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NF-kB—dependent IRF1 activation programs cDC1
dendritic cells to drive antitumor immunity

Ghita Ghislat!, Ammar S. Cheema?, Elodie Baudoin?, Christophe Verthuy?, Pedro J. Ballester?,
Karine Crozat?!, Noudjoud Attaf!, Chuang Dong?, Pierre Milpied?’, Bernard Malissen?,
Nathalie Auphan-Anezin?, Thien P. Vu Manh?, Marc Dalod'?, Toby Lawrence’3***

Conventional type 1 dendritic cells (cDC1s) are critical for antitumor immunity. They acquire antigens from dying

tumor cells and cross-present them to CD§ T cells, promoting the expansion of tumor-specific cytotoxic T cells.
However, the signaling pathways that govern the antitumor functions of cDC1s in immunogenic tumors are poorly
understood. Using single-cell transcriptomics to examine the molecular pathways regulating intratumoral cDC1
maturation, we found nuclear factor kB (NF-kB) and interferon (IFN) pathways to be highly enriched in a subset of
functionally mature cDC1s. We identified an NF-kB—dependent and IFN-y-regulated gene network in cDC1s, in-
cluding cytokines and chemokines specialized in the recruitment and activation of cytotoxic T cells. By mapping the
trajectory of intratumoral cDC1 maturation, we demonstrated the dynamic reprogramming of tumor-infiltrating cDC1s
by NF-kB and IFN signaling pathways. This maturation process was perturbed by specific inactivation of either NF-xB

or IFN regulatory factor 1 (IRF1) in cDC1s, resulting in impaired expressi on of IFN-y—responsive genes and

consequently a failure to efficiently recruit and activate antitumoral CD8* T cells. Last, we demonstrate the

relevance of these findings to patients with melanoma, showing that activation of the NF-iB/IRF1 axis in associa-
tion with c¢DCl1s is linked with improved clinical outcome. The NF-kB/IRF1 axis in cDC1s may therefore repre-
sent an important focal point for the development of new diagnostic and therapeutic approaches to improve

cancer immunotherapy.

INTRODUCTION

Immunotherapy has brought unprecedented advances in cancer treat-
ment, yet still most patients do not respond to current therapies. Hence,
there is a strong need to further understand what dictates patient
responses to immunotherapy and design new approaches to im-
prove therapeutic outcomes. Previous studies in several preclinical
cancer models support an important contribution of conventional
type 1 dendritic cells (cDC1s) to effective immunotherapy, includ-
ing adoptive T cell therapy and immune checkpoint blockade (7-3).
Furthermore, the frequency of cDC1s in human cancers is associated
with improved prognosis and response to immunotherapy (4). cDC1s
in humans and mice share development pathways and phenotypic
markers, including expression of the chemokine receptor XCR1 as
alineage marker (4, 5). The defining property of cDC1s is the cross-
presentation of antigens via the class [ major histocompatibility
complex (MHC) pathway to CD8* T cells (6), which is critical for
antitumor immune responses (7). In line with this function, cDC1s
express a number of molecules associated with the uptake and pro-
cessing of antigens from dying cells for cross-presentation (&). However,
cross-presentation alone is not sufficient for the cDC1-dependent
control of tumor growth (9), implying that other functions of cDC1s
play important roles in antitumor immunity. For example, DCs can
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be important sources of chemokines and cytokines that promote CD8*
T cell recruitment and activation in tumors. However, the tumor
microenvironment suppresses the recruitment and activation of
cDC1s, through various mechanisms, which contributes to evasion
of antitumor immunity and may underlie resistance to immunotherapy
in patients with cancer (4). The intrinsic molecular pathways regu-
lating intratumoral c¢DC1 functions remain poorly understood but
are critical to determining how cDC1s can be targeted to improve
cancer immunotherapy.

Previous studies have been hampered by the lack of experimen-
tal tools to dissect the specific functions of cDC1s, mostly relying on
the use of Batf3-deficient mice that lack cDC1s, which precludes the
study of pathways regulating cDC1 functions within tumors. The
recent development of transgenic mice allowing the specific target-
ing of cDC1s, based on their specific expression of the chemokine
receptor XCR1 (4, 5), has revealed important new aspects of cDC1
functions in tumors. For example, targeted deletion of MHCII in
Xcrl-expressing cells revealed an unexpected role in priming CD4+
T cells, which was required for rejection of transplanted tumors
bearing a xenoantigen (/0). Several reports have described the im-
portance of cDC1s in various preclinical models for effective immu-
notherapy, including adoptive T cell therapy (7, 2) and immune
checkpoint blockade (3, 717-15). In the context of adoptive T cell

therapy, tumor-resident cDC1s were reported to produce the
CXCR3-dependent chemokines CXCL9 and CXCL10, required for

the recruitment of effector CD8* T cells (7). In another study, in-
creased interferon-y (IFN-y) production during anti-programmed
cell death 1 (PD-1) therapy was shown to drive interleukin-12 (IL-12)
expression by DCs, leading to increased CD8* T cell activation (/6).
These studies demonstrated the important contribution of cDC1s
to antitumor immune responses in the presence of activated CD8*
T cells producing IFN-y.
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Tumor immunogenicity and the recruitment of tumor-infiltrating
CD8* T cells are critical factors for clinical responses to immuno-
therapy (/7-19). Tumor antigens broadly fall into two categories:
those specifically expressed by cancer cells, including neoantigens
generated by genetic alterations, and those that are highly but not
exclusively expressed by cancer cells. Neoantigens, associated with
cancers with high mutational burden, exert the strongest T cell-
mediated antitumor immunity, which often correlates with improved
responses to immunotherapy (20). However, the roles of cDC1s in
relation to intrinsic tumor immunogenicity have not yet been ad-
dressed. Here, we investigated the molecular pathways in tumor-
infiltrating cDC1s that govern their antitumor functions in relation
to tumor immunogenicity. Using genetic tools to specifically target
cDC1s, we demonstrate their specific role in the control of im-
munogenic tumor growth. Single-cell RNA sequencing (scRNA-seq)
revealed the trajectory of intratumoral cDC1 maturation and identi-
fied distinct activation states associated with tumor immunoge-
nicity. By targeting specific signaling pathways in cDC1s, we identify
molecular pathways that drive intratumoral cDC1 maturation leading
to the recruitment and activation of antitumoral CD8* T cells. Last, we
show that activation of these pathways in human melanoma correlates
with a better clinical prognosis. Therefore, manipulating these path-
ways could offer new therapeutic strategies to overcome resistance
to immunotherapy and improve outcomes for cancer treatment.

RESULTS

cDC1s are required for control of immunogenic tumors

To explore the role of cDC1s in relation to tumor immunogenicity,
we used a clinically relevant mouse melanoma model based on ex-
pression of BrafV¢%E and deletion of tumor suppressors Pfen and
Cdkn2a, specifically in melanocytes (YUMM1.7) (21, 22). Previous
studies have established that YUMM1.7 tumors are not immuno-
genic and do not show increased growth in Rag-deficient mice,
which lack T and B lymphocytes (27). Consequently, these tumors
are also resistant to immune checkpoint therapy. We exploited the
fact that YUMM1.7 tumors derived from male mice express the mi-
nor histocompatibility antigen H-Y (23) to assess tumor growth in
an allogeneic setting by transplanting YUMM1.7 tumors in synge-
neic female mice. Although tumors progressed in both male and
female mice, tumor growth rate was significantly reduced in females
(Fig. 1A), which was associated with a strong increase in leukocyte
infiltration (fig. S1A), suggesting that YUMM1.7 tumors were im-
munogenic in female mice. Analysis of tumor-infiltrating CD8*
T cells showed a substantial increase in recruitment of effector CD8* T
cells expressing IFN-y and tumor necrosis factor-o (TNF-a) in tu-
mors from female mice compared with males (Fig. 1B). In addition,
analysis of gene expression in tumor-infiltrating CD8* T cells from
female mice revealed increased expression of genes underpinning
effector functions (fig. S1B) (21, 22). Analysis of cytokines in tumor
lysates also showed an increased production of various chemokines
and inflammatory cytokines in tumors from female mice compared
with males (fig. S1, C and D). To confirm the specificity of the T cell
response in female mice, we next assessed the frequency of CD8* T
cells recognizing the tumor-associated H-Y antigen, by using MHCI
tetramers. As expected, H-Y-specific CD8* T cells were absent
from YUMM1.7 tumors in male mice but were readily detected in
tumors from females (Fig. 1C). These data established the intrinsic
immunogenicity of YUMM1.7 tumors in female mice.

Taking advantage of the difference in immunogenicity between
YUMM1.7 tumors in male and female mice, we proceeded to eval-
uate the specific contribution of cDC1s to the control of tumor
growth. Previous studies implicating cDC1s in antitumor immune
responses and immunotherapy in preclinical models had used
Batf3-deficient mice constitutively lacking cDC1s. However, Batf3
is not exclusively expressed by cDC1s, and these mice display other
phenotypes, including intrinsic defects in memory CD8* T cells
(24, 25), reduced numbers of cDC2s (/4), and an increased frequency
of regulatory T cells (26). In contrast, the chemokine receptor XCR1
is a specific marker for cDC1s conserved in humans and mice (4, 5).
Thus, we used mutant mice expressing the active diphtheria toxin
receptor subunit [diphtheria toxin A (DTA)] exclusively in Xcri-
expressing cells to examine the specific role of cDC1s in control of
tumor growth. These mice were generated by crossing the Xcr /"
knock-in mice (26, 27) with mice expressing DTA from the ubiquitous
Rosa26locus under control of a lox-STOP-lox cassette (R26"°™)
(28). YUMM1.7 tumors were transplanted into cohorts of male and
female Xcr1'";R26""°™ mice (XcriP™) or DTA-negative littermate
controls [R26"P™ or XcrI*“ mice; wild-type (WT)]. Flow cytom-
etry analysis confirmed that tumor-associated cDC1s were almost
completely absent in Xcr/°™ mice, compared with WT controls
(Fig. 1, D and E). We observed a consistent increase in MHCII*CD-
11ch cells in tumors from Xcr /™ mice, most of which appeared to
represent cDC2s (fig. S1, E and F). There was also an inconsistent
increase in MHCII*CD11c- cells, which appeared to represent
tumor-infiltrating monocytes (fig. S1G).

The kinetics of YUMM1.7 tumor growth was unaffected in both
WT and Xcr1°™ male mice. However, tumor growth was signifi-
cantly increased in female Xcr/°™ mice compared with WT con-
trols (Fig. 1, F and G). Thus, Xcr1* cDC1s were required for control
of immunogenic tumors. Increased tumor growth upon depletion
of cDC1s in female mice was associated with a drastic decrease in
the recruitment of tumor-infiltrating CD8* T cells (Fig. 1H). Depletion
of cDC1s also significantly reduced the frequency of tumor (H-Y)-
specific CD8* T cells in YUMM1.7 tumors from female mice (Fig. 11
and fig. S1H), and the accumulation of IFN-y- and granzyme B
(GrB)-expressing cytotoxic CD8* T cells (CTLs) (Fig. 1]). Despite
the efficient depletion of cDC1s in tumor-draining lymph nodes
(TDLNSs) (fig. S1I), the frequency of H-Y-specific CD8* T cells and
CTLs in TDLNs was unaffected (fig. S1, ] and K). We did not ob-
serve an increase in the frequency of H-Y tetramer* CD8* T cells in
TDLNs of WT female mice bearing YUMM1.7 tumors at any time
point from day 10 onward (fig. S1L), suggesting that cDC1-mediated
activation of tumor-infiltrating CD8* T cells occurs locally at the
tumor site, rather than in TDLNs by migratory DCs.

To rule out the potential effects of sexual dimorphism on dif-
ferences in YUMM1.7 tumor growth, we used an immunogenic
YUMM1.7 tumor line derived from ultraviolet-irradiated male tumor-
bearing mice (YUMMER1.7) (22). These tumors exhibit a high so-
matic mutational burden and, unlike YUMM1.7, their growth was
significantly decreased in immunocompetent male mice as compared
with immunodeficient mice (22), presumably because of increased ex-
pression of neoantigens. As expected, YUMMER1.7 tumors sponta-
neously regressed in syngeneic male WT mice (Fig. 1, K and L),
which was associated with the accumulation of IFN-y- and TNF-a.-
expressing CD8* T cells in TDLNs (Fig. 1M). However, male Xcr/P™
mice completely failed to control the growth of YUMMER1.7
tumors (Fig. 1, N and 0), which was accompanied by a reduced
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Fig. 1. cDC1s are required
for control of immunogenic
tumor growth. (A) YUMM1.7
tumor growth in male and
female mice. (B) Quantifi-
cation of tumor-infiltrating

CD8" T cells, and IFN-y, or
TNF-o—producing CD8*

T cells, by flow cytometry
in YUMM1.7 tumors from

male and female mice at
end point. (C) Tetramer

analysis of H-Y-specific CD8"
T cells (Smcy(r3s-7a6)/H-2D"
and Uty(43-2s4/H-2D°) in
YUMML1.7 tumors. The dashed
line represents the highest

frequency obtained with

an irrelevant control epi-
tope (HPV16 E7us-s7/H-2D").
(D) Representative flow cy-
tometry analysis of cDC1s in
YUMML1.7 tumors (gated in
CD3” CD19  NK1.1" Ly6G~
CD11c" MHCII* CD64™ cells)
from female WT and Xcr1P™
mice. (E) Total number of
cDC1s from female WT and
XcrIP™ mice bearing YUMML.7
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accumulation of activated CD8* T cells in TDLNs (Fig. 1, P and Q),
but not in nondraining LNs (fig. S1M). These experiments demonstrated
the specific contribution of cDC1s to the recruitment and activation
of effector T cells and the control of immunogenic tumor growth.

Defining the molecular determinants of cDC1

maturation in tumors

The molecular pathways that control the activation and functions of
tumor-infiltrating cDC1s remain largely unknown. To reveal the
molecular determinants of intratumoral cDC1 maturation during
control of immunogenic tumor growth, we performed scRNA-seq
of cDC1s isolated from YUMM1.7 tumors in female mice. Consid-
ering the scarcity of cDC1s in tumors, we used an index cell sorting
approach that enabled us to track the cell surface phenotype of sin-
gle cells and their transcriptomes. We used a flow cytometry-based
5’-end scRNA-seq method termed FB5P-seq (29), which enables the
sequencing of phenotypically defined single cells and incorporates
unique molecular identifiers (UMIs) for accurate molecular counting.
After quality control and contaminant filtering, we obtained single-
cell transcriptomes from 113 bona fide cDC1s (gated on CD3-
CD19- NK1.1- Ly6G- CD11c* MHCII* CD64- cells). Unsupervised
clustering analysis using Seurat (27) revealed substantial heteroge-
neity among intratumoral cDC1s, with four clusters (CO to C3) visual-
ized by Uniform Manifold Approximation and Projection (UMAP)
and expressing highly distinct gene signatures (GSs) (Fig. 2A and
fig. S2A). Gene set enrichment analysis (GSEA) across the four clus-
ters, combining gene sets from the MsigDB public repository and
previously published DC GSs, revealed enrichment for distinct bio-
logical functions and activation states (Fig. 2B). C3 was enriched
for signatures associated with cell proliferation (E2F targets, G2ZM
checkpoint, and DNA replication) and an immature state [Core DN
Vu Manh (29) and Mat OFF Ardouin (Fig. 2, B and D) (37)]. Core
DN Vu Manh corresponds to gene sets down-regulated across
human and mouse DC subsets during maturation in response to
microbial stimuli (29). Mat OFF Ardouin corresponds to gene sets
down-regulated during steady-state maturation of mouse cDC1s (32).
CO also showed enrichment of signatures from immature cDCl1s.
Conversely, C1 showed a high enrichment for genes up-regulated in
mature cDC1s [Core UP Vu Manh (29) and Mat ON Ardouin (30)].
In addition, genes associated with nuclear factor kB (NF-kB) and
IFN signaling pathways were enriched in C1. EnrichR analyses
using Kyoto Encyclopedia of Genes and Genomes (KEGG), Reac-
tome, and Protein-Protein Interaction (PPI) databases also revealed
an enrichment for the NF-kB pathway in C1 (fig. S2B). Accordingly, the
typical DC maturation markers Ccr7, Cd40, and Fscnl as well as the
proinflammatory cytokines 1112b, Ccl5, Cxcl9, and Ccl22, which are
known target genes for the NF-kB pathway in DCs (30), were highly
expressed in C1 (Fig. 2C). These data suggested that NF-«B signaling
could be a key regulator of intratumoral cDC1 maturation, which
prompted us to further explore the specific role of NF-kB in cDC1s.

NF-«B controls IFN-y-mediated programming

of ¢cDC1s in tumors

To explore the role of NF-«B activation in cDC1s, we generated mice
with a conditional deletion of IxB (inhibitor of NF-«B) kinase 3
(IKKB) (Ikbkb gene), a critical kinase for NF-kB activation, specifically in

cDC1s. We crossed Xcr1'“ mice with Tkbkb™ mice and confirmed
efficient deletion of IKKp specifically in cDC1s in homozygous
Tkbkb™" Xcr1'" progeny (Ikbkb**"), at both mRNA and protein

levels (fig. S3, A to F). There were no signs of autoimmunity or dys-
regulated immune homeostasis in Ikbkb**! mice (fig. S3, G to 1),
unlike previous observations in mice lacking IKKp throughout the
DC lineage (Ikbkb>"¢* mice) (30). This indicated that IKKB/NF-«xB
activation in cDC1s was not required for tolerance and immune homeo-
stasis, which implies that the phenotype observed in Ikbkb % mice
was likely due to IKKB/NF-kB signaling in c¢DC2s, as previously
suggested (30). However, Ikbkb**! mice did present a partial defect
in steady-state migratory cDC1s in skin-draining LNs (fig. S3, ] to 0),
confirming that IKKf/NF-kB signaling regulates steady-state cDC1
maturation. We did not observe the same increase in CD11c" cDC2s
in Tkbkb**! mice (fig. S3P), as seen in Xcr/P™ mice (fig. S1, E and F).

We next transplanted YUMM1.7 tumors in cohorts of male and
female Zkbkb**! mice and littermate controls. IKKP deletion in cDC1s
had no impact on tumor growth in male mice (fig. S4, A and B).
However, YUMM1.7 tumor growth was significantly increased in
female Tkbkb*¥! mice compared with littermate controls (Fig. 3A).
In addition, male Ikbkb*¥! mice failed to control the growth of
YUMMERZ1.7 tumors (Fig. 3B). These results demonstrated that
IKKp was required in ¢cDC1s for control of immunogenic tumor
growth. IKKp deletion did not affect accumulation of cDC1s in tu-
mors (fig. S4C) but reduced their expression of maturation markers
including CD40, CD86, and CCR7 (although, in the case of CD86
and CCR?7, this did not reach statistical significance); furthermore,
CXCL9 expression by cDC1s in tumors from Ikbkb**"! mice was
significantly reduced (Fig. 3, C and D). Conversely, IKK deletion
in cDC1s did not affect the phenotype of tumor-associated cDC2s
(Fig. 3, E and F), demonstrating that cell-intrinsic NF-«B signaling
was required for maturation specifically of tumor-associated cDC1s.
Similarly to Xcr/°™ mice, female Tkbkb* '’ mice showed a strong
decrease in the recruitment and activation of CD8* T cells in
YUMM1.7 tumors (Fig. 3, G and H, and fig. S4, D and E). Further-
more, the frequency of H-Y-specific CD8* T cells was significantly
reduced in tumors from these mice (Fig. 31 and fig. S4F), in line
with data from Xcr/P™ mice. The impaired activation state of
tumor-infiltrating CD8* T cells in 7kbkb**"! mice was confirmed
by gene expression analysis showing reduced expression of several
T cell activation markers (Fig. 3]). In male Zkbkb* "/ mice trans-
planted with YUMMERL.7 tumors, increased tumor growth was
also associated with reduced expression of maturation markers by
cDC1s (fig. S4G) and decreased accumulation of activated CD8*
T cells in TDLNs (Fig. 3, Kand L), but not in nondraining LNs (fig.
S4H). Collectively, these data demonstrated that NF-kB activation
inintratumoral cDC1s was required for the recruitment and activa-
tion of CD8* T cells and control of immunogenic tumors.

To gain further insight into the molecular mechanisms by which
NF-«B drives cDC1-mediated control of tumor growth, we performed
bulk RNA-seq analysis of cDC1s sorted from YUMM1.7 tumors in
female Ikbkb™" and Ikbkb "' mice. GSEA revealed that IFN path-
way GSs were highly enriched in WT cDC1s (Ikbkb™F) compared
with IKKp-deficient cells (Tkbkb**!) (Fig. 4A), with a particularly
strong enrichment for the Interferon_gamma_response pathway (Fig. 4B).
As expected, the TNFA_signaling via_NF-xB pathway was also
strongly enriched in WT cells, confirming an impaired activation of
NF-kB after IKKP deletion (Fig. 4A). To confirm changes in the
IFN-y response program in intratumoral cDC1s, we measured by
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) the expression levels of hallmark genes induced by IFN-y
(32).IKKP deletion in cDC1s led to a consistent down-regulation of
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Fig. 2. Single-cell transcriptional profiling of cDC1s from immunogenic tumors. (A) Dimensionality reduction performed using the UMAP algorithm and graph-based
cell clustering using Seurat, for 113 bona fide cDC1s sorted from YUMM1.7 tumors of eight female mice 10 days after engraftment. (B) BubbleMap showing results of GSEA
with hallmark (h), KEGG pathway (k), and published DC maturation gene sets, performed by using BubbleGUM on pairwise comparisons between the clusters CO to C3
shown in (A). Circle area indicates NES and color intensity the FDR. FDR was further corrected for multiple testing, leading to a higher stringency of the significance threshold.
Core_DN_Vu_Manh and Core_UP_Vu_Manh correspond to gene sets down- or up-regulated, respectively, across human and mouse DC subsets during maturation in response
to microbial stimuli (29). Mat_ON_Ardouin_comm and Mat_OFF_Ardouin_comm correspond to gene sets up- or down-regulated, respectively, during steady-state maturation
of mouse cDC1s (31). Numbers in parentheses correspond to the number of genes. NS, not significant. (C) Expression levels of selected genes related to DC maturation,
projected onto the UMAP space. (D) Heatmap showing expression of selected genes across CO to C3 and association of individual genes to gene sets used in (B) (right).
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Fig. 3. IKKp in cDC1s is required for control of immunogenic tumors. (A) YUMM1.7 tu- BT | Fast ©

Log (FC)

mor growth in female Ikbkbf/F (n = 11) and Ikbkb®*<'1 (n = 9) mice. (B) YUMMER1.7 tumor
growth in male Ikbkbf/F (n = 33) and Ikbkb®*¢r1 (n = 19) mice. (C to F) Flow cytometry analysis
of ¢cDC1s (C and D) and c¢DC2s (E and F) from YUMM1.7 tumors in female Ikbkb/F and
Ikbkb*¥erl mice; tumors were analyzed between 200 and 350 mm?>. (C and E) Total numbers
of CD40-, CD86-, CCR7-, and CXCL9-expressing cDC1s or cDC2s and (D and F) represent-
ative histograms of flow cytometry analysis including fluorescence minus one (FMO) con-

-1 0 1

trol. (G) Total number of CD8" T cells and (H) numbers of IFN-y—, GrB-, or TNF-a—expressing CD8" T cells in YUMMZ1.7 tumors from female Ikbkbf/f and Ikbkb™¥er? mice; tumors

were analyzed between 250 and 400 mm?>. (1) Frequency of H-Y—specific tumor-infiltrating CD8" T cells in YUMMZ1.7 tumors from female and male Ikbkb"* and Ikbkb™Xer? mice.

(J) High-throughput gene expression analysis (BioMark HD, Fluidigm) of tumor-infiltrating CD8* T cells from YUMMZ1.7 tumors in female lkbkb™F and Ikbkb®¥cr: mice; statistical
significance is indicated. FC, fold change. (K) Total numbers of CD44" CD8" T cells and (L) IFN-y—, GrB-, and TNF-a—expressing CD44" CD8" T cells in TDLN from male lkbkb/*
and Ikbkb™¢r1 mice bearing YUMMER1.7 tumors; tumors were analyzed between 250 and 400 mm?. Total cell numbers are indicated for 250 mg of tumor tissue. Pooled or represent-
ative data are shown from at least two independent experiments. Data are shown as means + SEM. In scatter plots, each point corresponds to an individual mouse. Statistical
analysis was performed by two-way ANOVA followed by Sidak’s multiple comparison tests [(A and B), tumor volume graphs], Mann-Whitney test, or multiple unpaired t test

()). Fisher's exact test was used for frequency of tetramer” cells when their proportion was above the highest level obtained with HPV16 E7(49-57)/H-2Db tetramer (l).

6 of 18



6 5 s N, 1 Gene signatures Interferon gamma response TkbkbFtkbkb® Xer!
e Usp18
Interferon_gamma_response L Cxcl9
Interferon_alpha_response | Cxcl10
TNFA_signaling via_NFKB ~ E.* Mx1
Allograft rejection S Fos
Inflammatory response £on Inf7
Complement L) Ccl5
Hypoxia . Irft
Mesenchymal transition ‘ ” H ‘ ‘IHHHH Isg15
116_JAK_STAT3_signaling 6
1I2_STAT5_signaling Socs3
Enriched in Ikbkb™F vs. ert Marcks!
Fscnt
Ikbkb
D - | E F *
so-Ctrl o o—IFN-+ e ' Traf6
T 800y wees . 8007 o120, [« Iso-Ctrl Tnf
£ - * B «—IFN-y Soxd
~ 6004 ¢ l l 2] ~ 600 o » lic
o) A * 2 I115ra
1S *% // - 8 801 Ifih1
S 400/ = g 400 et Slamf8
5] 4 £ A Ldh1
I © ] 1127
S 200 1 g 200] *am Q Tnfrsf1a
S S s o Cd40
5 = .o m Nfkbid
= o ' ] , \ 0 =
4 7 10 13 G} Gdzrd
Days Tnfaip3
Socs2
Ccl2
G Cxcl2
Iso-Ctrl  c—IFN-y ;?ngg
[ 6 Fear2b
M Cds6 J
Tnfrsfla Gbp2
L Ccl22
Isg15 Cdso
Marcks!
| Cds6
I115ra )
Cxcl9 Nfkbiz
112b Tgfb1
Cd40 Serpinb9
l?f(:’1274 Log (FC)
Ccl5 -1 0 1
Tnf
Slamf8
Ccl22
Socs2
Tnfsf9
Serpinb9
Clic4 . . . .
Usp18 Fig. 4. IKKP controls IFN-y—-mediated programming of intratumoral cDC1s. (A) GSEA of bulk RNA-seq data from
’é’%,m cDCl1s isolated from YlFl)yIM 1.7 tumors in female lkbkbfA/f(cglnd Ikbkb™¥erl mice. Ten gene sets with highest enrichment in
Fegr2b cDC1s from WT (lkbkb ) mice as compared with lkbkb mice are shown. JAK-STAT3, Janus kinase—signal transducer
AF,ZZM and activator of transcription 3. (B) Enrichment plot for Interferon_gamma_response in cDC1s from YUMM1.7 tumors in
I,l—’g;bid female Ikbkbf/F versus Ikbkb™*rl mice. (C) Differential expression of IFN-regulated genes in cDC1s from YUMMZ1.7 tumors
B Socs3 in female Ikbkb¥F versus Ikbkb®e1 mice; tumors were analyzed between 200 and 350 mm?. Statistical significance is
;ﬁ;‘;’;’s shown when applied. (D and E) YUMML1.7 tumor growth in female mice treated with anti—IFN-y (a—IFN-y) or isotype
2/:272 control (Iso-Ctrl) at indicated time points (arrows). (F) Total numbers of GrB-expressing CD8" T cells in YUMM1.7 tumors
C;clz from female mice at end point after treatment with anti—IFN-y (per 250-mg tumor tissue). (G) Differential expression of
?dg,% selected IFN-regulated genes in cDC1s from YUMM1.7 tumors in female mice after treatment with anti—IFN-y; tumors
sgx4 were analyzed between 200 and 350 mm?. Representative data are shown from at least two independent experiments.
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system (Fluidigm). Statistical analysis was performed with two-way ANOVA followed by Sidak’s multiple comparison
tests (D) or multiple unpaired t test (C and G) or Mann-Whitney test (E and F).

most of these genes, confirming the NF-kB-dependent control of the
[FN-y response in intratumoral cDC1s (Fig. 4C). This prompted us
to assess the impact of IFN-y signaling on ¢DC1 functionality
during immunogenic tumor growth. For this purpose, we treated fe-
male YUMM1.7 tumor-bearing mice with IFN-y-neutralizing anti-
body. This resulted in a significant increase in tumor growth
(Fig. 4, D and E) and reduction in tumor-infiltrating effector CD8*
T cells (Fig. 4F). We then measured the expression of hallmark
IFN-y-induced genes in cDC1s isolated from these tumors. In line

with the conditional deletion of IKKp in cDC1s, IFN-y neutralization
reduced the expression of most of these genes (Fig. 4G), which con-
firmed the association between NF-kB activation and induction
of IFN-y-responsive genes in intratumoral cDC1s.
NF-kB/IFN-y-dependent genes in tumor-associated cDC1s in-
cluded both Cxc/9 and Cxcl10 (Fig. 4, C and G), which are major
chemoattractants for CXCR3-expressing effector CD8* T cells
(4, 33, 34). CXCL9 production by DCs has been suggested to play a
key role in the recruitment of effector CD8* T cells to tumors (/).
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We observed a significant reduction in CXCL9-expressing cDC1s
in Tkbkb**"! mice compared with littermate controls (Fig. 3, C and D,
and fig. S4G). In addition, uncontrolled tumor growth in Tkbkb**"!
mice correlated with reduced accumulation of activated CD8* T
cells (Fig. 3, G to L). To evaluate the contribution of CXCR3 ligands
to the control of tumor growth, we treated female YUMM1.7 tu-
mor-bearing mice with CXCR3-blocking antibody. As observed
with IKKp deletion in cDC1s and with IFN-y neutralization, CXCR3
blockade impaired the recruitment of tumor-infiltrating CD8*
T cells and increased tumor growth (fig. S5, A to C). To evaluate the
specific contribution of cDC1-derived CXCL9, we generated mice
with a conditional deletion of Cxcl9 in ¢DC1s (Cxcl9*¥) (fig. S5, D
and E). YUMM1.7 tumor growth and T cell recruitment was not
altered in Cxc/9**! mice (fig. S5, F to H), suggesting that CXCL9
expression by cDC1s was not required for CD8* T cell recruitment
and control of tumor growth in this model. Similar results were also
observed in mice bearing a germline deletion in Cxcl9 (Cxcl9%/%)
(fig. S5, I to M). Given that CXCR3 blockade impaired T cell re-
cruitment and significantly increased tumor growth in this model,
these data suggest redundancy between CXCL9 and other CXCR3
ligands such as CXCL10. These results also highlight the importance
of NF-«B activation in cDC1s for driving their expression of multiple
genes that contribute to CD8* T cell recruitment and antitumoral
functions, including Cxcl10, Ccl5, and 1112b, besides Cxcl9.

NF-kB—mediated IFN regulatory factor 1 expression in cDC1s
is required for control of immunogenic tumors

Among the NF-kB- and IFN-y-regulated genes in tumor-associat-

ed cDC1s was the transcription factor IRF1 (IFN regulatory factor
1) (Fig. 4, C and G), which is a master regulator of IFN-mediated
gene expression (35) and also enriched during intratumoral cDC1
maturation (fig. S2C). We therefore sought to determine the role of
IRF1 in the NF-kB-dependent control of cDC1-mediated antitu-
mor immunity. To this end, we generated mice with a conditional
deletion of IRF1 in ¢DC1s (Irf12¥!). We confirmed efficient dele-
tion of IRF1 specifically in ¢DC1s from Irf/**"/ mice at mRNA and
protein levels (fig. S6, A to D). Unlike Ikbkb**'! mice, IRF1 dele-
tion did not affect accumulation of migratory cDC1s in steady state
(fig. S6, E and F), indicating that IRF1 did not regulate steady-state
cDC1 maturation. In addition, we did not observe an increase in
CD11chi ¢DC2s in Irf1*%"! mice (fig. S6G), contrary to what was
seen in XcrIP™ mice (fig. S1, E and F).

We then transplanted cohorts of male or female /7% mice
and littermate controls with YUMM1.7 tumors, or only male mice
with YUMMERT1.7 tumors. As we had observed in Xcr/?™ and
Tkbkb*¥r! mice, growth of YUMM1.7 tumors was unaffected in male
Irf1*%! mice (fig. S6H), but tumor growth was significantly increased
in female Irf1°%"! mice compared with controls (Fig. 5A). Similarly,
about half of male Irf/**! mice failed to control growth of
YUMMER1.7 tumors (Fig. 5B). In line with data from Zkbkb*¥e!
mice, the accumulation of cDC1s in YUMM1.7 tumors from female
IrfI**T mice was unaffected (fig. S61), but their expression of mat-
uration markers CD40 and CD86 and CXCL9 was significantly
impaired (Fig. 5C). In contrast, tumor-associated cDC2s in Irf74%"
mice were unaffected (fig. S6]). Furthermore, the expression of NF-xB-
dependent IFN-y-responsive genes, including Cxcl10, CclS5, 11125,
and Cxcl9, was down-regulated in intratumoral cDC1s from I#7*%" mice
(Fig. 5D). Consistent with the increased growth of YUMM1.7 tumors in
female Irf1*%! mice, the frequency of tumor-infiltrating H-Y-specific

CD8* T cells was significantly reduced (Fig. 5E and fig. S6K), as was
the global recruitment and activation of tumor-infiltrating effector
CD8* T cells (Fig. 5, F to H). Similarly, the frequency of activated
CD8* T cells in TDLNSs after engraftment with YUMMER1.7 tumors
was significantly reduced in frf72%* mice (Fig. 5,1 and ]).

These data demonstrated that IRF1, along with NF-«B, was required
for the cDC1-mediated control of immunogenic tumors. Furthermore,
IRF1 was necessary for the induction of a subset of NF-kB-dependent
and IFN-y-responsive genes in intratumoral cDC1s, including
Cxcl9, Cxcll0, Cel5, Cd40, and 1112b (fig. S6L), suggesting a hierarchical
relationship in which NF-kB upstream of IRF1 activation in cDC1s
is required for control of immunogenic tumor growth.

NF-kB and IRF1 coordinate maturation of tumor-
infiltrating cDC1s
To further dissect the impact of NF-kB and IRF1-regulated
pathways on the intratumoral maturation of cDC1s, we performed
scRNA-seq analysis on cDC1s from YUMM1.7 tumor-bearing mice
after targeted deletion of IKKp or IRF1. We analyzed a total of 361
index-sorted bona fide cDC1s, using FB5P-seq, and performed
unsupervised Seurat clustering analysis. We identified seven distinct
¢DC1 clusters based on their gene expression (Fig. 6A). The frequency
of the different clusters in WT (lkbkb"™" / Irf1"'") and Ikbkb™*" or
Irf1*%r! mice was largely similar, except for an increase of C4 in
both 7kbkb- and Irfi-deficient cDC1s (Fig. 6B). GSEA revealed en-
richment of cell proliferation GSs in C5 and, to a lesser extent, C6
(Fig. 6C), which was similar to C3 in the previous analysis of WT
cDC1s (WT-C3) (Fig. 2B and fig. S7A). C1 and C2 were enriched
for inflammatory pathways and DC maturation genes (Fig. 6, C, D, and G,
and fig. S7B), representing the counterparts of the mature cDC1s identi-
fied among WT cDC1s (WT-C1) (fig. S7A). In contrast, C3 was en-
riched for immature DC gene sets and expressed the lowest levels of
DC maturation genes (Fig. 6, C and D), mirroring the cluster of
immature WT cDC1s identified previously (WT-CO in Fig. 2A).
To evaluate the possible dynamics between these different clus-
ters, we performed single-cell trajectory inference using Monocle
(36). This unsupervised learning algorithm inferred a branched tra-
jectory of cDC1s with three end points at C5, C3, and C2 (Fig. 6E).
Because C2 expressed the highest enrichment for DC maturation
genes (Fig. 6C), which were negatively enriched in C3 and C5, we
considered C3 and C5 as alternative roots for a cDC1 maturation
end point at C2 (Fig. 6E). These two alternative paths for cDC1
maturation converged at C4, before reaching the fully mature state
represented by C2 (Fig. 6, E and F). This analysis pinpointed C4
as a possible transitory state for intratumoral cDC1 maturation. C4
showed a particular enrichment for IFN-responsive genes, as well as
an induction of DC maturation gene sets (Fig. 6C). The proportion
of cells in C4 substantially increased upon deletion of NF-kB or
IRF1 (Fig. 6B), pointing to a possible role for NF-kB/IRF1 signaling
in promoting the exit of cDC1s from this IFN-responsive state (C4)
into their fully mature state (C2). In keeping with this hypothesis,
both NF-kB signaling and IRF1 expression were mostly enriched in
fully mature cDC1s (C1 and C2) (Fig. 6C and fig. S7C). Furthermore,
the genes up-regulated in C1 and C2 compared with C4, including
Ccl5, 1112b, Cd40, and Fscnl (fig. S7, B and D), were down-regulated
in both NF-xB and IRF1 deficient intratumoral cDC1s (Figs. 4C
and 5D and fig. S7, D to F). The transcripts down-regulated in in-
tratumoral cDC1s upon IKKp and IRF1 deletion also included
genes associated with antigen processing and presentation (e.g,
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Fig. 5. IRF1 in cDC1s is required for control of immunogenic tumors. (A) YUMM1.7 tumor
growth in female Irf1¥/F (n = 14) and Irf1Xcr1 (n = 9) mice. (B) YUMMER1.7 tumor growth in
male Irf17/F (n = 34) and Irf12%r? (n = 16) mice. (C) Flow cytometry analysis of tumor-infiltrating
cDC1s from YUMM1.7 tumors in female Irf17/F and Irf1°%er2 mice; tumors were analyzed be-
tween 200 and 350 mms; total numbers of CD40-, CD86-, CCR7-, and CXCL9-expressing cDC1s are shown. (D) Differential
expression of IFN-regulated genes in cDC1s from YUMMZ1.7 tumors in female Irf1¥/F and Irf1%r1 mice. Statistical signifi-
cance is shown when applied. (E) Frequency of H-Y=specific tumor-infiltrating CD8" T cells in YUMMZ1.7 tumors from male
and female Irf17/F and Irf1%r? mice. (F) Total number of CD8" T cells and (G) numbers of IFN-y—, GrB-, or TNF-a—expressing
CD8" T cells in YUMM1.7 tumors from female Irf17/F and Irf12%rl mice; tumors were analyzed between 250 and 400 mm’.
(H) Differential expression of T cell activation genes by CD8" T cells from YUMM1.7 tumors in female Irf17/F and Irf12%er1
mice. Statistical significance is shown when applied. (I) Total numbers of CD44" CD8" T cells and (J) IFN-y—, GrB-, and
TNF-o—expressing CD44" CD8" T cells in TDLN from male Irf17/F and Irf1%¥er2 mice bearing YUMMER1.7 tumors; tumors
were analyzed between 250 and 400 mm?®. Total cell numbers are indicated for 250 mg of tumor tissue. Pooled or representative data are shown from at least two inde-
pendent experiments. Data are shown as means + SEM. In scatter plots, each point corresponds to an individual mouse. The high-throughput gene expression analyses
shown in (D) and (H) were performed using the BioMark HD microfluidic system (Fluidigm). Statistical analysis was performed by two-way ANOVA followed by Sidak’s
multiple comparison tests [(A and B), tumor volume graphs], Mann-Whitney test, or multiple unpaired t test (D and H). Fisher’s exact test was used for frequency of tetramer” cells
when their proportion above the highest level obtained with HPV16 E7(s-s7)/H-2D" tetramer (E).
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Fig. 6. IKKp and IRF1 coordinate intratumoral cDC1 maturation. (A) UMAP and graph-based cell clustering for 360 bona fide cDC1s isolated from YUMM1.7 tumors of
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and Irf1/F) (right). (C) BubbleMap showing the results of GSEA using hallmark, KEGG pathway, and published DC maturation gene sets performed with BubbleGUM for pairwise
comparisons between clusters CO to C6 shown in (A), as described in Fig. 2B. (D) Heatmap showing expression levels of selected genes across CO to C6. (E and F) Single-cell
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10 of 18



Tapbp and Psmb1l), as well as DC maturation and IFN response
pathways (fig. S7, D to F). Therefore, Ikbkb and Irfl deletion in
cDC1s qualitatively altered the functional maturation of intratumoral
cDC1s, although the trajectory of cDC1 maturation was largely un-
affected. These data support a role for NF-xB/IRF1 signaling in pro-
moting the functional maturation of intratumoral cDC1s, including
antigen presentation as well as cytokine and chemokine production,
leading to recruitment and activation of effector T cells.

To explore the transcriptional regulation of distinct cDC1 clus-
ters, we used Distant Regulatory Elements of Co-regulated Genes (DiRE)
analysis to look for enrichment of specific regulatory elements from the
TRANSFAC database among the differentially expressed genes (DEGs)
from each cluster (fig. S7H). We also performed transcription factor
binding site analysis using the Encyclopedia of DNA Elements
(ENCODE) chromatin immunoprecipitation-sequencing (ChIP-seq)
database (fig. S71). In agreement with the results of GSEA, this anal-
ysis showed a selective enrichment of NF-xB target genes in mature
¢DC1s (C1 and C2) and IRF/signal transducer and activator of tran-
scription target genes in C4—known regulators of IFN response
pathways. Moreover, consistent with IRF1 acting down-stream of NF-kB
activation, an EnrichR analysis of DEGs down-regulated upon IKK
deletion in ¢cDC1s using transcription factor PPI database revealed
anetwork including three members of the IRF family that emerged
with high combined scores, of which IRF1 had the highest number of
interactions within the network (fig. S7, ] and K). On the other
hand, analysis of DEGs down-regulated in Irf1°% cDC1s did not
show enrichment for NF-kB signaling (fig. S7, L and M), suggesting
that NF-kB was not directly implicated downstream of IRF1 signal-
ing in cDC1s. In addition, IrfI expression was reduced in mature cDC1s
(C2) from Ikbkb 2¥r!, whereas Ikbkb expression was not affected
in cDC1s from Irf1**! mice (fig. S7N). Together, these data suggest
that an NF-xB/IRF1 axis coordinates the maturation of tumor-
infiltrating cDC1s, and we have pinpointed a transitional activation
state that is highly dependent on NF-kB and IRF1 signaling for pro-
gression to a fully mature functional state.

To extend our observations to other tumor models, we analyzed
the expression of NF-kB/IRF1 codependent genes in scRNA-seq
data from cDC1s in a previous study from a mouse model of lung
adenocarcinoma (LUAD) (/5). We first reconstructed Seurat clus-
tering of cDC1s from naive and tumor-bearing lungs in this dataset
[Gene Expression Omnibus (GEO) accession no. GSE131957). This
identified eight distinct clusters visualized by UMAP (CO to C7)
(fig. S8A). We next performed a Jaccard similarity analysis to com-
pare these clusters with the cDC1 clusters that we identified in
YUMM1.7 melanomas (YUMM-C0/C6). The highest Jaccard index
(JI) was obtained between C7 of lung tumor-associated cDC1s and
YUMM-C1/C2 mature cDC1s (fig. S8B), suggesting a similar mat-
uration state between tumor-associated cDC1s in murine melano-
mas and LUADs. Among lung c¢DC1s, IKKf and IRF1 were also most
highly expressed by cells with a mature phenotype (C7), as com-
pared with any other cluster (fig. S8D). This was accompanied by
the highest expression levels of NF-kB/IRF1-dependent genes in-
volved in IFN-y response (fig. S8D) and DC maturation (fig. S8C).
Mature cDC1s in normal mouse lung tissue did not show a concert-
ed up-regulation of IKKf and IRF1 (fig. S8E), suggesting that NF-
kB and IRF1 activation in cDC1s is up-regulated in response to
specific signals in the tumor microenvironment.

In summary, we have described in a clinically relevant mouse model
of melanoma the coordinated regulation of intratumoral cDC1

maturation by NF-kB upstream of IRF1, which are both required to
control immunogenic tumor growth. In addition, the implication of
the NF-xB/IRF1 axis in intratumoral cDC1 maturation appears to
be conserved in other cancer models.

The NF-xB/IRF1 axis in cDC1s correlates with good prognosis
in patients with melanoma

We next sought to determine the relevance of NF-kB and IRF1 sig-

naling in cDC1s to human cancer. We first deconvoluted the gene
expression data from The Cancer Genome Atlas (TCGA) for skin
cutaneous melanoma (SKCM; 468 patients). We used a previously
published gene list for cDC1s from this dataset (37) and scored the
expression of these genes in addition to /RF'/ and two hallmark
transcripts of the NF-xB pathway (IKBKB and NFKBI) (Fig. 7A).
Hierarchical clustering showed consistency between IRF1, IKBKB,
and NFKBI and the human c¢DC1 GS; therefore, we included these
genes in the cDC1 signature for inference of NF-kB/IRF1 pathway
enrichment in cDC1s. Individually, IRF1 showed a stronger cor-
relation than NFKB1/IKBKB with the cDC1 signature (fig. S9). This
is likely due to the broader roles of NFKB in tumors, which are well
documented. This also suggests a more specific impact of IRF1 and
¢DC1s in tumors, which is in keeping with our data in mouse mod-
els (fig. S6). To derive the most appropriate transcripts for the iden-
tification of activated CD8* T cells, we selected the most relevant
genes specific to CD8* T cells that were altered upon IKKf or IRF1
deletion in cDC1s in our mouse melanoma model (Fig. 7B). In line
with the established role of cDC1s in recruitment of tumor-infiltrating
CD8* T cells, the cDC1 signature showed a high degree of positive
correlation with the activated CD8* T cell signature (Fig. 7C). To
discern whether this observation was relevant for disease prognosis,
we analyzed the survival of patients with melanoma with high
(top quartile) and low (bottom quartile) levels of cDC1 alone and
NF-«B/IRF1-enriched cDC1 signatures. We found that the NF-kB/
IRF1-enriched cDC1 signature was associated with improved
prognostic outcome in patients with melanoma compared with the
cDC1 signature alone (Fig. 7D).

To further explore the implication of the NF-kB/IRF1 axis in cDC1s
for human melanoma, we analyzed the expression of NF-«kB/IRF1
co-regulated cytokine genes that we had identified in cDC1s from
our mouse melanoma model, and which were also linked to CD8*
T cell recruitment and activation (CCLS5, CCL22, CXCL9, CXCLI0,
and /L12B) (Fig. 7E). These cytokines are highly expressed in acti-
vated DCs compared with other immune cells in human cancers.
This NF-kB/IRF1-dependent cytokine signature was highly cor-
related with the activated CD8* T cell signature and showed a high-
er correlation with the NF-xB/IRF1-enriched cDC1 signature than
with the ¢DC1 signature alone (Fig. 7F), supporting a role for the
NF-kB/IRF1 axis in expression of these cytokines and recruitment
of cytotoxic CD8* T cells in patients with melanoma. Consistent
with this observation, high expression of both the activated CD8*
T cell signature and the NF-kB/IRF1-dependent cytokine signature
was significantly associated with patient survival (Fig. 7G). To ac-
count for cDC1-independent NF-kB/IRF1 expression in our analy-
sis, which is more likely in patients with melanoma bearing a low
cDC1 score, we focused our analysis on data from patients bearing
high c¢DC1 GSs. In this analysis, we compared the score of activated
CD8* T cells and NF-kB/IRF1-dependent cytokines between indi-
viduals with high (top quartile) and low (bottom quartile) levels of
IRF1 and IKBKB/NFKBI gene expression. This revealed that among
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Fig. 7. NF-xB/IRF1-enriched cDC1 GSs correlate with increased survival in patients with melanoma. (A) Heatmap showing the gene similarity—ordered, z-transformed
expression values for cDC1 and NFKB/IRF1-enriched cDC1 GSs and (B) activated CD8" T cell GS in patients with melanoma from TCGA datasets. CLNK, cytokine-dependent
hematopoietic cell linker. CLEC9A (C-type lectin domain containing 9A), CLNK (cytokine dependent hematopoietic cell linker). (C) Spearman correlation between cDC1 GS or
NFKB/IRF1-enriched cDC1 GS with activated CD8" T cell GS in melanoma TCGA datasets. (D) Kaplan-Meier overall survival curves of TCGA patients with melanoma comparing
top and bottom quartiles of cDC1 GS or NFKB/IRF1-enriched cDC1 GS. Hazard ratio (HR) and P value from univariate Cox regression are indicated. (E) Heatmap showing the
gene similarity—ordered, z-transformed expression values for NFKB/IRF1-dependent chemokine GS in melanoma TCGA datasets. (F) Spearman correlation between c¢DC1
GS, NFKB/IRF1-enriched cDC1 GS, and activated CD8" T cell GS with NFKB/IRF1-dependent chemokine GS in melanoma TCGA datasets. (G) Kaplan-Meier overall survival
curves of TCGA patients with melanoma comparing top and bottom quartiles of activated CD8" T cell GS or NFKB/IRF1-dependent chemokine GS. (H) Box plots comparing
activated CD8" T cell GS and NFKB/IRF1-dependent chemokine GS in top and bottom quartiles of NFKB/IRF1 expression in TCGA patients with melanoma bearing high
cDC1 GS (top 50%). (1) Kaplan-Meier overall survival curve comparing top and bottom quartiles of NFKB/IRF1 expression in TCGA patients with melanoma bearing high
cDC1 GS score (top 50%).
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patients bearing high cDC1 signatures, individuals with higher ex-
pression of IKBKB/NFKBI and IRFI showed a substantial increase
in the CD8* T cell signature and NF-kB/IRF1-dependent cytokine
signature (Fig. 7H). Furthermore, IKBKB/NFKBI and IRF'I expres-
sion correlated significantly with good prognosis for patients with
melanoma bearing high ¢DC1 signatures (Fig. 7). Although we cannot
ascertain from this analysis that NF-kB/IRF1-dependent genes are
exclusively or even dominantly expressed by intratumoral cDC1s,
these findings point to a powerful influence of NF-kB and IRF1 in
patients with melanoma and the interplay between tumor-associated
cDC1s and CD8* T cells that are critical factors in prognosis.

In addition, we performed similar analyses on LUAD from TCGA
(fig. S10). The enrichment of IRF1/NFKB and the cDC1 signature
increased the correlation with activated CD8* T cells in LUAD (fig.
S10, A, B, and D). The IRF1/NFKB-dependent cytokine signature
also correlated highly with activated CD8* T cells in this dataset (fig.
$10, F and G). Unlike SKCM, the survival of patients with LUAD
was only moderately associated with the activated CD8* T cell and
¢DC1 signatures (fig. S10, E and H). However, the correlation be-
tween IRF1 or NFKB1/IKBKB expression and cDC1s was low in the
LUAD dataset (fig. S10C), which may explain the lack of impact on
survival of the IRF1/NFKB-enriched cDC1 signature in this dataset.

DISCUSSION
Several studies in preclinical mouse models and correlative analyses
in patients with cancer support an important contribution of cDC1s
to the efficacy of immunotherapy. However, the roles of cDC1s in
relation to intrinsic tumor immunogenicity are less clear. Here, we
examined the specific role of cDC1s in control of tumor growth in
relation to tumor immunogenicity in a clinically relevant mouse
melanoma model. We demonstrated that specific depletion of
Xcrl-expressing cDC1s did not affect growth of nonimmunogenic
tumors, where activated CD8* T cells were scarce, but severely af-
fected the control of immunogenic tumors, at least in part by pre-
venting the recruitment of tumor-specific CD8* T cells.
scRNA-seq revealed a cluster of cDC1s in tumors that was en-
riched for genes associated with DC maturation alongside NF-kB
and IFN-regulated signaling pathways, indicating that these path-
ways may have an important role in intratumoral cDC1 maturation.
We showed that targeted deletion of IKKp impaired intratumoral
cDC1 maturation and expression of IFN-y-regulated genes, which
was associated with increased tumor growth. These data suggest an
intrinsic role of NF-«B signaling in the IFN-y-mediated licensing
of cDC1s and control of tumor growth. We identified IRF1, which
is a known regulator of IFN response pathways, as an NF-«xB-
dependent gene in intratumoral cDC1s. Moreover, targeted deletion
of IRF1 in Xcr1* cDC1s phenocopied the deletion of IKKf, providing
genetic evidence for an NF-kB/IRF1 axis regulating the maturation
of intratumoral ¢cDC1s and control of immunogenic tumor growth.
Several immune-suppressive genes were specifically up-regulated in
[RF1-deficient cDCl1s, including 7127 (38), Socs3 (39), Fcgr2b (40),
and the chemokine Cxc/2, which has previously been shown to re-
cruit myeloid-derived suppressor cells and drive immune suppres-
sion (41, 42). The fact that these genes are only up-regulated upon
IRF1 deletion and not deletion of IKK or IFN-y blockade implies a
specific role for IRF1 in their repression independently of NF-xB/
IFN-y signaling, this is certainly an observation that requires fur-
ther investigation.

Several lines of evidence point to a hierarchical relationship be-
tween NF-xB and IRF1 activation in tumor-associated cDC1s. First,
IRF1-dependent genes in cDC1s were not enriched for NF-«B
regulatory elements, whereas NF-kB-dependent genes were enriched
for IRF1-mediated regulation. Second, NF-«B inactivation consistently
decreased Irfl mRNA expression by intratumoral cDC1s. Third, the
kinetics of increased NF-«B activation correlated with the induction of
Irfl mRNA by c¢DC1s upon treatment with tumor-conditioned medium
(TCM) in vitro. Last, consistent with NF-kB-mediated regulation
of IRF1 expression, the regulatory regions of the mouse and human
IRF genes contain 23 and 37 NF-kB binding sites, respectively (43).
We used scRNA-seq data to decipher the trajectory of intratu-
moral cDC1 maturation, which revealed a transitional cell state
enriched for IFN response pathways that preceded full maturation.
This transitional cDC1 population increased upon NF-kB or IRF1
deletion, consistent with a role for NF-kB/IRF1 signaling in the
IFN-dependent progression of cDC1 maturation. Accumulation of
this IFN pathway-enriched transitional state in the absence NF-xB/
IRF1 signaling implied that only a subset of IFN-responsive genes
in cDC1s are required for antitumor immunity and that these genes
are critically regulated by NF-xB and IRF1. This is consistent with a
previous study that showed a selective role of IRF1 in expression of
inflammatory but not antiviral genes during IFN responses (35). The
enrichment of IFN pathways in cDC1s upon deletion of NF-kB/IRF1
may also reflect cross-regulation between IFN-y- and type I IFN
(IFN-I)-regulated pathways, i.e., the arrest of IFN-y-mediated cDC1
maturation upon deletion of NF-kB or IRF1 may lead to a compen-
satory increase in cDC1 responses to IFN-I. Previous studies have
shown that IFN-y and IFN-I pathways can antagonize one another
in certain contexts (44-46).

Among the genes regulated by NF-kB and IRF1 in intratumoral
cDC1s, T cell chemokines were conspicuous, including Ccl5, Ccl22,
Cxcl9, and Cxcl10. These chemokines appeared to be selectively ex-
pressed during cDC1 maturation. CXCL9 and CXCL10 were mostly
expressed during the transitional cDC1 maturation state, associated
with high enrichment for IFN response pathways, whereas CCL5
and CCL22 were selectively expressed in fully mature cDC1s. This
was in keeping with the poor infiltration of CD8* T cells in tumors
upon conditional deletion of NF-kB or IRF1 signaling in cDC1s.
Other NF-kB/IRF1-regulated genes in intratumoral ¢cDC1s were
related to antigen cross-presentation (47, 48) and T cell activation
(29, 31, 49). Therefore, activation of the NF-kB/IRF1 axis in intra-
tumoral cDC1s likely promoted both the recruitment and activa-
tion of CD8* T cells.

Although not addressed directly here, the migratory capacity of
tumor-associated cDC1s is likely to be critical for control of tumor
growth in the context of immunotherapy. The expression of genes
required for cDC migration, namely, Ccr7 and Fscnl, were up-
regulated in mature intratumoral cDC1s (C1 and C2). We also ana-
lyzed the enrichment of published GSs from migratory cDCs across
all intratumoral cDC1 clusters, which showed a selective enrich-
ment in C1 and C2 (fig. S70). These data suggest that intratumoral
¢DC1 maturation is associated with induction of a migratory gene
program. Further studies are required to dissect the roles of NF-«B
and IRF1 signaling in the migratory capacity of intratumoral cDC1s
and the impact on antitumor immunity. Another unexplored per-
spective from this work is the instructive signal for NF-kB-mediated
c¢DC1 maturation in tumors. Given the enrichment of IFN-I and
IFN-y response pathways during intratumoral ¢cDC1 maturation,
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the cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP)-stimulator of interferon genes (STING) pathway is an
attractive candidate, which may be triggered by host DNA derived
from dying cells. However, TNF signaling was also up-regulated during
intratumoral cDC1 maturation, and TNF-a is known to synergize
with IFN response pathways through induction of IRF1 in macrophages.
Our data describe an NF-kB/IRF1 axis that governs intratumor-
al cDC1 maturation and their ability to control tumor growth in a
clinically relevant model of melanoma. We also analyzed TCGA
data for human melanoma and found a correlation between the
enrichment of NF-kB/IRF1-regulated genes associated with cDC1s
and activated CD8* T cell genes, both of which indicated a superior
clinical prognosis for patients. These analyses are based on enrich-
ment of NF-kB/IRF1-dependent genes in the cDC1 GS and do not
imply an exclusive expression of these genes in cDC1s. Athough, NF-«B,
and more prominently IRF1, showed a high correlation with the
cDC1 GS and their enrichment was positively associated with pa-
tient survival. This suggests that the role of NF-xB/IRF1 signaling
in intratumoral cDC1 maturation may be conserved in human can-
cer and plays a critical role in limiting disease progression.

MATERIALS AND METHODS

Study design

The main aim of this study was to investigate the molecular mecha-
nisms that govern the antitumoral functions of cDC1s. By using
scRNA-seq and a mouse model of melanoma, we identified NF-xB
and IFN pathways as molecular determinants of intratumoral cDC1
maturation. We generated transgenic mice to block NF-«B and
IRF1 signaling specifically in cDC1s to study their impact on ¢cDC1
maturation and antitumor immune responses. Last, we analyzed
clinical data from TCGA databases to query the impact of NF-kB/
IRF1 pathways in association with cDC1s and T cell activation GSs
on clinical outcome in patients with cancer.

Mice

Mice were housed at Centre d'immunologie Marseille Luminy
with water and food ad libitum and 12-hour/12-hour night/daylight
cycle under specific pathogen-free conditions and handled in ac-
cordance with French and European directives. All animal ex-
perimentation was approved by the Direction Départementale des
Services Vétérinaires des Bouches du Rhone. C57BL/6] mice were
purchased from Janvier Labs. Experiments were performed with sex-
matched littermate mice at 6 to 12 weeks of age. The following transgenic
mouse strains were used in this study: XcrI" (B6-Xcr1™ %) (27),
Xer[TEAL-Cre (B6-Xcr1™2Cirhe) (26), Ikbkb™" (B6-Ikbkb™Mk) (50),
Irf17F (B6-Irf1imI«EVCOMMW (51 and Cxcl9™ (B6-Cxcl9™P) (this
paper), and Rosa26*-P™ (B6.129P2-Gt(ROSA)265m! (CTALky]y
(28). Additional details are provided in table S1.

Tumor cell cultures and injections

Mycoplasma-free YUMM1.7 (21) or YUMMERL1.7 (22) was cultured
at 37°C, 5% COz in RPMI 1640 medium with 10% heat-inactivated
fetal calf serum (Biochrom, Cambridge, UK), penicillin/streptomycin,
and 50 mM B-mercaptoethanol. YUMM1.7 or YUMMER1.7 cul-
tures were washed in phosphate-buffered saline (PBS; pH 7.4) and
harvested with PBS containing 2 mM EDTA, for 2 min at 37°C, and
then washed again in PBS. A total of 1 x 10° cells were injected sub-
cutaneously in 100 pl of endotoxin-free PBS on the right flank of

recipient mice. Tumor growth was measured using a digital caliper.
Tumor volume stated in the figures was calculated as L x 2, considering
the longest diameter (L) and its perpendicular (/) for each tumor.

Tissue processing for flow cytometry

Tumors were minced and digested in RPMI 1640, collagenase II
(1 mg/ml) (Sigma-Aldrich), deoxyribonuclease I (50 pg/ml) (Roche),
and 0.1% (w/v) bovine serum albumin (BSA) for 30 min at 37°C with
750-rpm agitation. Cell suspensions were subsequently passed through
a 70-um cell strainer (BD Biosciences) and collected by centrifugation.

Flow cytometry

Flow cytometric analyses and cell sorting were performed using LSR
Fortessa X20 or LSR-2 flow cytometers and Aria cell sorter, respec-
tively. Cells were preincubated with 2.4G2 antibody to block unspecific
binding to Fc receptors in all stainings. Staining with antibodies
(details provided in table S2) was performed in PBS, 2% fetal bovine
serum, and 2 mM EDTA for 20 min at 4°C. For exclusion of dead
cells, LIVE/DEAD Fixable Cell Stain kit (Invitrogen) was used in
all experiments. H-Y-specific tetramers [Smcy(73s-746)/H-2Db and
Uty(243-254)/H-2Db] were provided from National Institutes of Health
Tetramer Core Facility and coupled to streptavidin-allophycocyanin.
Incubation with H-Y tetramers was carried out at 10 nM for 40 min
at 4°C, before staining with antibodies. Data were analyzed using Flow]o
(Tree Star Inc.).

Bone marrow—derived DCs

Bone marrow (BM)-derived DCs were generated as described (51).
Briefly, BM cells were incubated with granulocyte-macrophage
colony-stimulating factor (GM-CSF) (10 ng/ml; PeproTech, 315-03)
and 1/10 FLT3L supernatant in RPMI 1640 medium with 10%
heat-inactivated fetal calf serum (Biochrom, Cambridge, UK),
penicillin/streptomycin, and 50 mM B-mercaptoethanol. BM cells
were incubated in 10 ml of complete medium with FLT3L combined
with GM-CSF for 9 days and subsequently replated with the same
combination of cytokines and harvested at day 15. Treatment with
TCM was carried out the last day before harvesting. TCM was pro-
duced by mincing YUMM1.7 tumor explants and incubating them
at RPMI 1640 medium (50 mg/ml) with 10% heat-inactivated fetal
calf serum, penicillin/streptomycin, and 50 mM f-mercaptoethanol
for 24 hours at 37°C.

Western blot analysis

Cells were washed and harvested in ice-cold PBS, and pellets were
lysed on ice in radioimmunoprecipitation assay buffer [150 mm
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and
50 mm tris (pH 8.0)] containing a protease inhibitor cocktail
(Sigma-Aldrich, P8340), 1 mM phenylmethylsulfonyl fluoride, 2 mM
p-nitrophenyl phosphate, disodium salt (PNPP), 10 mM glycerol,
100 uM orthovanadate, and 1 mM dithiothreitol. After 1 hour of
incubation on ice with frequent agitations, cell lysates were centri-
fuged at 12,000¢g for 10 min, the supernatants were collected, and
the concentration of proteins was determined using the DC protein
assay, according to the manufacturer’s instructions (Bio-Rad Labo-
ratories). Proteins (75 pg) from the various lysates were separated
on 10 to 13% polyacrylamide slab gels (depending on the size of the
protein to be analyzed) and transferred to polyvinylidene fluoride
membranes. The membranes were blocked with 5% skimmed milk
in PBS for 1 hour at room temperature and reacted for 16 hours at
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4°C with the appropriate primary antibody (details provided in ta-
ble S2). Primary and horseradish peroxidase-conjugated antibodies
were applied in 3% BSA in PBS, containing 0.02% sodium azide.
Incubations with secondary antibodies were for 1 hour at room tem-
perature. Membranes were rinsed between incubations three times
with PBS and 0.05% Tween 20. After the last wash, membranes were
imaged using Amersham ECL Prime (GE Healthcare, RPN2232).

High-throughput gene expression analysis

Purification of total RNA from sorted cells was performed by using
the RNeasy Plus Micro Kit (QIAGEN) and concentration was de-
termined using the Quant-IT RiboGreen RNA assay kit (Thermo
Fisher Scientific). Total RNA (2.5 ng) was used for first-strand com-
plementary DNA (cDNA) synthesis with High Capacity cDNA Re-
verse Transcription Kit (Thermo Fisher Scientific) followed by a
15-cycle preamplification PCR of genes of interest using the Flui-
digm PreAmp Master Mix (Fluidigm Europe B.V.) in accordance
with the manufacturer’s instructions. Samples were subsequently
treated with exonuclease I (New England Biolabs) to remove unin-
corporated primers and diluted 1:5 in tris-EDTA buffer. High-
throughput gene expression analysis was performed using the 96.96
or 48.48 dynamic arrays and BioMark HD system from Fluidigm in
accordance with the manufacturer’s instructions and standard set-
tings. Exon-spanning primers to amply genes of interest were de-
signed using Primer-BLAST (details provided in table S3). Obtained
data were analyzed using the Real-Time PCR Analysis Software
(Fluidigm), and resulting Ct (threshold cycle) values were normalized to
Actb or Ppia. Heatmaps, z scores, and hierarchical clustering using
the one minus Pearson correlation were generated using Morpheus
(https://software.broadinstitute.org/morpheus/). Statistical analyses
were performed by multiple unpaired ¢ test with unadjusted P values.

Enrichment analyses

GSEA on bulk RNA-seq data was run to calculate normalized en-
richment score (NES) using metric for ranking genes: Diff of classes
and classic enrichment statistics. Enrichment analysis of scRNA-seq
data was performed using the EnrichR tool (https://amp.pharm.
mssm.edu/Enrichr/). Combined scores were calculated by multi-
plying the log of the P value computed with the Fisher’s exact test by
the z score computed by the correction to this test. DEGs were se-
lected upon setting an arbitrary cutoff for significance at P < 0.00001
and false discovery rate (FDR)-adjusted P < 0.25. For the EnrichR
analysis of the cluster markers from the WT dataset (Fig. 2), only
positive markers with an adjusted P < 0.05 were considered. The
hub nodes on EnrichR networks were generated following the tools
as previously described (52, 53).

Single-cell sorting and library preparation

Single cells were fluorescence-activated cell-sorted into ice-cold
96-well PCR plates (Thermo Fisher Scientific) containing 2-ul lysis
mix per well. The lysis mix contained 0.5 pl of 0.4% (v/v) Triton X-100
(Sigma-Aldrich), 0.05 pl of RNaseOUT (40 U/ul; Thermo Fisher
Scientific), 0.08 ul of 25 mM deoxyribose nucleotide triphosphate
mix (Thermo Fisher Scientific), 0.5 pl of 10 uM (dT)30_Smarter
primer (54), 0.05 pl of External RNA Controls Consortium (ERCC)
spike-ins mix (0.5 pg/ul; Thermo Fisher Scientific), and 0.82 pl
of PCR-grade H20 (QIAGEN). Oligonucleotides used to generate
the scRNA-seq libraries are provided in table S4. The plates
containing single cells in lysis mix were stored at -80°C until further

processing for amplification and library preparation, according to
previously published procedures (55). The resulting libraries were
purified with 0.8x solid-phase reversible immobilization beads
(AMPureXP, Beckman or CleanNGS, Proteigene). Libraries
generated from multiple 96-well plates of single cells and carrying
distinct i7 barcodes were pooled for sequencing on an Illumina
NextSeq 550 platform, with High Output 75-cycle flow cells, target-
ing 5 x 105 reads per cell in paired-end single-index mode with the
primers previously reported (54) and cycles Read1 (Read1_SP, 67
cycles), Read i7 (i7_SP, 8 cycles), and Read2 (Read2_SP, 16 cycles).

scRNA-seq data analysis
FB5P-seq
Raw fastq files were processed to generate single-cell UMI count
matrices as described (54). Read alignment on the mouse reference
genome (GRCm38.94 with ERCC92) was performed using Spliced
Transcripts Alignment to a Reference (v2.5.3a). Digital gene ex-
pression data were extracted using Drop-Seq software (v1.12). The
counts matrix was loaded to R (3.6.1) and Seurat (v3.1.5) (56) was
used for downstream analyses in a similar way as in the study by
Abbas et al. (57). First, we selected the genes that were expressed in
atleast five cells. Then, we excluded the cells that had less than 600
detected genes or more than 10% mitochondrial genes. We identified
contaminants on the basis of two approaches: (i) performing connec-
tivity map analysis (cmap) using homemade signatures and (ii) using
FindMarkers functions in Seurat to identify the genes for character-
izing the clusters. These two approaches allowed us to identify and
remove five clusters (C4, C9, C10, C12, and C13; n = 110) as
contaminants.
Analysis of scRNA-seq data
For Fig. 2 and fig. S2, we obtained 113 bona fide cDC1s. Gene ex-
pression is shown as log(normalized values). Afterward, principal
components analysis (PCA) was performed using the highly variable
genes. A shared nearest neighbor (SNN) graph was built using the
four first principal components with the FindNeighbors function (dims =
1:4, k.param = 20). Clustering was then performed with a resolution
of 1.3. For dimensionality reduction, we performed a UMAP using the
RunUMAP function (n.neighbors = 7, spread = 1, min.dist = 2.5).
For Fig. 6 and fig. S6, we obtained 360 bona fide cDC1s. A SNN
graph was built using the six first principal components. Clustering was
performed with a resolution of 0.6. A UMAP was performed using
the RunUMAP function (n.neighbors = 7, spread = 1, min.dist =
0.6). The DEGs were determined using the FindMarkers function
(test.use = “bimod”, min.pct = 0.5).
Heatmaps
Heatmaps based on z scores and hierarchical clustering using the
one minus Pearson correlation were generated using Morpheus
(https://software.broadinstitute.org/morpheus/).
Analysis of scRNA-seq data from LUAD
scRNA-seq data of DCs from the lungs of WT tumor-naive and
tumor-bearing mice were downloaded from GEO using accession
codes GSM3832735 and GSM3832737 (15). The count matrix was
loaded to R and Seurat as described above. We used the same pa-
rameters and the same strategy as described above to exclude con-
taminating cells. From 4695 starting cells, we retained 1418 cells
identified as cDC1.
Alignment of clusters from melanoma and LUAD datasets
Marker genes of clusters for each dataset were extracted separately,
using the FindMarkers function of Seurat and the “bimod” parameter.
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We then computed the JIs between each cluster of one dataset with
any other cluster of the other dataset, as already published (57). The
JI measures similarity between finite sample sets and is defined as
the size of the intersection divided by the size of the union of the
sample sets: J(A, B) = |A N B| / |A U B|. The JI matrix was then used
to generate a heatmap.

BubbleMap

High-throughput GSEA was performed to assess the enrichment of
selected transcriptomic signatures across clusters of the scRNA-seq
data, using BubbleMap from the BubbleGUM (v1.3.19) suite (58),
with the default parameters except the following: number of permu-
tations: 6000, max gene set size = 5000, min gene set size = 10. We
used the Hallmark and KEGG gene set collections (v7.0) from the
MSigDB (53). We also used gene sets of genes up-regulated (Mat
ON/Core UP) and down-regulated (Mat OFF/Core DN) during DC
maturation (29, 37).

Pseudotemporal analysis

We used Monocle (v3) to investigate cell trajectories and the dy-
namics of gene expression within these trajectories. The input cells
and genes were selected using Seurat. We first clustered and pro-
jected the cells onto a low-dimensional space (UMAP) calculat-
ed by Seurat. Last, Monocle resolved the activation trajectories and
calculated along them the pseudotime for each cell using monocle
functions reduce_dimensions (max_components = 3; reduction_
method = “UMAP”; preprocess_method = “PCA”; umap.min_
dist = 0.8; umap.n_neighbors = 10) and cluster_cells (resolution =
2-2; reduction_method = “UMAP”; k = 15; num_iter = 2;).
Computational analysis of cancer patient data

Datasets for all the patients with melanoma whose tumors were
profiled with RNA-seq were downloaded from the GDC Data Por-
tal (https://portal.gdc.cancer.gov/). This resulted in a cohort of 468
patients, all coming from TCGA-SKCM project. The expression
values, FPKM (fragments per kilobase of exon model per million
reads mapped), for each of the selected genes across these patients
were retrieved, and GS scores were calculated for each of them.
These scores are defined as the average expression of the genes
forming the defined GS. Subcohorts were identified using a given
GS (e.g., patients with cDC1-enriched tumors or those in the top
quartile of a given GS). The annotated survivals of all the patients in
the identified subcohorts were retrieved from the GDC Data Portal
to draw the corresponding Kaplan-Meier survival plots. Heatmaps,
z scores, and hierarchical clustering using the one minus Pearson
correlation were generated using Morpheus (https://software.
broadinstitute.org/morpheus/). GS analyses for LUAD database from
TCGA were generated using GEPIA2 (http://gepiaZ.cancer-pku.cn/) (59).

Statistical analysis

Where indicated, P values were calculated using either two-way
analysis of variance (ANOVA) followed by Sidak’s multiple compari-
son test or Mann-Whitney test, where appropriate, using GraphPad
prism software. Significance threshold for Fisher’s exact test is 0.1.
*P<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIALS
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