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Synopsis (38 words) 26 

Type 1 conventional dendritic cells cross-present tumor antigens to CD8+ T cells. 27 

Understanding the regulation of their antitumor functions is important. Cell-intrinsic 28 

STAT1/IFN-γ signaling licenses them for efficient CD4+ and CD8+ T cell activation during 29 

breast cancer immunosurveillance. 30 

 31 

Abstract (219 words) 32 

Here we show that efficient breast cancer immunosurveillance relies on cDC1, conventional 33 

CD4+ T cells, CD8+ cytotoxic T lymphocytes (CTL) and later NK/NK T cells. For this process, 34 

cDC1 were required constitutively, but especially during the T cell priming phase. In the tumor 35 

microenvironment, cDC1 interacted physically and jointly with both CD4+ T cells and tumor-36 

specific CD8+ T cells. We found that interferon (IFN) responses were necessary for the rejection 37 

of breast cancer, including cDC1-intrinsic signaling by IFN-γ and STAT1. Surprisingly, cell-38 

intrinsic IFN-I signaling in cDC1 was not required. cDC1 and IFNs shaped the tumor immune 39 

landscape, notably by promoting CD4+ and CD8+ T cell infiltration, terminal differentiation 40 

and effector functions. XCR1, CXCL9, IL-12 and IL-15 were individually dispensable for 41 

breast cancer immunosurveillance. Consistent with our experimental results in mice, high 42 

expression in the tumor microenvironment of genes specific to cDC1, CTL, helper T cells or 43 

interferon responses are associated with a better prognosis in human breast cancer patients. Our 44 

results show that immune control of breast cancer depends on cDC1 and IFNs as previously 45 

reported for immunogenic melanoma or fibrosarcoma tumor models, but that the underlying 46 

mechanism differ. Revisiting cDC1 functions in the context of spontaneous immunity to cancer 47 

should help defining new ways to mobilize cDC1 functions to improve already existing 48 

immunotherapies for the benefits of patients.  49 
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Introduction 50 

Conventional dendritic cells (cDC) are specialized in antigen (Ag) capture, processing and 51 

presentation for T cell priming (1). cDC are present in lymphoid organs and peripheral tissues. 52 

Lymphoid resident-cDC (Res-cDC) of the spleen and lymph nodes (LNs) participate in the 53 

capture of Ag from blood and lymph respectively. cDC in non-lymphoid tissues capture Ag at 54 

the periphery and migrate to the LNs via the afferent lymphatic vessels. cDC encompass two 55 

distinct cell types. Type 1 cDC (cDC1) excel in cytotoxic CD8+ T cell (CTL) activation, 56 

particularly via Ag cross presentation (2-4). Type 2 cDC (cDC2) are particularly effective for 57 

helper CD4+ T cell activation (1). 58 

Previous studies suggested that cDC1 play a non-redundant role in anti-tumor immunity, both 59 

for spontaneous control of syngeneic tumor grafts used as a surrogate model for cancer 60 

immunosurveillance, and for rejection of established tumors upon immunotherapy (5,6). Yet, 61 

most of these studies used mutant mice whose deficiencies were not affecting exclusively 62 

cDC1. Irf8 deficiency in CD11c-expressing cells also affected the differentiation and functions 63 

of plasmacytoid dendritic cells (7) and inflammatory cDC2 (8). Batf3 knock-out does not only 64 

abrogate cDC1 differentiation (9) but was also recently shown to enhance CD4+ regulatory T 65 

cell (Treg) induction (10) and to hamper CTL survival and memory (11,12) in a cell-intrinsic 66 

manner. Hence, mouse models targeting cDC1 with a higher specificity are mandatory to 67 

investigate whether and how they contribute to antitumor immunity (11). This is the case of 68 

mice knocked-in for the Cre recombinase in the Xcr1 locus (13). 69 

A number of key features of cDC1 are proposed to contribute to their critical role in antitumor 70 

immunity, beyond their efficiency at cross-presenting cell-associated antigens (5,6). cDC1 may 71 

have the unique ability to simultaneously deliver to CTLs a series of complementary output 72 

signals ensuring their optimal response. CXCL9 attracts CXCR3-expressing memory or 73 

effector CTLs to the tumors. IL-12 production and IL-15 trans-presentation promote CTL IFN-74 
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γ expression and proliferation. cDC1 could also promote delivery to CTLs of help from other 75 

immune cells including CD4+ T cells (5,14). However, which of these output signals are critical 76 

for cDC1 antitumor immunity remains to be rigorously investigated (5,15). 77 

The antitumor functions of cDC1 has been proposed to depend on their integration of specific 78 

input signals, instructing them to deliver the right output signals to CTLs. cDC1 recruitment 79 

into the tumor bed can be promoted by engagement of their chemokine receptor Xcr1 (16), 80 

whose ligand Xcl1 is produced by activated NK cells and CTLs (17). Triggering of the receptor 81 

for type I interferons (IFNAR) on cDC1 is necessary for rejection of immunogenic melanoma 82 

and fibrosarcoma by promoting Ag cross-presentation (18,19). It also boosts their expression 83 

of co-stimulation molecules, induces their trans-presentation of IL-15, and can promote their 84 

production of IL-12 (5,20). However, whether these input signals are always required by cDC1s 85 

for their antitumor functions is unknown. Moreover, to which extent and how different types of 86 

interferons promote the immunogenic maturation of cDC1, not only IFN-I but also IFN-III or 87 

IFN-γ, remains to be formally investigated. 88 

Here, we studied whether cDC1 promote spontaneous immunity to breast cancer, and when, 89 

where and how this is achieved. To this aim, we used a mouse model of spontaneous immune 90 

control of breast cancer in C57BL/6 female mice, consisting of an orthotopic graft of a subclone 91 

of the NOP23 syngeneic breast adenocarcinoma cell line expressing epitopes from the 92 

ovalbumin (OVA) model antigen (21). This experimental system enabled us to study the 93 

cellular and molecular mechanisms underpinning spontaneous immune control of breast cancer, 94 

by harnessing the Karma-tmt-hDTR (22), Xcr1-DTA, Xcr1Cre and KarmaCre (13) mutant mouse 95 

models that we have generated and validated to specifically target cDC1, in combination with 96 

other mutant C57BL/6 mice. 97 

98 
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Materials and Methods 99 

Ethics statement regarding care and use of animals for experimentation 100 

Mice were bred and maintained the CIPHE pathogen-free animal facility. The study was carried 101 

out in accordance with institutional guidelines and with protocols approved by the Comité 102 

National de Réflexion Ethique sur l'Expérimentation Animale #14 and the Ministère de 103 

l’Enseignement Supérieur, de la Recherche et de l’Innovation (ROXinAIR APAFiS #1221 and 104 

#16555). 105 

 106 

Mice and in vivo treatments 107 

All experiments were performed with female littermate mice at 7–15 weeks of age. The mouse 108 

strains used are all on the C57BL/6J background and listed in Table S1. For a sustained and 109 

efficient cDC1 conditional depletion for at least 10 consecutive days, Karma-tmt-hDTR and 110 

Xcr1Cre/wt;Rosa26hDTR/wt mice received a first dose of 32 ng/g of body weight of DT (Merck), 111 

followed by one injection of 16 ng/g every 60h. For in vivo antibody-mediated cell depletion, 112 

C57BL/6 mice were injected i.p. with the antibody and doses indicated in Table S2, starting 1d 113 

before tumor engraftment and then as indicated in the figures. To block lymphoid cell egress 114 

from peripheral lymphoid organs, mice received 20 µg of FTY720 (Cayman Chemical) starting 115 

1d before tumor engraftment, then every 2d. 116 

 117 

Tumor experiments 118 

We used a breast adenocarcinoma tumor cell line that is spontaneously rejected when 119 

orthotopically implanted in C57BL/6 females. It was derived from the NOP23 cell line, which 120 

was established from a spontaneous mammary tumor of a transgenic mouse expressing a 121 

dominant negative version of p53 and the rat NEU (HER2) oncogene fused at its COOH 122 

terminus to class I and II OVA peptide sequences (21). NOP23 cells were grown in DMEM, 123 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 24, 2020. ; https://doi.org/10.1101/2020.12.23.424092doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.23.424092
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

10% FCS, supplemented with 10mg/ml of Insulin transferrin Sodium Selenite media 124 

supplement (Sigma-Aldrich). 5.106 NOP23 cells were injected in the mammary inguinal fat 125 

pad, under isoflurane anesthesia. Tumor volume was calculated as 
గ

଺
ൈ 𝐿 ൈ 𝑊ଶ, where L is the 126 

greatest length and W is the width of the tumor, measured with a caliper. Graphs of tumor 127 

volume are represented as mean+/-SEM. 128 

 129 

Shield bone marrow chimera mice 130 

To generate Ifngr1-/-→Xcr1-DTA and Stat1-/-→Xcr1-DTA shield bone marrow chimera 131 

(SBMC) mice, the hind legs of Xcr1-DTA recipient mice were irradiated with one dose of 8 132 

Gy, to preserve most of their hematopoietic system that remained WT. The cDC1 empty niche 133 

of these recipient mice was then reconstituted upon injection of 30.106 bone marrow cells from 134 

Ifngr1-/- or Stat1-/- donor mice. Xcr1-DTA→Xcr1-DTA and WT→Xcr1-DTA SBMC mice were 135 

used as controls. NOP23 cells were engrafted 8 to 14 weeks later. 136 

 137 

Preparation of cell suspension from tumors and TdLNs for flow cytometry 138 

Tumors and tumor-draining inguinal LNs (TdLNs) were cut into small pieces with a scalpel 139 

and incubated in a Collagenase D (1 mg/ml)/ of DNase I (70 μg/ml) enzymatic cocktail (Roche) 140 

in RPMI, for 30min at 37°C. Ice-cold PBS/EDTA (2 mM) was added for 5 min. Digested tissues 141 

were crushed through a 70 μm nylon sieve. For flow cytometry, cells were pre-incubated with 142 

2.4G2 mAb to block Fc-receptors, then stained with the mAb listed in Table S2 for 25 min at 143 

4°C. Class-I OVA Tetramer (iTAg Tetramer/PE - H-2 Kb OVA [SIINFEKL], MBL 144 

International) was incubated at 1/100 at 4°C for 1 hour, and Class-II OVA Tetramer (T-Select 145 

I-Ab OVA323-339 [ISQAVHAAHAEINEAGR] Tetramer-APC, MBL International) at 1/12.5 146 

at room temperature for 1 hour, before proceeding to staining with mAbs. For CCR7 staining, 147 

cells were incubated for 30 min at 37°C. For intracellular staining, cells were re-stimulated ex 148 
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vivo for 4h at 37°C with 0.5 μg/ml of SIINFEKL peptide and 10 μg/ml of Brefeldin A (Sigma-149 

Aldrich) in complete RPMI. Cytokines, Ki67 and FoxP3 were stained after 150 

fixation/permeabilization with FoxP3/Transcription Factor Staining Buffer Set (eBioscience). 151 

Data were acquired on a LSRFortessa X-20 flow cytometer (BD Biosciences), and analyzed 152 

using FlowJo (Tree Star, Inc.). Flow cytometry heatmaps were performed using the Morpheus 153 

website from the Broad Institute (https://software.broadinstitute.org/morpheus/). 154 

 155 

Immunohistofluorescence 156 

1,000 naive GFP-expressing OT-I cells were purified from a TgTcraTcrb1100Mjb;Rag2−/−;Ubc-157 

GFP+/+ spleen with the Dynabeads Untouched Mouse CD8 Cells Kit (ThermoFisher Scientific) 158 

and transferred i.v. in Xcr1Cre/wt;Rosa26tdRFP/wt mice 1d before tumor engraftment. 7d after, 159 

tumors were harvested and 12-μm frozen sections were stained with the antibodies listed in 160 

Table S2, as described previously (23). 161 

 162 

Quantitative PCR analysis 163 

Total RNA from tumors and TdLNs were prepared with the RNeasy Plus mini kit (QIAGEN). 164 

RNA was reverse transcribed into cDNA using the QuantiTect reverse transcription kit 165 

(QIAGEN). qPCR was performed with the SybrGreen kit (Takara) and specific primers (Table 166 

S3), and run on a 7500 Real Time PCR System apparatus (Applied Biosystems). Relative gene 167 

expression was calculated using the ΔΔCt method with Hprt as housekeeping control gene. 168 

 169 

Transcriptomic data from breast cancer patients 170 

XCR1 Kaplan Meier plot was obtained from the Kaplan Meier-plotter database 171 

(https://kmplot.com/analysis/), and CCR7 and CCL19 Kaplan Meier plots from The Cancer 172 

Genome Atlas (TCGA) database. Transcripts enriched in tumors of breast cancer patients with 173 
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a better overall survival (367 genes) or with a poor prognosis (210 genes) from TCGA were 174 

extracted through the human protein atlas 175 

(https://www.proteinatlas.org/humanproteome/pathology). A gene is considered prognostic if 176 

correlation analysis of gene expression and clinical outcome resulted in Kaplan-Meier plots 177 

with high significance (p<0.001). The gene ontology analyses on the good and bad prognosis 178 

gene lists were performed with DAVID 6.8 (https://david.ncifcrf.gov/). 179 

 180 

Statistical analyses 181 

Statistical analyses were performed using unpaired Student’s t-tests or nonparametric Mann-182 

Whitney tests (MW) when specified. N.S., non-significant (P>0.05); *, P≤0.05; **, P≤0.01; 183 

***, P≤0.001, ****, P≤0.0001. 184 

 185 

  186 
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 187 

Results 188 

CTL, CD4+ Tconv and NK1.1+ cells are instrumental to rejection of NOP23 mammary 189 

tumors. 190 

We first investigated whether T or NK cells were providing the effector arm of the spontaneous 191 

rejection of the NOP23 breast adenocarcinoma cells in C57BL/6J females. Tumor rejection was 192 

abolished by continuous depletion of CTLs or of NK1.1+ cells (i.e. NK cells and a fraction of 193 

NKT cells) (Fig. 1A). However, the anti-NK1.1 mAb-mediated depletion showed a delayed 194 

and milder effect than CTL depletion. Continuous depletion of all CD4+ T cells also abrogated 195 

tumor control (Fig. 1B), whereas this was not the case of the selective depletion of intra-tumor 196 

Treg as achieved with administration of the anti-CTLA-4 clone 9D9 (24). Thus, CTLs, CD4+ 197 

conventional T cells (Tconv) and NK/NK T cells are required for NOP23 tumor rejection. 198 

 199 

cDC1 are critical for breast cancer control, especially during the T cell priming phase. 200 

We next examined, whether and when cDC1 depletion compromised the immune control of 201 

NOP23 growth, by taking advantage of our mutant mouse models specifically targeting cDC1. 202 

The Xcr1Cre/wt;Rosa26DTA/wt (Xcr1-DTA) model (Mattiuz et al., 2018) harbored a constitutive 203 

and complete lack of all cDC1 in the spleen and IngLNs (Fig. S1A-B). The 204 

Xcr1Cre/wt;Rosa26hDTR/wt (Xcr1-hDTR) mouse model allowed conditional depletion of cDC1 in 205 

spleen, and of Mig-cDC1 and Res-cDC1 in the inguinal lymph nodes (IngLNs), for at least 2 206 

days following the administration of a single dose of diphtheria toxin (DT) (Fig. S1A-B), 207 

similarly to the Karma-tmt-hDTR (Karma) mice (Alexandre et al., 2016). None of the other 208 

immune cell types examined in the spleen and IngLNs were affected in these mice (Fig. S1C). 209 

Xcr1-DTA mice harbored a progressive and unabated growth of NOP23 as compared to control 210 

WT animals (Fig. 2A), demonstrating that cDC1 are necessary to efficiently reject this breast 211 
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adenocarcinoma. To determine when cDC1 were required to promote this rejection, we 212 

conditionally depleted these cells in Karma mice during different time windows relative to 213 

tumor engraftment (Fig. 2A). The earlier the depletions were initiated, the stronger the tumors 214 

grew. However, the tumors never grew as strongly as in the Xcr1-DTA mice that are 215 

constitutively devoid of cDC1 (Fig. 2A-B). TdLN mig-cDC1 showed a high expression of the 216 

co-stimulatory molecules CD40 and CD86 at day 4 post-engraftment, as compared to Res-217 

cDC1 or to Mig-cDC1 on any other days (Fig. 2C). In summary, cDC1 were required 218 

continuously until tumor rejection, but their presence was especially critical during the first 4 219 

days after tumor engraftment, most likely during the phase of T cell priming. 220 

 221 

CCR7- and S1PR1-dependent immune cell trafficking is instrumental to NOP23 rejection. 222 

At day 7 post-engraftment, CCR7 was upregulated on cDC1 that had migrated from the 223 

periphery into the TdLN (Fig. S2A). We thus investigated whether CCR7-dependent immune 224 

cell trafficking was critical for NOP23 rejection. In Ccr7-/- mice, the NOP23 tumor grew 225 

uncontrolled (Fig. S2B). Blocking lymphocyte egress from secondary lymphoid organs with 226 

the sphingosine-1-phosphate receptor (S1PR1) inhibitor FTY720 (25) also abrogated 227 

spontaneous tumor control (Fig. S2C). It reduced intra-tumor infiltration of lymphocytes as 228 

compared to control animals or to mice depleted of CTLs or NK1.1+ cells (Fig. S2D). Taken 229 

together, these results suggested that two-way traffic of immune cells between the periphery 230 

and TdLNs was critical for the establishment of an effective endogenous anti-tumor immune 231 

response within the TME. 232 

 233 

cDC1 interact with CD4+ T cells and tumor-specific CTLs in the TME. 234 

Because cDC1, CTL and CD4+ Tconv were all critical to trigger NOP23 rejection, we wondered 235 

whether cDC1 interacted with T cells in the TME. To follow the behavior of Ag-specific CTLs 236 
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in our experimental models, 1d before tumor engraftment we adoptively transferred low 237 

numbers (1,000) of naïve GFP-expressing OT-I cells into Xcr1Cre/wt;Rosa26tdRFP/wt mice that 238 

allow in situ visualization of cDC1 by microscopy due to their specific expression of the RFP 239 

fluorescent reporter protein (Fig. S3). At d7 in the tumor bed, RFP+ cDC1 were engaged in cell-240 

cell contacts with both CD4+ T cells and anti-tumor CTLs, in close proximity to the HER2+ 241 

NOP23 cells (Fig. 3). This suggested that, in the tumor stroma, cDC1 simultaneously cross-242 

presented tumor Ags to CTLs and relayed them the CD4+ Tconv help. 243 

 244 

CXCL9 and IL-12 production by cDC1, as well as their trans-presentation of IL-15, are 245 

individually dispensable for the immune control of NOP23 tumors. 246 

To dissect how cDC1 promoted spontaneous immune control of NOP23, we first tested the 247 

candidate molecules CXCL9, IL-12 and IL-15, which had been proposed to be key output 248 

signals delivered by cDC1 to T or NK/NK T cells for their recruitment in the tumor or the 249 

activation of their effector functions (5). The NOP23 tumors were controlled in Cxcl9-/-, Il12b-250 

/- and Il15ra-/- mice as efficiently as in control mice (Fig. 4A). Consistent with these results, 251 

conditional inactivation of Cxcl9 or Il15ra in cDC1 had no impact on tumor growth (Fig. S4). 252 

Thus, CXCL9 or IL-12 production and IL-15 transpresentation by cDC1 were not required 253 

individually for breast cancer rejection in our experimental settings. 254 

 255 

IFN-I and IFN-γ responses, but not XCR1, are necessary for NOP23 tumor control. 256 

We next sought to identify the input signals received by cDC1 and promoting their anti-tumor 257 

functions. Xcr1-/- mice efficiently controlled the NOP23 tumor cells (Fig. 4A). Hence, XCR1-258 

dependent recruitment of cDC1 to the tumor bed (16) or micro-anatomical attraction to XCL1-259 

producing effector lymphocytes within the tissue (23) was not necessary for breast tumor 260 

elimination in our experimental settings. To assess functionally the importance of IFN-I and 261 
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IFN-γ signaling in NOP23 control, we compared tumor growth between WT animals and 262 

Ifnar1-/-, Ifngr1-/- or Stat1-/- mice, respectively lacking the ability to respond to IFN-I, to IFN-γ 263 

or to all types of IFNs including type III IFNs (IFN-III). All three mutant mice failed to control 264 

tumor growth, with a more pronounced effect in Stat1-/- mice (Fig. 4B). Thus, both IFN-I and 265 

IFN-γ were promoting antitumor immunity in the NOP23 breast cancer model. The analysis of 266 

the kinetics of induction of the Ifna4, Ifna2 and Ifnb1 genes and of interferon-stimulated genes 267 

(ISGs) showed that IFN-I responses were induced in the tumor within the first day after 268 

engraftment before rapidly decreasing, while they remained generally low in the TdLNs (Fig. 269 

4C and Fig. S5). Conversely, Ifng expression increased gradually over time and was higher in 270 

the TdLNs than in the tumors (Fig. 4C). These results suggested that distinct IFNs and ISGs 271 

could have complementary roles at different times and locations to initiate and maintain 272 

protective anti-tumor immune responses. 273 

 274 

The anti-tumor protective effects of IFN-γ and STAT1 occur at least in part in cDC1, 275 

whereas cDC1-intrinsic signaling by IFN-I is dispensable for NOP23 control. 276 

We next investigated whether the protective antitumor roles of IFNs were at least in part due to 277 

cell-intrinsic effects on cDC1s. NOP23 cells were efficiently rejected in Xcr1Cre;Ifnar1fl/KO and 278 

KarmaCre/wt;Ifnar1fl/fl mice that are deficient for IFN-I responsiveness selectively in cDC1 (Fig. 279 

4D and S6A). Moreover, cDC1 maturation and tumor-specific CTL activation in tumors of 280 

Xcr1Cre;Ifnar1fl/KO mice were similar to those in control tumors (Fig. S6B-C). Thus, in our 281 

experimental settings, cDC1-intrinsic signaling by IFN-I was dispensable for NOP23 control. 282 

To determine whether IFN-γ or overall IFN responses in cDC1 were critical for their promotion 283 

of NOP23 rejection, we generated shield bone marrow chimera (SBMC) mice deficient 284 

selectively in cDC1 for key components of the corresponding signaling pathways, namely 285 

Ifngr1-/-Xcr1-DTA and Stat1-/-Xcr1-DTA animals. Tumors grew progressively in Ifngr1-/-286 
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Xcr1-DTA SBMC mice, but to a lower extent than in Stat1-/-Xcr1-DTA SBMC mice that 287 

harbored a progressive and unabated tumor growth, like Xcr1-DTA animals and Xcr1-288 

DTAXcr1-DTA SBMC mice (Fig. 4E). Thus, the beneficial antitumor effects of IFN-γ and 289 

STAT1 signaling occurred at least in part in cDC1. 290 

Compared to controls, Mig-cDC1 from Ifnar1-/- and Ifngr1-/- TdLNs expressed less CCR7, and 291 

their Res-cDC1 were less mature with a decrease in CD40, CD80 and CD86 expression (Fig. 292 

4F), contrasting with a higher expression of CD40 on Res-cDC2 at d4-7, and of CD80 on Mig-293 

cDC2 at d7 (Fig. 4F). cDC1 expressed less CD40 in the tumors from Ifnar1-/- and Ifngr1-/- mice 294 

at d15 (Fig. 4G). This suggested that loss of IFN responses led to a defective cDC1 maturation 295 

in the tumor and TdLNs, with a compensatory increase in cDC2 maturation that was not 296 

sufficient to maintain protective antitumor immunity. 297 

 298 

cDC1 and IFNs promote the infiltration of the tumor and its draining lymph node by 299 

protective over putatively deleterious immune cell types 300 

To better understand the respective roles of cDC1 and IFNs in the anti-tumor response, we 301 

quantified different immune populations in control, Ifnar1-/-, Ifngr1-/- and Xcr1-DTA tumor at 302 

d4, d7 and d15 (Fig. 5 and S7A). The overall immune cell infiltration in the tumors increased 303 

between d4 and d7, the highest in WT mice as compared to mutant animals, and later decreased 304 

in all mice (Fig. 5A). At d4, the major difference observed between mutant mice and WT 305 

controls was a decrease in cDC1 (Fig. 5B). At this stage, the tumor was mainly infiltrated in all 306 

mouse strains by neutrophils, macrophages and γδ T lymphocytes identified as CD8- CD4- 307 

CD3ε+ cells (Fig. S7A). At day 7, the proportion of cDC1 and NK cells within immune cells 308 

remained lower in mutant animals as compared to WT mice (Fig. 5B-C and S7A). In contrast, 309 

the immune infiltrate from the tumors of mutant animals harbored increased proportion of Lin- 310 

Siglec-H- CD64- CD11c+ MHC-II- cells (Fig. 5D and S7A), corresponding most likely to DC 311 
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precursors (26) or immature DC. As compared to WT controls, the mutant mice showed a slight 312 

decrease in CD8+ T cell proportion at d7 (Fig. 5D-E and S7), and a marked decrease in the 313 

proportions of CD4+ T cells mostly at d7 (Fig. 5D, F and S7). The delayed tumor growth 314 

observed upon NK1.1+ cell depletion as compared to CTL depletion (Fig. 1A) was consistent 315 

with the late infiltration of the tumor by NK cells (Fig. 5C) and NK T cells (Fig. 5G) as 316 

compared to T cells (Fig. 5E-F). The fraction of activated (CD44+) CTLs in the immune 317 

infiltrates remained lower in all mutant animals (Fig. 5D and S7). This was also the case for the 318 

fraction of CD4+ T cells in Xcr1-DTA mice (Fig. 5D, F and S7), and for the fraction of NK cells 319 

in Ifngr1-/- animals (Fig. 5C, D and S7). Conversely, at d15, the proportion of neutrophils in 320 

the immune infiltrates was much higher in mutant mice than in WT controls (Fig. 5D), even 321 

though the absolute numbers of neutrophils in tumors decreased sharply over time (Fig. S7A). 322 

In the TdLNs, the proportion of activated (CD44+) CTL was lower at all times in Xcr1-DTA 323 

and Ifnar1-/- mice (Fig. S7B). Neutrophils were increased over time in all mutant mice, and 324 

monocytes or macrophages in Xcr1-DTA and Ifngr1-/- mice, as compared to WT animals (Fig. 325 

S7B). Starting at d4, Mig-cDC1 accumulated less in Ifnar1-/- and Ifngr1-/- mice than in WT 326 

animals (Fig. S7B). Conversely, the proportion of Mig-cDC2 increased over time (Fig. S7B). 327 

This suggested that the early migration of cDC1 from the tumor to the TdLNs is IFN-dependent 328 

and that its absence leads to a compensatory phenomenon of increased cDC2 migration from 329 

the tumor to the TdLN. 330 

Altogether, these results showed that IFNs and cDC1 contributed to sculpt the immune 331 

composition of the tumor and TdLN by promoting a higher ratio of protective immune cells, 332 

not only NK and CTL but also CD4+ Tconv, over potentially deleterious myeloid cells including 333 

macrophages and neutrophils. IFN effects on the tumor immune infiltration may have occurred 334 

in part indirectly through promoting early cDC1 recruitment. 335 

 336 
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cDC1 and IFNs are necessary for CD4+ Tconv and CTL terminal activation and effector 337 

functions in the TME 338 

We then focused on tumor-specific (Tetramer+) CD4+ T cells and CTL responses. Their 339 

proportions within tumor-infiltrating immune cells did not differ between experimental groups 340 

(Fig. 6A). As compared to total T cells, tumor-infiltrating Tetramer+ T cells expressed higher 341 

levels of the checkpoint receptors PD-1, Tim-3 or LAG3 (Fig. 6B and S8), whose individual 342 

expression has been shown to peak at maximal effector phase and reflect CTL activation rather 343 

than exhaustion (27,28). Tumor-infiltrating Tetramer+ CD4+ T cells or CTLs harbored 344 

decreased percentages of PD-1+ or Tim-3+ cells in mutant mice as compared to control animals, 345 

suggesting an incomplete effector differentiation (Fig. 6B and Fig. S8). This was also the case 346 

for Tetramer+ CTLs in TdLN (Fig. S9). The co-expression on the same cell of multiple 347 

checkpoint receptors, such as PD-1, Tim-3 and LAG3, has been proposed to define functionally 348 

exhausted or dysfunctional lymphocytes (27). The proportion of triple-positive cells were very 349 

low on both total and Tetramer+ T lymphocytes in all mouse strains, suggesting that the vast 350 

majority of anti-tumor T cells were not exhausted (Fig. S10). Altogether, these results showed 351 

that cDC1 and IFNs were essential to promote CTL and CD4+ T cell effector differentiation in 352 

the tumor and TdLNs. 353 

We next compared mouse strains for the ability of their tumor- or TdLN-associated T cells to 354 

expand and to produce cytokines upon ex vivo Ag-specific re-stimulation. Tumor-infiltrating 355 

naïve (CD44-) and activated (CD44+) Tconv and CTLs proliferated less in mutant mice than in 356 

control animals (Fig. 6B). Activated (CD44+) CTLs expressed less Granzyme B, IFN-γ and 357 

TNF in mutant mice than in control animals, at all-time points examined in the tumor (Fig. 6B) 358 

and at day 7 in TdLN (Fig. 6C). Altogether, these results showed that IFNs and cDC1 in tumor 359 

and TdLN contributed to promote the terminal differentiation of anti-tumor CTLs and CD4+ 360 

Tconv for the acquisition of protective effector functions. 361 
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 362 

Genes associated to cDC1, CTLs, helper T cells, IFN-I and IFN-γ are associated with a 363 

better prognosis in human breast cancer patients 364 

We wanted to know whether the immune cells and signaling pathways associated to the immune 365 

control of the mouse NOP23 breast adenocarcinoma model were of good prognosis in breast 366 

cancer patients. We used the TCGA database to analyze the transcriptomes of human tumors to 367 

infer the degree of their infiltration by cDC1 and its association with the clinical outcome. 368 

XCR1 is the only marker fully specific for cDC1 in both mice and humans (17,29). The patients 369 

who harbored a high XCR1 expression in their tumor had a significantly better overall survival 370 

(Fig. 7A), strongly suggesting that a higher cDC1 infiltration in breast tumors was associated 371 

with a better prognosis. Patients whose tumor harbored a higher expression of CCR7 and of its 372 

ligand CCL19 also had a significantly better overall survival (Fig. 7B), suggesting that 373 

activation of the CCR7/CCL19 axis in human breast tumors promotes more efficient immune 374 

responses as shown in the NOP23 mouse model. Finally, we used gene ontology (GO) to 375 

determine whether the gene lists associated with a good (n=367, Fig. 7C) or bad (n=210, Fig. 376 

S11) prognosis in breast cancer patients were enriched for associations with specific biological 377 

processes or signaling pathways. The GO terms enriched in the gene list associated to a good 378 

prognosis were linked to the activation and helper or cytotoxic functions of T cell responses as 379 

well as to IFN-I and IFN-γ signaling pathways (Fig. 7C). Conversely, the GO terms associated 380 

to the bad prognosis gene list were linked to mitochondria and translation, likely reflecting 381 

active metabolism and proliferation of tumor cells (Fig. S11). In conclusion, these analyses 382 

strongly suggested that cDC1, CD4+ T cells, CTLs, NK cells and IFNs play together a crucial 383 

role in the immune control of breast cancer, not only in the NOP23 mouse model but also in 384 

human patients. 385 

  386 
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Discussion 387 

Here, we investigated whether and how cDC1 promote the spontaneous control of breast cancer 388 

in mice, by combining mutant animals enabling specific targeting of cDC1 in vivo with an 389 

orthotopic model of engraftment of the syngeneic breast adenocarcinoma cell line NOP23. 390 

Specifically, we investigated how tumor growth and the nature of the immune infiltrate in the 391 

tumor or its draining lymph node were affected by a specific, constitutive or conditional, 392 

depletion of cDC1, or by the genetic inactivation of candidate input or output signals 393 

specifically in cDC1. 394 

 395 

We showed unequivocally that cDC1 were required for the CTL-dependent control of the 396 

NOP23 breast adenocarcinoma, throughout the entire antitumor immune response, but 397 

especially very early on at the time when anti-tumor T cells are primed. We then wondered 398 

which molecular mechanisms promoted cDC1 infiltration into the tumor, and their later 399 

migration to the draining lymph node. CXCL9 has been proposed to promote infiltration of pre-400 

cDC1 in the tumor bed (30). XCR1 expression by cDC1 can contribute to their recruitment by 401 

XCL1-producing NK/NK T cells and CTLs in infected tissues (23,31). However, neither XCR1 402 

nor CXCL9 were individually required for this function in the NOP23 model. Hence, different 403 

chemokine receptors may redundantly promote cDC1 recruitment into the tumor bed, close to 404 

effector lymphocytes, as observed for XCR1 and CCR5 in melanoma or colorectal tumors in 405 

mice (16). The lack of tumor control in Ccr7-/- mice could reflect at least in part a strict 406 

requirement of this chemokine receptor for cDC1 migration from the tumor to the TdLNs, as 407 

previously suggested in a model of melanoma (32). 408 

 409 

We then investigated the role of candidate output signals delivered by cDC1 for the promotion 410 

of the recruitment of cytotoxic lymphocytes to the tumor and for the activation of their anti-411 
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tumor functions. In microbial infections, cDC1 production of high levels of CXCL9 promote 412 

the recruitment of effector and memory CTLs expressing CXCR3 in secondary lymphoid 413 

organs (22). This has been proposed to be also the case in tumors (33-35). cDC1 are also a 414 

major source of IL-12 and IL-15 promoting activation, survival and cytotoxic functions of NK 415 

cells and CTLs (22,34-40). However, CXCL9 and IL-12 production as well as IL-15 trans-416 

presentation by cDC1 were individually dispensable for the immune control of the NOP23 417 

breast adenocarcinoma. These results suggest a level of redundancy higher than expected 418 

between different types of output signals delivered by cDC1. Indeed, CXCL9 and CXCL10 can 419 

both promote the recruitment of CXCR3-expressing effector or memory CTLs in inflamed 420 

tissues. In our experimental settings, IL-12, IL-15, IL-18 and IFN-I/III or other cytokines might 421 

exert overlapping effects for promoting the proliferation, IFN-γ production and cytotoxic 422 

activity of NK and CTLs, as had been reported during certain microbial infections (41,42). 423 

 424 

Finally, we sought to identify key input signals required for cDC1 to mediate protective 425 

antitumor effects. During microbial infections, the induction of protective NK and T cell 426 

responses critically depends on the immunogenic maturation of cDC1, which is driven at least 427 

in part by their responses to IFN-I (20) or IFN-γ (22,43,44). Here, we showed that overall IFN-428 

I, IFN-γ and STAT1 responses were critical for rejection of the NOP23 breast adenocarcinoma. 429 

Only IFN-γ and STAT1 responses were required to occur in cDC1, whereas cell-intrinsic 430 

response to IFN-I in cDC1 were dispensable for tumor rejection. Hence, we show here that 431 

IFN-I is not always critical for enhancing cDC1 cross-presentation and more generally for 432 

licensing them to promote tumor control. This raises the question of the extent to which cDC1-433 

intrisic IFN-I signaling is critical for effective immunity against cancer, besides for immune-434 

mediated rejection of syngeneic and immunogenic fibrosarcoma and melanoma in mice (18,19). 435 

However, cDC1-specific inactivation of Stat1 led to a higher tumor growth than the loss of IFN-436 
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γ signaling alone, suggesting some level of redundancy between these two activation pathways 437 

for the promotion of cDC1 immunogenic maturation. STAT1 is also key in transducing the 438 

signal of IFN-III, whose expression is associated with a better prognosis for breast cancer 439 

patients, together with the level of cDC1 infiltration in the tumor (45). Moreover, cDC1 are a 440 

main source of IFN-III in human breast tumors (45). Hence, it would be interesting in future 441 

studies to investigate whether cDC1 produce, and respond to, IFN-III in the NOP23 breast 442 

adenocarcinoma model, and how this may contribute to the spontaneous rejection of the tumor. 443 

It will also be interesting to investigate whether further boosting cDC1 development and IFN-444 

III production could help improve immune responses against triple negative breast cancer, 445 

similarly to what was recently reported in a therapeutic vaccination trial in human melanoma 446 

patients (46). Since overall IFN-I responses but not cDC1 responses to IFN-I were essential for 447 

the immune control of the NOP23 breast adenocarcinoma, IFN-I must exert critical effect on 448 

other immune cells, likely CTL themselves as was reported in microbial infections (42,47,48). 449 

 450 

Finally, to attempt better understanding how IFN and cDC1 were promoting immune rejection 451 

of the NOP23 breast adenocarcinoma, we examined how their loss affected the immune 452 

landscape of the tumor bed and of the TdLN. We observed that cDC1 and IFNs shaped the 453 

tumor immune landscape by promoting CD4+ Tconv and CTL infiltration and their terminal 454 

differentiation with enhanced effector functions. Conversely, cDC1 and IFN responses limited 455 

the numbers of putatively deleterious myeloid cell types in the tumor and in TdLN, including, 456 

macrophages and neutrophils. In the tumors from Ifnar1-/- and Ifngr1-/- mice, cDC1 expressed 457 

less CD40. Together with our observation of the simultaneous interactions of cDC1 with CD4+ 458 

T cells and CTLs in the tumor bed, this suggested that cell-intrinsic responses of cDC1 to IFN 459 

may be critical to promote their ability to deliver to CTL the help from CD4+ Tconv in a manner 460 

depending on their interactions via CD40/CD40L. This hypothesis is consistent with the 461 
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demonstration that simultaneous presentation of viral antigens by cDC1s to CTLs and CD4+ T 462 

cells is key for robust antiviral cellular immunity (49,50) and with publications linking CD40 463 

expression on cDC1, their ability to activate CD4+ Tconv and the CTL-dependent rejection of 464 

tumors (14,51). 465 

 466 

To the best of our knowledge, we show here for the first time in tumors that cDC1 act as a 467 

unique cellular platform docking simultaneously CD4+ Tconv and CTLs, which is likely key to 468 

their ability to relay CD4+ T cell help to CTLs in situ in tumor, akin to what had been previously 469 

shown in infectious settings (49,50). We also rigorously demonstrate for the first time that cell-470 

intrinsic signaling by IFN-γ and STAT1 in cDC1 is critical to their anti-tumor functions. 471 

Although this had been suggested before (19,52), it was never formally proven due to lack of 472 

adequate models to specifically inactivate IFN-γ signaling in cDC1 without also affecting it in 473 

other CD11c+ cells. Moreover, in our experimental settings, the licensing of cDC1 by IFN-γ for 474 

promoting the control of the NOP23 breast cancer model does not require IL-12 contrary to 475 

what has been previously observed or proposed (36,40,52). Beside tumor Ag cross-476 

presentation, the precise nature of the output signals delivered by cDC1 that are critical to 477 

induce and maintain protective functions of antitumor CD4+ Tconv and CTLs remain to be 478 

identified, but may encompass IFN-I/III production and CD40 expression. Future studies based 479 

on comparative gene expression profiling of WT versus Ifngr1-/- or  Stat1-/- cDC1 infiltrating 480 

the tumor or having migrating to the TdLN should help to identify the output signals whose 481 

delivery from cDC1 to effector anti-tumor lymphocytes is critical for the spontaneous rejection 482 

of the NOP23 cancer adenocarcinoma model. 483 

 484 

Consistent with our experimental results in mice, human breast cancer patients harboring a high 485 

expression in their tumor of genes specific to cDC1, CTL, helper T cells or IFN responses have 486 
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a significantly better clinical outcome. Therefore, we propose the following model of how 487 

cDC1 promote tumor immunosurveillance (Fig. S12). Following tumor cell immunogenic 488 

death, cDC1 capture tumor Ag, undergo immunogenic maturation and migrate to the TdLNs in 489 

a CCR7-dependent manner to prime CD4+ Tconv towards TH1 and CD8+ T cells towards 490 

multipotent protective CTLs. In turn, activated anti-tumor T cells infiltrate the tumor, 491 

contributing i) to enhance local recruitment of cDC1, by producing redundant chemokines such 492 

as XCL1 and CCL5, and ii) to induce their immunogenic maturation via IFN-γ. This leads to 493 

quadripartite interactions in the tumor between cDC1, tumor cells, CD4+ Tconv and CTLs, 494 

ensuring local amplification and maintenance of the effector functions of anti-tumor T cell 495 

responses, leading to tumor eradication. IFN-I and IFN-III produced by the cDC1 themselves 496 

or other cells might also redundantly contribute to induce cDC1 immunogenic maturation, 497 

together with IFN-γ. 498 

 499 

  500 
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Figures and Figure legends: 532 

 533 

Figure 1. 534 

CTL, CD4+ Tconv and NK1.1+ cells are instrumental in spontaneous rejection of breast cancer 535 

NOP23. A, NOP23 tumor growth in the mammary fat pad of female mice treated or not with anti-CD8β 536 

or anti-NK1.1 mAb at the indicated time (arrows) with the first injection given 1d before tumor 537 

engraftment. One experiment representative of at least 2 independent ones with 5 mice per group is 538 

shown. B, NOP23 tumor growth in female mice treated or not with anti-CD4 (once a week) or anti-539 

CTLA-4 (every 3 days) mAb at the indicated time (arrows) with the first injection given 1d before tumor 540 

engraftment. n=7 mice per group. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (unpaired t test). 541 

 542 

 543 

Figure 2. 544 
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cDC1 are instrumental in spontaneous rejection of breast cancer NOP23, especially during the 545 

phase of T cell priming. A, Tumor growth in control (n=5), in constitutively cDC1-depleted (Xcr1-546 

DTA, n=6) or conditionally cDC1-depleted (Karma-tmt-DTR + DT) female mice. Karma-tmt-DTR mice 547 

were injected 4 times with DT every 60h, starting 1d before engraftment (n=5, representative of 3 548 

independent datasets), at d+4 post-engraftment (n=5, representative of 2 independent datasets), or at d+8 549 

post engraftment (n=5, representative of 2 independent datasets). B, Tumor volumes as measured in 550 

panel (A) at day 10, 18 and 26. ns, not significant (p > 0.05); *, p < 0.05; **, p < 0.01; ***, p < 0.001; 551 

(non-parametric Mann–Whitney test). C, Analysis of CD40 and CD86 expression by flow cytometry on 552 

TdLN Mig-cDC1 and Res-cDC1. The data shown are from one experiment representative of two 553 

independent ones. 554 

 555 

 556 

Figure 3. 557 

cDC1 interact with CD4+ T and tumor-specific CD8+ T cells together in the tumor 558 

microenvironment. Xcr1Cre/wt;Rosa26tdRFP/wt mice were adoptively transferred with 1,000 GFP+ OT-I 559 

cells 1d prior to tumor engraftment. 7d post-engraftment, tumors sections were stained for RFP 560 

expression (cDC1), GFP (OT-I), CD4 (CD4+ T cells) and HER2 (NOP23 cells). This image is 561 

representative of 5 individual mice. 562 

 563 

 564 
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 565 

Figure 4. 566 
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IFNs and cDC1-intrinsic IFN-γ and STAT1 signaling are necessary for breast cancer 567 

spontaneous rejection. A, Tumor growth in Xcr1-DTA (n=10), Cxcl9-/- (n=9), Il12b-/- (n=6), Il15ra-/- 568 

(n=5) and control (n=8) female mice. One experiment representative of two independent ones is shown. 569 

B, Tumor growth in Xcr1-/- (n=4),  Ifnar1-/- (n=7), Ifngr1-/- (n=5), Stat1-/- (n=5) and control (n=6) female 570 

mice. One experiment representative of at least 2 independent ones is shown. C, Expression analysis of 571 

the Ifna4, Ifna2, Ifnb and Ifng genes in control tumors and their TdLNs (n=2-4) by qPCR. D, Tumor 572 

growth in Xcr1-DTA (n=7), Ifnar1-/- (n=8), Xcr1cre;Ifnar1fl/KO (n=13) and control (n=7) female mice. One 573 

experiment representative of two independent ones is shown. E, Tumor growth in different types of 574 

shield bone marrow chimera female mice, controlXcr1-DTA (n=4), Xcr1-DTAXcr1-DTA (n=4), 575 

Ifngr1-/-Xcr1-DTA (n=4) and Stat1-/-Xcr1-DTA (n=4). Xcr1-DTA (n=5) and control (n=5) female 576 

mice were used as controls. One experiment representative of two independent ones is shown. *, P < 577 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (unpaired t test). F-G, Heatmaps representing the 578 

expression of co-stimulatory receptors on lymphoid resident (res) and migratory (Mig) cDC1 and cDC2 579 

in the TdLNs (F) and tumors (G) at d4, d7 and d15 after engraftment in Ifnar1-/-, Ifngr1-/-, Xcr1-DTA 580 

compared to control mice. The data are shown as Log2 Fold Changes in the ratio of % Population/Parent 581 

population from mutant animals to WT (n=3-6 mice per group). The data shown are from two 582 

independent experiments pooled together. 583 
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 585 

Figure 5. 586 

cDC1, type I IFN and type II IFN signaling shape the tumor immune landscape. A, Kinetics of 587 

the tumor infiltration by CD45+ cells at d4, d7 and d15, in control, Ifnar1-/-, Ifngr1-/- and Xcr1-DTA mice, 588 

as assessed by flow cytometry. B-C, Kinetics of the tumor infiltration by cDC1 (B) and NK cells (D) at 589 

d4, d7 and d15, in control, Ifnar1-/-, Ifngr1-/- and Xcr1-DTA mice. D, Heatmap representing the tumor 590 

immune landscapes in Ifnar1-/-, Ifngr1-/- and Xcr1-DTA mice at d4, d7 and d15. The data are shown as 591 

Log2 Fold Changes calculated as the ratio of % Population/CD45+/mg of tumor from mutant animals to 592 

WT (n=3-6 mice per group). The data shown are from two independent experiments pooled together. 593 

E-G, Kinetics of the tumor infiltration by CD8+ T cells (E), CD4+ T cells (F) and NK T cells (G) in 594 

control, Ifnar1-/-, Ifngr1-/- and Xcr1-DTA mice. For (A-C) and (E-G), the data shown (mean+/-SEM) are 595 

from two independent experiments pooled together (n=3-6 mice per group). ns, not significant (p > 596 
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0.05); *, p < 0.05; **, p < 0.01; ***, p < 0.001 according to unpaired t test or nonparametric Mann–597 

Whitney test (MW) when specified. 598 

 599 

 600 

Figure 6. 601 

cDC1, type I IFN and type II IFN signaling are necessary for CD4+ and CD8+ T cell terminal 602 

activation and effector functions in the TME. A, Kinetics of the tumor infiltration by Ag-specific 603 

CD4+ (up) and CD8+ (bottom) T cells at d4, d7 and d15 in Ifnar1-/-, Ifngr1-/- Xcr1-DTA and control mice. 604 

The data shown (mean+/-SEM) are from two independent experiments pooled together (n=3-6 mice per 605 

group). B, Heatmap representing T cell effector phenotype and proliferation, and CTL cytokine 606 

production. The data are shown as Log2 Fold Changes in the ratio of % Population/Parent population 607 

from mutant animals to WT (n=3-6 mice per group). C, Expression of GzmB, IFN- and TNFα by OVA-608 

specific CD44+ CD8+ T cells in the TdLN of Ifnar1-/-, Ifngr1-/- Xcr1-DTA and control mice day 7 post-609 

engraftment. The data shown are from two independent experiments pooled together. *, p < 0.05; **, p 610 

< 0.01; ***, p < 0.001; (non-parametric Mann–Whitney test). 611 
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 613 

Figure 7. 614 

Intratumor expression of XCR1 and gene ontology annotations linked to CTL, Helper T cell 615 

and IFN-I/II signaling are all associated to a better prognosis in human breast cancer patients. 616 

A-B, Kaplan Meier plot of XCR1 expression (A), and of CCR7 and CCL19 expression (B) in human 617 

breast cancer. C, Gene Ontology of breast cancer good prognosis gene set performed with DAVID 6.8. 618 

A gene is considered prognostic if correlation analysis of gene expression and clinical outcome resulted 619 

in Kaplan-Meier plots with high significance (p<0.001). (A) is from Kaplan Meier-plotter database, (B) 620 

and (C) data from the TCGA database.  621 
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