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Abstract

Tumor-associated macrophages (TAMSs) exhibit a dual role in tumor progression and
antitumor immunity. However, understanding the functional states and molecular mechanisms
of antitumor TAMs remains a challenge. Herein, we show that intratumoral administration of
a combination of agonists against TLR3 and CD40 (hereafter termed myeloid cell treatment,
MCT) reprogrammed TAMs in situ to adopt a protective antitumor phenotype in an orthotopic
mouse breast cancer model, and that this led to tumor regression. Single-cell RNA sequencing
of TAMs from different tumor stages and post-MCT revealed a transient antitumor TAM
phenotype, present at 12h post-MCT, characterized by markers such as iNOS and CD38,
which was replaced by TAMs co-expressing tumor-limiting and promoting features by 72h
post-MCT. Maintenance of antitumor TAMSs required repeated MCT administration, and this
promoted the activation of CD8" T cells and long-term tumor eradication. Mechanistically,
ROS and TNF-a were pivotal in TAM-mediated tumor control. Our findings uncover the
vulnerability of transient TAM reprogramming and show that it can be overcome by repeated
MCT administrations to sustain efficient antitumor immune responses.

Synopsis

Tumor-associated macrophages (TAMs) typically support tumor growth but can be
reprogrammed to an antitumor phenotype. The authors show that repeated administration of
TAM-targeting treatments is needed to sustain the reprogrammed antitumoral phenotype,
providing translationally relevant insight.



Introduction

Tumor-associated macrophages (TAMs) dominate the immune landscape in solid tumors, and
their multifaceted phenotypes influence tumor progression (1). TAMs promote tumor growth,
angiogenesis, invasion, metastasis, and immune evasion, complicating therapeutic responses
and often leading to poor clinical outcomes (2, 3). Yet, in certain cancers, such as ovarian,
HER2" breast cancer and colorectal cancer, TAMs are associated with improved survival (2, 4,
5).

Historically, macrophages have been segregated into M1 and M2 phenotypes, with M1
macrophages driving antitumor responses and M2 macrophages fostering tumor progression.
According to the immune contexture, in various solid cancer types, M1 features are associated
with favorable prognosis, while M2 features correlate with poor outcomes (6). However, this
simplistic classification fails to capture the full spectrum of macrophage diversity and
plasticity in the tumor microenvironment (TME) (7). Single-cell omics assays have uncovered
a remarkable heterogeneity among macrophages, unexpectedly revealing the coexistence of
M1 and M2 signatures within macrophage clusters (8). This highlights a complexity beyond
simple dichotomy underscoring the need to study TAMs longitudinally in situ to understand
the contextual dynamic diversity of their functional states in the TME.

Most literature focuses on describing TAMs from progressing tumors and emphasizes TAMs
that support cancer progression, thus overshadowing that macrophages can also limit tumor
growth. Our incomplete understanding of the complex diversity and plasticity of TAMs has
hindered the development of monocyte/macrophage-targeting strategies for clinical use. A key
challenge is deciphering the molecular mechanisms of antitumor TAM dynamics and
phenotypic heterogeneity. A limited number of single-cell RNA sequencing (ScCRNA-seq)
studies have explored antitumor TAMs in vivo (9, 10), and efforts are underway to standardize
functional annotations (11, 12). Naturally occurring antitumor TAMs are difficult to capture,
as they may operate principally in early asymptomatic developing tumors (13, 14).
Consequently, the molecular determinants of protective TAM functions, and their dynamics

and maintenance mechanisms remain poorly defined.

Here, we demonstrate the potential of combination treatment with TLR3 and CD40 agonists,

referred to herein as myeloid cell treatment (MCT), to induce tumor-killing macrophages in



vitro and to promote robust tumor regression in vivo, in mice orthotopically transplanted with
EO771 breast tumor cells. We found that TAMs controlled tumor growth within the first 3
days post-MCT, and complete and durable tumor eradication required three consecutive MCT
injections. To dissect the underlying dynamics and heterogeneity of TAMSs, we isolated them
from early-stage not-treated tumors (NT), late-stage progressing tumors (PT), and 12h and 72h
post-MCT treatment (MCT-12h and MCT-72h, respectively). Using sSCRNA-seq, we identified
an antitumor phenotype in MCT-activated TAMs that was characterized by enhanced
expression of inducible nitric oxide (NO) synthase (iNOS) and CD38. These antitumor TAMs
were transiently present in the TME and required MCT reinjection for phenotypic and
functional maintenance. Furthermore, reactive oxygen species (ROS) and tumor necrosis
factor-alpha (TNF-a) acted as potent antitumor effector molecules of MCT-activated TAMSs in
vivo. MCT-induced TAMs promoted tumor immunogenicity and self-antigen presentation
through IFN-o/B-dependent mechanisms. Finally, MCT also induced intratumoral
accumulation of effector CD8" T cells, which were essential for long-term tumor eradication.
Overall, our data support a framework strategy for sustaining antitumor TAMSs in vivo as to
enable durable tumor elimination in cooperation with cytotoxic T lymphocytes.

Materials and Methods

Mice and tumor cell line

C57BI/6J (B6) wild-type mice, B6.Rag2” »c™, B6.Jht”", B6.1115r", B6.Tcra” and B6.Ters '~
mice were purchased from Instituto Gulbenkian de Ciencia (Oeiras, Portugal) or Charles River
Laboratories International Inc. Batf3” mice were kindly provided by Dr. Caetano Reis e
Sousa (Francis Crick Institute, London, UK) with permission from Dr. Ken Murphy
(Washington University School of Medicine, Washington, US). Nos2”~ mice were kindly
provided by Dr. Margarida Correia Neves (University of Minho, Braga, Portugal). Mice were
housed under specific pathogen—free conditions and the genetically modified animals were
bred at the Instituto de Medicina Molecular — Jodo Lobo Antunes (iMM-JLA), Lisbon,
Portugal, under conventional conditions. Standard food and water were given ad libitum.
Animals used in experiments were females 5-15 weeks of age, aged-matched within 4 weeks.
All experimental procedures followed European Union guidelines, were performed in

compliance with the relevant laws and institutional guidelines, and were approved by the



institutional animal welfare body — ORBEA-IMM-JLA — and by the Portuguese national
authority for animal health — Direcgdo-Geral de Alimentacdo e Veterinéria (DGAV).

B16F10 (RRID:CVCL_0159, ATCC, 2012), CT26 (RRID:CVCL_7254, ATCC, 2015), E0771
(RRID:CVCL_GR23, Tebu-Bio, 2018) and MC38 (RRID:CVCL_B288, Kerafast, 2017) cell
lines were maintained in our laboratory. The LKR cell line was a kind gift from Dr. Zvi
Fridlender (The Hebrew University of Jerusalem, obtained in 2018). These cells were not
authenticated by our laboratory. All cell lines were grown in Dulbecco’s modified Eagles’
medium (DMEM) (Gibco; Thermo Fisher Scientific) with 10% (v/v) FCS (Gibco; Thermo
Fisher Scientific) and 1% (v/v) penicillin/streptomycin (pen/strep; Sigma/Merck), hereafter
referred to as complete DMEM (cDMEM). Stock vials from lower passages were kept at -80
°C until thaw for each experiment. Tumor cells were tested for mycoplasma contamination
regularly (Mycoalert Mycoplasma Detection kit from VWR). After thawing cells were kept at
37°C in a humidified incubator in the presence of 5% CO2 and passaged only once before
implantation into mice. For tumor cell injections, EQ771 cells at ~70% confluence were
detached using TrypLE Express (Gibco; Thermo Fisher Scientific) for 5 min at 37°C, and cells
were resuspended in ice-cold PBS with 50% Matrigel® Growth Factor Reduced (Corning, ref:
356231). For in vitro analysis, EQ771 tumor cells were prepared as a single-cell suspension for
flow cytometry staining, in vitro killing assays, in vitro MHC-1 and self-antigen presentation

quantification.

For self-antigen presentation experiments, the E0771 cell line was transduced with a GFP-
OVA retroviral vector as previously described (15) or the MSCV-IRES-GFP retroviral vector
(RRID:Addgene_20672). For the transduction, 2x10° E0771 cells were plated in a 48-well
plate and 8 ug/mL of polybrene (TR-1003-G, Merck Life Science) with 40 uL of retroviral
suspension. Plates were centrifuged at 974¢g for 1h at 31°C and incubated at 37°C for more 8h.
The EQ771-GFP-OVA cell line and the EO771-GFP cell line were then washed with cDMEM

and sorted by flow cytometry to guarantee >98% GFP+ cells.

In vivo tumor transplantation and treatments

For the orthotopic breast cancer model, anesthetized mice were injected with 1x10° E0771
cells in a 1:1 mixture of PBS with Matrigel (Corning) subcutaneously (s.c.) in the mammary
fat pad of the left flank (16). B16F10 (5 x 104), CT26 (5 x 105), MC38 (1 x 106) or LKR (1 x



106), were injected s.c. in the flank of mice, in PBS with 50% Matrigel (except B16F10), in a
volume of 50 uL.. Tumor growth was assessed every 2-3 days using calipers and calculated as
(length x width x width)/2. Mice were sacrificed for analysis, by CO; narcosis, at different
time-points or when tumor size reached a humane endpoint (length of 10mm or ulceration).
Mice that did not develop visible tumors were excluded from the study. When tumors reached
50-100mm?® of volume, mice were treated every 3 days with 50pul of intra-tumoral (i.t.)
solution of 50 pg of the TLR3 agonist poly I:C (InvivoGene; tlrl-picw) and 15 pg of an
agonistic anti-CD40 (Bio X Cell Cat# BE0016-2, RRID:AB_1107647). Mice were

randomized based on their tumor sizes to homogenize the groups.

For in vivo monocyte/macrophage depletion, 100 ul of clodronate liposomes (Liposoma B.V.)
were injected s.c. and intravenously (i.v.) one day before, one day after and then concurrently
with MCT at day 3 (T3) and 6 day 6 (T6). For in vivo CD8" T-cell depletion, 100 ug anti-
CD8a. (clone YTS169) + 100 ug anti-CD8a (clone YTS156) (kindly provided by Luis Graca
(iMM, Portugal)) were injected intraperitoneally (i.p.), and 30ug directly in the tumor (i.t.) one
day before the first MCT administration (TO) and then every 5 days. For in vivo NK-cell
depletion, 200 ug anti-NK1.1 (Bio X Cell Cat# BE0036, RRID:AB_1107737) was injected
i.p., and 50png i.t. one day before the first MCT administration (T0) and then every 5 days. For
ROS inhibition, N-acetyl cysteine (NAC; Sigma/Merck) resuspended in PBS (pH = 7) was
administrated i.t. at a concentration of 15 mg/kg/mice, one day before MCT and then every
other day. For iNOS inhibition, 280ug and 30ug of 1400W (ab120165; Abcam) plus 1mg and
50ug of Aminoguanidine Hydrocloride (AG; ab120123; Abcam) were injected i.p. and i.t.,
respectively. For TNFa blockade, 250ug and 30ug of anti-mouse TNFa (Bio X Cell Cat#
BEOQ058, RRID:AB_1107764) were injected i.p. and i.t., respectively. iINOS inhibitors and
anti-TNFa were administered one day before MCT, concurrently with MCT, one day after

MCT, and then only i.t. every other day.

Tumor tissue processing and cell isolation

Tumors resected from mice were cut into small pieces and digested with 1mg/mL collagenase
Type I (Worthington), 0.4 mg/mL collagenase Type IV (Worthington) and 10pug/mL DNase I
(Sigma-Aldrich) for 30 min at 37°C, in Eppendorf tubes. Cell suspensions were then filtered
through a 100um nylon cell strainer (Corning). Red blood cells were lysed using RBC Lysis



Buffer (Biolegend) for 10 min at RT in the dark. Cells were centrifuged and resuspended in
completeRPMI (cRPMI) (RPMI + Sodium Pyruvate (100x) + Non Essential Acids Amines
(100x) + Hepes (100x) + pen/strep (100x) + BMercaptoethanol (1000x) + FCS 10% all from

Gibco; Thermo Fisher Scientific) and immediately processed for the specific readout.

Generation of bone marrow-derived macrophages (BMDMs)

BMDMs were derived from haematopoietic progenitors flushed from two femurs with 10ml
syringe and 0,5mm needles filled with RPMI 1640 supplemented with 10% (v/v) FCS, 0,2%
(v/v) pen/strep and 50 ng/ml macrophage-colony stimulating factor (M-CSF, Peprotech) (BM-
medium hereafter). BM cell suspension was filtered through a 100 um nylon cell strainer
(Falcon/Corning) and 4x10° BM cells were seeded in petri dishes (1.6502055, PS estéril,
90mm, Normax) with BM-medium for 6 days, at 37°C with 5% CO,. On day 6 BMDM were
mechanically detached from the petri dishes using a cell scraper (P21040, ABDOS
LifeScience), and 2x10° cells were distributed per well in a 6-well plate. On day 7, BMDMs
were polarized for 6 or 24h, at 37°C with 5% CO,, with the following conditions: MO —
unstimulated; M1 — lipopolysaccharide (LPS, 50ng/ml, (InvivoGene) + IFNy (50ng/ml,
PeproTech); M2a — IL-4 (50ng/ml, PeproTech) + IL-13 (50ng/ml, PeproTech); and MCT —
Poly I:C (10ug/ml, InvivoGene; tlrl-picw) + agonistic anti-CD40 (5ug/ml, InVivoMab,
FGK4.5; Bio X Cell Cat# BE0016-2, RRID:AB_1107647). Supernatants of these BMDM
were collected and stored at -20C° until further use. For analysis, BMDMSs were mechanically
detached from the 6-well plates, washed with PBS and 1x10°> macrophages were distributed
per well in a 96-well V-bottom plate. Cell viability and phenotype were assessed by flow

cytometry.

Flow cytometry and cell sorting

Prior to staining, cells were incubated with mouse FcylIIl/Il receptors (CD16/CD32) blocking
antibody (clone 93; eBioscience) at 1:200 in cRPMI for 10 min. Cell viability was assessed by
Zombie Aqua™ Fixable Viability Kit at 1:400 (Biolegend, 423101), or 7-AAD (Biolegend) at
1:1000 for 20 min at 4 °C. Reduced glutathione (GSH) intracellular level was assessed using
ThiolTracker violet (Invitrogen;T10095). For surface staining, cells were incubated in the dark
for 30 min at RT with the following fluorophore-conjugated antibodies: anti-Ly6C (HK1.4;
Thermo Fisher Scientific Cat# 53-5932-82, RRID:AB_2574427; 1:400), anti-F4/80 (BMS;



Thermo Fisher Scientific Cat# 25-4801-82, RRID:AB_469653; 1:200), anti-CD3e (17A2;
Thermo Fisher Scientific Cat# 47-0032-82, RRID:AB_1272181; 1:200), anti-CD3g (145-
2C11; Biolegend Cat# 100327, RRID:AB_893320; 1:100), anti-CD4 (RM4-5; BiolLegend
Cat# 100547, RRID:AB_11125962; 1:200), anti-CD8a (53-6.7; Thermo Fisher Scientific Cat#
67-0081-82, RRID:AB_2662351; 1:300), anti-CD45 (30-F11; BiolLegend Cat# 103146,
RRID:AB_2564003; 1:500), anti-CD11lb (M1/70; BiolLegend Cat# 101222,
RRID:AB_493705; 1:400), anti-NK1.1 (PK136; BioLegend Cat# 108723, RRID:AB_830870;
1:200), anti-CD19 (6D5; BiolLegend Cat# 115530, RRID:AB_830707;1:200), anti-CD38
(T10; BioLegend Cat# 102719, RRID:AB_10613289; 1:100), anti-Ly6G (1A8; BiolLegend
Cat# 127639, RRID:AB_2565880; 1:200), anti-CD11c (N418; BiolLegend Cat# 117349,
RRID:AB_2563905; 1:200), anti-I-A/I-E (MS/114.15.2; BiolLegend Cat# 107645,
RRID:AB_2565977; 1:2000), anti-PDL1 (10F.9G2; BioLegend Cat# 124319,
RRID:AB_2563619; 1:200), and anti-PDL2 (TY25; BiolLegend Cat# 107210,
RRID:AB_2566345; 1:500).

For intracellular staining, cell suspensions were re-stimulated in the presence of 50ng/ml LPS
(InvivoGene; tlrl-pb5Ips) and 50ng/ml mouse recombinant IFN-y (Peprotech) for myeloid cell
analysis or with 200ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma/Merck) and 1ug/mL
ionomycin (Sigma/Merck) for lymphoid cell analysis. This re-stimulation was for 3-4 hours at
37°C, 5% CO; in the presence of 5 ug/ml brefeldin-A (Sigma/Merck) and 2 uM monensin
(eBioscience/Thermo Fisher Scientific). Note that, for iNOS detection, similar results were
obtained by intracellular staining with or without myeloid re-stimulation. Following re-
stimulation, Fc receptor blockade, cell surface staining, and cell viability analysis were
performed as described in the prior paragraph. Then, cells were fixed for 1h with
fixation/permeabilization  buffer from Foxp3/transcription factor staining Buffer
(eBioscience™) at 4°C, followed by intracellular staining in permeabilization buffer
(eBioscience™) for 45 min at RT or overnight at 4°C, with the following fluorophore
conjugated antibodies anti-IFN-y (XMG1.2; Thermo Fisher Scientific Cat# 25-7311-82,
RRID:AB_469680; 1:100), anti-TNF-a. (MP6-XT22; Thermo Fisher Scientific Cat# 48-7321-
82, RRID:AB_1548825; 1:100), and anti-NOS2 (CXNFT; Thermo Fisher Scientific Cat# 12-
5920-82, RRID:AB_2572642; 1:100). Finally, cells were washed twice with permeabilization

buffer (eBioscience™), filtered with 70um nylon strainers and immediately analyzed.



For Annexin V staining, cells were washed with PBS and resuspended in annexin V binding
buffer and APC Annexin V Apoptosis Detection kit (Biolegend) following the manufacturer’s

instructions.

Cells analyzed by flow cytometry were acquired on LSR-Fortessa (BD Bioscience) using BD
FACSDiva Software (BD Bioscience Versions from 8.0.3 up to 9.4), sorted on a FACS Aria
I11 or FACS Aria Fusion (BD Biosciences) and data were analyzed using FlowJo software
V10.9 (BD Biosciences).

scRNA-seq data generation and analysis

Single cell library preparation

Live CD45"CD19 CD3 NK1.1™ cells were sorted by flow cytometry from not-treated and
MCT-treated tumor-bearing animals. Cells were isolated in 4 independent experiments. Each
group (NT, MCT-72h, PT) included a minimum of three samples from distinct biological
replicates, except for MCT-12h, which had two biological replicates. To integrate the four
groups and mitigate potential batch effects, we included an NT sample in each FACS-sorting
session. For each condition, isolated tumor-infiltrating immune cells were derived from two to
four independent animals. Cell concentration and viability of each sample were determined
using 0.4% trypan blue (Gibco™: 15250061). Cells were washed and resuspended in 1x PBS
(calcium and magnesium free) containing 0.04% BSA, to a final concentration of 1,000
cells/pl. In brief, 8,000 to 10,000 cells per condition were loaded onto a 10X Genomics
Chromium platform for Gel Bead-in-Emulsion (GEM), complementary DNA (cDNA)
generation was performed, and sequencing libraries created with cell- and transcript-specific
barcodes, using the Chromium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics: PN-
1000130), Chromium Next GEM Chip G Single Cell Kit (10x Genomics: PN-1000127) and
the Dual Index Kit TT Set A (10x Genomics: PN-1000215), following the supplier’s protocol.
Libraries were sequenced using the Illumina NovaSeq6000 PE150 targeting 50,000 reads per
cell, using services at Novogene (Cambridge, UK).

Data processing



Feature-barcode matrices were generated by aligning reads to the mouse genome (GENCODE
vM23/Ensembl 98) using CellRanger software. Specifically, CellRanger v3.1.0 was used for
samples S1 through S9, and CellRanger v7.0.1 was used for samples MCT1, MCT3, and NT1.
A total of 48,934 cells were imported into R (version 4.1.2), merged, and processed
collectively. Quality filtering was performed by retaining only cells that met the following
criteria: a minimum library size of 3,162 unique molecular identifiers (UMIs), a minimum of
3,000 expressed genes, and mitochondrial gene content below 25%. We identified and
removed doublets using the scDblFinder package (version 1.8.0,

https://bioconductor.org/packages/release/bioc/html/scDblFinder.html). The final dataset,

encompassing the entire tumor-infiltrating immune cell populations, was 40,446 cells. We
employed the scran package (version 1.22.1,

https://bioconductor.org/packages/release/bioc/html/scran.html) to normalize library size

biases resulting from variations in sequencing depth per cell. We utilized the limma package
(version 3.50.3, https://bioconductor.org/packages/release/bioc/html/limma.html) for batch

effect correction. Specifically, we employed the removeBatchEffect function to mitigate

unwanted batch effects associated with the technical variable "dataset".

Dimensionality reduction and clustering analysis
We performed the following analysis using the Seurat package (version 4.1.1,
https://satijalab.org/seurat/) unless mentioned otherwise. We selected the top 4,000 highly

variable genes (HVGs) using the FindVariableFeatures function with the selection method set
to "vst". We performed principal component analysis (PCA) using the selected highly variable
genes (HVGs). We then utilized the top 25 principal components (PCs) to construct t-SNE and
UMAP plots. We conducted the clustering analysis using shared nearest neighbor (SNN)
modularity optimization based on the top 25 PCs. To identify biologically meaningful clusters,
we employed a range of resolutions from 0.1 to 2, with a step size of 0.1. We utilized the

clustree package (version 0.5.0, https://cran.r-project.org/web/packages/clustree/index.html) to

generate clustering trees illustrating the relationship between clusters across different
resolutions. This facilitated the identification of clearly distinct clusters and those that were
unstable. Final cluster assessment was conducted by examining the expression of specific

markers in each cluster.

Macrophage subset analysis
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In the analysis of the full dataset, we identified two major clusters of macrophages by
inspecting the differentially expressed genes against the remaining cells. These clusters
exhibited upregulation of canonical markers associated with monocytes/macrophages. This
group comprised 23,453 cells. Subsequently, we repeated the upstream analysis pipeline for
this subset with the following modifications: we selected the top 3,000 HVGs, and we
corrected the batch effect associated with the technical variable "sorting".

Differential expression analysis

We conducted differential gene expression analysis on the normalized dataset using the
FindAllIMarkers/FindMarkers function from the Seurat package. Specifically, we employed
the MAST differential expression test for differential gene expression of the clusters (cluster-

based analysis) on each subset.

Gene Set Enrichment Analysis
We used the fgsea package (version 1.20.0, https://github.com/ctlab/fgsea) for pathway

enrichment analyses. Each analysis involved the following steps: i) we conducted the MAST
test for differential gene expression implemented in the Seurat package; ii) to minimize
exclusions from the analysis, we set the threshold for log2-fold change (logfc.threshold) to O;
iii) genes were ranked based on their log2-fold change values; iv) we provided this ranked
gene list alongside the hallmark pathways from the Mouse MSigDB Collections

(https://www.gsea-msigdb.org/gsea/msigdb/mouse/collections.jsp) as inputs to the fgsea

function to compute the normalized enrichment score (NES) for each hallmark pathway.
Briefly, we ranked the genes based on their absolute log2-fold change values. This approach
ensured the inclusion of all genes involved in the pathway, regardless of whether they were
up- or down-regulated in the group of interest. After performing gene set enrichment analysis
(17), we identified the leading edge genes, i.e., the genes that contributed to the normalized

enrichment score for each hallmark pathway of interest.

Tumor killing assay

To evaluate the direct killing properties of BMDM, EO0771 tumor cells were stained with
CellTrace™ CFSE Cell Proliferation Kit (Life Technologies) 1uM for 15 min at RT, and
washed twice with PBS. BMDM of each phenotype (MO, M1, M2, and MCT) were seeded
with CFSE EQ771 tumor cells at an effector-to-target ratio of 5:1 (BMDM:E0771) in a 96-well
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flat bottom plate at 37°C, 5% CO; for 48h. Cells were stained with annexin V, 7-AAD, and
fluorescent anti-CD11b as described in the Flow cytometry section.

To evaluate the indirect killing properties of BMDM, 100ul of each BMDM supernatant (MO,
M1, M2 and MCT) was added to E0771 tumor cells previously seeded at 1x10* cells in
cDMEM in 96-well flat bottom plates for 2/3h to allow adherence. After 72h incubation, the
medium was removed and replaced with 80ul of CellTiter-Blue® Cell Viability Assay (ref:
G8080; Promega) diluted 1:20 in cDMEM and cells were incubated for 1h. Cell viability was
read using Microplate Reader Tecan Infinite M200, with the following parameters: 10s orbital

shaking, 590nm excitation and 560nm emission of fluorescence.

In another type of experiment, 5x10* E0771 cells were seeded in cDMEM in a 24-well plate
overnight, then the medium was replaced with BMDM supernatants (MO, M1, M2, and MCT).
After 48h cells were stained with annexin V and 7-AAD as described in the Flow cytometry

section.

Tumor immunogenicity Assay

Ten thousand GFP-pMIG or GFP-OVA-vector E0771 cells were incubated in 96-well flat
bottom plates in the presence of 100ul of BMDM supernatant (M0, M1, M2 and MCT) with
or without 5 pug/ml of anti-TNFa (XT3.11; InVIvoMab), 5 ug/ml of anti-IFNy (XMG1.2) or 5
ug/mL of anti-IFNa/BR (MAR1-5A3; Selleckchem) for 24h. Then, cells were detached and
surface staining with fluorophore conjugated anti-H-2Kb (AF6-88.5; 1:100) or anti-SIINFEKL
H-2Kb (25-D1.16;1:100), both from Biolegend, was performed as described in the flow

cytometry section.

SCENITH™

One hundred thousand polarized BMDMs were seeded in 96-well plates and treated for 30
min at 37°C, 5% CO,, with control (BM-medium), 2-deoxy-D-glucose (2-DG, 100mM,
Sigma-Aldrich), Oligomycin (Oligo, 1 uM, Sigma-Aldrich), or combination 2-DG +
Oligomycin (for this last condition 2-DG was added for 15 min and Oligo supplemented for
the next 15 min). Puromycin (Puro, 10 ug/mL, Sigma-Aldrich) was added for the last 15 min.

Cells were washed in cold PBS and stained with a combination of mouse Fc receptor blockade
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and fluorophore-conjugated antibodies against surface markers for 30 min at 4°C in flow
cytometry Buffer (PBS 1X, 5% FCS, 2mM EDTA). Intracellular staining against puromycin
was performed with Foxp3/Transcription factor staining kit (eBioscience), using an anti-
puromycin monoclonal antibody (12D10, 1:600, Sigma-Aldrich), as described in the flow
cytometry section. Cell dependencies and capacities were obtained as previously described
(18).

Metabolite and type I IFN analysis

To quantify ATP, polarized BMDMs were plated on a 6-well plate, washed with PBS without
Ca?* and Mg** and stored at -20°C. Next, cells were thawed for 30 min on ice and lysed with
50ul/well of extraction buffer 6M guanidine-HC (Sigma-Aldrich, G3272), 100mM Tris/HCI
pH7.8 (Sigma-Aldrich, B9755), 4mM EDTA (Sigma-Aldrich, ED2SS). Cell lysates were
incubated on ice for 5 min, snap-frozen, and then incubated at 95°C for 3 min. Lysates were
centrifuged at max speed for 10 min at 4°C and supernatant collected. Protein quantification
was performed using the Bradford Protein Assay Kit (5000001, BioRad), according to the
manufacturer’s instructions. A Luciferase-based ATP Determination Kit (Molecular
Probes/ThermoFisher Scientific, catalogue n° A22066) was used according to the
manufacturer’s instructions and ATP content was determined based on a concentration
standard curve.

pH quantification of the supernatants of the polarized BMDMs was performed with pH strips
(Sigma). One drop was applied on the strip and the yielded color code was compared with a
standard scale provided by the manufacturer. Glucose and lactate quantification was
performed using a Cedex Bio Analyzer 7100 (Roche).

IFN-a and IFN-B were assessed with the Mouse IFN 2-Plex Discovery Assay manufactured

by Eve Technologies (Calgary, Canada) according to the manufacturer’s instructions.

RNA Isolation, cDNA reverse transcription, and Real-Time PCR

mRNA was prepared from CD11b* FACS-isolated myeloid cell populations using High Pure
RNA Isolation kit (Roche). cDNA and relative quantification was performed as described
previously (19). Briefly, reverse transcription was performed with random oligonucleotides
(Invitrogen) using Moloney murine leukemia virus reverse transcriptase (Promega) for 1 h at

42°C. Relative quantification of specific cDNA was performed with power SYBR® Green
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PCR master mix (ref:4367659; applied Biosystems™) on a ViiA™ 7 Real Time PCR system
(applied biosystems™). The Ct values were calculated on QuantStudio ™Real-Time PCR
Software v1.7.2 (applied biosystems™). Exported values of Ct for the target gene was
subtracted from the Ct for endogenous reference gene (#2 microglobulin), and the relative
amount was calculated as 2—-ACT. Primer sequence: b2m fwd,
CTCGGTGACCCTGGTCTTTC, b2m rev, GGATTTCAATGTGAGGCGGG, cxcl9 fwd,
CGAGGCACGATCCACTACAA, cxcl9 rev, GAGTCCGGATCTAGGCAGGT.

Kaplan-Meier survival curves

Plots of survival curves for human patients were based on normalized gene expression data for
1,985 primary breast tumors from the Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) (20) and respective metadata (including information on survival
and hormone receptors), retrieved from European Genome-Phenome Archive
(EGAC00001000484). In the data retrieved, gene expression profiling had been performed
with [llumina HT-12 v3 microarrays, with probe-level intensity values being mean-
summarized per gene. We determined relative TAM enrichment, for each tumor sample, by
summing the relative abundances of MO, M1, and M2 macrophages, as estimated by
CIBERSORTX (21) based on gene expression. Samples were divided into “TAM rich” and
“TAM poor” based on the median value of that enrichment. For all plots, stratification of
patients into “High” and “Low” was based on the median value of the classifying feature.
Plots were generated in R (v. 4.3.1), running function autoplot, from package ggplot2 (v.
3.4.2) (22), on curves generated with functions Surv and survfit from package survival (v. 3.5-
5) (23). Function survdiff, also from package survival, was used to test for the differences
between the curves, with significance given by the p-value corresponding to the Chi-square

statistic.

Statistical analysis

Statistics were done in GraphPad Prism v8.4.3 (GraphPad Software) using non-parametric
two-tailed Mann-Whitney test. Unless otherwise indicated, individual values and mean are
plotted or standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001, ****p <0.0001. Graphs

show data from at least two independent experiments unless otherwise stated.

Data availability
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The data generated in this study are available within the article and its supplementary data
files. The raw scRNA-seq FASTQ files generated in this study were deposited in the NCBI
Sequence Read Archive (SRA) under accession PRINA1156755 and are publicly available.
Additionally, raw Market Exchange Format (MEX) files as returned by Cell Ranger, for each
individual sample, along with batch effect corrected count matrices in log2(counts+1) for both
the full dataset and the macrophage subset, are accessible via the NCBI Gene Expression
Omnibus (GEO) under accession GSE276345. Processed Seurat .rds objects, including count
matrices, metadata and clustering analysis results, are hosted on Zenodo

(https://zenodo.org/records/13122751). Any further information about the sScCRNA-seq dataset

generated or analyzed in this study is available from the corresponding authors upon request.
All  analysis scripts used in this study are available on  GitHub

(https://github.com/DiseaseTranscriptomicsLab/MCT).

Results

MCT induces tumoricidal phenotype and activity in BMDMs

Tumoricidal M1 macrophages are typically induced in vitro by LPS, a pathogen-associated
TLR4 ligand, and IFN-y, which mimics “help” from activated T cells. However, the
combination of LPS and IFN-y exhibits high toxicity, causing fever and sterile septic shock,
which limits its use in vivo (24). To mimic the collaborative effects of innate and adaptive
immune signals, we tested a combination of polyl:C, a TLR3 ligand, with an agonist anti-
CD40 on BMDMs (Fig. 1A). We first compared putative tumoricidal properties of BMDMs
with a phenotype induced by MCT, with that of MO, M1 and M2 polarization phenotypes as
references (Fig. 1B). Approximately 30% and 47% of MCT-BMDMs expressed the molecules
associated with tumoricidal properties, TNF-a. and iNOS, respectively. In contrast,
approximately 95% and 93% of M1-BMDMs expressed these effector molecules, respectively.
We also looked at the expression of molecules involved in cell-cell interaction and T-cell
activation. MCT induced similar proportions of ICAM-1" and MHC-II" BMDMs as M1
polarization (42% versus 26% for MHC-I1I, and 74% versus 65% for ICAM-1, respectively).
Additionally, MCT induced PD-L1 expression to a similar extent as M1 polarization (50%
versus 67%), while PD-L2 was not induced, unlike in M2 and M1 polarizations (53% versus

19%, respectively).
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We next examined if MCT-BMDMs could affect tumor cell survival. Mouse EO0771 breast
cancer cells, stained with CFSE, were co-cultured with BMDMs for 48h and then analyzed by
flow cytometry, using the MO condition for normalization (Fig. 1C). Both MCT-BMDMs and
M1-BMDMs significantly impaired E0771 tumor cell survival, resulting in about 57% and
19% live cells, respectively. As we expected, M2-BMDMs had no impact on EO771 tumor cell
numbers. Direct contact was not required for the effects of MCT- and M1-BMDMs as
supernatants from MCT- and M1-BMDMs also reduced E0771 tumor cell viability to about
70% and 45%, respectively (Fig. 1D). The conditioning MCT medium, by itself, did not affect
EO771 tumor cell viability (Supplementary Fig. S1A). Live dead staining with annexin V and
7-AAD (Supplementary Fig. S1B) confirmed that conditioned medium from MCT- and M1-
BMDMs induced on average death of 23% and 26% EQ771 tumor cells, respectively (Fig. 1E).

Altogether, our data showed that MCT induced tumor-killing macrophages.

We noticed that the supernatants of the different induced BMDM phenotypes exhibited
different colors, likely indicative of different metabolic activities. Further analysis revealed
higher glucose and lower lactate concentrations, with higher medium pH in MCT-BMDMs
(7.7 and 7.1 mmol/L, respectively, and pH 7.6) compared to M1-BMDMs (5.8 and 11.1
mmol/L, respectively, and pH 6.1) (Fig. 1F). Consequently, ATP content was higher in MCT-
BMDM than in M1-BMDM (0.11 versus 0.04 uM/20ug protein respectively) (Fig. 1F). Using
SCENITH, a flow cytometry—based method relying on protein synthesis, for profiling energy
metabolism at single-cell resolution (18), we found that MCT-BMDMs displayed a similar
energetic profile compared to MO and M2-BMDMs, and that only M1-BMDMs exhibited
lower mitochondrial dependence and higher glycolytic capacity (Fig. 1G). This metabolic
distinction correlated with higher viability of MCT-BMDMSs compared to M1-BMDMs, with
on average 46% versus 21% live BMDMs post polarization, respectively (Fig. 1H). Overall,
these data indicate that MCT effectively programs BMDMs to be tumoricidal together with
higher viability, lower local lactate concentration, and lack of PD-L2 expression, when

compared to their M1-BMDM counterparts, potentially reducing local immunosuppression.

Repetitive injections of MCT are necessary for macrophage-dependent tumor regression in
Vivo
We investigated whether MCT could reprogram TAMs and induce tumor regression in vivo.

Mice received 1x10° EQ771 breast tumor cells orthotopically in the mammary fat pad. When
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tumors reached 50-100 mmg3, mice were treated with MCT (Fig. 2A). MCT was administered
i.t. every 3 days until tumor elimination or upon reaching a humane endpoint (1,000mm?®). In
not-treated and single-agent (Poly:IC or anti-CD40 only) treated animals, tumors grew steadily
over 3 days (T3/TO ratio > 1), while MCT-treated tumors were stable or regressed within 3
days post-treatment (T3/T0 ratio < 1) (Fig. 2B). To further validate the therapeutic efficacy of
MCT, we tested this treatment in 4 additional tumor models, MC38, CT26, B16F10, and LKR,
which represent various cancer types (colorectal, melanoma, and lung) from different genetic
backgrounds, and observed similarly sustained tumor control (Supplementary Fig. S2A-D).
The effect on tumor growth was rapid (within 3 days) for highly immunogenic cell lines
(EQ771 and MC38), while it was delayed (7 days) in low immunogenic cell lines (LKR,
B16F10, and CT26). We then focused on the EQ771 cell line and assessed if tumor size at the
start of MCT was an important parameter governing treatment response rate. Indeed,
regression was more effective for smaller tumors, with response rates >90% for tumors under
80 mm3, ~50% in the 80-100 mm? range, and <30% for larger than 100m? tumors (Fig. 2C).
Complete tumor regression occurred in 70% of the animals that received 3 MCT injections,
compared to 10% and 20% after 1 and 2 injections, respectively (Fig. 2D-E). This underscores
the necessity of at least 3 consecutive injections to effectively halt tumor growth. The median
survival of NT mice was about 30 days, while approximately 71% of mice receiving 3 MCT
injections were alive 45 days post-treatment (Fig. 2F). To confirm the key role of
macrophages in the MCT response, we used clodronate-containing liposomes, which induce
macrophage apoptosis. The clodronate-containing liposomes induced approximately a
threefold reduction in F4/80'Ly6C- TAMs (Supplementary Fig. S3A-C). They were
administered one day before and one day after MCT, followed by additional doses at T3 and
T6, concurrently with MCT (Fig. 2G), and this abolished the antitumor effect of the treatment
(Fig. 2H). These results indicate that macrophages play a crucial role early post-MCT as the

primary immune cell subset exerting direct antitumor functions.

Single-cell RNA sequencing reveals MCT-activated TAMs linked to tumor regression in
Vvivo

We next sought to delineate the antitumor TAM phenotype following MCT. We analyzed
TAMs at 12h and 72h post-MCT to capture both the early dynamics and later stages of tumor
regression (Supplementary Fig. S4A). For the 72h time point, we selected responders with a

tumor size ratio (T3/T0) < 1 (Supplementary Fig. S4B). To differentiate between protumor
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and antitumor inflammation originating from TAMSs, we collected tumor-infiltrating myeloid
cells from untreated mouse progressing tumors (PT, >500 mm3) (Supplementary Fig. S4A-B).
Myeloid cells were sorted using a permissive live CD45"CD19 CD3 NK1.1™ cell gating
approach (Supplementary Fig. S4C).

Using 10X Genomics, we obtained quality-controlled profiles from 40,446 cells across the
four conditions (NT, MCT-12h, MT-72h, PT). Ten tumor-associated subsets were identified
based on marker genes (Supplementary Fig. S5A). Macrophages were the main population,
expressing Itgam, Csflr, Fcgrl, Cd14, Adgrel, Cebpb, Fcgr3, Maf, Mafb, and Cd68, and
segregated into Lyz2 #0Mac and Nos2 #3Mac clusters (Supplementary Fig. SSA-B). Myeloid
populations also included dendritic cells (DCs), identified by FIt3, Batf3, and Cd83. Subsets
were monocyte-derived Cd209a #1cDC2 (Cd209a, H2-dmb2), conventional Ccl22 #4cDC1
(Ccl22, Ccr7), and Clec9a #6¢DC1 (Clec9a, Xcrl, Itgae), consistent with published datasets
(9). Additionally, we identified Siglech #7 plasmacytoid DCs (Siglech, Ccr9, Klk1, Tcf4), and
Cpa3 #8 mast cells (Cpa3, Gata2, Mrgprb2, Mcpt4). Other clusters included CD8" T cells,
CD4" T cells, and NK cells, identified within clusters #2 and #5 (Cd3e, Cd8a, Cd4, Gzma,
Gzmb, Prfl), and Col6al #9Fibroblasts (Col6al, Col3al, Sparc, Aebpl) (Supplementary Fig.
S5A-B).

Myeloid subsets (clusters #0, #1, #3, #4, #6, #7, #8) were analyzed across conditions (Fig.
3A). Macrophages (clusters #0 and #3) dominated, constituting approximately 58-84% of
myeloid cells, while DCs (clusters #1, #4 and #6) comprised approximately15-37% (Fig. 3A-
B). WE observed that NT, MCT-72h, and PT were primarily composed of Lyz2 #0Mac and
Cd209a #1cDC2, whereas MCT-12h predominantly contained Nos2 #3Mac and Ccl22
#4cDC1.

Given the enrichment in Ccl22 #4cDC1 at MCT-12h and their role in antitumor CD8" T-cell
responses, we assessed DCs in tumor control using Batf3” mice, which lack cDC1 (25, 26).
These mice, injected with EO771 cells followed by MCT, showed faster tumor growth in NT
conditions (T3/T0 ratio 1.25 in WT vs. 2 in Batf3", Fig. 2E vs. 3C), confirming the key role of
cDC1 in antitumor immunity. Although MCT did not induce complete tumor eradication in

Batf3”" mice, it delayed tumor growth, particularly in the first 3 days post-treatment (Fig. 3C).
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These data suggested that the initial antitumor effects of MCT, might be driven by the therapy-
reprogrammed TAM compartment.

TAM clusters mainly segregate by condition

We next investigated which TAMs, Lyz2 #0Mac or Nos2 #3Mac, carried direct antitumor
functions within the first 3 days post-MCT. Analyzing 23,453 cells, hierarchical clustering of
pseudo-bulk RNA-seq data revealed two branches: one grouping MCT-12h and PT, and the
other grouping MCT-72h with NT samples (Supplementary Fig. S6A). Unsupervised graph-
based clustering of single-cell data yielded 9 clusters (Supplementary Fig. S6B), with the first
5 clusters comprising 86% of the cells (Supplementary Fig. S6C). Using published signatures
(9, 27), we identified Ly6c2 #1Mono as inflammatory classical monocytes and Nr4al #4Mono
and Itgal #7Mono as patrolling/non-classical monocytes (Supplementary Fig. S6D). The
remaining clusters (#0, #2, #3, #5, #6, #8) were identified as macrophages. Hereafter, we will
refer to macrophages as TAMs and monocytes as TAMonos. The distribution of these clusters
across the four conditions (Fig. 4A) showed that TAMs from clusters #0, #1, #2, and #3 made
up >40% of the total TAMs in NT, PT, MCT-72h, and MCT-12h, respectively, although
cluster #1 monocytes were also present in PT (Fig. 4A-B). This distribution suggested
dynamic changes in the TME, where stimuli like MCT or a progressing tumor influence

macrophage phenotype and function.

TAM clusters in NT and PT tumors associate with selective TAM functions

We identified distinct TAM clusters in NT and PT tumors with specific functions. Clga
#0TAMs, predominantly found in NT tumors, expressed high levels of Clga/b/c, H2-Eb1, H2-
Aa, H2-Ab1, and Apoe, along with lower levels of Trem2 and Mrcl (CD206) (Fig. 4C). These
TAMs align with lipid-associated TAMs (LA-TAMs) (12), which are known for

immunosuppressive functions (28, 29).

Cxcl10 #1TAMonos, present in PT and NT, were identified as inflammatory classical
monocytes, and expressed Ifit3, 1sgl5, Rsad2, Cxcl10 and tumor progression markers Chil3
and Vcan (Fig. 4C). This cluster displayed various functional activities of ROS, IFN-o/BIFN-
y/inflammatory responses, allograft rejection, complement and TNF-o signaling pathways,

along with protumor TGF-f3 response and angiogenesis (Fig. 4D, Supplementary Fig. S6E).
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Sppl #5TAMs, enriched in PT, expressed Sppl, Argl, Vegfa, and Hmox1 (Fig. 4C). This
cluster lacked hallmarks associated with IFN-o/BIFN-y responses, but displayed glycolysis,
hypoxia and angiogenesis features (Fig. 4D, Supplementary Fig. S6E), and has been referred
to as pro-angiogenic Angio-TAMs (9, 12).

S100a9/8 #6 TAMs, have been proposed to belong to monocyte (30) or M-MDSC (31) subsets,
but they lacked classical monocyte identity genes (Fcnl, Fnl, Lyz2, Hp, Sell) (Fig. 4C,
Supplementary Fig. S6D), We categorized them as inflammatory/immunosuppressive
macrophages, as previously proposed (32). S100a9/8 #6TAMs showed the most diverse
functionalities, displaying the greatest range of activities across hallmark pathways notably,
the highest activity in TGF-p, estrogen early and late responses (Fig. 4D, Supplementary Fig.
S6E), which are associated with robust immunosuppression (33) (Fig. 4D, Supplementary Fig.
S6E). Consistent with their exclusive presence in PT, S100a9/8 #6TAMs shared epithelial-
mesenchymal transition (EMT), glycolysis, hypoxia and angiogenesis features with Sppl
#5TAMs (Fig. 4D, Supplementary Fig. S6E). Unlike Sppl #5TAMs, S100a9/8 #6TAMs
exhibited high levels of inflammatory signatures. Revealing their duality, S100a9/8 #6TAMSs
are enriched in both M1- or M2-associated genes (34) (Fig. 4E, Supplementary Fig. S6F).

We also observed three monocyte clusters: inflammatory classical monocytes Cxcl10+
#1TAMonos (in NT and PT), patrolling non-classical monocytes Hp+ #4TAMono, and
Nedd9+ #7TAMono (Fig. 4C, Supplementary Fig. S6D). Given their broad distribution (Fig.
4B), these monocytes could differentiate into various TAM types, supporting the idea that
Clga #0TAMs and Sppl #5TAMs likely derive from tumor-infiltrating monocytes (9).

TAM clusters in MCT tumors show transient antitumor features

After MCT injection, TAMs displayed unique functional profiles. At 12h post-MCT, tumors
were composed of approximately 80% of Nos2 #3TAMs and, to a lesser extent, Clga
#0TAMs, Nedd9 #7TAMono, and Ccr7 #8TAMs. Nos2 #3TAMs and Ccr7 #8TAMs did not
clearly match any previously published signatures, indicating that they differed from TAMs
seen in progressing tumors or those induced by CSF1R blockade or anti-CD40 treatment
(Supplementary Fig. S6D) (9, 27)(9). Nos2 #3TAMs were characterized by the expression of
Ccl5, Nos2, Slc7a2, Slc7all, Prdx5 and Dhfr genes (Fig. 4C). Additionally, they co-expressed
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Cd38, Bstl and Bst2, which are all members of the ADP-ribosyl cyclase family and catalyze
the synthesis and hydrolysis of cyclic ADP-ribose. Through analysis of previously published
data, we found that Bst2 was associated with increased survival in patients with breast cancer
(Supplementary Fig. S6G), while Bstl and Ccl5 were associated with survival in patients with
triple-negative breast cancer (TNBC) (Supplementary Fig. S6H) in a TAM-enriched manner.
Nos2 #3TAMs displayed activities of ROS, IFN-a/IFN-y responses, allograft rejection,
inflammatory response, complement and TNF-a signaling pathways (Fig. 4D, Supplementary
Fig. S6E). Moreover, these Nos2 #3TAMs expressed lower levels of immunosuppressive
genes or hallmark pathways, compared to Sppl #5TAMs and S100a9/8 #6 TAMs (Fig. 4D,
Supplementary Fig. S6F), and we classified them as antitumor subsets. Ccr7 #8TAMSs
expressed high levels of Ccr7, Ccl22, Fscnl, Stat4 and 1112b, suggesting that they act as
migratory Thl-inducer TAMs (Fig. 4C-D). Overall, MCT-12h resulted in the unique
accumulation of specific TAMSs with pro-inflammatory and antitumor properties.

By contrast, at 72h post-MCT, tumors were composed of approximately 58% of Cxcl9
#2TAMs, followed by Hp #4TAMono, Clga #0TAMs and to a lesser extent Cxcl10
#1TAMono and Sppl #5TAMs (Fig. 4B). Cxcl9 #2 TAMs showed high expression of Cxcl9,
an antitumor cytokine induced by IFN-y that recruits CXCR3-expressing T and NK cells (35),
along with Kcnn4, and Pf4 (CXCL4) (Fig. 4C), which have been associated with protumor
functions. Cxcl9 #2TAMs mainly displayed high Myc targets pathway activities. The Myc
gene family and its products promote cell proliferation, immortalization, dedifferentiation, and
transformation, suggesting that Cxcl9 #2TAMs or their precursors had undergone a recent
adaptive change, possibly reflecting a shift towards a more pro-tumorigenic phenotype. This
aligns with the proposed role of MYC in macrophages to limit glycolysis and reduce the
production of inflammatory cytokines (36)., While Nos2 #3TAMs were enriched in M1 genes,
they were also the cluster with the lowest expression of M2 genes (Fig. 4E, Supplementary
Fig. S6F). Conversely, Cxcl9 #2TAMs exhibited the lowest expression of M1 genes but
displayed high expression of M2 genes (Fig. 4E, Supplementary Fig. S6F).

When compared to Nos2 #3TAMs, Cxcl9 #2TAMs were characterized by Myc target and

oxidative phosphorylation (Supplementary Fig. S61). This was consistent with Cxcl9 #2TAMs

expressing high levels of mitochondria-associated genes such as mt-Nd3, mt-Cytb, mt-Co2
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(Fig. 4C), suggesting an involvement in mitochondria biogenesis. Nos2 #3TAMs displayed a
more active glycolytic metabolism (Fig.4E, Supplementary Fig. S6F), whereas Cxcl9 #2TAMs
upregulated genes belonging to the 5 complexes of the electron transport chain, indicating
mitochondrial activity (Fig.4E, Supplementary Fig.S6F). Taken together, these results suggest
that TAMs were equipped with antitumor properties by 12h post-MCT but were unable to
sustain these antitumor functions, as visualized at 72h post-MCT by the disappearance of Nos2
#3TAMs and the appearance of Cxcl9 #2TAMs, which accumulated tumor-promoting features

and displayed different metabolic responses.

Antitumor inflammation is a hallmark of MCT and distinct from protumor inflammation

To define the specific characteristics of the antitumor Nos2 #3TAMs, we compared them with
the pro-inflammatory TAMs that accumulated in the NT and PT conditions, namely Clga
#0TAMs, Cxcl10 #1TAMono and S100a9/8 #6TAMs (Supplementary Fig. S61-L). Nos2
#3TAMs exhibited heightened antitumoral pathways than the Clga #0TAMs (Supplementary
Fig. S6J). By contrast, Nos2 #3TAMs shared IFNa/y pathways with Cxcl10 #1TAMono and
S100a9/8 #6TAMs (Fig. 4D, Supplementary Figs. S6E and S6K). To discern differences
between Nos2 #3TAMs and those two subsets, we analyzed the leading-edge genes that
contributed to the upregulation of inflammatory pathways in each cluster relatively to the
remaining macrophages. This approach revealed distinct leading-edge genes for IFNa/y
pathways between Nos2 #3TAMs and Cxcl10 #1TAMono, for example excluding Cxcl9 and
Cxcl10 between the two subsets in the IFN-y pathways (Supplementary Fig. S6M). This is
consistent with Cxcl9, but not Cxcl10, being associated with increased survival in patients
with TNBC in a TAM-enriched manner (Supplementary Fig. S6H). Similarly, Nos2 #3TAMs
uniquely expressed genes involved in MHC protein binding and antigen presentation (B2m,
Tapl, Psme2, Psmb9, Psmel, Psmb8, Psma3, Psmb2, H2-Q7) for IFNa/y pathways
distinguishing them from S100a9/8 #6TAMs (Supplementary Fig. S6N). This suggests that
Nos2 #3TAMs were likely better equipped to interact with and activate T cells in the post-
MCT TME. Consistently, Nos2 #3TAMs and Ccr7 #8TAMs displayed a higher score for
lymphocyte activation signature, whereas S100a9/8+ #6TAMs scored high for myeloid
activation signature (Fig.4E, Supplementary Fig. Fig. S6F). Nos2 #3TAMs shared the
expression of genes involved in antigen processing and presentation with Clga #0TAMs,
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Cxcl10 #1TAMono, S100a9/8+ #6TAMs and Ccr7 #8TAMs (Fig.4E, Supplementary
Fig.S6F).

Moreover, Nos2 #3TAMs shared the TNF-a pathway with S100a9/8 #6TAMs (Fig. 4D,
Supplementary Fig. S6E). The leading-edge genes expressed by S100a9/8 #6TAMs uniquely
highlighted the IL-17 signaling pathway that comprises genes involved in myeloid recruitment
(l11b, Ccl2, Ccl4, Ccl7, Cxcl2, Cxcl3, Nfkb1, Ptgs2, Jun, Irak2, besides S100a8 and S100a9) a
feature absent from Nos2 #3TAMs (Supplementary Fig. S60). This underscored the
multifaceted role of TNF-a in the TME. Under certain circumstances, TNF-o can induce IL-
17, a cytokine known to promote angiogenesis, enhance tumor cell survival and proliferation,
and modulate the antitumor response (37). Altogether, this supports the idea that the antitumor
functions of Nos2 #3TAMs in part lies on their properties to foster a TME favorable to T-cell

recruitment and activation.

Protective processes against oxidative stress specifically characterize antitumor MCT TAMSs
Some of the most differentially expressed genes in Nos2 #3TAMs were associated with
oxidative stress, including nitric oxide (NO) metabolism (Nos2, Slc7a2, Slc7all and Dhfr)
(Fig. 4C). Slc7a2 mediates the cellular uptake of arginine, a substrate for iNOS responsible for
NO production. Dihydrofolate reductase (Dhfr) was also found to participate in NO
bioavailability (38). Increased NO production is proposed to lead to augmented ROS and
therefore to enhanced cytotoxic function (39). This aligns with Slc7all, which imports
cystine, the precursor of glutathione, that acts as a co-factor for enzymes responsible for
scavenging ROS. We thus assessed whether genes encoding enzymes involved in antioxidant
processes, such as those maintaining the reduced state of glutathione (GSH), detoxifying ROS
with reduced glutathione, and scavenging hydrogen peroxide, would be specifically expressed
by Nos2 #3TAMs. Indeed, Nos2 #3TAMs expressed a higher signature of cell defense against
oxidative stress (Fig.4E, Supplementary Fig. S6F).

To validate this signature, we measured intracellular GSH by flow cytometry. GSH neutralizes
ROS by acting as an electron donor, directly reducing oxidative stress within cells. Thus, it
serves as a key indicator of a cell's ability to defend itself against oxidative damage. We found
that TAMs harvested from tumor-bearing mice treated with MCT (24h or 72h earlier)
displayed significantly higher GSH levels compared to TAMs from NT animals
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(Supplementary Fig. S7A-B). This result indicated that the increased oxidative stress
protection gene signature in Nos2 #3 TAMs was associated with elevated GSH levels,
highlighting an intrinsic mechanism of self-protection against oxidative stress. Altogether,
these results suggest that the production of NO and ROS could be participating in the
antitumor mechanisms by which Nos2 #3TAMs control tumor growth.

Secondary MCT injection boosts expression of INOS, TNF-a and CD38 in TAMs

Next, we sought to validate the findings of the scRNA-seq data at the protein level,
particularly the hypothesis that prolonged stimulation is required for TAMs to maintain their
antitumor phenotype. Thus, we used flow cytometry to investigate whether two consecutive
MCT injections could sustain specific local antitumor phenotypes and functions of TAMSs.
Tumor-bearing mice were either left untreated or administered MCT either once or twice with
a 3-day interval (Fig. 5A). Tumor samples were collected at 24h, 3 days and 4 days post-MCT,
some mice having received one injection (D4 1x) and others two (D4 2x). We collectively
gated on myeloid cells identified as CD3e CD19 NK1.1 cells, successively excluding
CD11c CD11b double-negative cells, then Ly6G" cells, and finally Ly6C F4/80  double-
negative cells (TAMs + TAMonos) (Supplementary Fig. S8A). We evaluated the expression
levels of iINOS, TNF-a, CD38 and MHC-II, identified as specific markers of the Nos2
#3TAMs (Fig. 4C, Supplementary Fig. S8A). MCT increased the proportion of iNOS*, TNF-
a’, CD38" and MHC-II" cells among TAMs + TAMonos as early as one day post-injection
(Fig. 5B). By D3 (and D4 x1) post-MCT, the proportions of iNOS*, CD38", and MHC-II"
TAMs + TAMmonos decreased compared to D1, while TNF-a" cells were maintained. A
second MCT injection boosted the proportions of iNOS* and CD38" cells, increasing their
levels between D4 x1 and D4 x2. MHC-II" expressing TAMs+ TAMmonos were not
significantly affected by the second injection (Fig. 5B). Altogether, the comparison of TAM
responses after one or two injections showed that maintenance of antitumor TAMSs required

regular local reprogramming.

ROS and TNF-a are potent antitumor effector mechanisms of TAMs early after MCT
injection
The elevated expression of genes involved in detoxifying ROS, along with glutathione-

precursor transporter (Slc7all) expression (Fig. 4C, Supplementary Fig. S6F), suggested that
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MCT-responding TAMs were actively producing and protecting themselves against ROS.
Furthermore, the confirmation of iNOS and TNF-a protein production by TAMs in vivo in
response to MCT (Fig. 5B, Supplementary Fig. S8A) prompted an assessment of their
antitumor role. Tumor-bearing mice received systemic and intratumoral injections of the
antioxidant NAC or iNOS inhibitors or blocking anti-TNF-a (Supplementary Fig. S8B).
Despite using a combination of two known iNOS inhibitors (1400W, aminoguanidine
hydrochloride), MCT effectively prevented tumor growth (Fig. 5C). To further validate these
data, Nos2”" mice received E0771 tumor cells followed by MCT. Consistent with the lack of
effect of the iNOS inhibitors, MCT effectively induced tumor eradication in Nos2” mice, and
limited tumor growth as early as 3 days post treatment (Supplementary Fig. S8C). This
suggested that iINOS and NO production were not involved in the antitumor properties of
MCT-TAMs. By contrast, antioxidant NAC (Fig. 5D) and the blocking TNF-a antibody (Fig.
5E) partially inhibited the effect of MCT while showing no impact in MCT-untreated tumors.
NAC is a potent antioxidant that works by replenishing intracellular levels of GSH, as it serves
as a precursor to cysteine, a key amino acid required for glutathione synthesis. Nos2 #3TAMs
are likely controlling tumor growth through high production of ROS. These ROS have the
properties to damage tumor cells directly by causing oxidative stress, which can lead to
apoptosis or inhibit tumor cell proliferation. By reducing ROS levels, NAC impairs the
antitumor effector functions of the Nos2 #3TAMs. This demonstrated the importance of ROS

and TNF-a in MCT-induced antitumor effector functions.

MCT-TAMSs enhance tumor self-antigenic complexes via an IFN-a/B-dependent mechanism
IFNa/y pathways were present in Nos2 #3TAMs, Nedd9 #7TAMono and Ccr7 #8TAMs which
represent over 90% of the TAMs within the MCT-12h tumors (Fig. 4B), whereas they were
absent from the MCT-72h TAMs (Fig. 4D, Supplementary Fig. S6E). The IFNa/y pathways
were also expressed in Clga #0TAMs, Cxcl10 #1TAMono, S100a9/8+ #6TAMs (Fig. 4D,
Supplementary Fig. S6E), which represent about 70% and 65% of the TAMs in NT and PT
tumors, respectively (Fig. 4B). Given the antitumor functions of type I and Il IFNs, we sought
to determine whether MCT-BMDMs could secrete IFN-o/p. Both M1- and MCT-BMDMs
secreted IFN-o. and IFN-B, unlike MO- and M2a-BMDMs (Fig. 6A). Moreover, the
concentration of IFN-B was over tenfold higher than that of IFN-a. We then investigated

whether IFN-o/f could boost tumor cell immunogenicity. Ovalbumin-expressing E0771
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(OVA-E0771) cells and control cells transfected with an empty GFP-vector (GFP-E0771)
were incubated overnight with supernatants of MO-, M1-, M2-, or MCT-BMDMs. The
supernatants of MCT- and M1-BMDMs induced upregulation of H-2Kb molecules on both
GFP- and OVA-E0771 cells (Fig. 6B — left graphs). As we expected, tumor self-antigenic
complex expression, assessed by the generation of OVA-derived peptide — SIINFEKL —
complexed with H-2Kb molecules, was only up-regulated on OVA-EQ771 cells by the
supernatants of MCT- and M1-BMDMs (Fig. 6B — right graphs). The conditioning MCT-
polarization medium (Polyl:C and anti-CD40) had no impact on expression of H-2Kb-
SIINFEKL complexes, whereas M1-polarization medium (IFN—y and LPS) medium alone

induced expression of these complexes (Supplementary Fig. S9A).

This suggested that MCT-BMDMs produced IFN type | responsible for the expression of self-
antigen MHC complexes by tumor cells. Blocking IFN-o/f3 receptor (IFN-a-R) abolished the
effect of MCT-BMDM supernatant, whereas blocking IFN-y or TNF-a. did not impair up-
regulation of H-2Kb-SIIN complexes by OVA-E0771 cells (Fig. 6C). Anti-IFN-a-R or anti-
IFN-y failed to prevent self-presentation by tumor cells in the presence of M1-BMDM
supernatant, likely due to redundant effects of these cytokines (with IFN-y being part of the
polarizing M1-condition). Thus, MCT-induced TAMs may also contribute to tumor
eradication by inducing local production of IFN-a/p and thereby sensitizing tumor cells to

CD8" T-cell recognition in vivo.

MCT induces intratumoral accumulation of CD8" T cells, which are required for long-term
tumor eradication

One of the top differentially expressed genes in TAMs at 72h was Cxcl9, an antitumor
chemokine known to recruit cytotoxic CD8" T cells (Cxcl9 #2TAMs, Fig. 4C, Supplementary
Fig. S9B). We examined the kinetics of Cxcl9 mRNA expression by RT-PCR on
CD45"CD11b"CD3e CD19 NK1.1 Ly6G ™ cells, from tumor samples collected from NT, or 1,
3, 4 and 7 days post-MCT animals. Cxcl9 mRNA levels steadily increased after one (day 3),
two (day 4) and three (day 7) MCT administrations (Fig. 6D).

The essential role of T cells in long-term tumor eradication was underscored by MCT

administration in tumor-bearing Rag2”sc” or Tcre”™ mice (Fig. 6E). In the absence of
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conventional af T cells, MCT-stimulated TAMs induced only tumor growth delay (T3/TO
ratio lower than NT but close to 2), failing to stop tumor growth. By contrast, y3 T cells (Tcro
), NK cells (1115r" or depleted using the anti-NK1.1 antibody) and B cells (Jht”) were
dispensable for MCT efficacy (Supplementary Fig. S9C). Then, we evaluated the kinetics of
the T-cell response post-MCT. Tumor samples were collected from NT or 3 days and 7 days
post-MCT. We focused on CD8" T cells, which we gated as CD45'CD8'CD11b ™ cells, and
quantified effector CD8" T cells based on IFN-y production (Supplementary Fig. S9D).
Effector IFN-y-producing CD8" T cells increased from about 8% in NT tumors to 21% at 3
days and up to 40% at 7 days post-MCT (Fig .6F). Depletion of CD8" T cells (Supplementary
Fig. SO9E) did not impair early (day 3) but inhibited late (day 7) MCT effects (Fig. 6G).
Moreover, MCT-treated mice were resistant to rechallenge on the contralateral mammary fat
pad as late as 50 days post-primary inoculation of EQ771 cells, suggesting that MCT induced
an effective memory response (Fig. 6H). Collectively, these findings suggest that MCT relies
on macrophages as key innate effectors in the early antitumor response, setting the stage for

adaptive CD8" T cells to enable long-term tumor control.

Discussion

TAMs play critical roles in tumor progression but can also contribute to antitumor immunity.
To date, most macrophage-targeted strategies have focused on the blockade of CSF-1/CSF1R-
signalling, which regulates macrophage differentiation and survival, or the CCL2/CCR2 axis,
which regulates monocyte recruitment. In situ TAM reprogramming (40), although benefiting
from diverse options for TLR agonists (41), presents the challenge of inducing protective
inflammation rather than its more often associated protumor inflammation (42). Consequently,
although macrophage-targeted therapy holds much promise, it has not yet reached the standard
of care in the clinic as T lymphocyte—targeted therapies have, in the form of immune
checkpoint blockers (ICB) or CAR T cells.

The omics era has exposed the extensive heterogeneity among TAMSs in human cancers (9,
43). scRNA-seq experiments have revealed distinct TAM subsets, and different approaches
have been proposed to categorize the diverse single-cell clusters based on highly upregulated

genes and combining information regarding their function (11, 12, 44, 45) or by integrating
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various public data sets (27, 30). These efforts are crucial to allow the community to
standardize the data across studies. However, somewhat surprisingly, there is a lack of
description of clear antitumor clusters of TAMs, which represents a limitation overcome by

our study.

Most of the TAM subsets that display pro-inflammatory features show an increased IFN-
stimulated gene (ISG) signature, which is also associated with an elevated expression of
protumor or immunosuppressive functions. Based on the nomenclature proposed by Ma et al.,
tumor-infiltrating monocytes and macrophages, including IFN-TAMs, Inflam-TAMs, Reg-
TAMs and LA-TAMs, all show local signs of response to IFN-y concomitantly associated
with cancer cell motility and suppression of adaptive immunity (12). Our Nos2 #3TAMs
resemble IFN-TAMs as well as IL411_Mac(#6) cells from the MoMac-VERSE (30). They
share with them several differentially expressed genes, including Cd38, Cxcl9, 1SG20,
although Nos2 appears unique to Nos2 #3TAMs. Conversely, they lack expression of 1do1/2
or IL411 suggesting that Nos2 #3TAMs do not promote local tryptophan degradation that may
in turn suppress T cells and attract Treg cells into the tumor (46). Moreover, Nos2 #3TAMSs
are also closest to the macrophages harvested from inflamed tissues (colitis and lupus nephritis
patients) that display specific pathways related to oxidative phosphorylation and cellular stress
(30). Our data suggest that the absence of protumor features in the macrophage compartment
may be a critical determinant impairing cancer progression as supported by the recent study
revealing that macrophage polarity, defined by CXCL9 and SPP1 expression, had a strong

prognostic association (47).

We noticed that within Nos2 #3TAMs most TAMs expressed Ccl5, Nos2, Slc7a2, Slc7all,
CD38, H2-g6, Prdx5, Dhfr, Bstl and Bst2. We confirmed the specific expression of iNOS and
CD38 in this population. Although the relevance of iINOS for tumor killing has long been
recognized both in vitro and in vivo (48), we did not demonstrate that iNOS is a key antitumor
factor in our system. Nevertheless, it is likely being responsible for local production of NO,
which can alter the TCA cycle and reroute pyruvate away from mitochondrial metabolism,
encouraging glycolysis, and orchestrating macrophage metabolic rewiring towards an
inflammatory phenotype (49) in Nos2 #3TAMs (MCT-12h), but not in Cxcl9 #2TAMs (MCT-
72h). This is consistent with INOS being expressed in a higher proportion of TAMSs at day 1
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compared to day 3 post-MCT. Notwithstanding, iINOS remains, along with CD38, a biomarker
of antitumor features of TAMs.

Our findings further identified that Nos2 #3TAMs likely carry diverse antitumor functions,
with pivotal roles for ROS and TNF-a as potent in vivo antitumor effector molecules. Both
molecules are known to have dual roles. ROS mediate key macrophage functions such as
phagocytosis, antigen presentation and recognition, cytolysis, and phenotypic differentiation.
However, under certain circumstances, they can exert immunosuppressive effects on T cells
(50). TNF-a is a critical cytokine capable of blocking protumoral gene expression in TAMs
(51) and enhancing CD8" T-cell antitumor responses (52), but it can also foster cancer-
promoting type of inflammation (53). Although both ROS and TNF-a signaling have complex
activities in the TME, we hypothesize that, at early time points of tumor progression, they are
beneficial. In addition, MCT-TAMs enhanced tumor immunogenicity and self-antigen
presentation via an IFN-o/B-dependent mechanism. MCT induced the expression of Ccl5 by
Nos2 #3TAMs and Cxcl9 by Cxcl9 #2TAMs, which in turn can participate in the accumulation
of effector CD8" T cells that were responsible for tumor eradication and long-term protection.
To date, the description of efficient antitumor macrophages is lacking as few other studies
have performed scRNA-seq on tumor-infiltrating myeloid cells after administration of
reprogramming agents. In the model of B16F10 melanoma, systemic treatment with TLR3
agonist was associated with a type-1 interferon signature, increased Ccl5, and macrophage
antigen presentation gene expression (10). More data are needed to further understand the
distribution and local impact of antitumour macrophages, such as Nos2 #3TAMs, on tumors
and T cells and their capacity to reshape the TME.

In large tumors, the TME undergoes discrete steps that contribute to tumor progression, such
as the "angiogenic switch" (54), local production of tumor survival factors, and strong
immunosuppression, likely limiting the impact of MCT. Angio-TAMs, which accumulate in
PT, are resistant to therapeutic treatment with anti-CSF1R blockade (9) and likely insensitive
to MCT. The composition of TAMs in the tumor is a probable determinant of the response to
MCT. In early NT tumors, the TME is mainly constituted by Clga #0TAMs and Cxcl10
#1TAMono, which are potentially capable of being converted into Nos2 #3 TAM. The
protective Nos2 #3TAMs were identified at 12h post-MCT but were replaced by Cxcl9
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#2TAMs by 72h post-MCT, suggesting that this subset failed to be sustained in TME. Our
work identifies a therapeutic vulnerability and proposes a better strategy to sustain antitumor
TAMs. Indeed, the TME 72h post-MCT is permissive to generation of new iNOS™ CD38"
TAMs upon new administration of MCT. Only repetitive MCT injections would support a
TME capable of maintaining Nos2 #3TAMs. It is plausible that, once the local T cell response
is ongoing, there is a positive feedback loop between intratumoral effector T cells and TAMs.
The IFN-y produced by T cells polarizes Nos2 #3TAMs, which, in turn, reshape the TME to
facilitate T-cell infiltration, immune function, and tumor rejection (31, 55). This is consistent
with our hypothesis that macrophages have the potential to boost every step of the cancer—
immunity cycle (41).

While ICBs have revolutionized the treatment of solid cancers, most patients fail to benefit
from this immunotherapy due to primary and acquired drug resistance. ICOS co-stimulation
and anti-CTLA-4 blockade therapy profoundly remodeled both lymphoid and myeloid
compartments (55). The crosstalk between antitumor TAM and cytotoxic T cells has been
shown critical to create a positive loop that supports effective immunotherapy to promote
tumor control (31). Thus, the adaptability of TAMs to respond to therapies should be
considered during tumor treatment(s). Moreover, simultaneous targeting of TAMs to enhance
the efficacy of certain therapies (56), for instance, is a combination strategy to enhance
antitumor immunity of irradiation or CAR T cells, (57, 58). In this context, our results should
accelerate translational research as they advocate for a strategy based on in situ repeated
reprogramming of macrophages. The new era of single-cell transcriptomics and subsequent
integration of various datasets and information will pave the way to help the scientific
community to advance innovative and more specific macrophage-based immunotherapy

strategies.

Limitation of the study

We have used an orthotopic breast cancer mouse model in this study, and this may explain
why we failed to identify tissue-resident macrophages (typically expressing Lyvel, Retnla,
Marco, Folr2, Hesl) (59, 60) or proliferating macrophages (typically expressing mki67,
Top2a, Tubb, Tubalb). This suggests that our mouse model of implanted syngeneic EQ771
tumor cell line primarily recruited monocyte-derived macrophages. This aligns with the

heterogeneity within the Nos2 #3TAMs and the clear segregation of the antitumor functions
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concentrated in one sub-cluster, while the other displayed a monocyte-signature. Although
monocyte-derived TAMs are the most prominent (61, 62) and TAMs predominantly manifest
monocyte-derived phenotypic features in trajectory analysis (63, 64), orthotopic models failed
to recapitulate a role for tissue-resident macrophages (65). It will thus be important to
determine the impact of reprogramming-type treatments on tissue-resident macrophage-

derived TAM in spontaneous tumor mouse models.
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Figure Legends

Fig. 1. Phenotype and function of BMDM activated with MCT.

(A) Scheme of in vitro polarization of bone marrow-derived macrophages (BMDM) to MO,
M1, M2, and MCT phenotypes. (B) Proportion of polarized BMDM expressing TNF-a, iNOS,
ICAM-1, MHC-II, PD-L1, and PD-L2. Note that TNF-a, was assessed 6h post-polarization
while all others were assessed 24h post-polarization. (C) BMDM and E0771 tumor cells co-
cultured for 48h, then analyzed by flow cytometry to identify live EO771 tumor cells. (D)
Viability, assessed by cell tracker blue, and (E) cell death, assessed by 7-AAD staining, of
EO771 tumor cells incubated with supernatants of the four BMDM phenotypes for 72h. (F)
Quantification of glucose, lactate, ATP, and pH from the supernatants of the four BMDM
phenotypes. (G) Metabolic dependencies or capacities of the four BMDM phenotypes
analyzed by SCENITH™. (H) Viability of the four BMDM phenotypes assessed by flow
cytometry using a live-dead dye. Data are representative of two to ten independent
experiments. Individual values from independent experiments and median are plotted. Non-
parametric two-tailed Mann-Whitney test were performed, and *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001 are shown.

Fig. 2. Sustained MCT treatment induces tumor regression in a macrophage-dependent
manner.

(A) Scheme of in vivo experiment setup with the MCT schedule. (B) Individual tumor growth
curves after E0771 cell transplantation in WT animals, with or without treatment with TLR3
ligand (Poly I:C) and anti-CD40 agonist, alone or in combination. The right graph represents
the ratio of tumor size at the time of treatment (TO) and three days later (T3/T0) for each
individual mouse. (C) Numbers of responders (orange) versus non-responders (black) as a
function of the size of the tumor at the time of treatment. The numbers in the bars represent
the total number of mice in each group. (D) Individual tumor growth curves from NT (black),
or animals treated once (1x, yellow), twice (2x, orange), or three times (3x, red) every three
days. (E) Ratio of tumor size at the time of MCT (TO) and three days (T3/T0Q), six days
(T6/T0), or nine days (T9/TO) later, as a function of the number of MCT injections, for each
individual mouse. (F) Kaplan-Meier survival graph for EQ771-bearing mice receiving one,

two, or three MCT injections. (G) Scheme of in vivo experiment setup with the treatment and
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macrophage depletion using clodronate-liposome injection schedule. (H) One representative
experiment of individual tumor growth curves after EO771 cell transplantation and MCT
(orange) or MCT with clodronate-liposome (blue) injections. The bottom graph represents the
tumor size ratio (T3/T0) and includes animals receiving MCT with control PBS-liposomes
(red). Data compile two to three independent experiments, except data in panel (B), which was
done only once. Individual values from individual mouse and median are plotted. Non-
parametric two-tailed Mann-Whitney test were performed, and *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001 are shown.

Fig. 3. ScRNA-seq analysis with myeloid cell annotation and distribution across
conditions.

Full description of the samples used for sScRNA-seq analysis are described in supplementary
figure 4. (A) tSNE visualization of the selected myeloid cell subsets (clusters Lyz2 #0Mac,
Cd209a #1cDC2, Nos2 #3Mac, Ccl22 #4cDC1, Clec9a #6¢DC1, Siglech #7 plasmacytoid, and
Cpa3 #8 mast cells identified in Fig. S3A-B). tSNE plots represent total (across all groups)
and myeloid cells selected from each individual group: tumors without treatment (NT), tumors
collected after 12 or 72 hours post-treatment (MCT-12h and MCT-72h, respectively), and
progressive tumors without treatment (PT). Cells are colored by a shared nearest neighbor
(SNN) modularity optimization-based clustering algorithm. (B) Proportion of the main
myeloid clusters identified across samples from the four conditions (NT, MCT-12h, MCT-
72h, and PT). (C) Individual tumor growth curves after EO771 cell transplantation in Batf3 KO
animals, with or without MCT. The right graph represents the ratio of tumor size at the time of
treatment (TO) and three days later (T3/TOQ) for each individual Batf3 KO mice. Data in panel
(C) compile two independent experiments. Individual values from individual mouse and
median are plotted. Non-parametric two-tailed Mann-Whitney test was performed, and ***p <
0.001 is shown.

Fig. 4. Macrophage characterization and transient anti-tumor features.

(A) tSNE visualization of the selected tumor-infiltrating macrophage and monocyte subsets
(clusters Lyz2 #0Mac and Nos2 #3Mac identified in Fig. S3A-B). tSNE plots represent total
(across all groups) and macrophages selected from each individual group (NT, MCT-12h,

MCT-72h, and PT). (B) Proportion of the main tumor-infiltrating macrophage and monocyte
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clusters identified across samples from the four conditions (NT, MCT-12h, MCT-72h, and
PT). (C) Dot plot representing scaled average gene expression (blue color intensity) and
percentage of cells (dot size) expressing featured markers across clusters represented in 4A.
(D) Heatmap representing a pseudobulk analysis of tumor-infiltrating macrophage and
monocyte subset clusters as shown in 4A. Colors indicate the scaled gene set scores for each
hallmark pathway. (E) Dot plot representing scaled average gene signature scores (color) and
percentage of cells (dot size) with a positive score across clusters represented in 4A. The

violin plots and the gene signatures are depicted in the table in Fig. S4F.

Fig. 5. Kinetics of in vivo antitumor determinants induced by MCT in TAMs.

(A) Scheme of in vivo experiment setup with the MCT schedules. (C) Proportion of iNOS,
CD38, TNF-a, or MHC-II positive cells within TAMs + TAMonos assessed by flow
cytometry as depicted in Fig. S5A. Tumor-infiltrated macrophages and monocytes were
isolated from WT animals left NT, or after one MCT injections at day 1, 3, and 4 (D4 x1), or
two MCT injections at day 4 (D4 x2). WT mice received E0771 cell transplantation followed
by MCT in the presence of iINOS inhibitors (D), the antioxidant N-acetyl cysteine (NAC) (E),
or blocking anti-TNF-a antibody (F), as described in Fig. S5B. The plots on the right side
shows the ratio of tumor size at the time of treatment and three (T3/T0), six (T6/T0), and nine
(T9/TO) days later for each individual mouse. The left side shows the Kaplan-Meier survival
graph for E0771-bearing mice receiving MCT in the presence of each inhibitor type: iNOS
inhibitors (D), NAC (E), and blocking anti-TNF-a antibody (F). Data in B-E compile at least
two independent experiments for each condition. Individual values from individual mouse and
median are plotted. Non-parametric two-tailed Mann-Whitney test were performed, and *p <
0.05, **p < 0.01, ***p < 0.001, ****p <0.0001 are shown.

Fig. 6. Self-antigen presentation by tumor cells and T cell activation in vivo.

(A) Representative dot plots showing the concentration of IFN-a (left) and IFN-B (right) in
the supernatant of BMDM polarized in various conditions. (B) Representative flow cytometry
plots of H-2Kb molecules (left plots) and H-2Kb-SIINFEKL complexes (right plots) on OVA-
E0771 cells and GFP-E0771 control cells incubated overnight with supernatants of MO-, M1-,
M2-, or MCT-BMDMs. (C) Expression of H-2Kb-SIINFEKL complexes in OVA-E0771 cells
induced by MO, M1, M2, and MCT supernatants in the presence of blocking anti-IFN-a
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receptor, anti-IFN-y, or anti-TNF-a antibodies. (D) Expression of Cxcl9 mRNA measured by
gPCR in FACS-sorted CD45+CD11b+CD3e-CD19-NK1.1-Ly6G- cells from tumor samples
collected from NT, or 1, 3, 4, and 7 days post-MCT animals. (E) Ratio of tumor size three
days post-MCT (T3/T0) for each individual Rag2 KO x yc KO mice (left plot) and TCRa KO
mice (right plot). (F) Frequency of tumor-infiltrating IFN-y+ CD8 T cells from NT animals
and from three and seven days post-MCT animals. (G) WT mice received E0771 cell
transplantation followed by MCT in the presence of depleting anti-CD8 antibodies as depicted
in Fig. S6E. (H) Kaplan-Meier survival graph for EO771-bearing mice treated with MCT and
rechallenged 50 days later on the contralateral mammary fat pad with a new inoculation of
EQ771 cells. Individual values from individual mouse and median are plotted. Non-parametric
two-tailed Mann-Whitney test were performed, and *p < 0.05, **p < 0.01, ***p < 0.001 are

shown.
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Supplementary Figure 1: Assessment of EQ771 Sensitivity to TLR3 and CD40 agonists.

Supplementary Fig. 1. Assessment of E0771 sensitivity to TLR3 and CD40 agonists.

(A) Viability of E0771 tumor cells assessed by CellTracker Blue after incubation with TLR3 ligand (Poly I:C) at
concentrations of 2 pg/ml and 10 pg/ml, and agonist anti-CD40 antibody at 2.5 pg/ml for 48 hours. Data are from
two independent experiments. (B) Representative flow cytometry plots showing cell death of EQ771 tumor cells,
assessed by annexin V and 7-AAD staining, following incubation with supernatants from the four BMDM
phenotypes (MO, M1, M2, and MCT) for 72 hours. MCT-polarized BMDM supernatant actively induced tumor cell

killing in vitro.
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Supplementary Figure 2: Sustained MCT induces tumor growth control
in various types of cancers from different genetic backgrounds.

Supplementary Fig. 2. Sustained MCT induces tumor growth control in various types of cancers from
different genetic backgrounds

Mice were injected with tumor cells and treated with MCT when tumors reached 50—-100 mm?. Individual tumor
growth curves with or without MCT are shown for (A) MC38 (colorectal cancer cell line from C57BL6/J
background), (B) LKR (lung cancer cell line from 123xC57BL6/J background), (C) B16F10 (melanoma cancer
cell line from C57BL6/J background), (D) CT26 (colorectal cancer cell line from BALB/c background). The dot
plots on the right represents the ratio of tumor size at the time of treatment (TO) and either three (T3/T0) or seven

(T7/T0) days later, for each individual mouse.
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Supplementary Figure 3: Characterization of the effect of myeloid cell depletion in E0771
tumors in vivo.

Supplementary Figure 3 — Characterization of the effect of myeloid cell depletion in EQ771 tumors in vivo.

(A) Scheme of in vivo experiment setup with the treatment and macrophage depletion using clodronate-liposome
injection schedule. (B) Representative flow cytometry gating strategy to identify total myeloid cells (lymphoid
lineage- CD11b+), neutrophils (Ly6G+), mono-macrophages (F4/80+Ly6C+), macrophages (F4/80+Ly6C-) and



DC (CD11c+MHCII++ F4/80-). (C) The dot plots represent the proportion of various myeloid cell subsets out of

CD45+ cells for each individual mouse, with 4 to 5 animals per group.
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Supplementary Figure 4: Gating Strategy to sort myeloid subsets for scRNA-seq and
metadata of each samples.



Supplementary Fig. 4. Gating Strategy to sort myeloid subsets for scRNA-seq and metadata of each sample.
(A) Scheme of the in vivo experiment setup for each individual group: tumors without treatment (NT), tumors
collected 12 or 72 hours post-treatment (MCT-12h and MCT-72h, respectively), and progressive tumors without
treatment (PT). (B) Table representative of each sample, indicating the tumor size at the time of collection,
percentage of live cells, the ratio of tumor size three days post-MCT (T3/T0), mouse ID, sorting date, number of
cells sequenced per group, mean reads, median of unique molecular identifiers (UMI), median genes, total genes,
and the percentage of sequencing saturation. (C) A permissive gating approach was used to sort all live tumor-

infiltrating myeloid cells (CD45+CD19-CD3-NK1.1- cells) for scRNA-seq.
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Supplementary Figure 5: ScCRNAseq cell annotations.

Supplementary Fig. 5. ScCRNA-seq cell annotations.
(A) tSNE visualization of the total 40,446 cells spanning all four conditions for which quality-controlled mRNA
profiles were obtained. Nine tumor-associated immune cell subsets were identified based on bona fide marker

genes and clustered as follows: Lyz2 #0 macrophages, Cd209a #1 ¢cDC2, CD3e #2 T cells, Nos2 #3 macrophages,



Ccl22 #4 c¢DC1, Nkg7 #5 NK cells, Clec9a #6 cDC1, Siglech #7 plasmacytoid DC, Cpa3 #8 mast cells, and Col6al
#9 fibroblasts. (B) Dot plots representing scaled average lineage-specific gene expression (blue color intensity) and
the percentage of cells (dot size) expressing featured markers across clusters represented in S3A. Representative
lineage-specific genes are shown in four dot plots identifying macrophages, dendritic cells, lymphocytes,

plasmacytoid DC (pDC), mast cells, and fibroblasts.
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Supplementary Figure 6: Macrophage characterization and Transient anti-tumor features.
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Myeloid activation  Csfl, Pf4, Il1b, 116, Cxcll, Cxcl2, Cxcl 3, Cel 2, Cel 3, Cel 4, Cel6, Cel9, Cell2, Mirp3, Ptgs2, Trem2, Mrcl
Mitochondrial activity mt-Nd3, mt-Nd1, mt-Nd2, mt-Cytb, mt-Nd4, mt-NdS, mt-Co2, mt-Nd4l, mt-Col, mt-Co3, mt-Atp6

AtpSal, AtpScl, AtpSe, AtpSg2, AtpSh, Atplal, Atpla3, Atpévlb2, AtpSfl, Atpllb, Coxée,
Cox7a2, Cox7b, Cox17, mt-Cytb, Ndufad, Ndufaé, Ndufal2, Ndufal3, Ndufb2, NdufbS, Ndufblo,
Ndufbll, Ndufs2, Ugcrll, Ugcrh

Oxidative
Phosphorylation

Oxidative Stress Mox1, Cybb, Nox4, Mpo, Nosl, Nos2, Nos3

Oxidative Stress
Protection

Adora2b, Ak3, Ak4, Aldh7al, Aldoa, Arppl9, Aurka, Igfbp?, Capns, Cenpa, Chpf2, Chst2, DId,
Depdcla, Enol, Eno2, Faml62a, Gale, Galk2, Galk2, Gfptl, Gpcl, Hax1, Hdlbp, Hk2, Hrrr, Idua,
Kdelr3, Kif20a, Ldha, Mif, Nasp, Ndufv3, NtSe, P4hal, P4ha2, Pdk3, Pfkp, Pgaml, Pgkl, Pkp2,

Plod2, Pmm2, Polr3k, Prpsl, Pygl, Qsox1, Rars, Rbckl, Rpe, Rragzd, Sap30, Slc37a4, Slc5a3, Stc2,
Tpil, Txnl, Ugp2

Glycolysis regulated-
genes

Glycolysis Metabolism &ldoa, Enol, Gapdh, Hk1, Hk2, Ldha, Pgkl, Pkm, Slc2al, Tpil

i FAAAAAAA 2 AR~ SAAAN

Supplementary Figure 6: Macrophage characterization and Transient anti-tumor features.
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Supplementary Figure 6: Macrophage characterization and transient anti-tumor features.
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Supplementary Fig. 6. Macrophage characterization and transient anti-tumor features.

(A) Heatmap representing a pseudobulk analysis of scRNA-seq data of the selected tumor-infiltrating macrophage
and monocyte subsets (clusters Lyz2 #0Mac and Nos2 #3Mac identified in Fig. S3A-B), analyzing a total of 23,453
cells (6953 from NT, 4488 from MCT-12h, 5416 from MCT-72h and 6596 from PT). The heatmap emphasizes the
clustering of samples from different conditions based on the expression of the top 3000 most variable genes
(HVGs). (B) Cluster tree depicting the unsupervised clustering analysis for the macrophage subset at the single-
cell level, using the top 25 principal components. We chose a resolution of 0.4, which grouped cells across
conditions into 9 distinct clusters. Each cluster corresponds to a node in the tree, with edges connecting nodes to
indicate cell transitions between clusters at different resolutions. Nodes are colored by clustering resolution; edge
opacity and color reflect the proportion and number of cells, respectively, transitioning to the child cluster; node
size corresponds to the number of cells within the cluster. (C) Table representing the number of cells for each
cluster within each group (NT, MCT-12h, MCT-72h, PT). (D) Dot plot representing scaled average specific gene
signature scores (color intensity) and the percentage of cells (dot size) with a positive score across clusters
represented in S4B. Monocytes were separated from macrophages using previously published signatures (9)(17).
(E) Dot plot representing results from nine gene set enrichment analyses (GSEA), with each analysis resulting from
the comparison of each cluster against the others. Color represents upregulated (red) or downregulated (blue)
pathways, and size represents -log10 of the Benjamini-Hochberg corrected p-value plus a small constant (10"-9).
(F) Violin plots of specific gene signatures, as detailed in the table below, for the nine tumor-infiltrating
macrophage and monocyte clusters. (G) Overall survival curves of METABRIC breast cancer patients, with
primary tumors estimated by CIBERSORTX to be relatively rich (left panel — TAM rich) and poor (right panel —
TAM poor) in tumor-associated macrophages (TAMs), stratified by their expression of gene BST2 (v. Materials &
Methods). (H) Overall survival curves of METABRIC triple-negative breast cancer (TNBC) patients only, with
primary tumors estimated by CIBERSORTX to be relatively rich (left panels — TAM rich) and poor (right panels —
TAM poor) in tumor-associated macrophages (TAMs), stratified by their expression of genes BST1, CCL5, CXCL9Y,
and CLCXI0 (v. Materials & Methods). (I-J-K-L) Bar plots representing GSEA comparing #3 Nos2+ MCT-12h
versus #2 Cxcl9+ MCT-72h (I), #3 Nos2+ MCT-12h versus #0 Clq+ TAM (J), #3 Nos2+ MCT-12h versus #1
Cxcl10+ TAMono (K), and #3 Nos2+ MCT-12h versus #6 S100a9/8+ TAM (L). Note that for bar plots I, J and K,
only hallmark pathways with a Benjamini-Hochberg corrected p-value less than 0.01 and an absolute normalized
enrichment score (NES) of 1.5 or higher are shown, while for L p-value less than 0.05 and NES of 0.5 or higher
were used. (M-N-O) Scatter plots representing the leading-edge genes that contribute to the upregulation of specific
hallmark pathways in a given cluster relative to the remaining macrophages. (M) Scatter plots show the leading
edge of the hallmark IFN-a response (top) and IFN-y response (bottom) where red dots are genes exclusive to #3
Nos2+ MCT-12h, pink dots are genes exclusive to #1 Cxcl10+ TAMono, and grey dots are genes present in both
clusters. (N) Scatter plots show the leading edge of the hallmark IFN-a response (top) and IFN-y response (bottom)
where red dots are genes exclusive to #3 Nos2+ MCT-12h, yellow-orange dots are genes exclusive to #6 S100a9/8+
TAM, and grey dots are genes present in both clusters. (O) Scatter plots show the leading edge of the hallmark
inflammatory response (top) and TNF-a signaling via NF-xB (bottom) where red dots are genes exclusive to #3
Nos2+ MCT-12h, yellow-orange dots are genes exclusive to #6 S100a9/8+ TAM, and grey dots are genes present

in both clusters.
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Supplementary Figure 7: Validation of cell defence against oxidative stress in in

vivo MCT-activated macrophages.

Supplementary Figure 7 — Validation of cell defence against oxidative stress in in vivo MCT-activated

macrophages.

Wild type mice were injected with tumor cells and treated with MCT when tumors reached 50—-100 mm?. (A)

Representative flow cytometry gating strategy to identify (lymphoid Lineage- CD11b+ Ly6G- Ly6C+/- F4/80+/-)

mono-macrophage subsets. This example is derived from a one day post-MCT (MCT-24h). (B) Representative

flow cytometry histograms showing GSH level (thiol-tracker violet intensity) in NT (not-treated), one day post-
MCT (MCT-24h) and three days post-MCT (MCT-72h). The dot plot on the right shows cumulative data with 4 to

5 animals per groups.

14



Aqua Zombie

Lymphoid
lineage
CDllb

CD11b
TAMs+TAMonos

MHCIl —»

CD38

B
MCT
_ Tumor 0 T3 16
implantation v v v
l N IP+IT
Days: 0 10-15
50-100 mm3
MCT
) Tumor. To 13 T6
implantation v v v
l | IT
Days: 0 10-15
50-100 mm3
MCT
im -II-:rTc:':ion v IE °
P 1Y Y 5V @TNFa
l v .v v v v IP+IT
Days: 0 10-15
50-100 mm3
C
Nos2+/+ D3/D0
1000 *
g 80{ — NT 21 3 .
£, | —Mmcr g | e
o e H
N o L —
2 ;’ 14 . L
o
£ 5
2 £
E]
Days NT MCT
Nos2-/- D3/D0
1000 21 —*

Tumor size (mm3)

Days

Tumor size ratio
-
n

o
T

NT MCT

Supplementary Figure 8: FACS gating strategy of myeloid population responding to MCT and

functional analysis.

15



Supplementary Fig. 8. Flow cytometry gating strategy of myeloid population responding to MCT and
functional analysis.

(A) Representative flow cytometry plot and gating strategy to study tumor-infiltrated macrophages and monocytes.
We collectively gated on myeloid cells identified as CD3e-CD19-NK1.1- cells, successively excluding CD11c-
CD11b-double-negative cells, then Ly6G+ cells, and finally Ly6C-F4/80-double-negative cells (TAMs +
TAMonos). To detect intracellular TNF-a production, tumor cell suspensions were restimulated with LPS+IFN-y
in vitro for 4 hours. Cell surface expression of MHC-II and CD38 was assessed on non-restimulated cells. Note
that similar iNOS expression was obtained from cells whether they were restimulated or not. TAMs + TAMonos
cells were isolated from NT, D1, D3, D4 x1, and D4 x2 animals. Flow cytometry plots are representative of TNF-
o/iINOS and MHC-II/CD38 co-expressions. (B) Scheme of in vivo experiment setup for iNOS inhibition with
1400W and Aminoguanidine Hydrochloride, N-acetyl cysteine (NAC), and anti-mouse TNF-a blocking antibody.
(C) Mice were injected with tumor cells and treated with MCT when tumors reached 50-100 mm?. Individual
tumor growth curves with or without MCT are shown for Nos2 +/+ mice (top) and Nos2 -/- mice (bottom). The
graphs on the right side represent the ratio of tumor size at the time of treatment (T0) and three days later (T3/T0)

for each individual mouse.
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Supplementary Fig. 9. Self-antigen presentation by tumor cells and T cell activation in vivo.
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(A) Expression of H-2Kb-SIINFEKL complexes in OVA-E0771 cells incubated overnight with the polarizing
medium MO, or M1 (LPS + IFN-y), or MCT (TLR3 ligand Poly I:C + anti-CD40 antibody). (B) Violin plot showing
normalized and log-transformed expression of Cxc/9 for the nine tumor-infiltrating macrophage and monocyte
clusters. (C) Ratio of tumor size three days post-MCT (T3/T0) in mice lacking yd T cells (TCR3 KO mice), or
lacking or depleted in NK cells (Z/157 KO or wild-type mice receiving depleting anti-mouse NK1.1 antibody), or
lacking B cells (JA# KO mice). Note that the scheme represents the in vivo experiment setup for NK cell depletion
using depleting anti-mouse NK1.1 antibody. (D) Representative flow cytometry plots of tumors harvested from
animals left untreated or that received MCT 7 days previously. CD8 T cells were gated as CD45+ CD8+ CD11b-
cells, out of which the proportion of IFN-y-producing cells was assessed. To detect intracellular IFN-y production,
tumor cell suspensions were restimulated with PMA + Ionomycin in vitro for 4 hours. (E) Scheme of in vivo

experiment setup for CD8 T cell depletion using depleting anti-mouse CDS8 antibody.

18



	CIR-24-0797R2_Merged_PDF
	Slide 1
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

	CIR-24-0797R_MCT Jardim et al-SUPDATA_R3

