeu (p-53BP1: n = 51 for Ø, n = 50 for both
Succinate and cm-PreNeu; TIP60:n = 49 forØ andcm-PreNeu,n = 48 for Succinate).
Data are represented as mean ± SEM. Statistical analysis (two-tailed unpaired Stu-
dent t test). f Immunofluorescence images (DAPI blue, p-ATM green, γH2AX red)
and quantification of irradiated MCF-7 cells treated or control (Ø) with condition
media of PreNeu (γH2AX: n = 51 for Ø, n = 50 for Succinate, n = 52 for cm-PreNeu. p-
ATM:n = 55 forØ,n = 53 for Succinate,n = 58 for cm-PreNeu).Aggregateddata from
three biological replicates per condition. Data are represented as mean ± SEM.
Statistical analysis (two-way ANOVA). g Cartoon created using BioRender showing
themechanismof succinate release byPreNeuanduptake/transport by tumor cells.
Pharmacological blocking of SCL13a5 prevents succinate transport in tumor cells.
h Experimental scheme created in BioRender. Garda, c. (2025) https://BioRender.
com/8w9k8zb. Briefly, MCF-7 cells were irradiated at 10Gy and then cultured in
hormone deprivation and treated with either SCL13a5 blocking (αSCL13a5), cm-
PreNeu, combinatorial treatment, or control. i Immunofluorescence images (Upper

panel: DAPI blue, TIP60 green, P-53BP1 red. Down panel: DAPI blue, pATM green,
γH2AX red) and quantification of irradiated MCF-7 cells treated or control (Ø) with
cm-PreNeu or cm-PreNeu and αSLC13a5 (P53BP1: n = 48 for Ø and αSLC13a5, n = 45
for cm-PreNeu, n = 51 for cm-PreNeu+ αSLC13a5. TIP60: n = 38 for Ø, n = 30 for
αSLC13a5,n = 35 for cm-PreNeu,n = 27 for cm-PreNeu+αSLC13a5. γH2AX: n = 40 for
Ø and αSLC13a5, n = 34 for cm-PreNeu, n = 43 for cm-PreNeu+ αSLC13a5. P-ATM:
n = 23 for Ø, n = 35 for αSLC13a5, n = 28 for cm-PreNeu, n = 31 for cm-PreNeu +
αSLC13a5).Aggregateddata from threebiological replicates per condition.Data are
represented as mean ± SEM. Statistical analysis (two-way ANOVA). j Quantification
and representative images of neutral comet assays ofMCF-7 cells treated or control
(Ø) with cm-PreNeu or αSLC13a5 (n = 47 for Ø, n = 57 for αSLC13a5, n = 36 for cm-
PreNeu, n = 77 for cm-PreNeu+ αSLC13a5). Aggregated data from three biological
replicates per condition. Data are represented as mean ± SEM. Statistical analysis
(two-way ANOVA). k Cartoon created in BioRender. Garda, c. (2025) https://
BioRender.com/svwrqhv showing the mechanism of pharmacological inhibition of
succinate release by MCT1 inhibitor and the experimental scheme. Briefly, condi-
tioned media form bone marrow-derived PreNeu (bmPreNeu) was generated in the
presence ofMCT1 inhibitor (cm-bmPreNeuMCT1i) or control (cm-bmPreNeuØ) and used
to pre-treat PyMT-N cells in vitro for 48hours. Then, cancer cells were implanted in
the fat pad (FP) of NRG female mice, and tumors were collected when palpable.
l Quantification and representative images of neutral comet assays of tumors
whose cancer cells were pre-treated before the experiment with cm-bmPreNeuMCT1i

or control (n = 135 for Ø, n = 128 for cm-PreNeuØ, n = 186 for cm-PreNeuMCT1i).
Aggregated data from three biological replicates per condition. Data are repre-
sented as mean± SEM. Statistical analysis (one-way ANOVA).
m Immunofluorescence images (DAPI blue, RAD51 green, γH2AX red) and quanti-
fication of tumors from mice whose cancer cells were pre-treated before the
experiment with cm-bmPreNeuMCT1i or control (γH2AX: n = 16 for Ø, n = 16 for cm-
PreNeuØ and cm-PreNeuMCT1i. RAD51: n = 31 for Ø, n = 21 for cm-PreNeuØ, n = 21 for
cm-PreNeuMCT1i). Aggregated data from three biological replicates per condition.
Data are reportedasmean ± SEM. Statistical analysis (one-wayANOVA). Sourcedata
are provided as a Source data file.
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tumors infiltrated by PreNeu, exploiting neutrophils as cellular med-
iators of synthetic lethality. Additionally, our preclinical work shows
that the established PARP-1 inhibitor olaparib synergizes with endo-
crine therapy in highly proliferative ER+ breast cancers, which are
infiltrated by Pre-Neu. While this study lays a compelling foundation
and opens avenues for therapeutic innovation, further comprehensive
research is crucial to validate these findings and explore their clinical
implications in patients. Toour knowledge, no current clinical trials are

testing PARP inhibitors in tumor contexts without germline homo-
logous recombination deficiencies. This limitation restricts our ability
to directly validate our findings in the human setting but highlights the
potential for novel clinical trial designs involving PARP inhibitors in
broader tumor contexts.

To further investigate the impact of PreNeu andPARP inhibitors in
a clinically relevant setting, we evaluated their efficacy using the
HCC1937 triple-negative breast cancer xenograft model, which carries
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a BRCA1 germline mutation, with or without experimental adminis-
tration of PreNeu. Notably, our results revealed that the therapeutic
effect of olaparib was significantly enhanced in the presence of Pre-
Neu. These findings raise the intriguing possibility that PreNeu may
potentiate the efficacy of olaparib in BRCA-mutated tumors. Never-
theless, further investigations are required to determine whether this
immune cell subset is present in the TME of BRCA-mutated cancers
and to elucidate its potential role in modulating olaparib responses in
affected patients.

Methods
Statement of ethics
This study complies with all relevant ethical regulations. The
umbilical CB was acquired from an anonymous group of pregnant
females at Ente Ospedaliero Cantonale di Lugano (Switzerland) who
had given their written informed consent to the institutional pro-
tocol approved by the Canton Ticino Ethics Committee (reference
no. 2020-00373 CE 3602). For breast cancer patients and healthy
donors undergoing breast reduction at Ente Ospedaliero Cantonale
di Lugano (Switzerland), only females were included in this study
following a written informed consent to the institutional protocol
approved by the Canton Ticino Ethics Committee (reference no.
2021-00468 CE 3830). Patients were not chosen based on race or
ethnicity, and no data regarding these factors were collected. The
clinical characteristics of patients and healthy donors are indicated
in Supplementary Data 1.

All mice experiments were performed according to state guide-
lines and approved by the ethics committee “Dipartimento della Sanitá
e Socialitá, Esperimenti su animali”, (authorization numbers 34618
and 35145).

Cell lines
MCF-7 cells (obtained from ATCC) were maintained in 75 cm2

flasks
in EMEM medium supplemented with 10% heat-inactivated FBS,
100 U/ml penicillin, 0.1 mg/ml streptomycin, 2mM L-glutamine and
0.25% human-recombinant insulin. PyMT-N and PyMT-M cells
(received from the lab of Dr. Xiang H-F Zhang, Baylor College of
Medicine) were maintained in 75 cm2

flasks in DMEM medium sup-
plemented with 10% heat-inactivated FBS, 100 U/ml penicillin,
0.1 mg/ml streptomycin and 2mM L-glutamine. E0771 cells
(obtained from ATCC) were maintained in 75 cm2

flasks in RPMI
medium supplemented with 10% heat-inactivated FBS, 100 U/ml

penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine and 20mM
HEPES (Cat. 15630-080; Thermo Fisher Scientific). HCC1937 BCRAwt

and HCC1937 BCRAmut (received from Damia Lab, Mario Negri
Institute) were maintained in RPMI medium supplemented with 10%
heat inactivated FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin.
Passaging of the cell lines was performed according to their pro-
liferation frequency. LNCaP cells (obtained from ATCC) were
maintained in 75 cm2

flasks in RPMImedium supplemented with 10%
heat-inactivated FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin.

Animals
All mice were maintained under specific pathogen-free conditions in
the specific pathogen-free (SPF) facility. The mice were housed in
individually ventilated cages under standardized conditions (20 ± 2 °C,
55 ± 8% relative humidity, 12 h light/dark cycle) with cage enrichment.
Water and food (Kaliba Nafag; Cat. 3432 Maintenance) were provided
ad libitum. Only female mice were used in this study. C57BL/6N
(JAX:005304) or NOD-Rag1−/− Il2rγ−/− (NRG; JAX:007799) mice 6 weeks
of agewere purchased fromCharles River Laboratories and acclimated
for at least a week before use. Surgical β-estradiol pellet implantation
at theneckof immunodeficient ten-week-oldNRGmicewasperformed
under anesthesia with isoflurane. Mice were monitored post-
operatively for recovery from anesthesia and checked daily with the
administration of Bepanthen antiseptic cream (Bayer). Surgical skin
tapes were used to close the wound. Mice undergoing treatment were
administered control vehicle or therapeutic doses of the appropriate
agents. Any mouse suffering distress or greater than 15% weight loss
during treatmentwas euthanized byCO2 asphyxiation. After the study,
mice were euthanized by CO2 asphyxiation, and tissue was collected
for histology, transcriptomic analysis, genomic analysis, metabo-
lomics, protein analysis, and single-cell suspensions for flow cyto-
metry. For xenograft and allograft experiments, 5 × 105 and 1 × 106

MCF-7 cells, 5 × 105 PyMT-N/PyMT-M cells, or 2.5 × 105 E0771 cells were
engrafted to themammary fat pad of the 4th inguinal mammary gland
of six-weeks-old C57BL6/N mice and 3.5 × 106 HCC1937 BRCAwt, or
HCC1937 BRCAmut cells were engrafted to the mammary fat pad of the
4th inguinalmammaryglandof tenweeks oldNRGmice. For allografts,
when tumors were palpable at approximately 40–50mm3, mice were
randomized to the treatment groups. Tumor growth was monitored
thrice a week by measuring the tumor size with a caliper. The tumor
volume was estimated by calculating R1*R2*R3*4/3π, where R1 and R2
are the longitudinal and lateral radii, and R3 is the thickness of the

Fig. 4 | Breast tumor cells challenged with the secretome of PreNeu rely on
PARP to survive. a Quantification and representative images of western blots for
PARP1, Ku70, Ku80, and DNA-PKcs levels in MCF-7 cells treated with or without
conditioned media obtained from human cord blood-derived neutrophil pre-
cursors (cm-PreNeu; n = 4 for all the molecules), except n = 7 for PARP1). Data are
reported as mean ± SEM. Statistical analyses (unpaired Student t test).
bQuantification and representative image of western blot for PARP1 in MCF-7 cells
silenced or not for the succinate receptor (SUCNR1) and treated or not with cm-
PreNeu (n = 4 for each group). Data are reported asmean ± SEM. Statistical analysis
(one-way ANOVA). c Quantification and representative image of western blot for
PARP1 in MCF-7 cells silenced or not for the succinate receptor (SUCNR1) and
treated or not with succinate (n = 3 for each group). Data are reported as mean ±
SEM. Statistical analysis (unpaired t test). d Graph showing fold change in mRNA
level of PARP1 in MCF-7 cells and LNCaP cells. Cells were previously irradiated at
10Gy and then treated or control (Ø) with cm-PreNeu or succinate (2mM) for 6 h
(n = 3 for each group). Data are reported as mean ± SEM. Statistical analysis
(unpaired t test). e Experimental scheme created in BioRender. Garda, c. (2025)
https://BioRender.com/uueypah. PARP1-luciferase MCF-7 cells were transfected
with pGL3 plasmid, treated or control (Ø) with cm-PreNeu in the presence or
absence of αSLC13a5 for 6 hours. Cells were analyzed for luciferase activity using
Dual-Glo Luciferase Assay System (Promega, E2920) following manufacturer’s
instructions. Expression of PARP1 (Renilla) was normalized to the expression of
pGL3 (Firefly) to calculate luciferase activity. The valueswere further normalized to

the condition treatedwith cm-PreNeu. (n = 7 for each group, eachdot is themeanof
three independent technical replicates from two independent experiments). Data
are reported asmean ± SEM. Statistical analysis (unpaired t test). fCell proliferation
of MCF-7 cells treated or control (Ø) with cm-PreNeu and challenge with PARPi
(1 µM) after 24h. gAnnexin V-positive intensity inMCF-7 cells treatedor control (Ø)
with cm-PreNeu and challenge with PARPi (1 µM) after 24 h. f, g Aggregated data
from three independent experiments are reported as mean± SEM. Statistical ana-
lyses (two-way ANOVA and Ordinary one-way ANOVA multiple comparison test,
respectively).h–j Tumor growth from the h E0771, i PyMT-N, and j PyMT-Mmodels
in female mice treated with PARPi or vehicle (Ø) when tumors were palpable as
indicated in the graph (for the E0771 model n = 4 for each group, for the PyMT-N
model n = 4 for each group, for the PyMT-M model n = 5 for Ø and n = 4 for PARPi
groups). Data are reported as mean ± SEM. Statistical analysis (two-way ANOVA).
k Representative histology images and their quantification. H&E and Cleaved-
Caspase 3 immunohistochemical staining (Cleaved-Caspase 3 brown; nuclei, blue)
of representative E0771, PyMT-N, and PyMT-M tumors from mice at the endpoint,
treated with or without PARPi (n = 8 for E0771 +Ø, n = 9 for E0771 + PARPi, n = 30
for both PyMT-N and PyMT-Mmodels; mean of three sections per mouse, ≥3 fields
per section). Magnification ×20. Scale bar 200 µm. Quantification of Cleaved-
Caspase 3 was reported as a percentage of the total cells within the tumor tissues.
Data are represented as mean ± SEM. Statistical analyses (Unpaired Student t test).
Source data are provided as a Source data file.
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tumor protruding from the surface of normal skin. Animals were
sacrificed when the tumor reached approximately 800 mm3. For
xenograft experiments, when bioluminescence from tumors reached
~≥106 total flux (p/s/cm²/sr), animals were randomly assigned to dif-
ferent groups (n ≥ 5). Tumor growth was monitored by IVIS technol-
ogy, and the growth curve was analyzed using GraphPad Prism
software 9.3.1.

Human samples
For breast cancer patients, only femaleswere included,with an average
age of 31 years for healthy participants, 67.8 years for low proliferative
breast cancer patients, and 71.3 years for highly proliferative breast
cancer patients. Statistical analysis: one-way ANOVA: p < 0.0001 for
age of healthy vs low proliferative and p <0.0001 for healthy vs highly
proliferative.
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In vivo treatments
Before treatment, mice were randomized for the treatments. αCXCR2
(AZD5069; AstraZeneca) was administered with daily intraperitoneal
injections at a final concentration of 100mg/kg on a Monday through
Friday schedule. Olaparib (Cat. orb61072; Biorbyt) was administered
with daily intraperitoneal injections at a final concentration of 50mg/
kg on a Monday through Friday schedule. Anti-mouse PD-L1 (B7-H1)
(Cat. BE0101; Bio X Cell) was administered through intraperitoneal
injections three times a week at a final concentration of 200 µg/mouse
on a Monday, Wednesday, and Friday schedule. Tamoxifen (Cat.
10540-29-1; MedChemExpress) was subcutaneously administered
three times a week at a final concentration of 1mg/mouse on a Mon-
day, Wednesday, and Friday schedule. Control animals received vehi-
cles. Treatment synergism for the experiment shown in Fig. 5b was
calculated with the CDI, which indicates a synergistic treatment
when CDI < 1.

Immune TME characterization of tumors from patients with
breast cancer
Fresh biopsies were analyzed using 28-parameter flow cytometry
analyses following the protocol below.

Tumor processing: tumors were disaggregated and digested in
collagenase I (1mg/ml; Cat. 11088858001, Roche) and DNase I (100 μ/
ml; Cat. 11284932001, Roche,) for 30min at 37 °C to obtain single-cell
suspension. Single-cell suspension was filtered on a 40µm cell strainer
(Cat. 542040, Greiner bio-one), washed with medium containing 10%
of FBS, and then stained with specific monoclonal antibodies (primary
antibodies directly conjugated) to assess the phenotype or to perform
single-cell sorting. Sampleswereacquired frompatientswhohadgiven
their written informed consent to the institutional protocol approved
by the Canton Ticino Ethics Committee (reference no. 2021-00468 CE
3830). Human biological samples were sourced ethically, and their
researchusewas in accordancewith the termsof the informedconsent
provided.

High-dimensional single-cell analysis by flow cytometry: single
cell suspensions were incubated with Viability Stain 440UV (Cat.
566332; 1:1000; BD Biosciences) for 10min at RT to exclude dead cells.
Then, washed twice and incubated with FcR blocker purified anti-
Human BD Fc Block (Clone Fc1.3216; Cat. 564219; 1:100; BD) for 10min
at 4 °C to block fragment crystallizable (Fc) receptors. Anti-human
antibodies were added for 30min at 37 °C: anti human-CXCR3 PE-Cy5
(Clone 1C6/CXCR3; Cat. 551128, Lot. 1116206; 1:25; BD Biosciences);
anti-human CXCR4 BV605 (Clone 12G5; Cat. 306521, Lot. B388999;
1:25, Biolegend); anti-human CXCR2 BV711 (Clone 6C6; Cat. 744199,
Lot. 2280642; 1:25, BD Biosciences). Then, after washing using Stain
Buffer (Cat 554656; BD Biosciences) the following anti-human anti-
bodieswere added for 15min at 4 °C: anti human-CD45 BUV805 (Clone

HI30; Cat. 612892, Lot. 4015948;1:40 BD), anti-human LOX-1 PE (Clone
154 C; Cat. 358604, Lot. B397309; 1:100, Biolegend), anti-human CD15
BV750 (Clone W6D3; Cat. 747426, Lot. 3272135; 1:20, BD), anti-human
CD33BB630- P (CloneWM53; Custom: Cat. 624294; Lot.4012502; 1:80,
BD), anti-human CD16 BUV615 (Clone 3G8; Cat. 751572, Lot. 5058361;
1:40, BD), anti-human CD66b BB515 (Clone G10F5; Cat. 564679, Lot.
3156279; 1:100, BD), anti-human CD11b APC (Clone ICRF44; Cat.
561015; 1:25, BD), anti-human HLA-DR APC-R700 (Clone G46-6; Cat.
560743, Lot. 2355906; 1:10, BD), anti-human CD71 BV421 (Clone
CY1G4; Cat. 334121, Lot. B353579; 1:100, Biolegend), anti-human
CD45RA BV480 (Clone HI100; Cat. 566114, Lot. 2174095; 1:20, BD),
anti-human CD117 BV510 (Clone 104D2; Cat. 313220, Lot. B365771;
1:100, Biolegend), anti-human CD226 BV786 (Clone11A8; Cat. 338321;
Lot. B327941; 1:16; Biolegend), anti-human PD-L1 PE-Cy7 (Clone MIH3;
Cat. 374505; 1:16; Biolegend), anti-human NOTCH2 BV605 (Clone
MHN3-25; Cat. 742291; 1:100; BD), anti-human IDO1 APC-R700 (Clone
V50-1886; Cat.568017;Lot. 2063442; 1:100; BD), anti-human CD38
BV661 (Clone HIT2; Cat.612969; 1:130; BD).

Then, acquired on a FACS-Symphony A5 flow cytometer (BD
Biosciences) equipped with five lasers (UV, 350 nm; violet, 405 nm;
blue, 488 nm; yellow/green, 561 nm; red, 640nm) and capable of
detecting 30 parameters.

Computational analysis of flow cytometry data: data were pro-
cessed as previously described51. Briefly, flow cytometry standard
(FCS) 3.1 files were first imported in FlowJo version 10.8 (FlowJo soft-
ware; Treestar Inc.) to eliminate deadcells bymanual gating, and select
CD45+ leukocytes, subjected to biexponential transformation, then
exported for computational analysis by a custom-made script making
use of PhenoGraph (K value set at 30). Here, we modified the Linux-
community and the core.py script to fix the seed to “123456” (run in
Python version 3.7.3). A unique computational barcodewasadopted to
label Luminal A and Luminal B samples for subsequent identification.
Data were then converted in comma separated (CSV) files andmerged
into a single file by using the pandas package (v.2.2.3). The obtained
data, exported as new CSV file (one for each cluster), were further
imported in FlowJo and analyzed to define the percentage of cells
positive for each protein as well as their median fluorescent intensity.
Data were finally meta-clustered using the gplots R package (v.3.2.0).
UMAP was obtained by UMAP Python package (v0.5.7).

High-dimensional single-cell sorting: single cell suspension from
fresh biopsies, or CB-derived PreNeu were incubated with FcR blocker
purified anti-human BD Fc Block™ (Clone Fc1.3216; Cat. 564219, 1:100,
BD) for 10min at 4 °C to block fragment crystallizable (Fc) receptors,
then stained with the following anti-human antibodies: anti-human
CD45 BV605 (Clone HI30; Cat. 304042; Lot. B382461; 1:10, Biolegend),
anti-human CD11b BV421 (CloneM1/70; Cat.101251; Lot. B394262; 1:25,
Biolegend), anti-human CD33 APC (Clone WM53; Cat. 303408; Lot.

Fig. 5 | PreNeu enhance PARP inhibition in vivo and synergize with standard
endocrine therapy. a Experimental scheme created in BioRender. Garda, c. (2025)
https://BioRender.com/uueypah. Female NRG mice were implanted with estrogen
pellets 2 weeks before of the injection of 1 × 106 FP-MCF7-Luc+ cells. Starting from
this point, every week mice received cbPreNeu (i.p.) and the radiance of the tumors
was monitored by luminescence. When the total flux of the tumor was >106, mice
were treated as indicated: untreated (Ø, n = 5); Tamoxifen (n = 5), Olaparib (n = 5),
neutrophil precursors (PreNeu; n = 9); PreNeu + tamoxifen (n = 6); PreNeu + Ola-
parib (n = 14); PreNeu + Olaparib + Tamoxifen (n = 16). After 12 weeks of treatment,
mice were sacrificed. b Graph showing tumor area (mm2) of mice belonging to the
different groups: untreated (Ø, n = 5); Tamoxifen (n = 5), Olaparib (n = 5), PreNeu
(n = 9); PreNeu + tamoxifen (n = 6); PreNeu + Olaparib (n = 14); PreNeu + Olaparib +
Tamoxifen (n = 16). Synergism was calculated with the coefficient of drug interac-
tion (CDI). CDI (cm-PreNeu + Olaparib + Tamoxifen) = 0.59. Statistical analyses
(two-tailed unpaired Student t test). cQuantifications and representative images of
immunohistochemistry analysis (H&E, Ki67, γH2AX) ofmice treated in the different
conditions listed in a. Aggregated data from one tumor per mouse, mean of three

sections per mouse, ≥3 fields per section. Statistical analyses (unpaired Student t
test). d Experimental scheme created in BioRender. Garda, c. (2025) https://
BioRender.com/6n3mu0w. Female NRG mice were injected with either HCC1937
BRCAwt or HCC1937 BRCAmut cells in the mammary fat pad. Starting from when
tumors were palpable,mice were injected eitherwith olaparib or PreNeu or PreNeu
+ olaparib or vehicle (Ø). e, f Tumor growth from mice injected either with
e HCC1937 BRCAmut or f HCC1937 BRCAwt and treated as described in d (n = 5 mice
for each group). Data are represented as mean ± SEM. Statistical analysis (two-way
ANOVA). g, hQuantifications and representative images of immunohistochemistry
analysis (H&E, Ki67, γH2AX) of mice injected either with g HCC1937 BRCAmut or
hHCC1937 BRCAwt and treated as described ind. g Ki67: n = 10 for each groups, for
γH2AX n = 11 for PreNeu and Olaparib groups, n = 10 for Ø and PreNeu + Olaparib.
f Ki67: n = 12 for PreNeu, n = 8 for Ø and PreNeu + Olaparib, n = 10 for Olaparib.
γH2AX:n = 10 for PreNeuandØ,n = 9 forOlaparib,n = 8 for PreNeu+Olaparib.Mean
of three sections per mouse, ≥3 fields per section. Statistical analyses (one-way
ANOVA). Source data are provided as a Source data file.
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B2778438; 1:80, Biolegend), anti-human CD15 V500 (Clone HI98; Cat.
561585; Lot. 0027080; 1:20, Biolegend), anti-human CD163 PE-Cy7
(Clone GHI/61; Cat. 333614; Lot. B289916; 1:100, Biolegend), anti-
human LOX-1 PE (Clone 154C; Cat. 358604, Lot. B397309; 1:100, Bio-
legend), anti-human CD66b BB515 (Clone G10F5; Cat. 564679, Lot.
3156279; 1:100, BD).

Then, after washing with PBS pH 7.2, 0.5% bovine serum albumin
(BSA) (A9418, Sigma-Aldrich), and 2mM EDTA (AM9260G, Thermo
Fischer), samples were filtered on a 40 µm cell strainer and sorted to
over 98% purity on FACSAria III (BD)after sequential exclusion of
doublet and dead cells (7AAD+) using 7AAD viability staining solution;
Cat. 00-6993-42; Thermo Fisher Scientific). Within CD45+ CD163−

CD33+ CD15+ CD66b+cells, PreNeu and LOX-1+ Neutrophils were
selected based on the expression of Lox-1 and negativity or positivity
of CD11b, respectively.

Rhapsody single-cell data generation, processing and analysis
Sample processing. Fresh biopsy single-cell suspension was enriched
for CD45+ cells using the CD45MicroBeads, human (Cat. 130-045-801;
Miltenyi) following the manufacturer’s protocol. Cells were single cell
captured for sequencing using the Rhapsody HT Single-Cell Analysis
system and library was generated using the BD Rhapsody WTA
Amplification Kit (Cat. 633801, BD Biosciences) with 8 cycles of
amplifications, and sequenced using an Illumina NextSeq2000
instrument with a P2 flow cells and chemistry XLEAP obtaining around
8000 reads/cell.

Computational analysis. Tumor sample FASTQ files were aligned, and
feature-barcode matrices were generated using the BD Rhapsody™
Sequence Analysis Pipeline on the Seven Bridges Genomics platform,
with theGRCh38genomeassembly as the reference. The resultingdata
was analyzed using Seurat (v.5.1.0)52–54 in R (v.4.4.2) [R Core Team
(2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL: https://
www.R-project.org/]. Quality control measures were applied to each
dataset to remove low-quality cells andmultiplets. Metrics such as cell
counts, UMI counts per cell, genes detected per cell, mitochondrial
gene count ratio, and ribosomal gene count ratio were inspected. Data
normalization and scaling were performed, regressing out potential
confounding factors (UMI counts per cell, genes detected per cell,
mitochondrial gene count ratio, and ribosomal gene count ratio). A
total of 30 principal components (PCs) was selected for UMAP, which
wasused for dimensionality reduction and cell clustering. Clustering at
a resolution of 0.6 yielded 20 clusters. Marker gene identification
utilized a hurdle model designed for scRNA-seq data, implemented in
theMAST statistical framework55, with Bonferroni-adjusted p values to
correct for multiple testing. Markers were considered significant if
theywere expressed in at least 70%of cells in a cluster, had an adjusted
p value (pval_adj <0.05), and displayed a log2 fold change (log2FC > 1).
Major cellular populations were annotated based on marker genes,
and the dataset was subsetted to retain only bona fide neutrophils. The
subsetted cells underwent further graph-based clustering at a resolu-
tion of 0.6, resulting in three clusters. Marker-based annotation was
applied for in-depth characterization. Transcriptomic data underwent
zero-preserving imputation using the ALRA method56. The Seurat
AddModuleScore functionwas employed to compute and evaluate the
enrichment of neutrophil-related signatures. Pathway enrichment
analysis was conducted using Metascape57, considering pathways with
a Benjamini-Hochberg-adjusted p value < 0.05, involving at least three
differentially expressed genes (DEGs), and a minimum enrichment
score of 1.5. Finally, trajectory analysis was performed using a custom
script based on Monocle358 (v.1.2.7). Cell spatial coordinates were
imported from the Seurat object to create the CellDataSet object
required by Monocle. Trajectories were constructed using the learn_-
graph function, and cells were ordered along pseudotime.

Single-cell SMART sequencing (SMART-Seq2)
Sampleprocessing. Freshbiopsy single-cell suspension orCB-derived
PreNeu were sorted as described above into 96-well PCR plates con-
taining cell lysis buffer. Samples collected in cell lysis buffer were used
for RNA-seq library preparation with the NEBNext Single Cell/Low
InputRNA Library Prep Kit for Illumina (NEB, E6420S), following the
manufacturer’s protocol for single cells, with the following parameters
adjusted: 17 cycles for cDNA amplification PCR, 11 cycles for library
enrichment PCR. Libraries were dual-indexed (NEBNext Dual Index
Primers Set 1, NEBE7600S), and sequencedon an IlluminaNextSeq 500
instrument with 75 cycles reagents. Quality controls and readmapping
to the reference genome were performed using the same criteria
described for bulk RNA-seq, except that reads having the same start/
end coordinates and identical nucleotide sequence were marked and
deduplicated to avoid excessive bias due to PCR amplification. Dif-
ferential expression was performed in R statistical environment using
DESeq2 pipeline (v1.28.1). Cells with less than 500K mapped reads
were removed from the analysis. Library-size normalized data were
transformed using the variance stabilizing transformation, and the
batch effect between tumor-sorted PreNeu or LOX-1+ Neutrophils and
CB-derived PreNeu or LOX-1+ Neutrophils was corrected using
Combat-Seq. Cell types of origin (PreNeu/PMN-MDSC), which were
independently identified in both conditions, were set as covariates to
preserve the biological signal.

Computational analysis. Marker genes specific for PreNeu were
identified from the single-cell data. We selected all genes that were
differentially expressed in PreNeu cells vs LOX-1+ neutrophils (FDR <
0.05). To identify genes being robustly expressed in this setting and
reduce the possibility of selecting significant genes expressed at low
levels, we restricted the analysis to features according to their mean
expression levels (basemean> 50) and then focused on genes showing
selective upregulation in PreNeu (log2FoldChange > 1). Filtered ele-
ments were used to generate a protein−protein interaction network
through String Database. We determined marker genes by identifying
a main subnetwork showing a higher degree of connectivity between
nodes. We then selected 11 genes within this cluster based on their
biological function related to the regulation of immune system
processes.

Generation of cord-blood derived PreNeu or LOX-1+ neutrophils
Human cord-blood derived mononuclear cells were collected from
umbilical CB by centrifuging the blood with Histopaque−1077 (Cat.
10771; Sigma) at 400× g for 30mins followed by washing with PBS
twice. CB-derived PreNeu or LOX-1+ neutrophils were differentiated
in vitro by seeding 1.5 × 106 ml of cord-blood-derived mononuclear
cells with RPMI 1640 containing 10% heat-inactivated FBS in the pre-
sence of tumor cell medium (TCM). TCM was prepared, collected the
MCF-7 condition medium from a T75 confluent flask, filtered, and
centrifuged at 2000× g using a vivaspin 20-centrifugal concentrator
(Cat. Z629464-48EA; Sigma). After 4–5 weeks, the cells were incubated
with FcR blocker purified anti-human BD Fc Block (Cat. 564219, Lot.
3299107; 1:20, BD). Then, anti-human antibodies were added for
30min at 37 °C: anti-human CXCR4 BV605 (Clone 12G5; Cat. 306521,
Lot. B388999; 1:25, Biolegend), anti-human CXCR2 BV711 (Clone 6C6;
Cat. 744199, Lot. 2280642; 1:25, BD Biosciences). Then, after washing
using Stain Buffer (Cat 554656; BD Biosciences) the following anti-
human antibodies were added for 15min at 4 °C: anti-human LOX-1 PE
(Clone 154 C; Cat. 358604, Lot. B397309; 1:100, Biolegend), anti-
human CD15 BV750 (CloneW6D3; Cat. 747426, Lot. 3272135; 1:20, BD),
anti-human CD33 BB630- P (Clone WM53; Custom: Cat. 624294;
Lot.4012502; 1:80, BD), anti-human CD16 BUV615 (Clone 3G8; Cat.
751572, Lot. 5058361; 1:40, BD), anti-human CD66b BB515 (Clone
G10F5; Cat. 564679, Lot. 3156279; 1:100, BD), anti-human CD11b APC
(Clone ICRF44; Cat. 561015; 1:25, BD), anti-human HLA-DR APC-R700
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(Clone G46-6; Cat. 560743, Lot. 2355906; 1:10, BD), anti-human CD71
BV421 (Clone CY1G4; Cat. 334121, Lot. B353579; 1:100, Biolegend), anti-
human CD45RA BV480 (Clone HI100; Cat. 566114, Lot. 2174095; 1:20,
BD), anti-humanCD117 BV510 (Clone 104D2; Cat. 313220, Lot. B365771;
1:100, Biolegend). Deadcellswere excludedusingBDHorizon™Fixable
Viability Stain 440UV (Cat. 566332, 1:1000, BD) or 7AAD (Cat. 559925,
1:100, BD). Then, acquired on a FACS-Symphony A5 flow cytometer
(BDBiosciences) equippedwith five lasers (UV, 350 nm; violet, 405 nm;
blue, 488 nm; yellow/green, 561 nm; red, 640nm) and capable to
detect 30 parameters, and analyzed using FlowJo software (Treestar
Inc.). When the cultured cells acquired more than 98% of positivity for
CD33, they were sorted as described above.

Cord-blood-derived PreNeu or LOX-1+ neutrophils conditioned
medium preparation
The sorted cord-blood derived PreNeu or LOX-1+ neutrophils were
resuspended in 1/3rd of their old culture medium and 2/3rd of freshly
prepared RPMI 1640 containing 10% heat-inactivated Charcoal Strip-
ped FBS (CS-FBS). Then, stimulated with PMA/ionomycin for 5 hours.
The supernatant was then collected, centrifuged at 300 × g for 5min-
utes, and directly used or stored at −80 °C.

Differentiation of in vitro mouse neutrophils
Mouse neutrophils were differentiated in vitro as previously
described30. Briefly, bone marrow precursors were flushed from the
femurs of C57/BL6 mice with RPMI 1640 medium. The cell pellet was
resuspended (one femur in 10ml) in RPMI 1640 containing 10% heat-
inactivated charcoal stripped FBS (CS-FBS, Cat. 12676029, Thermo
Fisher Scientific), and the cells were cultured in vitro in the presence of
40 ng/ml GM-CSF (Cat. 216-16, Peprotech) and 40ng/ml IL-6 (Cat. 315-
03, Peprotech). After 3 days, the cells were stained following the
myeloid panel protocol described above. To impair succinate release
by PreNeu, we generated bmPreNeu by differentiating cells in the pre-
sence ofMCT1 inhibitor AZD3965 (10μM,Cat. S7339; Selleckchem) for
the entire time.

Bonemarrow-derived PreNeu conditionedmedium preparation
Bone marrow-derived neutrophils were generated as reported above
and resuspended in 1/3rd of their old culture medium and 2/3rd of
freshly prepared RPMI 1640 containing 10% heat-inactivated Charcoal
Stripped FBS (CS-FBS, Cat. 12676029, Thermo Fisher Scientific). Then,
stimulatedwith PMA/ionomycin for 5 hours. The supernatant was then
collected, centrifuged at 300 × g for 5minutes, and directly used or
stored at −80 °C. To impede the succinate release by PreNeu in the
conditioned medium, bmPreNeu were generated and stimulated in the
presence of MCT1 inhibitor AZD3965 (10μM, Cat. S7339;
Selleckchem).

PyMT-N pre-treatment for in vivo injection
PyMT-N cells were seeded in vitro, then after 24 hours media was
replaced with fresh media containing 50% of conditioned media and
after 48 hours from the seeding olaparib 1μM (Cat. Orb61072; BioRyb)
or control was added to the culture media. Finally, 72 hours from the
seeding cancer cells were harvested and injected 0.5 × 106 cells/mouse
in the FP.

In vitro T-cell suppression assay
Human cord-blood-derived mononuclear cells were stained with CFSE
(Cat. C34570; Invitrogen) according to the manufacturer’s protocol.
Then they were activated by anti-human T-Activator CD3/CD28
Dynabeads (Cat. 11161D; ThermoFisher Scientific) and seeded (8 × 104

cells per well of 96-well plate) either alone or in autologous co-culture
with cbPreNeu, cbLOX-1+ neutrophils, cbPreNeu, or cord-blood purified
CD11b+ CD33+ cells at different ratios. Not activated cord-blood-
derived mononuclear cells were used as the negative control. Co-

culturewas performed for four days, and CFSE dye dilution represents
T-cell division. Culture media contained RPMI 1640 + 10% heat-
inactivated FBS (Cat. A5670701; Gibco), 1% P/S.

Single-cell 10x data processing and analysis
Neutrophils scRNA-seq raw data from healthy human bone marrow
(BM, 2 samples) in FASTQ format were obtained from ArrayExpress
under accession no. E-MTAB-1118828. Per sample alignment and
generation of feature-barcode matrices were carried out using
STARsolo [10.1101/2021.05.05.442755], against GRCh38 genome
assembly. Subsequently, all single-cell data were analyzed using
Seurat (v.4.0.3)52,54, in R software (v. 4.2.2) [R Core Team (2020). R: a
language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/]. Quality control measures were applied to remove
low-quality cells and multiplets from each sample. This involved
inspecting commonly used metrics such as cell counts, UMI counts
per cell, genes detected per cell, mitochondrial counts ratio, and
ribosomal counts ratio. Samples were merged and normalized using
SCTransform (with glmGamPoi method)59,60. A total of 89 PCs were
selected for UMAP, which was then used for dimensionality reduc-
tion and cell clustering. Clustering at resolution 0.3 was chosen,
resulting in 10 clusters. Zero-preserving imputation of tran-
scriptomic data was applied through the ALRA method56. Seurat
AddModuleScore function was employed to compute and evaluate
the enrichment of the neutrophil precursors signature based on the
expression of specific markers identified in the original publication
for these cells. Further analyses focused specifically on cells identi-
fied as neutrophil precursors in cluster 4, which was subsetted from
the original dataset. A subset of cells among neutrophil precursors
resulted in a specific enrichment in our custom PreNeu signature,
evaluated using the Seurat AddModuleScore function.

Integration of bone marrow and CB datasets
A single Seurat object was created from the CB raw expression
matrix. Counts were normalized using SCTransform (with
glmGamPoi method). Cells from CB and BM were integrated fol-
lowing the default canonical correlation analysis-based Seurat
workflow. A total of nine PCs were selected to generate the UMAP,
which was then used to visualize CB neutrophil distribution over the
BM dataset. The Seurat AddModuleScore function was employed to
evaluate the enrichment of the neutrophil precursors' signature on
the integrated dataset.

Proliferation of CB-derived PreNeu or LOX-1+ neutrophils and
mouse bone marrow-derived PreNeu or neutrophils
Differentiated cbPreNeu or cbLOX-1+ neutrophils and bmPreNeu or
bmNeutrophils were stained by CFSE (Cat. C34570; Invitrogen)
according to the manufacturer’s protocol. Then, they were cultured
for 6 days, and the proliferation was assessed at days 3 and 6 by
measuring CFSE dye dilution.

Proliferation assay
MCF-7 cells were plated in a 96-well plate in RPMI medium supple-
mented with 10% heat-inactivated CS-FBS, for 24 h. The day after, cells
were treated with cm-PreNeu or cm-LOX1+ Neutrophils. Cell pro-
liferation was assessed using IncuCyte (Sartorius) following the man-
ufacturer’s instructions.

ROS detection assay
Oxidation-sensitive dyedichlorodihydrofluorescein diacetate (DCFDA,
Cat. C6827; Thermo Fisher Scientific), was used to measure ROS pro-
duction by the reported immune cells. Cells were incubated at 37 °C in
prewarmed PBS in the presence of 2.5 µM DCFDA for 30min, then
washed with PBS and analyzed by flow cytometry.
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MCF-7 co-culture experiments
MCF-7 cells were starved in CS-FBS medium for 12 h and then cultured
with RPMI 1640 containing 10% heat-inactivated CS-FBS or in the
presence of the cbPreNeu or cbPMN-MDSC conditioned medium (ratio
1:1) and/or olaparib. Then, the cells were used for RNA sequencing or
protein extraction or comet assay or tested for apoptosis using Incu-
Cyte (Sartorius) following manufacturer’s instructions.

Bulk RNA sequencing
MCF-7 cells, plated in a six-well plate in EMEMmedium supplemented
with 10% CS-FBS, were treated with or without cm-cbPreNeu in a tri-
plicate for 72 h. After incubation, cells were collected and counted
manually with a cell counter followed by RNA extraction using RNeasy
Mini Kit (250) (74106, Qiagen), following the manufacturer’s instruc-
tions. Prior to library construction, 10–100 ng total RNA was treated
with the NEBNext Poly(A) mRNA Magnetic Isolation Module. Library
construction was performedwith the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina®, according to the manufacturer’s pro-
tocol. RNA concentration and integrity was assessed using Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA), all hTSC samples had an
RNA integrity number equivalent (RINe) value of >9. Quality of
sequencing reads was evaluated using FastQC (v.0.11.9) (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences were
mapped to the GRCh38 assembly of the human genome using STAR
(v.2.6.1c)61 Alignments were conducted in 2-pass mode and soft-
clipping of reads was allowed. PCR duplicates were marked using
Picard Tools (v2.18.7) and quantification of expression at gene level
was performed using FeatureCounts (v2.0.3, subread package, ignor-
eDup). Gene annotations were retrieved from Gencode (gencodegen-
es.org). Downstream analysis was performed in R using DESeq2
(v1.28.1). Raw counts were normalized according to library size and
subsequently transformed using the variance stabilizing transforma-
tion (VST). Differential expression was conducted by using the Inde-
pendent Filtering procedure (independentFiltering = TRUE;
alpha = 0.1) embedded in DESeq2 to filter out genes that were not
expressed at appreciable levels in our setting. Gene set enrichment
analysis was performed using Camera function within the limma R
package (v.3.46.0). All gene sets collections were retrieved from the
Molecular Signature Database (MsigDB).

COMET assay
The intensity of DNA double-strand breaks in cells, harvested both
in vitro and in vivo, as determined by a Comet Assay Kit (ab238544,
Abcam), following the manufacturer’s instructions. Pictures were
taken using aNikonEclipse E800fluorescencemicroscope, and the tail
moment was calculated using the OPENCOMET plugin for Fiji.

Western blot
Tissue and cell lysates were prepared with RIPA buffer (1× PBS, 1%
Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, and protease
inhibitor cocktail; Cat. 20-188, Roche). Total protein concentrationwas
measured using Bio-Rad Protein Assay Dye Reagent Concentrate
(5000006; Bio-Rad). Equal amounts of proteins were separated by
SDS-PAGE and western blotted onto a 0.45μm PVDF membrane.
Membranes were blocked in 5% defatted milk or 5% BSA in PBST (PBS
and 0.1% Tween-20 (Cat. P1379; Thermo Fisher Scientific), probedwith
diluted antibodies, and incubated at 4 °C overnight. The following
primary antibodies were utilized: rabbit polyclonal anti-HSP90 (4877 s,
1:1000 dilution, Cell Signaling), mouse monoclonal anti-MRE11(18)
(sc135992, 1:500 dilution, Santa Cruz Biotechnology), mouse mono-
clonal anti-TIP60 (C-7) (sc166323, 1:500 dilution, Santa Cruz Bio-
technology), rabbit monoclonal anti-RAD51 (ab133534, 1:10000
dilution, abcam), rabbit monoclonal anti-ATM (D2E2) (2873 s, 1:1000
dilution, Cell signaling), rabbit monoclonal anti-pATM (Ser1981)
(D25E5) (13050 s, 1:1000 dilution, Cell signaling), rabbit monoclonal

anti-BRCA1 (9010 s, 1:1000 dilution, Cell signaling), rabbit monoclonal
anti-pChk1 (Ser345) (133D3) (2348 s, 1:1000 dilution, Cell signaling),
rabbit monoclonal anti-Ku70 (D10A7) (4588 s, 1:1000 dilution, Cell
signaling), rabbit monoclonal anti-Ku80 (C48E7) (2180 s, 1:1000 dilu-
tion, Cell signaling), rabbit monoclonal anti-DNA- PKcs (Y393)
(ab32566, 1:1000 dilution, Abcam), rabbit monoclonal anti-XRCC4
(Y393) (ab32566, 1:1000 dilution, Abcam), rabbit polyclonal anti-
XRCC4 (ab97351, 1:1000 dilution, Abcam), rabbitmonoclonal anti- Tri-
Methyl-Histone H3(Lys9) (D4W1U) (13969 s, 1:1000 dilution, Cell sig-
naling), rabbit polyclonal anti-SUCNR1/GPR91 (NBP1-00861, 1-2ug/ml
dilution, Novus bio), mouse monoclonal anti-β-actin (A2228, 1:5000
dilution, Sigma), rabbit monoclonal anti-PARP (9532S, 1:1000 dilution,
Cell signaling). After washing in PBST, the membrane was incubated
with a secondary antibody conjugated with horseradish peroxidase
(HRP) (dilution 1:5000, Promega). The protein bands were visualized
using the ECL Western Blotting Substrate (Pierce).

Immunohistochemistry and IHC
For IHC, tissues were fixed in 10% formalin (Thermo Fisher Scientific,
5701) and embedded in paraffin following standard procedures. Pre-
ceding immunohistochemical staining, tumor sections (4 µm) were
exposed to twowasheswithOTTIXplus solution (Cat. X0076, Diapath)
and subsequent hydration with OTTIX shaper solution (Cat. X0096,
Diapath) followed by deionized water. Antigen unmasking was per-
formedby heating sections in the respective pH solutions based on the
antibodies used at 98 °C for 20minutes. Subsequently, the sections
were blocked for peroxidases and nonspecific binding of antibodies
using 3% H2O2 (VWR chemicals, 23615.248) and Protein-Block solution
(DAKO Agilent technologies, X0909), respectively, for 10mins each,
split by 0.5% PBST washing. H&E staining was performed according to
standard procedures. Sections were stained for anti-Ki67 (Clone SP6;
Cat. MAD-000310QD; Lot. 03100116S; Lab Vision Corporation), anti-
gamma-H2AX (Clone S139, Cat. 9718 s; Lot. 47; 1:200 dilution; Cell
Signaling), and anti-Cleaved-Caspase 3 (Polyclonal, Cat. 9661; Lot. 21;
1:2000 dilution; Cell Signaling). Images were obtained using ×20
magnification and a pixel image of 200 µm. All the quantifications have
been done using the Aperio Image Scope Pathology Slide Viewing
Software (Leica Biosystems). For the IF staining, tissue paraffin-
embedded sections were stained for 4′,6- Diamidine-2′-phenylindole
dihydrochloride (DAPI) (Cat. 70238421, Roche), anti-γH2AX (Cat.
9718 s; Lot. 47; 1:150, Cell Signaling), anti-RAD51 (Clone 14B4; Cat.
NB100-148; 1:200 dilution; Novus bio), P-53BP1S1778 (Cat. 2675S; Lot. 3;
Cell Signaling), P-ATMS1981 (Cat. 13050S, Lot. 6; 1:1000, Cell Signaling),
TIP60 (Cat. sc166323; 1:500, Santa Cruz Biotechnology). Secondary
staining was performed using Goat anti-Rabbit IgG (H+ L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 594 (A-11012; 1:400 dilu-
tion; Thermo Fisher Scientific), and Donkey anti-Mouse IgG (H + L)
HighlyCross-Adsorbed SecondaryAntibody, AlexaFluor488 (A-21202;
1:400 dilution; Thermo Fisher Scientific). Images were obtained with
the Leica Thunder Epifluorescence microscope using ×63 or ×100 oil
immersion objective.

Whole-genome sequencing
Single-cell suspensions were obtained from MCF-7 xenograft tumors,
treated with or without cbPreNeu, by mincing them in collagenase D
(Cat. 11088858001, Sigma-Aldrich). After 30min incubation at 37 °C
with continuous revolving, the single-cell suspension was passed
through a 40 µm EASYstrainer (542040, Greiner bio-one) and later
purified for EpCaM+ cells using human CD326 (EpCAM) microbeads
(Cat. 130-061−101; Miltenyi Biotec), following the manufacturer’s
instructions. The purified cells were then used to extract DNA with a
DNeasy Blood & Tissue Kit (Cat. 69506; Qiagen), following the manu-
facturer’s instructions. Whole-Genome Sequencing libraries were
prepared from 1 to 5 ng eluted DNA using NEBNext Ultra II DNA library
Prep Kit (Cat. E76005, New England Biolabs) with 12 cycles of library
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amplification and sequenced on an Illumina NextSeq500 instrument
with High-throughput 300 cycle reagents (2 × 150bp format). Quality
of sequencing reads was evaluated using FastQC (v.0.11.9). Variant-
calling and copy-number profiling were performed according to the
GATK best practices (v.4.2.0.0). Fastq files were first converted to
unmapped BAMs, and read group information (instrument, flowcell,
library) was included. Following reconversion to Fastq, files were
aligned to the reference human genome (GRCh38) using bwa aligner
(bwa-mem2). Subsequent passages strictly adhered to the GATK
workflow (MergeBamAlignment, SetNmAndUqTags, MarkDuplicates,
BaseRecalibrator, ApplyBQSR). Standardized Copy Number Ratios
were assessed from Base Quality Score Recalibrated (BQSR) BAM files
according to GATK best practices (CollectReadCounts, DenoiseR-
eadCounts, ModelSegments, CallCopyRatioSegments).

Mutation, copy number and RNA-seq data for validation were
obtained from a recently published cohort of breast cancer cases
treated with neoadjuvant chemotherapy33. To classify ER+ tumors as
high or low proliferation, we performed single-sample gene set
enrichment analysis (ssGSEA) on the Genomic Grade Index (GGI) gene
set62 using the RNA sequencing data and the GSVA R package (v1.34).
High proliferation tumors were defined as those having a GGI ssGSEA
score above the median, and low proliferation tumors as those having
a GGI ssGSEA score below the median. The PreNeu score was similarly
calculated by performing ssGSEA on the RNA-seq data using a set of
genes that we showed to be upregulated in PreNeu (NOTCH2, KIT,
CD226, IDO1, CTLA4, CD274, CD69, TFRC, IL7R, STAP1, CD36). Geno-
micmetrics, including the proportion of the genome undergoing copy
number alterations and mutational signature 3 exposure, were
obtained from the original dataset publication33.

Chromatin immunoprecipitation sequencing (ChIP-seq)
MCF-7 cells were irradiated at 10Gy for 3minutes with the irradiator
RS1800 (Rad Source Technologies). Then cells were plated in RPMI
medium supplemented with 10% charcoal-stripped (CS) heat-
inactivated FBS, 100U/ml penicillin, 0.1mg/ml streptomycin. The
day after the plating media was replaced with fresh complete RPMI
with CS-FBS and Succinate 2mM (Cat. S9512; Sigma-Aldrich) or con-
trol. After 24 hours, cells were treated with 1% formaldehyde (Cat.
F8775, Sigma-Aldrich) for 10min at room temperature (RT). Ten, the
reaction was quenched by adding glycine 0.125M. After spinning and
washingwith PBS solution, the cross-linked tissue samples were stored
at −80 °C. During ChIP experiments, lysis bufer 1 (50mMHepes–KOH,
140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-
100, ddH2O), supplemented with protease inhibitors (Roche) was
added to previously fixed-samples; they were homogenized using an
ultra-turrax (VWR). After, sampleswerewashed in lysis buffer 2 (10mM
Tris–HCl, 200mM NaCl, mM EDTA, 0.5mM EGTA, ddH2O) and lysis
buffer 3 (10mM Tris– HCl, 100mM NaCl, 1mM EDTA, 0.5mM EGTA,
0.1% Na-deoxycholate, 0.5% N-Lauroylsarcosine, ddH2O), both sup-
plemented with protease inhibitors (Roche). The obtained chromatin
was sheared on a Bioruptor sonicator (Diagenode) set at high potency
for 30 pulses, each one comprised of 60s ON and 30s OFF. After
checking the chromatin smear, 1% of the sample volume was collected
and stored at −20 °C to be next used as input sample, while 2 µg of
H3K9Me3 antibody (Cat 13969, Lot. 6; Cell Signaling Technology),
previously incubated all day at 4 °C in a rotationwheel with Dynabeads
(Cat. 10003D; Thermo Fisher Scientific), was added to the remaining
sample volume. After overnight incubation in a rotation wheel at 4 °C,
immunoprecipitated samples (IPs) were washedwith RIPAwash buffer
(50mM Hepes–KOH, 500mM LiCl, 1mM EDTA, 1% NP-40, 0.7% Na-
deoxycholate, ddH2O) for six times; after spinning, dynabeads were
removed in amagnetic stand, sampleswere eluted in ElutionBuffer (TE
1× and 2% SDS) and incubated overnight at 65 °C to remove crosslinks.
The recovered material was purified using QIAquick PCR purification
kit (Cat. 28104; Qiagen), and DNA was quantified using Qubit dsDNA

High Sensitivity Assay Kit (Cat. Q32851; Thermo Fisher Scientific). As a
negative control of the ChIP protocol, an IP reaction against rabbit IgG
(Cat. 2729S; Lot. 11, Cell Signaling) was performed. ChIP-Seq libraries
were created adapting the TruSeq ChIP protocol (Illumina): around
50 ng of IPs and input were used for library preparation. Libraries were
run on a NextSeq 500 sequencer (Illumina) using a 1 × 75bp high-
output kit (Illumina) with 8 IPs (50M reads per sample) or 4 input
samples (100M reads per sample) for the run.

ChIP-seq data were analyzed using the nf-core/chipseq pipeline
(version 2.1.0) implemented in Nextflow (version 24.10.4), with Sin-
gularity (1.3.6-1.el8) containers to ensure reproducibility. Raw FASTQ
files were quality-checked using FastQC (v0.12.1), followed by adapter
trimmingwith TrimGalore (v0.6.7). Reads were aligned to the GRCh38
genome using BWA (v0.7.18) aligner, and PCR duplicates were marked
with Picard.Multiple libraries per sampleweremerged,with duplicates
re-marked, and low-quality or problematic reads (e.g., unmapped,
multi-mapped, blacklisted, excessive mismatches) were removed
using SAMtools (v.1.20), BEDTools (v2.30.0), and BAMTools (v2.5.2).
Normalized coverage tracks were generated with BEDTools (v2.30.0),
and IP enrichment relative to control was calculated using deepTools
(v.3.5.5). Peaks were called with MACS3 (v3.0.1), annotated using
HOMER (v4.11), and merged into a consensus peak set for
featureCounts-based quantification. Quality metrics, including library
complexity and strand cross-correlation, were determined using Pre-
seq (v3.1.2), Picard (v3.2.0) and phantompeakqualtools (v.1.2.2), and
then compiled via MultiQC (v.1.23), while downstream analysis of
consensus peak counts was performed in R statistical environment
using DESeq2 (v.1.28.0).

Mouse immune TME characterization
Mouse allografts were analyzed using 22-parameter flow cytometry
analyses following the protocol below.

Tumor processing. Tumors were disaggregated and digested in col-
lagenase I (1mg/ml, Cat. 11088858001, Roche) and DNase I (100μ/ml,
Cat. 11284932001, Roche) for 30min at 37 °C to obtain single-cell
suspensions. High-dimensional single-cell analysis by flow cytometry:
single cell suspensions were incubated with BD Horizon™ Fixable
Viability Stain 440UV (Cat. 566332, 1:1000; BD) for 10min at RT to
excludedead cells. Then,washed twiceand incubatedwith FcRblocker
purified anti-mouse CD16/32 antibody (Clone 93; Cat. 101302; Lot.
B401727; 1:50; Biolegend) for 10min at 4 °C to block fragment crys-
tallizable (Fc) receptors. Then, stained with primary antibodies. Mye-
loid panel: anti-mouse antibodies were added for 30min at 37 °C: anti
mouse-CXCR2 BV711(Clone V48-2310; Cat. 747812; Lot. 4243816; 1:100
dilution; BDBiosciences), antimouse-CXCR4PECF594 (Clone L276F12;
Cat. 146514; Lot. B337664; 1:100; Biolegend). Then, after washing using
Stain Buffer (Cat. 554656; BD Biosciences) the following anti-mouse
antibodies were added for 15min at 4 °C: anti-mouse CD3 BUV395
(Clone 17A2; Ca.t 740268; Lot. 3291839; 1:400; BD Bioscience), anti
mouse-CD19 BUV395 (Clone 1D3; Cat. 563557; Lot. 2273150; 1:400
dilution; BD Biosciences), anti-CD16/32 BUV661 (Clone 2.4G2;
Cat.741473; 1:100 BD Biosciences), anti-mouse FceRI/alfa BUV737
(Clone MAR-1; Cat. 751766; Lot. 3291878; 1:400, BD Biosciences), anti
mouse-CD45 BUV805 (Clone 30-F11; Cat. 748370; Lot. 4354579; 1:400
dilution; BD Biosciences), anti-mouse CD115 BV421 (Clone AFS98; Cat.
750895; Lot. 4243829; 1:400, BD Biosciences), anti-mouse CD162
BV510 (Clone 2PH1; Cat. 563448; Lot. 2126266; 1:100, BD Biosciences),
anti-mouse PD-L1 BV650 (CloneMIH5; Cat. 740614; Lot. 5011113; 1:200,
BD Biosciences), anti-mouse Ly6G BB700 (Clone 1A8; Cat. 566435;
Lot.2203605; 1:400, BD Biosciences), anti-mouse CD71 PE (Clone C2;
Cat. 553267; Lot. 2207704; 1:400, BD Biosciences), anti-mouse CD48
PE-Cy7 (Clone HM48-1; Cat. 560731; Lot. 2297610; 1:400, BD Bios-
ciences), anti-mouse CD11a APC (Clone M17/4; Cat. 101120; Lot.
B365934; 1:400, Biolegend), anti-mouse CD117 APCR700 (Clone 2B8;
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Cat. 565476; Lot. 1250593; 1:800, BD Biosciences), anti-mouse LY6A/E
BV786 (Clone D7; Cat. 108139; Lot. B354651; 1:800, Biolegend), anti-
mouseLy6B.2 FITC (CloneREA115; Cat. 130-102- 279; Lot. 5220600378;
1:100, Miltenyi), anti-mouse CD36 APCVio770 (Clone REA1184; Cat.
130-122-093; Lot. 5250101206; 1:200, Miltenyi), anti-mouse Ly6C
BV605 (CloneAL-21; Cat. 563011; Lot. 3326984; 1:800, BDBiosciences),
anti-mouse F4/80 BV480 (Clone T45-2342; Cat. 565635; Lot. 4124279;
1:400, BD Biosciences), anti-mouse CD11b BUV563 (Clone M1/70; Cat.
741242; Lot. 3195081; 1:3200, BD Biosciences). Then, acquired on a
FACS-Symphony A5 flow cytometer (BD Biosciences) equipped with
five lasers (UV, 350nm; violet, 405 nm; blue, 488 nm; yellow/green,
561 nm; red, 640nm) and capable of detecting 30 parameters.

Then, acquired on a FACS-Symphony A5 flow cytometer (BD
Biosciences) equipped with five lasers (UV, 350 nm; violet, 405 nm;
blue, 488 nm; yellow/green, 561 nm; red, 640nm) and capable of
detecting 30 parameters.

Computational analysis of flow cytometry data. FCS 3.1 files were
analyzed by standard gating in FlowJo version 10.8 to remove dead
cells and spurious events and identified CD45+CD3−CD19− cells for
myeloid analysis and CD45+CD11b− cells for lymphoid analysis. Then,
they were concatenated and projected on UMAP plots. Unbiased
clustering analysis was performed by X-Shift algorithm. The cluster
expression profile was performed to provide clues about the cells
constituting the clusters using the Cluster Explorer plugin. The loca-
tion of the cluster was highlighted on the UMAP plots.

Metabolomic analyses
Sampling and extraction. 5 × 105 to 1 × 106 cells were plated out. After
growing them (add here growth conditions or refer to them), cells
were washed twice with cold PBS. Cells were extracted by adding
500 µl of 80% cold methanol, scraping off the cells and homogenizing
by grinding twice. Then, samples were incubated for 15minutes on ice
and centrifuged (13,000 × g, 4 °C, 3min). The supernatants were
stored at −80 °C and used for metabolomic analyses.

LC-MS/MS analysis polar metabolites. Sample preparation for LC-
MS/MS analysis was modified from Paglia et al., 2014. Samples were
normalized based on cell number. Volume extracts equivalent to
200,000 cellswere dried underN2 stream, reconstituted in 20 µl water
(MS grade) and incubated on a shaker (800 rpm,15 °C, 10min). Then,
80 µl injection buffer (90% acetonitrile, 8.8% methanol, 50mM
ammonium acetate) was added, vortexed and centrifuged (10,000× g,
4 °C, 10min). A total of 50 µl of the supernatant was transferred to a
glass vial with a narrowed bottom (Total Recovery Vials, Waters, Mil-
ford, MA, USA) for LC-MS/MS injection. In addition, quality control
(QC) standards and pooled samples were prepared in the sameway to
serve as QC for the measurements.

Metabolites were separated on a nanoAcquity UPLC (Waters,
Milford, MA, USA) equipped with a BEH Amide capillary column
(150 µm× 100mm, 1.7 µm particle size, Waters, Milford, MA, USA).
Bisolvent system was 5mM ammonium acetate in water (A) and 5mM
ammonium acetate in 95% acetonitrile (B). The flow rate was adjusted
over the gradient from 3 to 2 µl/min. Gradient started with 10% A and
increased to 50% A over 10min. The following 2min conditions were
changed at 98% B, followed by 4min equilibration to 10% A. Injection
volume was 1 µl. The UPLC was coupled to Synapt G2-Si mass spec-
trometer (Waters,Milford,MA, USA) by a nanoESIsource.MS1 andMS2
data were acquired using negative polarization and MSE over a mass
range of 50 to 1200m/z at a resolution of >20,000. Scan time: 0.3 s,
Ramp transfer collision energy: 20 to 40V, Cone voltage: 40V.

Data processing of untargeted metabolomics data. Data were
aligned and searched against databases with the Progenesis QI soft-
ware (Waters). Polar metabolites were searched against the KEGG

database with an initial precursor mass tolerance of 20 ppm and
fragment mass tolerance of 50 ppm. Quality controls were run on
pooled samples and reference compound mixtures to verify technical
accuracy and stability.

Identification of differentially abundant features in the metabo-
lome datasets. the Progenesis QI output files were processed further
by in-house R scripts. Mass errors were corrected based on known
reference compounds, and the most probable identification was
assigned to each observed mass.

Succinate and succinate dehydrogenase activity assay
Succinate productionwasdeterminedby SuccinateColorimetric Assay
Kit (Cat. K649-100, Bio Vision), following the manufacturer’s instruc-
tions. The SDH activity was determined by a Succinate Dehydrogenase
Activity Colorimetric Assay Kit (Cat. K660-100, Bio Vision), following
the manufacturer’s instructions.

SUCNR1 silencing
MCF-7 cells were grown in six-well plates to a 60–80% confluence in
EMEM medium supplemented with 10% heat-inactivated CS-FBS,
100U/ml penicillin, 0.1mg/ml streptomycin, 2mM L-glutamine and
0.25%human-recombinant insulin. Cells were transfectedwith Silencer
Select siRNA of SUCNR1 (Cat. 4392420, Thermo Fisher Scientific) and
negative control (Cat. 4390843, Thermo Fisher Scientific) with the use
of RNAiMax (Thermo Fisher). RNAiMax and the siRNA for each gene
were diluted in Opti-MEM reduced-Serum Medium (Thermo Fisher
Scientific), respectively. The siRNA was then added to the diluted
RNAiMax and incubated for 5min at room temperature. After incu-
bation, the transfection complex was added to the cells in a dropwise
manner andmaintained in a culturemedium for 24–72 h. The silencing
of the SUCNR1 gene in transfected cells was confirmedbywesternblot.

SLC13a5 inhibition
MCF-7 cells were irradiated at 10Gy for 3minutes with irradiator
RS1800 (Rad Source Technologies). Then cells were plated in six-well
plates in RPMI medium supplemented with 10% heat-inactivated CS-
FBS, 100U/ml penicillin, 0.1mg/ml streptomycin. The day after cells
were treated with αSLC13a5 (6518/5, TOCRIS), which is a potent and
selective inhibitor of human SLC13A5 transporter, with or without cm-
PreNeu for 24 hours.

RNA expression and qPCR
RNA isolation (RNeasy minikit, Cat. 74106, Qiagen) and reverse tran-
scription with the go-script reverse transcription system (Cat. A5001,
Promega) were performed according to the manufacturer’s instruc-
tions. qPCR reactions were performed using TB Green Premix Ex Taq
(Cat. RR420L; Takara) and the specific primers reported below. Each
expression value was normalized to the HPRT or GADPH level as a
reference. The primer sequences (Invitrogen) used were as follows:
PARP1 forward, 5′-CGGAGTCTTCGGATAAGCTCT-3′; and reverse, 5′-TT
TCCATCAAACATGGGCGAC-3′. GAPDH forward, 5′-GGAGCGAGATC
CCTCCAAAAT-3′; and reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′.
HSP1 5′-AGTTCCAGACCGTTGATGGG-3′; and reverse, 5′-GTTTGCAC
CTGGTATGATCTGT-3′.

Luciferase reporter assay for PARP1 gene expression
293T cells were transfected using JetPRIME reagent (Cat., 101000046;
Polyplus) according to the manufacturer’s protocol, at the 1:2 DNA:-
jetPRIME ratio. After 48 h each PARP1-luciferase reporter lentiviral
vector (pLV-Puro-PARP1-Rluc, Vector builder VB230707) containing
mediumwas collected, filtered through 0.45 µL filter and added to 70%
confluent MCF-7 cells. After 48 h from transduction, puromycin
selection was performed for 48 h. PARP1-luciferase MCF-7 cells were
transfected with pGL3 luciferase reporter control plasmid (Cat. E1741;
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Promega), using jetPRIME reagent following manufacturer’s instruc-
tions. After 48h, cells were irradiated at 10Gy to induce DNA damage
and treated with or without cm-PreNeu in the presence or absence of
αSLC13a5 for 6hours. The transcription of PARP1 gene is calculated
through luminescence assay using Dual-Glo Luciferase Assay System
(Cat. E2920; Promega) following manufacturer’s instructions.

Quantification and statistical analysis
GraphPad Prism version 9.3.1 was used to perform statistical analysis.
Outliers were detected by Outlier calculator software by setting the
significance level at 0.05 and were excluded. Each specific statistical
test used and the number of observations (n) are reported for each
experiment in the figure legends. p < 0.05 was considered statistically
significant. For human samples, no sample size was estimated; we
included all the samples collected in the time frame of the study. For
mouse and in vitro experiments, we performed a power analysis test
(10% significance level and 80% power; 20% foreseen difference
between groups). For ethical reasons, theminimumnumber of animals
was used.

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

Data availability
Rawsingle-cell RNA-seq data fromhumanneutrophils produced in this
study have been deposited in the EuropeanGenome-PhenomeArchive
(EGA) under study accession EGAS00001008154 and dataset acces-
sion EGAD00001015610. The same raw data are available under
restricted access on Zenodo (accession 10.5281/zenodo.15492793;
https://zenodo.org/records/15492793). Requests for access can be
made to the corresponding author andwill be reviewedby the relevant
institutional committees. Processed data are available on Zenodo
(accession 10.5281/zenodo.14790594; https://zenodo.org/records/
14790594). Bulk RNA-seq and ChIP-seq datasets are available in the
Gene Expression Omnibus (GEO) under accession GSE288570. Whole-
genome sequencing data from isolated EpCAM⁺ cells have been
deposited in the BioProject database under accession PRJNA1218519.
All other data generated throughout this study are included within the
article and its Supplementary Files or are available from the corre-
sponding author upon reasonable request. Source data are provided
with this manuscript. All other data are available in the article and its
Supplementary files or from the corresponding author upon
request. Source data are provided with this paper.
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