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SUMMARY

Successful immune responses rely on a regulated delivery of the right signals to
the right cells at the right time. Here we show that natural killer (NK) and den-
dritic epidermal gd T cells (DETCs) use similar mechanisms to spatiotemporally
orchestrate conventional type 1 dendritic cell (cDC1) functions in the spleen,
skin, and its draining lymph nodes (dLNs). Upon MCMV infection in the spleen,
cDC1 clusterize with activated NK cells in marginal zones. This XCR1-dependent
repositioning of cDC1 toward NK cells allows contact delivery of IL-12 and IL-15/
IL-15Ra by cDC1, which is critical for NK cell responses. NK cells deliver granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) to cDC1, guiding their
CCR7-dependent relocalization into the T cell zone. In MCMV-infected skin,
XCL1-secreting DETCs promote cDC1 migration from the skin to the dLNs. This
XCR1-dependent licensing of cDC1 both in the spleen and skin accelerates anti-
viral CD8+ T cell responses, revealing an additional mechanism through which
cDC1 bridge innate and adaptive immunity.

INTRODUCTION

The success of an immune response against infections depends on timely coordinated actions of both

innate and adaptive immunity. In lymphoid organs, the delivery of the right signals to the right cells at

the right time guarantees a rapid and efficient relay from innate cells to T cells, boosting specific and du-

rable protective immunity. Dendritic cells (DCs) are key in the activation of innate lymphoid cells (ILCs) and

in the priming of T lymphocytes. HowDCs deliver the help from innate immune cells to naive T cells remains

largely unknown.

Type 1 conventional DCs (cDC1) are critical in mounting cytotoxic CD8+ T lymphocyte (CTL) responses

against intracellular pathogens (Merad et al., 2013) and cancers (Cancel et al., 2019; Wculek et al., 2020),

in part due to their high efficacy at cross-presenting exogenous antigens (Alexandre et al., 2014). Through

their capacity to rapidly produce large amounts of IL-12 (Dalod et al., 2002; Reis e Sousa et al., 1997), cDC1

efficiently activate ILCs, such as natural killer (NK) cells, and of T cell subsets with innate-like functions, such

as memory CD8+ T cells (Mashayekhi et al., 2011; Miyake et al., 2009; Alexandre et al., 2016). cDC1 encom-

pass the XCR1+CD8a+ cDC1 of lymphoid organs and the XCR1+CD103+CD11b- cDC1 residing in nonlym-

phoid tissues. Regardless of their tissues of residency, cDC1 are phenotypically defined by their selective

expression of the chemokine receptor XCR1 (Bachem et al., 2012; Crozat et al, 2010, 2011; Dorner et al.,

2009). The unique known ligand for XCR1 in mice is XCL1. NK cells and memory T cells express Xcl1 tran-

script (http://www.immgen.org) but do not translate it at steady state, which poises them for rapid secre-

tion of XCL1 upon proper stimulation (Dorner et al., 2004; Crozat et al., 2010; Yamazaki et al., 2010). XCR1

expression on cDC1 potentiates CD8+ T cell priming and effector functions against infection and immuni-

zation (Crozat et al., 2010; Dorner et al., 2009), in part by orchestrating in lymphoid organs the formation of

clusters between cDC1 and naive CD8+ T cells which rapidly produce XCL1 upon activation (Brewitz et al.,

2017). XCR1 was also suggested to help cDC1 interpreting guiding cues provided in tumors by NK1.1+ or

AsialoGM1+ cells (Böttcher et al., 2018), which encompass NK, natural killer T (NKT), and subsets of T cells

(Iigo et al., 1997; Trambley et al., 1999; Slifka et al., 2000; Yamanokuchi et al., 2005; Kosaka et al., 2007;

Moore et al., 2008; Nour-Eldine et al., 2018). Ectopic overexpression of XCL1 by inflammatory

tumors increases cDC1 infiltration (Böttcher et al., 2018). However, the physiological contribution of the
iScience 24, 103059, September 24, 2021 ª 2021 The Authors.
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Figure 1. XCR1 promotes NK cell activation and redistribution in the spleen upon MCMV infection

(A–C) Spleens of Xcr1�/� mice and Wt controls were harvested 40 h (A–F), 4 days (G), and 5 days (H) after MCMV infection. Splenic NK cells (NK1.1+TCRb�)
were stained for CD69 (A) and intracellularly for IFN-g (B) and GzmB (C) directly ex vivo.

(D) Visualization of activated NK cell clusters in the spleens of MCMV-infected mice. Scale bar: 50 mm.
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Figure 1. Continued

(E) Analysis of NK cell clusters in Xcr1�/� vs littermate controls upon MCMV infection. Spleen sections were prepared from KarmaCre;Rosa26tdRFP;Xcr1�/�

mice and KarmaCre;Rosa26tdRFP;Xcr1+/� controls and stained for NKp46 (green), MOMA-1 (purple), IFN-g (red), and IE-1 (cyan). Inserts show examples of

clusters areas as defined in the material and methods. NK cell clusters were identified as groups of at least 10 IFN-g+ cells, encompassing NKp46+ cells and

gathered around MCMV-infected cells (IE-1+) in the marginal zone (MOMA-1+). Scale bar: 50 mm.

(F) Quantification of NK cell clusters in the spleens of MCMV-infected KarmaCre;Rosa26tdRFP;Xcr1�/� mice and their littermate Xcr1+/� control 40 h after

infection.

(G) Splenic NK cells (NK1.1+TCRb�) were stained intracellularly for KI67 4 days after infection.

(H) Proportion and absolute number of Ly49H+ NK cells in Wt vs Xcr1�/�mice 5 days after infection. One experiment representative of at least 4 independent

ones with at least 4 mice per infected group is shown, except for B-E, where two experiments with at least 3 mice per group were pooled. NI, noninfected; *,

p < 0.05; **, p < 0.01; ***, p < 0.001.

See also Figure S1.
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XCL1/XCR1 axis in NK/cDC1 interactions has not been determined. In addition, the mode of action of

XCL1/XCR1 is not well understood: the XCL1/XCR1 axis could act by stabilizing cDC1/lymphocyte conju-

gates or by promoting cDC1 microanatomical repositioning toward XCL1-producing cells.

In the spleen, cDC1 are scattered in the red pulp and the white pulp with the exception of B cell follicles

(Alexandre et al., 2016; Calabro et al., 2016; Dorner et al., 2009). The spleen filters circulating blood for

blood borne pathogens. The red pulp region is the first entry point and hosts cells with innate immune func-

tions such as monocytes, macrophages, NK cells, and NKT cells. The white pulps are embedded in the red

pulp and delineated byMOMA-1+marginal areas. They contain B cell follicles encircling T cell zones, where

naı̈ve T cells are confined. The bridging channel links the red pulp to the T cell zones, facilitating cell pas-

sage between the two compartments. Their distribution in the spleen raises the question of the division of

labor between cDC1 subsets: the red pulp cDC1 subset could be more prone to interact with innate cells,

whereas T cell zone cDC1 could favor adaptive responses. This potential division of labor might not occur

between distinct cDC1 subsets but rather over time in the same cell during its activation trajectory because

cDC1 are proposed to migrate from the red pulp to the T cell zone during their maturation, with CCR7 be-

ing amaster regulator of this process (Calabro et al., 2016). Yet, the precisemigration pattern of cDC1 in the

spleen, the critical time window during which cDC1 may acquire guiding cues, and the molecular mecha-

nisms regulating their distribution are still unknown.

To address these questions, we used mouse cytomegalovirus (MCMV) because its infection induces a

robust immune response of both splenic NK and CD8+ T cells, which reside in the red pulp and the

T cell zone, respectively, and whose activation strongly relies on cDC1 including their IL-12 production (Da-

lod et al., 2002; Krug et al., 2004), and their cross-presentations of viral antigens (Busche et al., 2013; Snyder

et al., 2010; Torti et al., 2011). Moreover, NK cells rapidly produce XCL1 as early as one day after infection,

before they reach full activation (Dorner et al., 2004; Bezman et al., 2012). Hence, MCMV infection is well

suited to assess the specific contribution of the XCL1/XCR1 axis in NK/cDC1 interactions in situ.
RESULTS

XCR1 on cDC1 promotes NK cell activation, microanatomical repositioning, and proliferation

To address the contribution of the XCL1/XCR1 axis in promoting NK/cDC1 interactions, we used the polyino-

sinic-polycytidylic acid (poly(I:C)), a synthetic analogue of double-stranded RNA which triggers TLR3 signaling

including in cDC1 (McCartney et al., 2009; Lauterbach et al., 2010). Poly(I:C) administration induces a strong

NKcell activation (Akazawaetal., 2007;McCartneyetal., 2009), inpart throughdirect contactswithDCs (Akazawa

et al., 2007; Beuneuet al., 2009; Ebihara et al., 2010; Kasamatsu et al., 2014).Depletion of cDC1orNKcells before

poly(I:C) administration nearly abrogated NK cell IFN-g production (Figure S1A) and cDC1 maturation (Fig-

ure S1B), respectively. Xcr1 deficiency also decreased cDC1 and NK cell responses to poly(I:C) (Figures S1C–

S1E), showing the critical contribution of the XCL1/XCR1 axis to the cooperation between cDC1 and NK cells.

We wondered whether a similar phenomenon occurs during productive viral infection. At 40 h after infection,

Xcr1 deficiency alteredNK cell activation and effector responses, as assessed by their CD69 expression (Figures

1A and S1F), IFN-g production (Figure 1B), and upregulation of granzyme B (GzmB) (Figure 1C). We then inves-

tigated themigratory behavior of NK cells in the spleen upon infection. At steady state, NK cellsmostly reside in

the redpulp (FigureS1G) (Gregoireetal., 2008; Jaegeretal., 2012;Walzeret al., 2007).UponMCMVinfection,NK

cells relocalized in clusters in the marginal zone, around infected cells expressing the MCMV immediate early

gene 1 (IE-1+ cells), and produced IFN-g (Figure 1D; arrowheads). We defined NK cell clusters as the gathering
iScience 24, 103059, September 24, 2021 3
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Figure 2. XCR1 regulates cDC1 repositioning into NK cell clusters where IL-12-expressing cDC1 contact IFN-g-producing NK cells

(A) Spleens were harvested at 40 h (A–I) or 4 days (J) after MCMV infection. (A) Analysis of IL-12p40/p70 production by splenic DCs of Xcr1�/� andWt animals.

One experiment representative of at least 4 independent ones with at least 4 mice per infected group is shown. NI, noninfected; n.s., nonsignificant;

*, p < 0.05.

(B) Visualization of cDC1 in individual NK cell cluster in KarmaCre;Rosa26tdRFP;Xcr1�/� mice and their Xcr1+/� littermate controls. Spleen sections (scale bar:

20 mm) were stained for NKp46 (green), IFN-g (yellow), tdRFP (cDC1, red), and IE-1 (cyan).

(C) Quantification of the dRFP intensity per NK cell cluster area (mm2) as a mean to evaluate cDC1 presence in individual NK cell cluster. For B and C, two

independent experiments with at least 2-3 mice per group were pooled. An average of two clusters was analyzed in each mouse. ****, p < 0.0001.

(D) Analysis of cDC1 sphericity when in NK cell clusters. We used the HK-means tool (Dufour et al., 2008) from Icy software to segment the tdRFP signal in

each cluster, to computationally define and assess the sphericity of individual cDC1.

(E) Quantification of the dRFP intensity per mm2 as a mean to evaluate cDC1 relocalization in clusters in mice depleted of NK1.1+ cells upon MCMV infection.

Clusters were defined as >10 IFN-g+ cells around IE-1+ cells situated in the MZ.

(F) Visualization of tripartite interactions between cDC1, MCMV-infected cells (IE-1+) and activated IFN-g-producing NK cells in marginal clusters. A

representative image from 4 distinct MCMV-infected control spleens is shown (scale bar: 10 mm).

(G) Analysis of IL-12-producing cDC1 in NK cell clusters in KarmaCre;Rosa26tdRFP;Il12eYFP+ mice. The color obtained from overlaying green IL-12-eYFP+ on

purple tdRFP-expressing cDC1 is white. Scale bar: 20 mm.

(H) Visualization of physical contacts between IL-12-eYFP-expressing cDC1 and IFN-g-producing NK cells (arrows) in marginal ring clusters. The micrographs

shown (G and H) are representative of the analyses of 6 mice from two independent experiments.

(I) Proportion of tdRFP+ eYFP+ cDC1-contacting NK cells within individual marginal zone cluster in KarmaCre;Rosa26tdRFP;Il12eYFP+;Xcr1�/� mice and

littermate controls. Two independent experiments with 2-3 mice per infected group were pooled. An average of 3.5 and 2.2 clusters was analyzed in Xcr1+/�

and Xcr1�/� KarmaCre;Rosa26tdRFP;Il12eYFP+ mice, respectively. ***, p < 0.001.

(J) Analysis of NK cell absolute number 4 days after infection in the spleen of Xcr1Cre/wt;Il15raKO/flox mice and their respective controls (Il15raKO/flox). One

experiment representative of at least 2 independent ones with at least 4 mice per infected group is shown. NI, noninfected; n.s., nonsignificant; *, p < 0.05.

See also Figure S2.
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of at least 10 IFN-g+ cells, including NKp46+ cells, around at least one IE-1+ cell, in the marginal zone. Xcr1 defi-

ciency significantly decreased the numbers of activated NK cell clusters (Figures 1E and 1F), but did not render

micemore susceptible toMCMVthan controls, at 40h and48hafter infection (FigureS1H). The absenceofXCR1

also impaired proliferation of MCMV-specific Ly49H+ NK cells (Figures 1G and 1H). Altogether, these results

showed that XCR1 expression on cDC1 promoted NK cell antiviral responses against MCMV and most likely

through specific NK/cDC1 interactions.

XCR1 participates in cDC1 redistribution toward NK cells, promoting cDC1production

of IL-12

We sought to determine to what extent XCR1 regulated cDC1 responses to MCMV infection. cDC1 were

the major source of IL-12 among DC subsets (Figures 2A and S2A). Xcr1 deficiency impaired IL-12 produc-

tion by cDC1 40 h after infection (Figure 2A), likely explaining the lower proportion of IFN-g+ NK cells (Fig-

ure 1B), but did not alter the overall absolute number of cDC1 (Figure S2B), nor their maturation 48 h after

infection (Figure S2C). We wondered whether XCR1 induced the relocalization of splenic cDC1 to the NK

cell islets at the sites of viral replication. To track cDC1 in situ in spleen, we bred Xcr1-deficient animals to

KarmaCre;Rosa26tdRFP mice in which the tandem dimer red fluorescent protein (tdRFP) expression selec-

tively traces cDC1 (Mattiuz et al., 2018), and we compared Xcr1�/� animals with Xcr1+/� littermate controls.

At steady state, splenic cDC1 are scattered in the red pulp and concentrated in the T cell area of the white

pulp (Figure S2D) (Alexandre et al., 2016; Yamazaki et al., 2013). Although dispensable for the microana-

tomical distribution of splenic cDC1 at steady state (Figure S2D), XCR1 was instrumental to orchestrate

their attraction inside NK cell clusters upon MCMV infection (Figures 2B and 2C), without affecting their

survival (Figure S2B). Inside these clusters, cDC1 adopted dendritic morphologies, which were also depen-

dent on XCR1 expression because the Xcr1-deficient cDC1 that had reached these clusters remained

mostly round shaped (Figures 2B–2D). Depleting NK1.1-expressing cells abrogated cDC1 redistribution

(Figure 2E), suggesting that NK cells were central in providing guiding cues to attract cDC1 in these mar-

ginal zone clusters and to engage them into tripartite interactions with MCMV-infected IE-1+ cells leading

to IFN-g production by NK cells (Figure 2F).

To determine whether those cDC1 could be delivering IL-12 to NK cells, we bred the KarmaCre;Rosa26tdRFP

mice with Il12eYFP reporter animals (Reinhardt et al., 2006). Inside NK cell clusters, IL-12+ cDC1 were in con-

tact with NK cells (Figure 2G), many of which were polarizing their IFN-g at the interface with cDC1 (Fig-

ure 2H, arrows, and Video S1). This observation confirmed the formation of stimulatory synapses between

DCs and NK cells, as previously described in vitro (Borg et al., 2004). The absence of XCR1 reduced the pro-

portion of IL-12+ cDC1 interacting with NK cells in marginal zone clusters (Figure 2I), demonstrating that
iScience 24, 103059, September 24, 2021 5
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XCR1-mediated cDC1 relocalization allowed cDC1 to deliver bioactive IL-12 to NK cells. In addition, ge-

netic inactivation of IL-15Ra selectively in cDC1, abrogating their ability to transpresent IL-15, also reduced

NK cell expansion (Figure 2J), confirming that NK cell responses against MCMV depended on NK/cDC1

physical contacts. Altogether, these results showed that the XCL1/XCR1 axis reinforced the attraction of

cDC1 toward NK cell clusters at 40 h after infection, promoting a feedforward loop relying on physical in-

teractions between these two cell types and allowing local delivery of IL-12 and IL-15/IL-15Ra by cDC1 to

NK cells.

XCL1 from NK cells is not necessary to promote NK/cDC1 physical interactions

To identify the major source of XCL1 upon MCMV infection, we examined Xcl1 expression in the total

spleen of infected mice. Commercially available anti-XCL1 antibodies did not reliably stain XCL1 ex vivo

in our hands. Hence, we generated an Xcl1mTfp1-flox mouse model by knocking a LoxP-exon3-IRES-

mTfp1-LoxP cassette in frame in the Xcl1 gene (Figure S3A) to 1) trace Xcl1mRNA-expressing cells as pos-

itive for the monomeric Teal fluorescent protein 1 (mTFP1) and 2) genetically inactivate Xcl1 and mTfp1

selectively in Cre-expressing cells. At steady state, mTFP1 expression was the strongest in ILC1, NK, and

NKT cells (Figure 3A), with NK cells being the major cell subset expressing Xcl1 (49.9% of all mTFP1+ sple-

nocytes), followed bymemory ab T cells (CD44+CD8+, 13.1% and CD44+CD4+, 12.4%, Figure 3C). Although

NK cells remained the major source of Xcl1 upon MCMV infection (44.3%) (Figures 3B and 3D), Xcl1 inac-

tivation in NK cells and partly in ILC1 (Figure S3B) did not decrease their capacity to produce IFN-g, con-

trary to what happened in Xcr1�/� animals (Figure 3E). These results implied that memory/activated T cells,

NKT cells, or ILC1 could compensate for the lack of XCL1 production by NK cells during MCMV infection,

with all these XCL1-producing cells likely acting together to attract cDC1 in specific foci around infected

cells in the splenic marginal zone.

NK/cDC1 interactions promote cDC1 redistribution from the red pulp to the T cell zone via

bridging channels

Upon MCMV infection, after moving in the marginal zone at 40 h after infection, cDC1 then localized in the

bridging channel at 44 h to reach the T cell zone at 48 h (Figures 4A and S4). XCR1 inactivation compro-

mised this migratory pattern of cDC1, as Xcr1�/� cDC1 accumulated in themarginal zone at 48 h after infec-

tion, rather than into the T cell area (Figures 4A and S4). We further investigated the molecular mechanisms

providing guidance cues for marginal cDC1 to enter the T cell zone.

The Epstein-Barr virus–induced protein 2 (EBI2; also known as Gpr183) is a Gai-coupled chemoattractant

receptor required for cDC2 positioning in the bridging channel and T cell zone in response to 7a,25-

(7a,25-HC) and 7a,27- (7a,27-HC) dihydroxycholesterols (Lu et al., 2017; Yi and Cyster, 2013). Gpr183

induction in cDC1 upon MCMV infection was strongly decreased in Xcr1�/� mice as compared with

Wt animals (Figure 4B). As a consequence, the migration of cDC1 isolated from MCMV-infected Xcr1-

deficient animals was completely abrogated in response to 7a,25-HC (Figure 4C). These data supported

the impaired cDC1 relocalization in bridging channels in Xcr1-deficient mice at 44 h after infection

(Figure 4A).

The chemokine receptor CCR7 also partly orchestrates DC movement into the T cell area in the spleen

(Calabro et al., 2016; Gunn et al., 1999; Umemoto et al., 2012; Yi and Cyster, 2013), by binding CCL19

and CCL21 expressed on fibroblast reticular cells (FRC) in the bridging channel and T cell zone (Luther

et al., 2000; Bajénoff et al., 2008). In Xcr1�/� mice, cDC1 showed a reduced expression of CCR7 at 48h

post-infection (Figure 4D), when cDC1 relocalization peaked in the T cell zone in control mice (Figure 4A).

Thus, during MCMV infection, their XCR1-dependent repositioning within NK cell clusters in the marginal

zone licensed cDC1 to express the membrane receptors with guiding functions Gpr183 and CCR7, instruct-

ing their further migration through bridging channels into the T cell zone.

NK cells induce CCR7 on cDC1 by delivering them granulocyte-macrophage colony-

stimulating factor through cell-cell contacts

We next thought to determine whether and how NK cells were directly inducing CCR7 on cDC1. NK cells

isolated fromMCMV-infected animals efficiently induced CCR7 expression on cDC1 in an in vitro coculture

experiment, without changing their phenotypic maturation as assessed by CD86 expression (Figures 5A

and S5A–S5D). This response was significantly reduced when cDC1 and NK cells were physically separated
6 iScience 24, 103059, September 24, 2021
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gated as follow: NK cells (TCRb- CD19- NK1.1+), ILC1 (NK1.1+ TCRb- CD19- CD127+), NKT cells (CD19- CD1d+), CD8+ T (CD1d- NK1.1- TCRb+ CD19- CD8+),

CD4+ T (CD1d- NK1.1- TCRb+ CD19- CD4+), gd T cells (CD1d- NK1.1- CD3ε+ TCRb- TCRgd+) and B cells (NK1.1- TCRb- CD19+). One representative experiment

of 4 independent ones with at least three mice per group is shown.

(C and D) Proportion of immune populations within mTFP1-positive cells at steady state (C) and 40 h after MCMV infection (D). Others: sum of all the other

cell subsets not detailed in the pie charts. One representative experiment of 4 independent ones with at least three mice per group is shown.

(E) IFN-g production by NK cells in Wt, Xcr1�/�, Xcl1fl/fl, and Nkp46Cre;Xcl1fl/fl mice 40 h after infection. One representative experiment of two independent

ones with at least four mice per group is shown. A one-way ANOVA statistical analysis with a Tukey’s multiple comparison test was applied. *, p < 0.05;

**, p < 0.01, n.s., nonsignificant; ANOVA, analysis of variance.

See also Figure S3.
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by a transwell (Figure 5B), indicating that it required cell-cell contacts. In situ in NK cell clusters, the CCR7

antibody mostly stained cDC1 that touched IFN-g-producing NK cells (Figure 5C, yellow on overlay). The

analysis of pairwise correlation between CCR7 and tdRFP expression in marginal zone clusters showed that

CCR7 was less expressed by Xcr1�/� cDC1 than by control cDC1 (Figure 5D). Hence, to be licensed for

migration to the T cell area early during MCMV infection, cDC1 required first to establish physical contacts

with activated antiviral NK cells by relocalizing in immune cell clusters around MCMV-infected cells in the

marginal zone.

Neutralization of IFN-g in vivo did not impair CCR7 upregulation on cDC1 (Figure S5E). CCR7 upregulation

on cDC1 48h after MCMV infection was correlated with a decrease in XCR1 expression (Figure S5F). How-

ever, recombinant XCL1 did not induce CCR7 on cDC1s derived in vitro in FLT3-L bone marrow (BM)

cultures (eqcDC1) (Figure S5G). Next, we focused on granulocyte-macrophage colony-stimulating factor
iScience 24, 103059, September 24, 2021 7
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Figure 4. The spatiotemporal relocalization of cDC1 in the different regions of the spleen is associated with the regulation of EBI2 and CCR7

expression

(A) Quantification of tdRFP intensity as a readout of cDC1 anatomical location in marginal areas, bridging channels and T cell zones of

KarmaCre;Rosa26tdRFP;Xcr1�/� and their Xcr1+/� littermate controls, during the course of MCMV infection. MOMA-1+ ring defined marginal areas, B220

staining delineated T cell areas, and breaks in both B220 andMOMA-1 stainings defined bridging channels (see Figure S4). Each dot (meanG SD) represents

a pool of two experiments with 2-3 mice per group. Statistical test: 2-way ANOVA; *, p < 0.05; ***, p < 0.001. ANOVA, analysis of variance.

(B) Relative expression of the Gpr183/Ebi2 gene from transcriptomic analysis of splenic cDC1 sorted from Wt vs Xcr1�/� 38 h after infection. Data are

represented as mean (+/� SEM). NI, noninfected; SEM, standard error of mean.

(C) Transwell migration assay of cDC1 in response to the EBI2 dihydroxycholesterol ligand, 7a25OH. DCs from Wt and Xcr1�/� spleens were enriched by

optiprep gradient 40 h after infection. Data are represented as mean (+/� SEM). NI, noninfected; SEM, standard error of mean.

(D) Analysis of CCR7 expression on cDC1 in Wt and Xcr1�/� mice 48 h after infection. Two independent experiments with at least 3 mice per infected group

were pooled. NI, noninfected. *, p < 0.05; ***, p < 0.001.

See also Figure S4.
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(GM-CSF, encoded by the Csf2 gene) because it was reported to improve eqcDC1 survival, differentiation,

and functions (Sathe et al., 2011; Zhan et al., 2011; Mayer et al., 2014). Low concentrations of GM-CSF

induced a significant upregulation of CCR7 expression on eqcDC1 (Figure S5H). During MCMV infection,

Csf2 transcription followed a kinetic similar to that of Ifng and Xcl1 in the spleen, reaching a peak at 40 h

(Figure 5E), when cDC1 encountered NK cells in the marginal zone. At that time, GM-CSF was mainly pro-

duced by NK cells (Figure 5F). In vitro, Csf2 transcription in NK cells was triggered most efficiently by IL-12

(Figure 5G), which is highly produced by cDC1 upon MCMV infection (Figure 2A). This suggested that, in

the marginal zone cell clusters, local delivery of IL-12 by cDC1 may drive GM-CSF production by NK cells,

which could in turn promote CCR7 upregulation on cDC1. Therefore, we analyzed whether GM-CSF

signaling on cDC1 induced CCR7. In vitro, only NK cells isolated from MCMV-infected mice induced

CCR7 on eqcDC1 (Figure 5H), as observed with splenic cDC1 (Figure 5A), and this response was abrogated

in GM-CSFR-deficient (Csf2rb�/�) eqcDC1 (Figure 5H). In vivo, CCR7 induction was also impaired in

Csf2rb�/� cDC1 as compared with their Wt counterparts, in the spleen of Wt:Csfr2b�/� mixed BM chimera

mice infected with MCMV (Figure 5I). Thus, early after MCMV infection, in marginal zone cell clusters, GM-

CSF delivery by activated antiviral NK cells to cDC1 licenses them for further migration within the spleen, to

the T cell zone, by inducing their upregulation of CCR7.
8 iScience 24, 103059, September 24, 2021
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Figure 5. NK cell delivery of GM-CSF to cDC1 requires physical contacts to trigger CCR7 upregulation on cDC1

(A and B) Analysis of CCR7 and CD86 expression on cDC1 when in coculture for 7 h with NK cells from spleens of Wt mice

infected or not for 40 h with MCMV. cDC1 and NK cells were cocultured either in the same well (A) or separated by a
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Figure 5. Continued

0.4-um-diameter pore-bearing transwell apparatus (B). One representative experiment of two independent ones with

at least four mice per group is shown. n.s., nonsignificant; *, p < 0.05.

(C) Analysis of CCR7 expression on cDC1 in NK cell clusters 40 h after MCMV infection. Spleen sections of

KarmaCre;Rosa26tdRFP mice were stained for IFN-g, NKp46, CCR7, and tdRFP (cDC1). This cluster was imaged in the

marginal area. The micrograph shown is representative of the analyses of 4 mice, from two independent experiments.

Scale bar: 10 mm.

(D) Coefficients of Pearson correlation between CCR7 staining and tdRFP expression as detected in clusters (C) of

KarmaCre;Rosa26tdRFP;Xcr1�/� mice and their Xcr1+/� littermate controls. Coefficients of Pearson correlation between

CCR7 and NKp46 stainings are shown as controls. Two independent experiments with at least 2-3 mice per group were

pooled. **, p < 0.01; n.s., nonsignificant.

(E) Kinetics of induction of Csf2 (Gmcsf) expression in total spleen during MCMV infection. Total RNA was extracted from

spleens from Wt mice at the indicated times after MCMV infection, and RT-qPCR was performed using Hprt as a

housekeeping gene. Data are represented as mean (+/� SD). One representative experiment of two independent ones

with at least 4 mice per group is shown.

(F) Analysis of GM-CSF production by different lymphocyte populations 40 h after MCMV infection. Splenocytes were

intracellularly stained for GM-CSF. Data are represented as mean (+/� SEM).

(G) RT-qPCR analysis of Csf2, Xcl1 and Ifng expression in purified NK cells activated in vitro with different stimuli. Data are

represented as mean (+/� SEM). Isot, Isotype; med, medium.

(H) Analysis of CCR7 upregulation on Csf2rb-deficient eqcDC1 by activated NK cells. Wt and Csf2rb-deficient immature

eqcDC1 were enriched from FLT3-L BM cultures and cocultured for 7 h with NK cells purified from spleens of mice infected

or not for 40 h with MCMV. eqcDC1 were gated as CD11c+SiglecH�SIRPa�CD24+ cells. Data are represented as mean

(+/� SEM).

(I) Analysis of CCR7 expression on Wt vs Csf2rb�/� cDC1 from Wt:Csf2rb�/� mouse chimeras 48 h after infection.

**, p < 0.01. Error bars represent standard deviations.

See also Figure S5.
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NK-cell-mediated cDC1 relocalization to the T cell area in the spleen promotes MCMV-

specific CD8+ T cell responses and control of MCMV infection

We investigated whether the impeded migration of Xcr1�/� cDC1 to the T cell area of the spleen affected

the induction of antiviral adaptive immunity. The expansion of CD8+ T cells specific for the MCMV peptide

m45 was significantly reduced 6 days after infection in the absence of XCR1 (Figure 6A) and in the absence

of CCR7 expression specifically on cDC1 (Figure 6B). This observation confirmed the critical role of cDC1 in

cross-priming antiviral CD8+ T cells during an acute MCMV infection (Figure S6) (Busche et al., 2013; Snyder

et al., 2010; Torti et al., 2011).

Because the absence of XCR1 hampered both NK and CD8+ T cell antiviral responses, we investigated

whether this compromised viral control. Viral loads were still high in the spleen and liver of Xcr1-deficient

animals at 5 days after infection, whereas they had become very low to undetectable in control mice as ex-

pected (Figure 6C). Altogether, these results showed that the XCR1-dependent repositioning of cDC1

close to NK cells at 40 h and CCR7-dependent migration of cDC1 into the T cell zone both promoted faster

downstream antiviral CD8+ T cell responses strongly enhancing host resistance.

Dendritic epidermal T cells control dermal cDC1migration from the skin to the draining lymph

nodes in an XCR1-dependent mechanism

We then assessed whether the spatiotemporal dynamic of cDC1 we described in the spleen upon MCMV

infection also occurred under a similar regulation by innate immune mechanisms in the periphery. We

focused on the skin because biting is a natural route of transmission for salivary-gland-persistent MCMV.

We found that dendritic epidermal T cells (DETCs) defined as CD3ε+ TCRgd+ lymphocytes accounted

for the vast majority of Xcl1-expressing cells in the skin at steady state (Figures 7A and S7). DETCs resided

exclusively in the epidermis (Figures 7B and 7C), whereas cDC1 remained in the dermis (Figure 7C). As

Karma is also expressed bymast cells in the skin (Mattiuz et al., 2018), we used Avidin to exclude any Avidin+

tdRFP+ mast cells from our analysis (Tharp et al., 1985). Upon MCMV infection of the skin, dermal cDC1 un-

derwent a local repositioning from the dermis to the epidermis to reach DETCs (Figure 7D) and to engage

into interactions with them (Figure 7F). In the absence of XCR1, cDC1 remained in the dermis (Figure 7E)

and did not physically contact DETCs (Figure 7G). These cDC1/DETC interactions occurred 40 h after

MCMV infection of the skin (Figure 7G) and required the migration of dermis-resident cDC1 into the

epidermal layer (Figure 7H). The XCL1/XCR1 axis directed this cDC1 local redistribution in the skin (Figures

7G and 7H) and participated in the licensing of cDC1 to migrate from the infected skin to the draining
10 iScience 24, 103059, September 24, 2021
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Figure 6. CCR7-mediated cDC1 relocalization into the T cell zone promotesMCMV-specific CD8+ T cell responses

and host resistance to MCMV infection

(A) Analysis of m45-specific CD8+ T cell response in Xcr1�/� mice and littermate controls 6 days after MCMV infection.

One representative experiment of two independent ones with at least 4 mice per group is shown. *, p < 0.05.

(B) Analysis of m45-specific CD8+ T cell response in Wt:Xcr1-Dta, Wt:Ccr7�/� and Xcr1-Dta:Ccr7�/� BM chimera mice

6 days after MCMV infection (104 PFU). Two independent experiments with at least 4 mice per infected group were

pooled. A one-way ANOVA statistical analysis with a Tukey’s multiple comparison test was applied. **, p < 0.01;

*, p < 0.05, n.s., nonsignificant. Statistical analysis between all other groups is nonsignificant.

(C) MCMV titers in spleens and livers of Wt and Xcr1�/� mice 5 days after MCMV infection (104 PFU). Two independent

experiments with at least 3 mice per infected group were pooled. NI, noninfected. ***, p < 0.001.

See also Figure S6.
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lymph nodes (LNs) (Figure 7I). The XCR1-dependent interactions between cDC1 and DETCs in the skin also

promoted CCR7 upregulation on skin-derived migratory cDC1 (migcDC1) (Figure 7J) and was required for

efficient priming of MCMV-specific CD8+ T cells in the LN draining the infected skin (Figures 7K and 7L),

akin to the mechanism described in the spleen upon systemic infection. Altogether, these results showed

that XCR1 finely tuned cDC1 local dynamics in the periphery to place them in contact with XCL1-expressing

lymphocytes that licensed them to migrate into the draining LNs to prime naı̈ve T cells.
DISCUSSION

Here we use MCMV infection to describe the molecular mechanisms underpinning the protective crosstalk

between NK cells and cDC1 promoting efficient antiviral responses, including cDC1 spatiotemporal repo-

sitioning in the spleen toward CD8+ T cell to fast-forward their priming. This licensing of cDC1 migration

under the instruction of lymphocytes with innate functions, from the red pulp to the T cell zone within

the spleen was preserved in the periphery from the skin to the draining LN. We found that the XCL1/

XCR1 axis constitutes the foremost step that triggers the attraction of cDC1 close to NK cells in the spleen

and to DETCs in the epidermis. In the spleen in particular, the failure of cDC1 to reposition themselves in

contact with NK cells curtails the antiviral defenses by limiting NK cell and antiviral CD8+ T cell responses.

We demonstrate for the first time that NK cells tune the spatiotemporal redistribution of cDC1, within a

lymphoid organ, during a viral infection, by providing them guiding cues and other signals (Figure S8).

Although NK cells are the main source of XCL1, we found that XCL1 genetic inactivation selectively in

NK cells does not phenocopy XCR1 deficiency (Figure 3E). This indicates that other cells can compensate

for the loss of NK cell ability to produce XCL1. Early during MCMV infection, plasmacytoid DCs (pDCs)

migrate close to infected cells in the marginal zone of the spleen and upregulate Xcl1 expression (Toma-

sello et al., 2018; Abbas et al., 2020). In other infectious models, activated and memory CD8+ T cells and

NKT cells relocalized in cell clusters at the edge of the marginal zone (Alexandre et al., 2016; Bajenoff

et al., 2010; Barral et al., 2012), together with NK cells (Alexandre et al., 2016). Therefore, clusterized mem-

ory ab T cells, NKT cells, or even pDCs may act collectively with NK cells to attract cDC1 in their vicinity

through XCL1 production. Although gd T cells represent only a minute fraction of XCL1-producing cells

in the spleen upon MCMV infection (Figures 3B and 3D), this is not the case in other organs such as the

skin where they are more prominent than NK cells and take the lead by attracting efficiently cDC1 (Fig-

ure 7A). XCR1 is necessary to endow cDC1 with migratory features during immune responses against vi-

ruses, at least with MCMV (this study) or Vaccinia (Brewitz et al., 2017). In contrast, in mouse cancer models,

XCR1 was individually dispensable in promoting the recruitment of cDC1 for the activation of protective

effector lymphocytes, even in highly inflammatory tumors (Böttcher et al., 2018). Hence, it is possible

that the XCL1/XCR1 axis is critical to promote a rapid defense against acute threats but redundant for resis-

tance to chronic pathologies.

Lymphoid cells, in particular NK cells or ILC3, are known to secrete large amounts of GM-CSF (Dougan

et al., 2019). MCMV infection triggers GM-CSF production by NK cells (Figure 5F) most likely through IL-

12 secretion by DCs (Figure 5G). Similarly, the IL-12 family member IL-23 triggers GM-CSF production

by ILC3 in colon upon CD40-induced colitis (Pearson et al., 2016). The role of NK cell GM-CSF has been

largely overlooked until recently. NK cell GM-CSF production was reported to feed inflammation during

autoantibody-mediated inflammatory arthritis, by increasing the life span and functions of neutrophils

and macrophages (Louis et al., 2020), and to promote neutrophil antifungal activity in a model of Candida

albicans infection (Bär et al., 2014). For a long time, studies on GM-CSF function focusedmostly on myeloid

cell ontogeny (Dougan et al., 2019). GM-CSF promotes the differentiation of cDC1 only in peripheral
12 iScience 24, 103059, September 24, 2021
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Figure 7. Dermal cDC1 make cell/cell contacts with Xcl1-expressing DETCs

(A) Analysis of the lymphocyte heterogeneity within mTFP1+ cells in the skin of Xcl1mTfp1fl/fl mice at steady state. One

representative experiment of 2 independent ones with at least three mice per group is shown.

(B) DETC staining in the skin at steady state. DETCs are CD3ε+TCRgd+ lymphocytes localized in the epidermis. The dotted

line delineates the basal layer separating the dermis (D) from the epidermis (EP). C, cartilage. Scale bar: 50 mm

(C–E) Analysis of cDC1 localization and contacts with DETCs in the skin, at steady state in KarmaCre;Rosa26tdRFP;Xcr1+/�

mice (C), and at 40 h after MCMV infection in KarmaCre;Rosa26tdRFP;Xcr1+/� (D) and KarmaCre;Rosa26tdRFP;Xcr1�/� (E)
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Figure 7. Continued

mice. The dotted line delineates the basal layer separating the dermis from the epidermis. Skin sections (scale bar:

50 mm) were stained for tdRFP (red; cDC1), CD3ε (cyan), TCRgd (yellow), IE-1 (purple), and Avidin (green; mast cell). EP,

epidermis; D, dermis; C, cartilage.

(F) 3D visualization of DETC/cDC1 contacts identified in (D).

(G) Kinetics of cDC1/DETC contacts occurring in the epidermis and through the epidermis-dermis border per mm of skin

length, during MCMV infection. Data are represented as mean (+/� SEM). p.i., postinfection.

(H) Quantification of cDC1 nuclear bodies inside the epidermis per mm of skin length 40 h after skin infection. For (G-H),

two independent experiments with at least 4 mice per infected group were pooled. n.s., nonsignificant; **, p < 0.01;

***, p < 0.001.

(I) Proportion of CD103+ migcDCs in the ear-draining LN of Xcr1�/� and littermate controls 48 h after skin infection.

(J) Analysis of CCR7 expression on migcDCs in ear-draining LN 48 h after skin infection of Xcr1�/� and Wt mice. Two

independent experiments with at least 3 mice per infected group were pooled. **, p < 0.01.

(K and L) Analysis of m45-specific CD8+ T cell response in Xcl1�/� mice (K), Xcr1�/� mice (L) and their respective controls

6 days after MCMV infection of the ear. CD8+ T cells from ear-draining LN were stimulated in vitro for 4 h with m45

peptide. Two independent experiments with at least 3 mice per infected group were pooled for (K), and one experiment

with at least 4 mice per group is shown for (L). *, p < 0.05**, p < 0.01.

See also Figure S7.
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tissues that are constantly under microbiota stimulation, such as the skin or intestine, but has no major

impact on lymphoid-tissue-resident cDC1 (King et al., 2010; Greter et al., 2012). Our study goes further

in describing the critical function for GM-CSF for licensing cDC1 migration within the spleen during a sys-

temic viral infection. We showed that NK-cell-derived GM-CSF drives CCR7 expression on cDC1 through

cell/cell contacts, thus instructing their migration to the T cell zone. Interestingly, GM-CSF is not required

for the upregulation of the costimulatory molecule CD86 on cDC1 in our experimental setting, contrary to

what has been reported before in vitro with eqcDC1 (Mayer et al., 2014). This may be explained by differ-

ential DC exposures to GM-CSF concentrations and durations or because activated NK cells provide other

signals able to promote costimulatory molecule upregulation on cDC1, such as IFN-g and TNFa (Walzer

et al., 2005; Crouse et al., 2015).

NK cells can functionally affect the magnitude and quality of adaptive immune responses through direct

and indirect pathways (Su et al., 2001; Robbins et al., 2007; Waggoner et al., 2011). NK cell secretion of cy-

tokines, such as IFN-g, or NK cell cytotoxicity, can directly regulate T cell responses (Crouse et al., 2015). NK

cells also indirectly modulate T cell priming by promoting DC-specific functions. Through killing target

cells, NK cells provide cDC1 with apoptotic-cell-derived antigens, which are cross-presented to naı̈ve

CD8+ T cells (Krebs et al., 2009; Iyoda et al., 2002; Deauvieau et al., 2015; Dao et al., 2005). NK cells also

induce DC maturation, although the specific molecular mechanisms that came into play remained in

part elusive (Gerosa et al., 2002; Walzer et al., 2005; Crouse et al., 2015). Here we unravel how NK cells

orchestrate the spatiotemporal repositioning of cDC1 in regions where they have more chance to prime

naive CD8+ T cells. This aspect has never been described before, although the regulation of DC migration

by ILCs has been recently suggested (Böttcher et al., 2018).

Upon local infection, we show that cDC1 residing in the dermis reach the epidermis by responding to

DETCs secreting XCL1. Once in the epidermis, cDC1 engage into physical contacts with DETCs, which

could promote acquisition of CCR7 on cDC1 and their migration into skin-draining LNs, akin to NK cells

in the spleen. So far, skin cDC1 have always been described as residing exclusively in the dermis, and to

the best of our knowledge, the ability of cDC1 to reposition themselves in the epidermis in response to

an acute inflammatory stimulation of the skin has never been reported before. Interestingly, in the buccal

and gingival mucosa that are continuously challenged by microbiota, a small proportion of the Langerin+

EpCam+ DCs present in the epithelium express CD103 and XCR1 (Capucha et al., 2015), which are exclu-

sively coexpressed on bona fide cDC1 in all other tissues examined. These cells might thus be cDC1 orig-

inating from lamina propria and migrating in the oral epithelium. There, they may acquire the epithelial cell

adhesion molecule EpCAM, a marker associated to Langerhans cells within DCs but more generally regu-

lating cell motility and adhesion (Gaiser et al., 2012; Ouchi et al., 2016). The ontogeny of these cells remains

to be fully investigated.

gd T cells can confer protection to systemicMCMV infection in the absence of any other conventional adap-

tive immune responses (Sell et al., 2015; Khairallah et al., 2015). This antiviral response was attributed to the

expansion and activation of the Vg1 T subset, which resides in the spleen, LNs, and liver (Khairallah et al.,
14 iScience 24, 103059, September 24, 2021
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2015; Sell et al., 2015). Our results suggest that MCMV infection of the skin activates the epidermal Vg5+

DETCs to secrete XCL1, but the modalities of this activation remain poorly defined. DETCs express the

Xcl1 transcript (Figure 7A) at steady state and rapidly upregulate its expression upon TCR stimulation (Bois-

menu et al., 1996; Rezende et al., 2019). Because DETCs acquire cytotoxic functions and IFN-g production

through engagement of the NK cell receptor NKG2D, which recognizes MHC-I–related ligands (Ibusuki

et al., 2014; Nitahara et al., 2006; Girardi et al., 2001), it is also possible that NKG2D signaling regulates

XCL1 secretion by DETCs. Indeed, MCMV-encoded protein m18 triggers the expression of the NKG2D

ligand RAE-1 in infected cells (Greene et al., 2016). More generally, MCMV infection can upregulate the

expression of other NKG2D ligands that belong to the stress-induced, ‘‘empty’’ or nonpresenting, MHC-

like molecules such as the histocompatibility 60 (H60) and the murine UL16-binding protein-like transcript

(MULT-1) (Slavuljica et al., 2011).

Our study identified a mechanism through which activated NK cells boost adaptive immune responses to

MCMV, which had remained in part elusive (Robbins et al., 2007). Here, we find that XCL1/XCR1-dependent

cellular interactions orchestrate cDC1migration, in a conservedmanner within the spleen during a systemic

infection and from peripheral tissues to their draining LNs during a local infection. Indeed, XCL1-producing

lymphoid cells surrounding infected cells, NK cells in the spleen and DETCs in the skin, attract cDC1 and

instructing them locally for activation and further migration to the lymphoid structures where naı̈ve CD8+

T cells are primed. This cDC1 relocalization optimizes the relay between innate and adaptive immunity, by

accelerating and potentiating T cell expansion and effector functions, therefore yielding a more robust

resistance to infections.
Limitations of the study

Here we defined how NK cells guide the delivery of specific functions of cDC1 to the right cells at the right

time in the spleen in response to a systemic viral infection. Mechanistically, NK cells attracted red-pulp-resi-

dent cDC1 in the marginal zone of the spleen to establish physical interactions. This cDC1 repositioning

depended on the XCL1/XCR1 axis and led to tripartite interactions between MCMV-infected cells,

cDC1, and NK cells at the marginal zone in the spleen. We showed that several contact-dependent signals

were delivered by cDC1 to NK cells, triggering their full activation and the expansion of their Ly49H+ subset

known to specifically recognizeMCMV-infected cells that express the viral protein m157 (Brown et al., 2001;

Lee et al., 2001). Whether the recognition of MCMV-infected m157-expressing cells by Ly49H+ NK cells

constitutes the early step of a cascade of cellular events leading to cDC1 recruitment, their licensing,

and the formation of a ‘‘ménage à trois’’ with MCMV-infected cells remain to be determined. Interestingly,

by impeding cDC1 repositioning toward NK cells, the absence of XCL1/XCR1 not only impaired NK cell

responses but also decreased drastically the CCR7-dependent migration of cDC1 into the T cell zone

and therefore the early priming of antiviral CD8+ T cell responses by cDC1. Further studies are required

to determine the extent to which the decrease in NK cell and/or CD8+ T cell antiviral responses was respon-

sible for the viral persistence observed in Xcr1-deficient animals at 5 days after infection. It is likely that

XCL1/XCR1 was critical for both NK and CD8+ T cell protective functions. Our report and its follow-up

studies would thus highlight the nonredundant role of XCL1/XCR1 in innate and adaptive immune defenses

against infections or cancers and would explain why the XCL1/XCR1 axis has been conserved across evo-

lution among potentially all warm-blooded vertebrates (Crozat et al., 2010; Vu Manh et al., 2015).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti B220/CD45R A647 (Clone RA3-6B2) BD Biosciences #557683

Anti CCR6 PerCP-Cy5.5 (Clone 29-2L17) BioLegend #129809

Anti CD103 biotin (Clone 2E7) Fischer Scientific eBioscience #15239669

Anti CD103 PE (Clone 2E7) ThermoFisher eBioscience #12-1031-82

Anti CD11b PerCP-Cy5.5 (Clone M1/70) BD Biosciences #561114

Anti CD11c PECy7 (Clone N418) ThermoFisher eBioscience #25-01114-82

Anti CD169 FITC (Clone MOMA-1) AbD Serotec #MCA947F

Anti CD19 FITC (Clone 1D3) BD Biosciences #553785

Anti CD19 PE (Clone 1D3) BD Biosciences #553786

Anti CD19 A700 (Clone 6D5) Fischer Scientific eBioscience #115528

Anti CD19 APC-Cy7 (Clone 6D5) BioLegend #115529

Anti CD197 (CCR7) Purified (Clone 4B12) BioLegend #120101

Anti CD197 (CCR7) Biotin (Clone 4B12) ThermoFisher eBioscience #13-1971-80

Anti CD24 Pacific Blue (Clone M1/69) BioLegend #101820

Ani CD26 BV786 (Clone H194-112) BD Biosciences #740868

Anti-CD3 complex eF450 (Clone 17A2) ThermoFisher eBioscience #48-0032-82

Anti CD3ε A700 (Clone eBio500A2) Fischer Scientific eBioscience #15217989

Anti CD3ε PE (Clone 145-2C11) BD Biosciences #553064

Anti CD4 APC-H7 (Clone GK1.5) BD Biosciences #560246

Anti CD40 PE (Clone 3/23) BD Biosciences #553791

Anti CD44 PE-Cy7 (Clone IM7) ThermoFisher eBioscience #25-0441-82

Anti CD45.2 BUV395 (Clone 104) BD Biosciences #564616

Anti CD69 FITC (Clone H1.2F3) ThermoFisher eBioscience #11-0691-82

Anti CD80 APC (Clone 16-10A1) BD Biosciences #560016

Anti CD86 PerCP/Cy5.5 (Clone GL-1) BioLegend #105028

Anti CD8a BV711 (Clone 53-6.7) BD Biosciences #563046

Anti CD8a APC (Clone 53-6.7) BD Biosciences #553035

Anti CD8a Pacific Blue (Clone 53-6.7) BD Biosciences #558106

Anti dsRED, dsRFP Purified (Rabbit Polyclonal IgG) Rockland #600-401-379

Anti Fluorescein/Oregon Green A488 (Polyclonal) ThermoFisher #A11090

Anti-Goat IgG A594 (Polyclonal Donkey Fab) Jackson Immunoresearch #705-587-003

Anti GzmB APC (Clone GB11) ThermoFisher #GRB05

Anti I-A/I-E (MHC-II) A700 (Clone M5/114.15.2) ThermoFisher eBioscience #56-5321-82

Anti IL-12(p40/p70) APC (Clone C15.6) BD Biosciences #554480

Anti IFNg A700 (Clone XMG1.2) BD Biosciences #557998

Anti IFNg Biotin (Clone XMG1.2) BD Biosciences #554410

Anti IFNg Purified (Clone XMG1.2) BioXCell #BE0055

Anti Ly49H biotin (Clone 3D10) Fischer Scientific eBioscience #15219899

Anti MCMV IE1/m123 Purified (Clone IE1.01) Capri/MEDRI #IE1.01

Anti mouse IgG2a A633 (Polyclonal Goat) ThermoFisher #A-21136

Anti NK1.1 A700 (Clone PK136) BD Biosciences #560515

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti NK1.1 PE (Clone PK136) BD Biosciences #557391

Anti NK1.1 PE-Cy7 (Clone PK136) BD Biosciences #552878

Anti NK1.1 Purified (Clone PK136) Purified in house N/A

Anti NKp46/CD335 PE (Clone 29A1.4) Fischer Scientific eBioscience #15228749

Anti NKp46/CD335 Purified (Polyclonal Goat IgG) RnD Systems #AF2225

Anti rabbit IgG A546 (Polyclonal Donkey) ThermoFisher #A10040

Anti rat IgG A594 (Polyclonal Donkey F(ab’)₂) Jackson Immunoresearch #712-586-153

Anti Siglec-H FITC (Clone 551) BioLegend #129604

Anti SIRPa (CD172a) APC-Cy7 (Clone P84) BioLegend #144018

Anti TCRb FITC (Clone H57-597) BD Biosciences #553171

Anti TCRb PerCP/Cy5.5 (Clone H57-597) BioLegend #109228

Anti TCRgd BV711 (Clone GL3) BD Biosciences #563994

Anti XCR1 APC (Clone ZET) BioLegend #148206

Avidin A488 ThermoFisher #A21370

Streptavidin APC BD Biosciences #554067

Streptavidin eFluor 450 ThermoFisher eBiosciences #48-4317-82

Streptavidin PE BD Biosciences #554061

Streptavidin PE-Cy7 BD Biosciences #557598

Virus strains

MCMV smith strain ATCC ATCC #VR-1399

Chemicals, peptides, and recombinant proteins

7a,25-Dihydroxycholesterol Sigma-Aldrich #SML0541-5MG

AntigenFix DiaPath #P0016

m45 peptide HGIRNASFI ProImmune N/A

Poly(I:C) High Molecular Weight InvivoGen #tlrl-pic

Critical commercial assays

NK Cell Isolation Kit, mouse Miltenyi Biotec #130-115-818

CD8+ Dendritic Cell Isolation Kit, mouse Miltenyi Biotec #130-091-169

Deposited data

microarray data GSE142402 GEO database https://www.ncbi.nlm.nih.gov/geo/

Experimental models: mouse strains

Ccr7�/� (B6.129P2(C)-Ccr7tm1Rfor/J) The Jackson Laboratory JAX #006621

Cd45.1+/+ (B6.SJL-PtprcaPepcb/BoyJ) The Jackson Laboratory JAX #002014

Csf2rb�/� (B6.129S1-Csf2rbtm1Cgb/J) The Jackson Laboratory JAX #005940

Il12eYFP (B6.129-Il12btm1.1Lky/J) The Jackson Laboratory JAX #006412

Il15rako/ko (Il15ratm1Ama) The Jackson Laboratory JAX #003723

Il15raflox/flox (Il15ratm2.1Ama) The Jackson Laboratory JAX #022365

KarmaCre (B6-Gpr141btm2Ciphe) Mattiuz et al., 2018 N/A

KarmatdTomato-hDtr (Gp141btm1Ciphe) Alexandre et al., 2016 N/A

Nkp46Cre (Ncr1tm1.1(iCre)Viv) Narni-Mancinelli et al., 2011 N/A

Rosa26lox�stop�lox�DTA (B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J) The Jackson Laboratory JAX #009669

Rosa26lox�stop�lox�tdRFP (Gt(ROSA)26Sortm1Hjf) Luche et al., 2007 N/A

Xcl1mTfp1-fl (Xcl1tm1Ciphe) This paper N/A

Xcr1�/� (B6.129P2-Xcr1tm1Dgen) The Jackson Laboratory JAX #005791

Xcr1Cre (B6-Xcr1tm1Ciphe) Mattiuz et al., 2018 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Csf2 forward

GGCCTTGGAAGCATGTAGAGG

This paper N/A

Csf2 reverse

GGAGAACTCGTTAGAGACGACTT

This paper N/A

Hprt forward

TCAGTCAACGGGGGACATAAA

This paper N/A

Hprt reverse

GGGGCTGTACTGCTTAACCAG

This paper N/A

Ifng forward

CAACAGCAAGGCGAAAAAGG

This paper N/A

Ifng reverse

CCTGTGGGTTGTTGACCTCAA

This paper N/A

Xcl1 forward

AGAAGCCAAATGGGTGAAAGC

This paper N/A

Xcl1 reverse

TCAGCCATGTTCTTTCTGGTACTG

This paper N/A

Software and algorithms

BD FACSDiva� Software v8.0 BD Biosciences https://www.bdbiosciences.com/en-us/

instruments/research-instruments/research-

software/flow-cytometry-acquisition/facsdiva-

software

FlowJo v10.4 Tree Star https://www.flowjo.com

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism

Icy Bioimage analysis Icy Bioimage analysis http://icy.bioimageanalysis.org

ImageJ NIH https://imagej.nih.gov/ij/download.html

Zen Zeiss https://www.zeiss.fr/microscopie/produits/

microscope-software/zen-lite/zen-2-lite-

download.html

Imaris Oxford Instruments https://imaris.oxinst.com
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

Karine Crozat (karine.crozat@univ-rennes1.fr). Inquiries to access to mutant mice targeting cDC1

or Xcl1 must be addressed to Marc Dalod (dalod@ciml.univ-mrs.fr).

Materials availability

Materials generated in this study are available upon reasonable request from Karine Crozat (karine.crozat@

univ-rennes1.fr).

Data and code availability

The microarray data generated for this study have been deposited in the GEO database (http://www.ncbi.

nlm.nih.gov/geo/) under the series accession number: GSE142402.

This paper does not report original codes.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J and BALB/cByJ mice were purchased from Charles River Laboratories. Xcr1�/� (B6.129P2-

Xcr1tm1Dgen; MGI:3604538) were backcrossed >10 times into C57BL/6J background before use. C57BL/6J

mice or, when possible, littermates were used as controls. To deplete cDC1, KarmatdTomato-hDtr

(Gp141btm1Ciphe) mice (Alexandre et al., 2016) received 32 ng/g of diphtheria toxin (DT) (Merck) 12h before

MCMV infection, then injections of 16 ng/g every 60 h. KarmaCre (B6-Gpr141btm2Ciphe) mice (Mattiuz et al.,

2018) were first bred with Rosa26lox�stop�lox�tdRFP (Gt(ROSA)26Sortm1Hjf) (Luche et al., 2007) to give

KarmaCre;Rosa26tdRFP, then with Xcr1�/� mice to allow tracking of Xcr1-deficient cDC1. Xcr1+/� littermate

controls were used. For some experiments, KarmaCre;Rosa26tdRFP mice were bred to Il12eYFP (B6.129-

Il12btm1.1Lky/J) (Reinhardt et al., 2006) backcrossed >10 times to C57BL/6J). To selectively inactivate Il15ra

gene in cDC1, we followed a specific breeding schema, which prevents germline recombination, using

Xcr1Cre (B6-Xcr1tm1Ciphe) (Mattiuz et al., 2018), Il15rako/ko (Il15ratm1Ama) and Il15raflox/flox (Il15ratm2.1Ama)

mice (Mortier et al., 2009) . We bred Xcr1cre/cre;Il15Rako/ko mice to Il15raflox/flox to obtain Xcr1Cre/wt;

Il15Rafl/komice that we compared to Il15Rafl/ko controls.Xcl1mTfp1-flox (Xcl1tm1Ciphe) mice were generated ac-

cording to a standard gene targeting approach in C57BL/6N-derived ES cells. A LoxP-exon3-IRES-mTfp1-

LoxP cassette was inserted into the 30-UTR of the Xcl1 gene (Figure S3A). Xcl1mTfp1-flox mice were

backcrossed for >3 generations with C57BL/6Jmice, thenwithNkp46Cre (Ncr1tm1.1(iCre)Viv) mice (Narni-Man-

cinelli et al., 2011) to inactivate the Xcl1 gene in NK cells. Csf2rb�/� (B6.129S1-Csf2rbtm1Cgb/J) (Robb et

al., 1995) were bred to CD45.1+ congenic C57BL/6J (B6.SJL-PtprcaPepcb/BoyJ) mice to generate

Cd45.1+Csf2rb�/� mice. cDC1-less mice (Xcr1-Dta) were generated by breeding Xcr1Cre to

Rosa26lox�stop�lox�DTA (B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J) (Voehringer et al., 2008) . To generate BM

chimera mice, recipient CD45.2+ C57BL/6J mice were 8 Gy irradiated, and then reconstituted with equal

proportions of BM cells derived from CD45.1+Csf2rb�/� and CD45.2+ C57BL/6J (Wt) mice for Figure 5I,

and from Xcr1-Dta and Ccr7�/� (B6.129P2(C)-Ccr7tm1Rfor/J) mice for Figure 6B. Mice were used at

least 8 weeks after BM reconstitution. All mice were bred under pathogen-free conditions at the Centre

d’Immunophénomique de Marseille-Luminy (CIPHE). Seven to 12 weeks-old mice, females or males, were

used for experiments, in which we compared groups of animals of same gender and same age. The animal

care and use protocols (APAFIS #1212 and #16547) were designed in accordance with national and interna-

tional laws for laboratory animal welfare and experimentation (EEC Council Directive, 2010/63/EU,

September 2010), and approvedby theMarseille Ethical Committee forAnimal Experimentation (registered

by the Comité National de Réflexion Ethique sur l’Expérimentation Animale under no. 14).

MCMV infection and viral loads

MCMV infections were performed ip with 1x105 plaques forming units (PFU) of salivary gland-extracted

MCMV (Smith strain; ATCC; VR-1399). At this dose, all C57BL/6J mice survived the infection whereas all

BALB/c died between 5 and 6 dpi (not shown). For viral loads, 5 days after infection, total spleens and

pieces of livers were harvested. Pieces of livers were weighted before proceeding to conventional plaque

assay on organ homogenates (Crozat et al., 2007). For skin infection, 1.33 105 PFU in 20 ml were inoculated

intradermally in one ear. RPMI was injected in control mice.

METHOD DETAILS

Poly(I:C) and in vivo antibody administration

50ug of poly(I:C) (high molecular weight, InvivoGen) was administrated iv. For in vivo depletion of NK1.1-

expressing cells, mice were injected ip with the anti-NK1.1 antibody clone PK136 (200ug) 12h or 1 day prior

to poly(IC) or MCMV administration respectively. In vivo IFN-g blocking was achieved by ip administration

of the anti-IFN-g clone XMG1.2 (1mg) 7h prior to infection. Both PK136 and XMG1.2 were produced in

house.

Organ preparation for flow cytometry analysis

For lymphocytes analysis, spleens were smashed through nylon meshes in complete RPMI medium, red

blood cells lysed, and filtered again through a nylon mesh before proceeding to antibody staining. Sple-

nocytes were intracellularly stained directly ex vivo, except for GM-CSF for which an incubation with Bre-

feldin A (10 mg/ml) in complete RPMI medium for 3h at 37�C was performed. NKT cells were stained using

CD1d tetramers. MCMV-specific CD8+ T cell responses were evaluated by incubating splenocytes or cell

suspension from ear-draining LN in complete medium with the MCMV H-2Db-restricted epitope m45
iScience 24, 103059, September 24, 2021 23
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(HGIRNASFI; 1mg/ml) and Brefeldin A (10mg/ml) for 4h prior to intracellular staining. For skin, ears were

separated into ventral and dorsal layers and incubated in liberase LD solution (0.5 mg/mL) for 60 min at

37�C. The epidermis was separated from the dermis then chopped in collagenase D (0.5 mg/mL) for a

further 25 min, then filtered through a 70mm-nylon mesh. For DC analysis, spleens and LNs were prepared

as follow: Spleens were digested with an enzymatic cocktail made of Collagenase D (1 mg/ml) and DNase I

(70 mg/ml, both Roche) in plain RPMI 1640 for 25 min at 37�C. Ice cold EDTA (2 mM) was added for addi-

tional 5 min. Cells were filtered through a 70-mm nylon sieve, and exposed to 0.155 M NH4Cl, 10 mM

KHCO3, 0.127 M EDTA to lyse red blood cells. Auricular LNs were cut into small pieces and digested for

25 min at 37�Cwith amixture of type II collagenase (Worthington Biochemical) and DNase I (Sigma-Aldrich)

in plain RPMI 1640. The resulting cell suspension was treated with 2 mM EDTA and filtered through a 70 mm

nylon sieve (BD Falcon). For the analysis of cytokine induction in DCs, 10 mg/ml Brefeldin A was added to

the enzymatic cocktail during the incubation at 37�C. Antibodies used for flow cytometry are listed in the

key resource table. Stained cell acquisition was performed on a FACSCANTO II or a LSR II flow cytometer

(BD Biosciences). cDCs were defined as CD3e�, NK1.1�, CD19�, CD11chigh, SiglecH�, and further split into

cDC1 and cDC2 which were defined as CD11b�CD8a+ versus CD11b+, CD8a�, since XCR1 as a defining

marker could not be used in experiments involving Xcr1�/� mice. pDCs were defined as CD3e�, NK1.1�,
CD19�, CD11cmed, SiglecH+.

Immunohistofluorescence

Spleens and ears were fixed for at least 2h in Antigenfix (DiaPath) at 4�C, then washed in phosphate buffer

(PB1X: 0.02 M NaH2PO4 and 0.08 M Na2HPO4) for 1h. Finally, they were dehydrated in 30% sucrose over-

night at 4�C, before embedding in optimal cutting temperature (OCT) freezing media (Sakura Fineteck).

8-12-mm spleen and transversal skin sections were cut with a Leica CM3050 S cryostat. For staining, sections

were blocked in PB1X containing 0.2% saponin, 1% Protein Block (Abcam), and 2% 2.4G2 supernatant, and

stained in PB1X, 0.2% saponin. Antibodies used for flow cytometry are listed in the Key resources table. We

used an anti-RFP antibody (Rockland) and a secondary donkey anti-rabbit antibody (Jackson Immuno

Research) to amplify the tdRFP signal. NK cells and ILC1 were stained using a goat polyclonal anti-

NKp46/Ncr1 antibody (RnD Systems) followed by a donkey anti-goat polyclonal Fab fragment antibody

(Jackson Immuno Research). The MCMV immediate-early protein IE-1 was detected using the monoclonal

mouse IgG2a,k anti-IE1 (Clone IE1.01, CapRI, Center for Proteomics, University of Rijeka, Rijeka, Croatia),

followed by a polyclonal goat anti-mouse IgG2a antibody (Molecular Probes). When the staining required

further blocking steps, normal goat, mouse or rabbit sera were added. Stained sections were mounted in

ProLong Gold antifade reagent (Invitrogen), and were acquired using the spectral mode on a LSM780

confocal microscope (Carl Zeiss).

Co-culture experiments and migration assays

For co-culture experiments, splenic cDC1 and NK cells were enriched usingMiltenyi Biotec CD8+ Dendritic

Cell isolation kit and NK cell isolation kit respectively. NK cells were isolated from non-infected and 40h-

infected mice. For co-culture using FLT3-L-differentiated BM-derived eqcDC1, BM cell suspensions were

prepared from Wt and Csf2rb�/� mice, and red blood cells were lysed. After washing in complete RPMI

1640 medium, cells were cultured at 3 3 106 cells/ml in 24 well plates, with 10% FBS, RPMI 1640 medium

containing murine FLT3-L (in house supernatant from B16-Flt3l cells, used at 1/20 final) at 37�C in 5%

CO2. Four days after, half of the culture medium was replaced by fresh FLT3-L. 14 days later, cells were har-

vested and enriched for eqcDC1 by removing magnetically SIRPa-expressing cells using the Dynabeads

system (ThermoFisher). The enriched cell populations were co-cultured for 6h at a ratio of 1DC:3NK,

stained and live cells were analyzed by flow cytometry. We used 0.4um pore Corning Transwells to evaluate

the contribution of NK/cDC1 physical contacts to CCR7 upregulation. For migration assay, splenic DCs

were enriched by OptiPrep (Sigma-Aldrich), resuspended in migration medium (0.5% BSA in RPMI) and

distributed in the upper chamber of a 24 Transwell system insert (8-mmpore size; Corning). The lower cham-

ber was filled with migration medium alone or containing 10nM of the 7a,25-dihydroxycholesterol (7a,25-

OH) (Sigma-Aldrich). Cells were incubated for 3–4 h at 37�C in 5% CO2. A constant number of polybead

polystyrene microspheres (Polyscience) was added in each lower chamber before harvesting migrated

cells. Migrated cells were then stained and analyzed by flow cytometry. A constant event of microspheres

for each well was acquired to evaluate the absolute number of cells recovered after migration. The percent-

age of migrated cells was calculated by the following formula for each subset: [number of cells having

migrated in response to XCL-1 � number of cells having migrated spontaneously]/[total number of input

cells] 3 100.
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Microarray experiments and analysis

Each cell type studied was FACS sorted from spleen to over 98% purity in independent duplicate samples.

Microarray experiments were performed as follow (Robbins et al., 2008). Briefly, RNA was extracted from

between 105 and 3 3 106 cells for each cell subset with the Qiagen (Courtaboeuf, France) micro RNAeasy

kit, yielding between 100 and 300 ng of total RNA for each sample. Quality and absence of genomic DNA

contamination were assessed with a Bioanalyser (Agilent, Massy, France). RNA (100 ng) from each sample

was used to synthesize probes, and hybridized to the GeneChipMouseGene 1.0ST Array (Affymetrix, Santa

Clara, CA, USA). Affymetrix DAT files were processed using Affymetrix Gene Chip Operating System

(GCOS) to generate. CEL files. Quality control of array hybridization, and data normalization and analysis

were performed using the affy and oligo packages in R (version 3.2.2) (Baranek et al., 2012). Differentially

expressed genes were selected using linear models from Limma package in Bioconductor. The microarray

data have been deposited in the GEO database under the series accession number GSE142402.
QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of cell distribution and cell contacts

For cDC1 distribution analysis and quantification of clusters in the spleen, we imaged half spleen sections,

and randomly mixed them using the random number generator (www.dcode.fr). Three independent

manipulators blindly counted clusters using Zen software with a fixed zoom of 30 and 40%. Cluster quan-

tifications were normalized to the section area (mm2). We quantified tdRFP intensity as a read-out of cDC1

presence. Each cluster was isolated by drawing a Region of Interest (ROI), which was then exported as un-

modified uncompressed TIFF files. The tdRFP intensity was quantified in each ROI using ImageJ, and

normalized to the ROI area (mm2). To follow cDC1 relocalization in the three splenic areas marginal

zone, bridging channel and T cell regions, we applied a high throughput acquisition of whole spleen sec-

tions using the Pannoramic Scan slide scanner (3dHistec), and quantified tdRFP intensity minus background

in each these areas. We identified them usingMOMA-1 and B220 staining as shown in Figure S4. Between 6

and 14 white pulp follicles were analyzed per mouse. The 3-dimensional (3D) reconstruction and the Video

S1 were generated using the Imaris software (Oxford Instruments). cDC1/DETC contacts were quantified in

the skin and normalized to the length of the skin analyzed in the section. The Icy software (http://icy.

bioimageanalysis.org/) was used for some analysis as detailed in the figure legend. Other software used

for image analysis are listed in the Key resources table.
Statistical analyses

Statistical analyses were performed using a nonparametric Mann-Whitney test performed with Prism

8 (GraphPad Software) for all experiments unless specified otherwise. n.s., nonsignificant (p > 0.05);

*p < 0.05; **p < 0.01; ***p < 0.001.
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