
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-07977-1

Targeting SCD triggers lipotoxicity of
cancer cells and enhances anti-tumor
immunity in breast cancer brain
metastasis mouse models
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Breast cancer brain metastases (BCBM) are incurable, and new therapies are urgently needed.
BCBM upregulates stearoyl-CoA desaturase (SCD), an enzyme that catalyzes the synthesis of
monounsaturated fatty acids, suggesting a potentialmetabolic vulnerability. Here,we test the effect of
a brain-penetrant, clinical-stage SCD inhibitor (SCDi) on breast cancer cells and mouse models of
BCBM. We show that SCDi markedly reshapes the lipidome of breast cancer cells, resulting in
endoplasmic reticulum stress, DNA damage, impaired DNA damage repair, and cytotoxicity.
Importantly, SCDi alone or combined with a PARP inhibitor prolongs the survival of BCBM-bearing
mice. Furthermore, pharmacological inhibition of SCD enhances antigen presentation by dendritic
cells, increases interferon signaling, promotes the infiltration of cytotoxic T cells, and decreases the
proportion of exhausted T cells and regulatory T cells (Tregs) in the tumormicroenvironment (TME) in a
syngeneic mouse model of BCBM. Additionally, SCDi reduces the engagement of
immunosuppressive pathways, including the PD-1:PD-L1/PD-L2 and PVR/TIGIT axes in the TME.
These findings suggest that SCD inhibition could be an effective strategy to both intrinsically reduce
tumor growth and reprogram anti-tumor immunity in the brain microenvironment to treat BCBM.

Approximately 20% of cancer patients develop brain metastases (BM), the
majority of which result from lung (20–56%), breast (5–20%), melanoma
(7–16%), kidney (4–11%), and colorectal cancer (1–12%)1–6. Despite mul-
timodal therapies, including surgical resection, chemotherapy, radio-
therapy, and immunotherapy, individuals with BM have a poor prognosis,
with an overall 2-year survival below 10%1,7. Therefore, novel and effective
therapies for patients with BM are urgently needed.

Increasing evidence suggests that the brain microenvironment forces
metastatic cells to undergo lipid metabolic adaptations to survive and
proliferate in the brain. Metabolic rewiring highlights potential

vulnerabilities that can be exploited to develop targeted therapies. For
example, it has been shown that considerably lower levels of triacylglycerols
(TAGs) are available in the brain than in the tissue environment of the
primary tumor. As a result, metastatic cells must synthesize requisite lipids
de novo to meet the anabolic demands of proliferation8. In support of this
idea, BM from human breast cancer (HBC) upregulates several enzymes
involved in fatty acid synthesis and metabolism, including stearoyl-CoA
desaturase (SCD)9. This key enzyme converts saturated fatty acids (SFAs)
into monounsaturated fatty acids (MUFAs)8,9. The balance between SFAs
and MUFAs contributes to the biophysical properties of cell membranes,

1Department of Neurology, Massachusetts General Hospital, Boston, MA, USA. 2Department of Microbiology, Immunology, andMolecular Genetics, University of
California, Los Angeles, Los Angeles, CA, USA. 3Department of Comparative Biomedicine and Food Science, University of Padua, Padua, Italy. 4Graduate School
of Biomedical Sciences, Cedars-SinaiMedical Center, LosAngeles, CA, USA. 5UCLALipidomics Lab, University of California, Los Angeles, Los Angeles, CA, USA.
6Department of Biological Chemistry, University of California, Los Angeles, Los Angeles, CA, USA. 7Department of Molecular and Medical Pharmacology,
University of California, Los Angeles, Los Angeles, CA, USA. 8Jonsson Comprehensive Cancer Center, David Geffen School of Medicine, University of California,
Los Angeles, Los Angeles, CA, USA. 9Neuroscience Program, Harvard Medical School, Boston, MA, USA. 10These authors jointly supervised this work: Steven J.
Bensinger, Christian E. Badr. e-mail: alessandro.sammarco6@gmail.com; badr.christian@mgh.harvard.edu

Communications Biology |           (2025) 8:562 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07977-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07977-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07977-1&domain=pdf
http://orcid.org/0000-0003-1977-3292
http://orcid.org/0000-0003-1977-3292
http://orcid.org/0000-0003-1977-3292
http://orcid.org/0000-0003-1977-3292
http://orcid.org/0000-0003-1977-3292
http://orcid.org/0000-0001-5949-1578
http://orcid.org/0000-0001-5949-1578
http://orcid.org/0000-0001-5949-1578
http://orcid.org/0000-0001-5949-1578
http://orcid.org/0000-0001-5949-1578
http://orcid.org/0000-0002-2919-692X
http://orcid.org/0000-0002-2919-692X
http://orcid.org/0000-0002-2919-692X
http://orcid.org/0000-0002-2919-692X
http://orcid.org/0000-0002-2919-692X
http://orcid.org/0000-0002-7820-8675
http://orcid.org/0000-0002-7820-8675
http://orcid.org/0000-0002-7820-8675
http://orcid.org/0000-0002-7820-8675
http://orcid.org/0000-0002-7820-8675
http://orcid.org/0000-0002-9657-4206
http://orcid.org/0000-0002-9657-4206
http://orcid.org/0000-0002-9657-4206
http://orcid.org/0000-0002-9657-4206
http://orcid.org/0000-0002-9657-4206
http://orcid.org/0000-0002-7212-5975
http://orcid.org/0000-0002-7212-5975
http://orcid.org/0000-0002-7212-5975
http://orcid.org/0000-0002-7212-5975
http://orcid.org/0000-0002-7212-5975
mailto:alessandro.sammarco6@gmail.com
mailto:badr.christian@mgh.harvard.edu
www.nature.com/commsbio


such as fluidity, permeability, and the spatial assembly of membrane
properties10. SCD also regulates the pool ofMUFAs, which serve as building
blocks for more complex lipids (e.g., phospholipids and TAGs) that are
critical for cell survival10. The heightened expression of SCD and an
increased reliance on de novo synthesis of MUFAs in breast cancer brain
metastases (BCBM) has led to the hypothesis that this metabolic enzyme
could be an attractive therapeutic target in metastatic disease. However,
SCD inhibitors (SCDis) (e.g., CAY10566, A939572, and MF-438) have a
limited capacity to cross the BBB, hampering their clinical relevance for BM.
Recently, a novel brain-penetrant SCDi, YTX-7739, has been identified as a
lead clinical candidate for treating synucleinopathies11. The pharmacoki-
netic and pharmacodynamic properties of YTX-7739 have been extensively
investigated in multiple preclinical species11. These data demonstrated its
preclinical safety and ability to penetrate the BBB, making it a suitable
candidate for the treatment of brainmalignancies. In our previous work, we
showed that SCD is also essential for glioblastoma (GBM) tumor growth12,
and demonstrated the therapeutic efficacy of this SCDi in GBM mouse
models13.

Another important factor underlying the growth and survival of brain
metastatic tumors is their interaction with the immune system. Several
immune subsets exist within the brain tumor microenvironment (TME)
that can have distinct and sometimes opposing roles. Increasing evidence
suggests that fatty acid homeostasis in immune cells represents a key reg-
ulatory node to control inflammation, and manipulation of fatty acid
metabolism has significant effects on immune cell functions14–16. While the
efficacy of pharmacological inhibition of SCD was already investigated in
extracranial tumors andGBM13,17,18, its effect on cancer cells and anti-tumor
immunity in the BCBMTMEhas not been examined. Therefore, we studied
the effect of YTX-7739 in BCBM and examined the impact of pharmaco-
logical inhibition of SCD at the single-cell level on cancer and immune cells
in the TME.

Results
SCD inhibition reshapes the lipid composition of breast
cancer cells
To confirm the on-target effect and evaluate the influence of YTX-7739
(hereafter referred to as SCDi) on fatty acid synthesis flux in our model,
triple-negative breast cancer (TNBC) cells HCC1806 and MDA-MB-468
were cultured in 13C-glucose-containing media and treated with SCDi at
different doses. After 24 h and 48 h of labeling/treatment, lipids were
extracted and analyzed by GC-MS to determine isotope enrichment into
long-chain fatty acids. Isotopologues were then modeled using isotope
spectral analysis (ISA) to assess the contribution of synthesis to the total
cellular fatty acid pool in the cells. As expected, pharmacological inhibition
of SCD led toa significant dose- and time-dependent increase of synthesized
SFA 18:0, an SCD substrate, and a corresponding decrease in SCD products
16:1 and 18:1 (Figs. 1A and S1A, B). Accordingly, the fatty acid desaturation
index (FADI), which measures SCD activity, was significantly reduced in
cells treated with SCDi (Figs. 1A and S1B), consistent with our previous
work12,13, confirming its on-target effect in TNBC cells. To determine the
influence of pharmacological inhibition of SCD on the lipidome of TNBC
cells in greater depth, we performed shotgun lipidomics on brain-tropic
MDA-MB-231-BR (hereinafter referred to asMDA-BR) treated with SCDi
(1 μM) for 48 h. Approximately 900 individual lipid species from 17 lipid
subclasses were measured. Cluster analysis of individual lipid species
revealed that SCDi treatment markedly changed the lipid composition of
MDA-BR cells (Figs. 1B and S1C–E). Analysis of SFAs and MUFAs
incorporation into phospholipids (PLs), triacylglycerides (TAGs), and
cholesteryl esters (CEs) revealed that SCDi treatment showed an increased
proportion of SFAs, and a corresponding decreased proportion of MUFAs,
consistent with SCD inhibition (Figs. 1C and S1F). Of note, the difference in
SFAs between control and SCDi was much higher in TAGs (47% vs 73%,
respectively) and in CEs (33% vs 57%, respectively), compared to PLs (38%
vs 43%, respectively). Interestingly, in SCDi-treated cells, the percentage of
polyunsaturated fatty acids (PUFAs) increased only inPLs,while decreasing

in TAGs and CEs (Fig. 1C). Together, these data confirm that SCDi inhibits
SCD-dependent MUFA synthesis and can markedly reshape the breast
cancer cell lipidome.

Pharmacologic inhibition of SCD induces apoptosis, triggers ER
stress, and is associated with DNA damage
Next, we evaluated the functional consequences of pharmacological inhi-
bition of SCD on HBC cells. First, we assessed the viability and mechanism
of cell death of HBC cells treated with different doses of SCDi. SCDi
decreased the viability of HBC cells in a dose-dependent manner (Figs. 1D
and S2A, B),mainly via apoptosis (Figs. 1E and S2C,D).Notably, theTNBC
cell linesMDA-MB-231,MDA-BR,HCC1806, andMDA-MB-468were the
most sensitive to SCDi (Fig. S2A), suggesting a high efficacy of SCDi on
aggressive HBC cells in vitro. It is known that the accumulation of SFAs
leads to lipotoxicity, which activates the endoplasmic reticulum (ER) stress
response19. Consistent with lipotoxicity, we observed a time-dependent
increaseofER stress inHBCcellswhencellswere treatedwith SCDi (Figs. 1F
and S2E, F). As expected, supplementing cell cultures with 18:1, the major
product of SCD, rescued HBC cells from SCDi-induced cell death
(Fig. S2G). These data confirm the critical role of SCD-mediated desa-
turation in regulating lipotoxicity and influencing cell survival and
proliferation.

Recent work from our lab and others has shown a link between DNA
damage and inhibitionof fatty acid synthesis in cancer cells13,20. Therefore, to
further investigate themechanismof SCDi-induced cell death in ourmodel,
we treated HBC cells with SCDi (1 μM) and evaluated DNA damage and
repair pathways at different timepoints. DNA double-strand breaks are
typically repaired by twomajor mechanisms: non-homologous end joining
(NHEJ) and homology-directed repair (HDR), the latter beingmediated by
RAD51. Consistent with our published work12,13, pharmacological inhibi-
tion of SCD increased the expression of DNAdamagemarker γ-H2AX and
decreased the expression of RAD51 in HBC cells, particularly after 48/72 h
of treatment (Figs. 1G and S2H). Interestingly, whenMDA-BRwere treated
with SCDi (1 μM) and the pan-caspase inhibitor Z-VAD-FMK (50 μM),
which significantly reduced apoptosis (Fig. S2I), the protein expression of γ-
H2AX was decreased (Fig. S2J), suggesting that DNA damage was caused
primarily by engagement of apoptosis. However, SCDi-induced down-
regulation of RAD51 was independent of apoptosis (Fig. S2J), suggesting a
direct link between inhibition of SCD and DNA damage repair (DDR)
deficiency. Then, we hypothesized that ER stress was upstream of the
induction ofDNAdamage. Therefore, we treatedHBC cells with SCDiwith
or without ER stress inhibitors for 48 h. In line with our hypothesis, we
found that when ER stress was inhibited (particularly with the PERK
inhibitor GSK2606414), SCDi-induced γ-H2AX increased expression was
significantly attenuated, suggesting that ER stress might be upstream of the
induction of DNA damage (Fig. S2L).

Next, we functionally measured DDR upon SCD inhibition using
our established bioluminescent repair reporter (BLRR)21, whereby BLRR-
expressing cells secrete either Gaussia luciferase (GLuc) when DNA
damage is repaired by HDR or Vargula luciferase (VLuc) when DNA
damage is repaired through NHEJ (Fig. S2K). We treated BLRR-
expressing MDA-BR cells with different doses of SCDi and measured
GLuc and VLuc activities in the cell culture medium over time. As
expected, SCDi decreased the ratio HDR/NHEJ in a dose- and time-
dependent manner, consistent with a down-regulation of RAD51
(Figs. 1H and S2K). To explore whether SCDi similarly decreased HDR
in breast tumors in vivo, we implanted BLRR-expressing MDA-BR cells
into the mammary fat pad of mice, and, upon tumor engraftment, we
treated them with SCDi (50 mg/kg) for 21 days. Then, we measured
GLuc and VLuc activity in the blood and confirmed a decreased HDR/
NHEJ ratio in mice treated with SCDi (Fig. 1I). Together, these data show
that SCDi triggers ER stress, induces DNA damage, and hinders DDR by
inhibiting HDR in TNBC cells. They also support the idea that SCDi-
mediated DDR blockade/HDR deficiency could be an exploitable vul-
nerability for cancer cells.
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Treatment with SCDi and a PARP inhibitor prolongs survival in a
mouse model of BCBM
It is known that poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi),
which exert an anti-tumor effect by inhibiting the repair of DNA single-
strand breaks20, are particularly effective against cancer cells with HDR
deficiency22–24, such as breast cancer cells defective for BRCA1/225, while

showing lower efficacy in BRCA1/2 wild-type tumors26. Because of this,
PARPi has shown potential in treating BCBM, particularly in patients with
BRCA1/2 mutations27. Therefore, we hypothesized that impaired HDR
following SCD inhibition would sensitize HBC cells to PARPi. We tested
this hypothesis using aBRCA1wild-type,PARPi-resistantMDA-BRBCBM
mousemodel26. Tomodel breast cancermetastasis to the brain, we opted for
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the direct implantation ofMDA-BR in the brains ofmice, as shownbyother
authors26,28–30. Five days following intracranial implantation, mice were
treated with SCDi alone (50mg/kg, IP, daily) or in combination with the
brain-penetrant PARPi Niraparib (50mg/kg, PO, daily). SCDi treatment
alone led to a significant increase in overall survival (median survival 37days
for SCDi vs 30.5 days for control;p = 0.0138), suggesting the efficacyof SCDi
for treating BCBM. As expected, PARPi alone had no therapeutic effect
(p = 0.531). However, combining SCDi with PARPi further enhanced
the overall survival of BCBM-bearing mice (median survival 42 days for
SCDi + PARPi vs 30.5 days for control; p = 0.0017) (Fig. 1J). These data
demonstrate a direct effect of SCDi on cancer cells in vivo, underscoring its
therapeutic efficacy in a BCBM mouse model and supporting further
investigation of rational combinations of SCD and PARP inhibitors for
treating BCBM.

Effectofpharmacological inhibitionofSCD inasyngeneicmouse
model of BCBM
The balance of SFAs and MUFAs, tightly regulated by SCD activity, is an
important regulator of the inflammatory responses in immune cells31,32.
Therefore, we asked whether pharmacological inhibition of SCD would
affect the anti-tumor immune response in a syngeneic mouse model of
BCBM. First, we studied the effects of SCD inhibition in the mouse mam-
mary cancer cell line EO771 in vitro. As expected, SCDi caused cytotoxicity
(Fig. S3A), which was rescued by oleic acid 18:1 (Fig. S3B), reduced the
FADI (Fig. S3C), and triggeredERstress (Fig. S3D) in theEO771 cells. These
data confirm that SCDi had the same effects on human and murine
mammary cancer cells. Next, immunocompetent C57BL/6 mice were
intracranially implanted with EO771 cells. Starting at day 4 after
implantation, mice received daily doses of vehicle (Control; n = 8) or SCDi
(50mg/kg, IP; n = 8) for 14 days (Fig. 2A). Tumor volume was significantly
decreased in mice treated with SCDi (Fig. 2B). On the day of euthanasia,
brain tumors from three representative mice per group were dissociated,
and tumor and immune cells were sorted and submitted for single-cell RNA
sequencing (scRNAseq) (Fig. 2A). Of note, SCDi-treated tumors showed a
higher immune cell/tumor cell ratio when compared to the control (61.2%/
29% and 55.6%/33.4%, respectively), reflective of a lower number of tumor
cells in SCDi-treated tumors (Fig. S4).

Tumor cells were clustered based on DEGs and visualized using a
uniform manifold approximation and projection (UMAP) plot, which
identified three main tumor cell subclusters (Fig. 2C). Due to non-specific
gene signatures characterizing these subclusters and to their similar pro-
portions between the treatment groups (Fig. 2D), we proceeded with the
analysis considering all clusters together. We analyzed DEGs in tumor cells
between control and SCDi-treated tumors and performed pathway analysis.
This analysis revealed a significant dysregulation of the G2/M checkpoint,
E2F targets, and DNA repair pathways (Fig. 2E), with most of the genes

belonging to the G2/M checkpoint pathway being upregulated in SCDi-
treated tumors (Fig. 2F). These pathways are activated following DNA
damage33,34. Therefore, dysregulation of these pathways is likely caused by
DNA damage upon SCD inhibition, which is in line with previous data on
impaired HDR and elevated DNA damage following treatment with SCDi
(Figs. 1G-I andS2H).TheTGF-beta signalingpathwaywasalso significantly
altered (Fig. 2E), with most of the genes (e.g.,Wwtr1, Smurf1, Serpine1, and
Tgfbr1) down-regulated in SCDi-treated tumors (Fig. 2F), which could
indicate down-regulation of this pathway upon SCD inhibition. This
pathway plays a key role in cancer progression, and its inhibition is asso-
ciated with a better outcome35. Lastly, TNF-alpha signaling via NF-kB was
also significantly dysregulated (Fig. 2E), with most of the genes (e.g.,Nfat5,
B4galt1, Areg, Ccn1, and Ier3) downregulated in SCDi-treated tumors
(Fig. 2F). Conversely, NF-kB inhibitorsNfkbia andNfkbiewere upregulated
with SCD inhibition, suggesting inhibition of this pathway, as previously
shown in ovarian cancer36. Together, these data confirm DDR inhibition
and suggest the downregulation of two key pathways involved in tumor
progression in SCDi-treated tumors.

Pharmacological inhibition of SCD enhances antigen
presentation and interferon signaling of dendritic cells (DCs)
Unsupervised clustering of CD45+ cells based on DEGs identified 10 main
cell types, including macrophages, monocytes, DCs, T cells, natural killer
(NK) cells, Tregs, B cells, plasmacytoid dendritic cells (pDCs), microglia,
and neutrophils (Fig. 2G, H). Interestingly, pharmacological inhibition of
SCD was associated with alterations to the tumor immune cell landscape.
Particularly, tumors treated with SCDi showed enrichment of monocytes
(+21%) and macrophages (+11%), and a decreased percentage of DCs
(−31%) and Tregs (−49%), when compared to vehicle-treated
tumors (Fig. 2I).

Next, we analyzed individual immune cell populations, starting with
DCs, given their importance in antigen presentation and anti-tumor
immunity37. Cluster analysis of DCs identified two main sub-clusters:
mature DCs enriched in immunomodulatory molecules (mregDCs),
expressing Fscn1, Mreg, Ccr7, Stat4, Cd200, Samsn1, and Socs2, and pro-
inflammatory antigen-presenting DCs (AP-DCs), expressing H2-DMb1,
H2-DMa,H2-Ab1, Fcer1g, Ifitm6, and Cd209a (Fig. 3A, B). MregDCs were
recently identified as a novel DC subpopulation in the TME with both
immunostimulatory and immunosuppressive functions38. Compositional
analysis revealed a decrease in thepercentage ofmregDCs and an increase in
the percentage of AP-DCs (Fig. 3C). Based on this, we hypothesized that
DCs from SCDi-treated tumors had an enhanced antigen-presenting
capacity. Therefore, we analyzedDEGs in DCs between vehicle- and SCDi-
treated tumors and performed a pathway analysis that revealed enrichment
of the antigen processing and presentation pathway (Fig. 3D). In line with
our hypothesis, DCs from SCDi-treated tumors showed an upregulation of

Fig. 1 | Inhibition of SCD induces ER stress, is associated with DNAdamage, and
prolongs survival in a mouse model of BCBM. A Gas chromatography/mass
spectrometry of HCC1806 treated with SCDi (0.1 μM or 1 μM) for 24 h or 48 h,
measuring synthesized palmitic acid (16:0), palmitoleic acid (16:1), stearic acid
(18:0), and oleic acid (18:1). On the right, the desaturation index (DI—ratio 16:1/
16:0 and 18:1/18:0) is shown. Each data point represents a biological replicate (n = 4).
Mean ± SD (two-way ANOVA, Tukey’s test). B Heat map of all individual lipids
quantified using shotgun lipidomics ofMDA-BR treated with SCDi (1 μM) for 48 h.
CE cholesteryl esters, Cer ceramides, DG diacylglycerols, FA free fatty acids, Hex-
CER hexosylceramides, LacCER lactosylceramides, LPC lysophosphatidylcholines,
LPE lysophosphatidylethanolamines, PA phosphatidic acid, PC phosphatidylcho-
lines, PE phosphatidylethanolamines, PG phosphatidylglycerols, PI phosphatidyli-
nositol, PS phosphatidylserines, SM sphingomyelin, TG triacylglycerols. Each
column represents a biological replicate (n = 4). C Stacked histograms showing
SFAs, monounsaturated FAs (MUFAs), and polyunsaturated FAs (PUFAs) com-
position in phospholipids, triacyglicerides, and cholesteryl esters of MDA-BR
treated with SCDi (1 μM) for 48 h, measured by shotgun lipidomics (n = 4).
Mean ± SD (Student’s t-test). Statistics refers to DMSO vs SCDi. D Cell viability of

breast cancer cells treated with different doses of SCDi for 72 h (n = 3). Mean ± SD.
ECaspase 3/7 assay ofMDA-BR treatedwith SCDi (0.1 μMor 1 μM) for 24 h or 48 h.
Each data point represents a biological replicate (n = 3). Mean ± SD (two-way
ANOVA, Tukey’s test). F, G Western blot for (F) ER stress and (G) DNA damage
markers inMDA-BR treatedwith SCDi (1 μM) for 24 h, 48 h, or 72 h. Representative
data from three biological replicates. H, I Vargula luciferase (Vluc) and Gaussia
luciferase (Gluc) assay measured as fold change in HDR/NHEJ in (H) BLRR-
expressingMDA-BR treated with SCDi (0.1 μMor 1 μM) for 24 h, 48 h, 72 h, or 96 h
in vitro and I plasma of mice subcutaneously implanted with BLRR-expressing
MDA-BR and treated with vehicle (n = 4) or SCDi (50 mg/kg; n = 4) for 21 days.
H Each data point represents a biological replicate (n = 5). Mean ± SEM (two-way
ANOVA, Tukey’s test). I Each data point represents the average of three technical
replicates for each mouse (n = 4). Mean ± SD (Student’s t-test). JOverall survival of
mice implanted with MDA-BR intracranially and treated with either vehicle
(n = 18), SCDi (50 mg/kg; n = 18), PARPi (50 mg/kg; n = 10), or SCDi (50 mg/
kg)+ PARPi (50 mg/kg) (n = 10). Log-rank (Mantel–Cox) test was performed per
each pair of groups. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 2 | Pharmacological inhibition of SCD remodels the immune cell compo-
sition of the TME. A Schematic of treatment and tissue processing for single cell
RNA sequencing (scRNAseq) in a syngeneic mouse model of breast cancer brain
metastasis (BCBM). FACS, fluorescent-activated cell sorting. This schematic was
created with BioRender.comB Luciferase assay from blood collected over time from
BCBM-bearing mice treated with vehicle (control; n = 8) or SCDi (50 mg/kg; n = 8)
to measure tumor volume. C Uniform manifold approximation and projection
(UMAP) of tumor cells in BCBM treated with control (n = 3) and SCDi (n = 3).

D Histogram showing proportions of tumor cell subclusters in control and SCDi-
treated tumors. E Pathway analysis (MSigDB) of differentially expressed genes
(DEGs) in tumor cells (SCDi vs control). F Heatmap representing DEGs belonging
to G2-M checkpoint, TGF-beta signaling, and TNF-alpha signaling via NF-kB
pathways in control and SCDi-treated tumors.GUMAP of immune cells in control
and SCDi-treated tumors. H Dot plot of average expression of canonical marker
genes for the main immune cell subtypes. I Histogram showing cell frequency of
immune cells in control and SCDi-treated tumors. *p < 0.05.
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genes encoding the MHC-II protein subunits (H2-Aa, H2-Ab1, H2-DMa,
H2-DMb1, H2-DMb2, H2-Eb1, and H2-Oa), the invariant chain Cd74, a
polypeptide that plays a critical role in antigen presentation, facilitating the
transport of MHC-II from the ER to the cell surface, and Ciita, a master
controller of antigen presentation (Fig. 3E). Thus, these data suggest that
pharmacological inhibition of SCD is associated with an enhanced antigen

presentation capacityofDCs in theTME,whichmight indicate a better anti-
tumor response. Moreover, pathway analysis showed a significant dysre-
gulation of pathways related to interferon alpha, interferon gamma, and the
inflammatory response (Fig. S5A). Interestingly, when we analyzed the
expression of genes belonging to these pathways, we found that interferon
genes Isg20, Irf7, and Ifit3 were upregulated in SCDi-treated tumors
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compared to the control (Fig. 3E), suggesting ahigher interferon signaling in
DCs upon SCD inhibition.

To validate these results, we generated type I conventional dendritic
cells (cDC1s) from murine bone marrow cells in vitro (Fig. S5B, C).
Then, we exposed terminally differentiated cDC1s to DMSO- or SCDi-
treated EO771 conditioned medium (CM) and assessed their activation
status by flow cytometry and qPCR. Remarkably, the expression of
MHC-I, MHC-II (signal I) (Fig. 3F), CD40, CD80, CD86 (signal 2)
(Figs. 3G and S5D) and Il1b, Il6, Il12b, Tnfa, and Irf7 (signal 3) (Fig. 3H)
were significantly increased in cDC1s exposed to SCDi-treated EO771
CM, when compared to DMSO-treated (Untr) EO771 CM, suggestive of
a higher activation status. Next, we employed the ovalbumin model to
examine antigen presentation further. Briefly, after culture with EO771
CM, cDC1s were pulsed with the ovalbumin Kb-binding peptide SIIN-
FEKL for 1 h. Staining for OVA257-264 peptide (SIINFEKL) loaded onto
MHC-I protein showed that stimulation with SCDi-treated EO771 CM
increased antigen presentation in cDC1s (Figs. 3I and S5E). These data
may suggest that pharmacological inhibition of SCD induces the release
of molecules from cancer cells that function as damage-associated
molecular patterns (DAMPs), known to activate immune cells, such as
DCs39. This led us to ask if inhibition of SCDwas associated with a higher
expression of DAMPs in vivo. Therefore, we used our scRNAseq data
and examined the expression of DAMPs in tumor cells in BCBM. In line
with our hypothesis, the expression of several DAMPs (e.g., Hmgb1,
Hmgn1, Panx1, Ppia, and Hsp90aa1) was higher in SCDi-treated tumors
when compared to the control (Fig. 3J). Together, these data suggest that
pharmacological inhibition of SCD is associated with enhanced antigen
presentation, activation, and interferon signaling in DCs, as well as
increased expression of DAMPs in tumor cells within the TME.

Macrophages from SCDi-treated tumors show higher
pro-inflammatory activity
Re-clustering of macrophages identified 3 subpopulations (Fig. 4A).
Analysis of the top 30 highly expressed genes for each subcluster
revealed that macrophage subpopulation 0 expressed genes associated
with antigen presentation (H2-Eb1, H2-Ab1, H2-Aa, H2-DMb1, H2-
DMa, and Cd74), and with a pro-inflammatory/anti-tumor M1 phe-
notype (Il-1β and Cxcl9). Macrophage subpopulation 1 highly expressed
Folr2, a gene that has been associated with CD8+ T cell infiltration and
favorable prognosis in HBC40, and many cytokines (Ccl2, Ccl4, Ccl6,
Ccl7, Ccl8, Ccl9, Cxcl10). Macrophage subpopulation 2 expressed genes
not indicative of a specific status (Fig. 4B). Compositional analysis
revealed an increase of Folr2+/cytokines-expressing macrophages in
SCDi-treated tumors (Fig. 4C). Next, we analyzed the DEGs between
vehicle- and SCDi-treated macrophages. We performed a pathway
analysis, which revealed an enrichment of pathways associated with
interferon alpha, interferon gamma, and inflammatory response
(Fig. 4D). The majority of DEGs belonging to these pathways (e.g.,
Ifitm3, Isg20, Psme1, Irf7, Isg15, Gbp2, Ifit3, Ccl7, and Fgl2) were upre-
gulated in macrophages from SCDi-treated tumors (Fig. 4E), indicating
higher interferon signaling in these tumors. These data suggest an
enhanced pro-inflammatory/anti-tumor activity of macrophages upon
pharmacological inhibition of SCD.

Pharmacological inhibition of SCD triggers anti-tumor T cell
responses in the TME
Next, we analyzed the T cell gene expression programs in response to SCDi.
Unsupervised clustering of T cells identified 4 main subpopulations: acti-
vated cytotoxic T cells (CD3e, CD8a, Cd8b1, Gzmb, Nkg7, Prf1, Cd69, and
Cd28), a subpopulation composed of T cells (Cd3e) and contaminating
macrophages (Adgre1, Fcgr1, Cd68) that we named T cells+macrophages,
activated T helper cells (Cd3e, Cd4, Cd69, Cd28), and exhausted T helper
cells (Cd3e,Cd4, Pdcd1,Tigit,Ctla4,Tnfrsf9,Havcr2, and Lag3) (Fig. 4F, G).
Compositional analysis revealed a higher proportion of activated cytotoxic
T cells and a lower proportion of exhausted T helper cells in SCDi-treated
tumors compared to the control (Fig. 4H), which could indicate a more
efficient anti-tumor T cell response. Pathway analysis of the DEGs between
control- and SCDi-treated tumors showed significant enrichment of
interferon alpha, interferon gamma, and inflammatory response pathways
(Fig. 4I). Analysis of specific gene signatures showed an upregulation of
many interferon genes (e.g., Ifit1, Ifit2, Ifit3, Isg20, and Irf7), chemokines
(Xcl1 andCcl5) known to play an important role in T cell activation andDC
recruitment in the TME41, and Gzmb, a potent cytotoxic protease used by
cytotoxic T cells to kill cancer cells, in SCDi-treated tumors compared to the
control (Fig. 4J). We also observed the downregulation of Ccl8 in SCDi-
treated tumors. SinceCcl8 is associatedwithTreg recruitment42, this provide
additional evidence for the reduced presence of intratumoral Tregs upon
SCD inhibition, as shown by compositional analysis of immune cell
populations (Fig. 2I). Pharmacological inhibition of SCD also decreased the
expression of Lag3 and Ctla4, which are associated with T cell exhaustion
(Fig. 4J). Taken together, these data suggest that SCDi induces a higher
interferon response in T cells and decreases the immunosuppressive effects
of Tregs and exhausted T cells to support anti-tumor T cell responses.

CellChat analysis shows stronger interactions via MHC-I and
weaker immunosuppressive PD-1:PD-L1/PD-L2 and PVR/TIGIT
axes interactions upon SCD inhibition
The transcriptomic changes in immunecells in response topharmacological
inhibition of SCD led us to perform cell-to-cell interaction analysis across all
immune cell subpopulations using CellChat. Initially, we examined the
signaling pathways of all receptor-ligand interactions between the immune
cell populations (Fig. 5A). SCDi-treated tumors showed stronger interac-
tions (thicker lines) between all APCs (AP-DCs, mregDCs, monocytes,
macrophages, neutrophils, microglia, pDCs, and B cells) and T/NK cells via
MHC-I (Figs. 5B and S6A), consistent with higher antigen presentation
through MHC-I when SCD is inhibited, in line with our functional DC
studies (Fig. 3F). Additionally, SCDi-treated tumors showed similar inter-
actions between APCs (AP-DCs, macrophages, and B cells) and T cells via
MHC-II (Figs. 5C and S6B). Moreover, in line with our pathway analyses,
CellChat showed weaker interactions (thinner lines) via PD-L1/PD-L2
immune checkpoints (Figs. 5D–E and S6C, D) and PVR/TIGIT
(Figs. 5F, G and S6E, F) in SCDi-treated tumors. The latter is an immu-
nosuppressive axis that leads to an anti-inflammatory, non-proliferative,
non-cytotoxic profile of T cells43,44. Also, the phosphoprotein 1 (SPP1)
signaling pathway, previously associated with immunosuppression and
poor prognosis in lung cancer45, showed decreased interactions, particularly
betweenmacrophagesandother immune cells (AP-DCs,T cells,NKs, andB

Fig. 3 | Antigen presentation and interferon signaling of DCs are enhanced in
response to pharmacological inhibition of SCD. A UMAP of DCs in control and
SCDi-treated tumors. B Heatmap of the top 20 upregulated genes in the dendritic
cell subclusters. mregDCs, mature DCs enriched in immunomodulatory molecules;
AP-DCs antigen-presenting DCs. C Histograms representing proportions of den-
dritic cell subpopulations in control and SCDi-treated tumors (relative to DCs).
D Pathway analysis (KEGG) of the differentially expressed genes (DEGs) in DCs
(SCDi vs control). EHeatmap representing DEGs belonging to antigen presentation
and processing, interferon alpha, and interferon gamma response pathways in DCs
(SCDi vs control). F Histograms representing median fluorescence intensity of

MHC-I and MHC-II measured by flow cytometry, G scatterplot representing the
expression of CD40 and CD80 measured by flow cytometry, H histograms repre-
senting relative fold change of Il1b, Il6, Il12b, Tnfa, and Irf7measured by qPCR, and
I histograms representing the expression of SIINFEKL+ type I conventional den-
dritic cells (cDC1s) that were either not treated (NT), exposed to DMSO-treated
(Untr) EO771 conditionedmedium (CM), to SCDi-treated (SCDi) EO771CM, or to
SCDi alone for 24 h. Each data point represents a biological replicate (n = 3).
Mean ± SD (two-way ANOVA, Tukey’s test). **p < 0.01; ***p < 0.001. J Heatmap
representing the gene expression of damage-associated molecular patterns
(DAMPs) in tumor cells (SCDi vs control).
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Fig. 4 | Inhibition of SCD enhances interferon signaling in macrophages and
T cells and decreases T cell exhaustion in the TME. A UMAP of macrophages in
control and SCDi-treated tumors. BHeatmap of the top 20 upregulated genes in the
macrophage subclusters. C Histograms representing proportions of macrophage
subpopulations in control and SCDi-treated tumors.D Pathway analysis (MSigDB)
of the differentially expressed genes (DEGs) in macrophages (SCDi vs control).
E Heatmap representing the DEGs belonging to the interferon alpha and gamma
response pathways in macrophages (SCDi vs control). FUMAP of T cells in control

and SCDi-treated tumors. G Violin plots showing the expression of cell type, acti-
vation, and exhaustion markers in the T cell subclusters. Cluster 0 represents acti-
vated cytotoxic T cells, cluster 1 represents T cells+macrophages, cluster 2
represents activated T helper cells, and cluster 3 represents exhausted T helper cells.
H Histograms representing proportions of T cell subclusters in control and SCDi-
treated tumors. I Pathway analysis (MSigDB) of the DEGs in T cells (SCDi vs
control). J Heatmap representing a subset of relevant DEGs in T cells (SCDi vs
control).
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Fig. 5 | Interactions via PD-1:PD-L1/PD-L2 and PVR/TIGIT immunosuppres-
sive axes are weakened in response to inhibition of SCD. A Overall signaling
patterns between CellChat-curated pathways and cell clusters in control and SCDi-
treated tumors. The relative strength reflects the sum of all normalized interactions
in each pathway. Inferred B MHC-I, CMHC-II, D PD-L1, E PD-L2, F PVR, and

G TIGIT signaling networks among the cell populations represented by the nodes in
control and SCDi-treated tumors. The thickness of lines connecting two cell
populations represents the interaction strength (i.e., thicker lines represent stronger
interactions).
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cells) in SCDi-treated tumors (Fig. S6G). Treatmentwith SCDi also resulted
in stronger interactions via the LCK signaling pathway (Fig. S6H), which is
crucial for T cell activation46. We also found stronger interactions via the
Notch pathway, Nkg2d, and Il12 upon SCD inhibition (Fig. 5A). Together,
these data support a higher activation status viaMHC-I and LCK pathways
and a diminished level of immunosuppression via PD-L1/PD-L2, andPVR/
TIGIT in response toSCDi, likely contributing to an enhanced anti-tumorT
cell response in the TME.

Discussion
Effective therapies for patients with BCBM are lacking. This study explored
the therapeutic efficacy of a novel brain-penetrant SCDi on BCBM and the
role of pharmacological inhibition of SCD on the TME. We characterized
the transcriptome of the EO771 brain TME, generating a comprehensive
cellular atlas that could be used by others.

Jin and co-authors showed high brain tropism of the TNBC cell lines
MDA-MB-231 andHCC1806 inmouse xenografts8. In our study, these two
cell lines and the brain-tropic cell line MDA-BR, showed the highest sen-
sitivity to SCDi, in agreement with an increased dependency of BM on fatty
acid metabolism8,9. The therapeutic efficacy of PARP inhibitors, currently
being tested for the treatment of BCBM47, is limited to BRCA-deficient
tumors25. Additionally, high RAD51 expression predicted poor response to
PARPi48. As a result, it was proposed that the combination of RAD51 and
PARP inhibitors was effective in BRCA-wild-type breast cancer cells26. In
line with the downregulation of RAD51 and impaired HDR following SCD
inhibition in vitro and in vivo, we found that SCDi sensitized a BRCA-wild
type mouse model of BCBM to PARPi, resulting in greater anti-tumor
activity. These clinically relevant results support further testing of SCD and
PARP inhibitors as a combination therapy for BCBM and other PARPi-
resistant tumors.

Fatty acid metabolism reprogramming has been shown to affect the
proliferation, differentiation, and activation of immune cells in the TME49.
Consequently, a growing body of research has explored the role of fatty acid
metabolism in immune cells to develop new anti-tumor therapeutic stra-
tegies.We report an increasedDCactivation uponSCD inhibition.Multiple
mechanisms might explain this. For example, following DNA damage,
tumor cells accumulate DNA in the cytosol that functions as an immuno-
genic danger signal, ultimately activating the expression of type I interferon-
stimulatedgenes (ISGs)50.Moreover, damaged/dying tumor cells shedDNA
that activates DCs via toll-like receptor 3 (TLR3), TLR9, and cGAS/
STING50,51. Lastly, othermolecules, known as damage-associatedmolecular
patterns (DAMPs), released by damaged/dying cancer cells activate other
TLRs (i.e., TLR2 and TLR4), ultimately leading to higher immune cell
activation39.We also found higher interferon signaling in the TMEof SCDi-
treated tumors. Interferons are key components of immune cell activation52.
They act on tumor cells to exert a direct anti-tumor effect, inducing
apoptosis53. They can also regulate the activity of many immune cell types,
leading to a balanced anti-tumor immune response. For example, they can
activate DCs to enhance antigen presentation to T cells and recruit CD4+

Th1 and CD8+T cells to the TME54. Also, interferons enhancemacrophage
activity by polarizingmonocytes intomature pro-inflammatory anti-tumor
M1macrophages53,55. Moreover, interferons regulate the cytotoxic and anti-
tumor activity of NK and T cells to exert a more effective anti-tumor
immune response56.

In line with heightened inflammatory responses in SCDi-treated
tumor-bearing mice, we observed a shift in the balance of effector and
immunosuppressive T cells in the TME. Previous studies reported that SCD
inhibition was associated with an enhanced proliferation of CD8+ T cells in
various mouse tumor models18, and with a greater T effector function in an
LCMV infection model15. We found that SCDi-treated tumors were asso-
ciatedwith reducedT cell exhaustion, diminished recruitment of Tregs, and
dampened signaling through immunosuppressive pathways, such as the
PD-L1/PD-L2 and the PVR/TIGIT axes. T cell exhaustion is a hypofunc-
tional T cell state characterized by a decreased anti-tumor effect57. Tregs
have an immunosuppressive role in inflammation and can suppress anti-

tumor immunity58. The PD-L1/PD-L2 signaling pathway can inhibit the
activation and effector function of T cells, ultimately driving tumor immune
escape59. Similarly, the immunosuppressive PVR/TIGIT pathway is cur-
rently being investigated as a target for immunotherapy44. We believe this
effect is likely a combination of intrinsic effects that SCDi has on T cell
function and the impact of SCDi on antigen-presenting cells (i.e., DCs and
macrophages) in the TME. Likely, the impact of SCDi onDNAdamage and
tumor cell viability is also a contributing factor. Overall, these data suggest
that SCD inhibition is a potential strategy for turning “cold” immune-
excluded tumors into “hot” immune-inflamed ones. Brain tumors are
considered “cold” tumors, characterized by an immunosuppressive TME
and a poor response to immunotherapy, partly due to the highly complex
brain microenvironment60,61. The premise of developing a strategy that
prompts an immune-inflamed TME and potentially bolsters immu-
notherapy is promising. As such, we speculate that combining SCDi with
immune checkpoint inhibitors could be a strategy to treat BCBM that
warrants further investigation. This is further supported by previous find-
ings showing that SCD inhibition, or knockout, in mice potently enhanced
the antitumor efficacy of anti-PD-1 immunotherapy in various mouse
tumor models18. Additionally, considering the high therapeutic efficacy of
the combination of SCDi with a PARPi in our immunodeficient BCBM
mouse model, studying the effect of this combination, possibly with an
immune checkpoint inhibitor, in a syngeneic immunocompetent mouse
model of BCBM could be an interesting approach for future studies.

There are limitations to this study. First, the efficacy of SCDi was
explored using one xenograft (MDA-BR) and one syngeneic (EO771)
mouse model. Additionally, our BCBM model relied on direct injection of
breast cancer cells into the brain of mice rather than spontaneous BM from
intramammary or intravenous injections of HBC cells. This allowed us to
directly assess the therapeutic efficacy of SCDi on established brain tumors,
as this is the typical clinical scenario in patients diagnosedwithBCBM.Also,
the molecular mechanisms by which DCs show higher antigen-presenting
ability and T cells show dampened exhaustion upon pharmacological
inhibition of SCD remain to be elucidated. Moreover, whether the changes
in the TME are due to a direct effect of SCD inhibition on immune cells or
solely to the indirect effect of SCDi-induced cancer cell death remains an
outstanding question. Finally, combining SCDi with PARPi in an immu-
nocompetent mouse model, potentially with an immune checkpoint inhi-
bitor, is a therapeutic strategy that warrants further investigation.

In conclusion, this study highlights the dual role of pharmacological
inhibition of SCD inBCBMmousemodels. In our immunodeficient BCBM
mouse model, we show that SCDi has a direct immune-independent effect
on cancer cells, triggering lipotoxicity and impairingDNAdamage repair. In
addition to that, SCDi promotes an anti-tumor immune response in the
TME, as shown inour syngeneicBCBMmousemodel.Ourfindings provide
a rationale for combining SCDis with immunotherapy to treat these
otherwise incurable tumors.

Methods
Cell lines
HBC cell lines MDA-MB-231, MCF7, HCC1806, MDA-MB-468, and
BT474, and mouse mammary cancer cell line EO771 were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA). Brain
tropic MDA-MB-231-BR (MDA-BR) cells were kindly provided by Dr
Patricia S. Steeg (National Cancer Institute, Bethesda, MD). All cells were
cultured at 37 °C in a 5% CO2 humidified incubator. The culture medium
for MDA-MB-231, MCF7, MDA-MB-468, and MDA-BR cells was Dul-
becco’sModified EssentialMedium (DMEM, Corning) supplemented with
penicillin (100 units/ml), streptomycin (100mg/ml) (P/S) (Corning) and
10% fetal bovine serum (FBS; Atlanta Biologics). The culture medium for
HCC1806 and BT474 cells was Roswell Park Memorial Institute (RPMI,
ATCC) supplementedwith P/S (Corning) and 10%FBS (Atlanta Biologics).
The culture medium for EO771 cells was DMEM supplemented with P/S
(Corning), 10% FBS (Atlanta Biologics), and 20mM HEPES (Thermo
Fisher Scientific).
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In vivo mouse models
Animal experiments were approved by theMassachusetts General Hospital
Subcommittee on ResearchAnimal Care or by the University of California,
Los Angeles Animal Research Committee. For orthotopic mouse models,
6–8 week female athymic nude mice were injected into the mammary fat
pad with 1 × 106 MDA-BR cells in a 100 μl mixture composed of Matrigel
(50 μl; BD Matrigel 10mg/ml, BD Biosciences) and PBS (50 μl). For
intracranial mouse models, 6–8-weeks-old female mice were intracranially
injected with 5 × 104 MDA-BR cells (athymic nude mice) or 5 × 102 EO771
expressing Luc-GFP (C57BL/6J) in PBS (2 μl) as previously described in
ref. 13. The number of mice used in each study is reported in the corre-
sponding figure legends. Our study exclusively examined female mice
because the disease modeled is only relevant in females. For in vivo studies,
YTX-7739 (100 μl) was administered by intraperitoneal injections, daily.
Niraparib (100 μl) was administered by oral gavage, daily. Control groups
were administered with 100 μl of vehicle (0.5% methylcellulose+ 0.2%
Tween80 in saline solution).

Reagents/test inhibitors
For in vitro studies, YTX-7739 (SCDi), Niraparib (MK-4827, Selleckchem),
Z-VAD-FMK (Selleckchem), 4-Phenylbutyric acid (4-PBA, MedChemEx-
press), and GSK2606414 (Millipore Sigma) were dissolved in DMSO. For
in vivo studies, YTX-7739 was dissolved by sonication (2-3min), heating
(3min at 60 °C), and vortexing in 0.5%methylcellulose+ 0.2%Tween80 in
sterile saline solution. Niraparib was prepared as per the manufacturer’s
instructions. Bovine serum albumin (BSA)-conjugated oleate (18:1)
monounsaturated fatty acid complexwas obtained fromCaymanChemical.

13C-glucose labeling experiments
HBC cells (1–4 × 105 per well of a 12-well plate) were plated in 3 replicates
and treated with DMSO or SCDi (0.1 μM or 1 μM) in serum-free glucose-
free media, supplemented with 2.25 g/L of unlabeled D-glucose (Millipore
Sigma) and 2.25 g/l of 13C6-glucose (Cambridge Isotope Laboratories). After
24 h and 48 h, cells were collected and counted using theCellometerK2Cell
Counter (Nexcelom). Then, 1–3 × 105 cells were resuspended in 3M
methanolic guanidine HCl and immediately transferred to glass tubes for
derivatization. Samples were prepared alongside internal standard curve
samples made up of FAMEs (Nu-Chek Prep). Isotopomer spectral analysis
(ISA)was conductedusing anAgilent 5975Cmass spectrometer coupled to
a 7890 Gas Chromatograph, as previously described in ref. 62. Data were
normalized by total cell count.

Shotgun lipidomics
MDA-BR cells (4 × 105 per well of a 6-well plate) were plated in 4 replicates
and treated with DMSO or SCDi (1 μM) in serum-free media. After 48 h,
cells were then collected and counted using the Cellometer K2 Cell Counter
(Nexcelom). Shotgun lipidomic analysis was performed as previously
described in ref. 13. Briefly, after the addition of internal standards con-
sisting of 70 lipid standards across 17 subclasses (ABSciex, 5040156;Avanti,
330827; Avanti, 330830; Avanti, 330828; and Avanti, 791642) and two
successive extractions, organic layers were vacuum-dried in a Thermo
Fisher Scientific SpeedVac SPD300DDAmachine, at 35 °C for 45min with
a total run time of 90min. Samples were then resuspended in methanol/
dichloromethane (1:1 ratio) with 10mM ammonium acetate and trans-
ferred to robovials (Thermo Fisher Scientific, 10800107) for subsequent
lipidomic analysis. Samples were then analyzed by direct infusion using the
Sciex 5500with differentialmobility device (DMS) (comparable to the Sciex
Lipidyzer platform) for quantitative measurement of 1450 lipid species
belonging to 17 subclasses. The DMS was tuned with Equi-SPLASH LIPI-
DOMIX (Avanti, 330731). Quantitative values of lipid species were nor-
malized to cell counts.Heatmaps andPrincipalComponentAnalysis (PCA)
plots were generated using Clustvis (https://biit.cs.ut.ee/clustvis/). The color
scale on heatmaps refers to the row Z score. Nipals PCA was used to
calculate principal components (PCs) on PCA. X and Y axes show PC1 and
PC2, which refer to the percentage of the total variance, respectively.

Lentiviral vectors and transduction
CSCW-GLuc-IRES-GFP lentiviral vector expressing Gaussia Luciferase
(GLuc) and green fluorescent protein (GFP) was used. Cells (2–4 × 105)
were seeded in a 6-well plate to transduce cancer cell lines. Polybrene (10 μg/
ml; Millipore Sigma) and 10–30 μl of lentivirus were added to each well
when cells were attached. Cells were spun at 1800 rpm at 4 °C for 1.5 h and
incubated at 37 °C. After 12-14 h, the medium was replaced with fresh
medium. GFP-positive cells were then selected by fluorescent activated cell
sorting (FACS).

In vitro assays
Cell viability assays were performed using CellTiter-Glo 2.0 (Promega).
Apoptosis wasmeasured usingCaspase-Glo 3/7 (Promega). Early apoptosis
and late apoptosis/necrosis were measured using Alexa Fluor 488 Annexin
V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific). These reagents were
used as indicated by the manufacturer. All experiments were performed in
triplicate.

Protein extraction and western blotting
Radioimmunoprecipitation assay buffer (RIPA) buffer (Thermo Fisher
Scientific) supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific) was used to lyse cells and extract proteins, as
recommended by the manufacturer. Protein concentration was calcu-
lated using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific),
following manufacturer’s instructions, and 10-30 μg of protein were
loaded and resolved on either a 10% or 4–12% Bolt Bis-Tris gel (Thermo
Fisher Scientific), transferred to a nitrocellulose membrane (Bio-Rad),
and then incubated with the indicated antibodies. Proteins were then
detected with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific). The following antibodies were used: PARP
(CST #9532), phospho-eIF2α (CST #3597), ATF-4 (CST #11815),
Phospho-Histone H2A.X (γ-H2AX) (CST #9718), anti-rabbit IgG, HRP-
linked (CST #7074) and Anti-mouse IgG, HRP-linked (CST #7076),
GAPDH (Santa Cruz #sc-47724), beta actin (Abcam #ab227387), Rad51
(BIOSS Antibodies #BSM-51402M). All experiments were performed in
triplicate.

RNA extraction and quantitative PCR
RNA was extracted using the Quick-RNAMiniPrep kit (Zymo Research).
RT-PCR was performed using the High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). qPCR was performed using the
PowerUP SYBR Green Master Mix (Thermo Fisher Scientific) using Qthe
uantStudio 3 System. All reagents were used as recommended by the
manufacturers. Relative mRNA expression was calculated using the 2−ΔΔCT

method. Beta-actin or HPRT1 was used as ha ousekeeping gene. Primer
sequences are reported in Table S1. All experiments were performed in
triplicate.

Bioluminescence BLRR assay to monitor DNA damage repair
The bioluminescent repair reporter (BLRR) systemwas used to track DNA
damage repair, as previously described in ref. 21. Briefly, cells were
sequentially transduced to express BLRR, trGluc, and I-SceI. To detect
BLRR activity in vitro, cells were plated in a 96-well plate and treated with
DMSO or SCDi (0.1 μM and 1 μM). On days 1, 2, 3, and 4 post-treatment,
25 μl of the conditioned mediumwas collected and transferred into a white
96-well plate to measure luminescence using a multimode reader (Biotek).
Coelentrazine (20 μM; Nanolight) and Vargulin (5 ng/ml; Nanolight) were
used to detect Gaussia luciferase (Gluc; HDR) andVargula luciferase (Vluc;
NHEJ) activities, respectively. All luminescence results were normalized to
cell viability measured using CellTiter-Glo2.0. These experiments were
performed in triplicate. To detect BLRR activity in vivo, 1 × 106 MDA-BR
cells were injected into the mammary fat pad of 6–8-week-old female
athymic nude mice. Mice were treated with vehicle/SCDi for 21 days, as
described. On the day of euthanasia, blood was collected into a K2-EDTA
blood collection tube and spun at 2000 rcf for 15min. Twenty-five μl of
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plasma was transferred into a white 96-well plate (in three replicates) to
measure luminescence, as described above.

Tissue digestion
Neural Tissue Dissociation Kit (P) (Miltenyi Biotec) was used to digest the
brains into a single cell suspension, according to the manufacturer’s
instructions. Myelin was removed using anti-myelin beads (Miltenyi Bio-
tec), following the manufacturer’s instructions. The final single cell sus-
pension was resuspended in 1× PBS w/o calcium and magnesium,
supplemented with 2mMEDTA (Thermo Fisher Scientific) and 0.5% BSA
(Millipore Sigma), before cell staining and fluorescent-activated cell sort-
ing (FACS).

Single-cell RNA sequencing
For scRNAseq, three mice per experimental group were pooled into
1 sample prior to FACS-sorting to account for inter-animal variability. Each
brain pool was sorted into 2 cell populations: tumor cells (DAPI−/CD45−/
GFP+) and immune cells (DAPI−/CD45+/GFP−). Within 30min after
sorting, 3’ scRNA-seq libraries were generated using a 10X Genomics
Chromium controller. Libraries were then sequenced on a NovaSeq 6000
platform using a NovaSeq S2 flow cell (Illumina). Data analysis was per-
formed in R Studio (v1.3.1073) using Seurat (v4.1.1). Cells with less than
1000 detected genes, UMI numbers <300, or with >2% mitochondrial-
derived UMI counts were excluded from the analysis. Raw Fastq data were
processed using CellRanger v3.0.2. Cell clusters were identified with the
FindClusters function and visualized on UMAP plots using the top 30
dimensions for the analysis. Cell types were annotated based on the cor-
responding literature. Differentially expressed genes (DEGs) of cell sub-
groupswere recognized by the FindAllMarker function, using |logFC | = 0.3
and adjusted p-value < 0.05 as the cut-off criteria. Pathway on DEGs was
performed using enrichr, KEGG_2019_Mouse and HDSigDB_-
Mouse_2021 packages. The analysis of cell-cell communication networks
was performed by integrating all samples and visualized using the netVi-
sual_circle and netVisual_heatmap functions. The centrality score was
computed using the netAnalysis_computeCentrality function, while the
relative contribution of each ligand-receptor pair was visualized using the
netAnalysis_signalingRole_heatmap, netVisual_bubble, and netVi-
sual_chord_gene functions. Signals contributing the most to outgoing or
incoming signaling were identified by the netAnalysis_signalin-
gRole_heatmap function.

Bone marrow-derived dendritic cell culture
To generate type I conventional dendritic cells (cDC1s) in vitro, bone
marrow progenitors from 6 to 10-weeks old C57BL/6 mice were resus-
pendedat 1.5 × 107 cells in 10ml ofDCmedium(RPMI1640, 1%penicillin-
streptomycin, 10% FBS, 1× Glutamax, 200mM sodium pyruvate, 25mM
HEPES, 1% MEM-NEAA, 0.5% sodium bicarbonate, 0.01% 55mM
2-mercaptoethanol supplemented with 200 ng/ml FLT3-L and 5 ng/ml
GM-CSF), and seeded in 10 cm non-TC treated culture dishes and incu-
bated at 37 °C, 5% CO2. On day 5, 5 ml of fresh media were added to the
cells. On day 9, themedia was replaced, and cells were used for experiments
on day 15.

CollectionofEO771conditionedmediumand treatmentofcDC1s
To generate EO771 conditionedmedium (CM), EO771 cells were seeded at
a density of 1.5 × 105 cells perwell of a 6-well plate in completemedium.The
next day, the medium was replaced with DMEM/F12+ 1% penicillin-
streptomycin supplemented with either 0.1% DMSO (Untr EO771 CM) or
1 μM SCDi (SCDi EO771 CM). After 48 h of treatment, the medium was
collected and centrifuged at 300rcf for 5min to remove cell debris. For CM
treatment, 5 × 105 cDC1s were seeded in triplicate in a non-TC-treated 24-
well plate in 250 μl complete medium+ 250 μl EO771 CM. After 16 h and
24 h, cDC1s were collected and analyzed by qPCR and flow cytometry,
respectively. For the antigen presentation assay, cDC1s were exposed to
EO771CM for 24 h, and then pulsedwith 1 μMOVA257-264 (Invivogen) for

1 h. Cells were then washed three times with PBS and stained for flow
cytometry analysis.

Flow cytometry
Non-specific binding was blocked by incubating cells with TruStain FcX
(anti-mouse Cd16/32, BioLegend) for 5–10min. Cells were then stained
with the antibodies for 30min on ice in the dark. Cells were then washed
with PBS+ 2%FBS+ 2mM EDTA (FACS buffer), centrifuged at 300 rcf
for 5min, and resuspended in FACS buffer. DAPI was added to the single
cell suspension at a final concentration of 1 μg/ml to stain dead cells. Cells
were then sorted using a BD FACSAria II cell sorter. Cells for scRNAseq
were sorted into 100% FBS. The following antibodies were purchased from
BioLegend: BV785-anti-CD45, BV711-anti-CD11c, ACP/Cy7-anti-I-A/I-
E, BV650-anti-XCR1, AF647-anti-H-2Kb/H-2Db, PE/Cy7-anti-CD40, PE/
Dazzle594-anti-CD80, BV421-anti-CD86, APC-anti-H-2Kb bound to
SIINFEKL.

Statistics and reproducibility
Statistical analysis was performed using Prism 10 (GraphPad Software). All
measurements were taken from distinct samples. To verify differences
between two groups, the Student’s t-test, when data were normally dis-
tributed, and the Mann-Whitney test when data were not normally dis-
tributed, were used. To verify the difference betweenmore than two groups,
one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test when data were normally distributed and the
Kruskal–Wallis test followed by Dunn’s multiple comparisons test when
data were not normally distributed were used. Normality distribution was
tested using the Shapiro–Wilk test. Survival curves were generated and
analyzed using a log-rank test (Mantel–Cox). The level of significance was
fixed as p < 0.05. Graphs were generated using GraphPad Prism 10 or R
Studio.

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

Data availability
The numerical source data for the graphs presented in the main figures are
available in Supplementary Data 1. The uncropped and unedited blot
images are available in Supplementary Materials. The scRNAseq datasets
generated in the current study are available at NCBI GEO with accession
number GSE292006.
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