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SUMMARY
Environmental signals shape host physiology and fitness. Microbiota-derived cues are required to program
conventional dendritic cells (cDCs) during the steady state so that they can promptly respond and initiate
adaptive immune responseswhen encountering pathogens. However, themolecular underpinnings ofmicro-
biota-guided instructive programs are not well understood. Here, we report that the indigenous microbiota
controls constitutive production of type I interferons (IFN-I) by plasmacytoid DCs. Using genome-wide anal-
ysis of transcriptional and epigenetic regulomes of cDCs from germ-free and IFN-I receptor (IFNAR)-deficient
mice, we found that tonic IFNAR signaling instructs a specific epigenomic and metabolic basal state that
poises cDCs for future pathogen combat. However, such beneficial biological function comes with a
trade-off. Instructed cDCs can prime T cell responses against harmless peripheral antigens when removing
roadblocks of peripheral tolerance. Our data provide fresh insights into the evolutionary trade-offs that come
with successful adaptation of vertebrates to their microbial environment.
INTRODUCTION

Border surfaces of multicellular organisms are colonized by a

complex ecosystem composed of bacteria, viruses, and fungi,
1080 Cell 181, 1080–1096, May 28, 2020 ª 2020 Elsevier Inc.
collectively referred to as the microbiota (Blander et al., 2017;

Hooper andMacpherson, 2010). Microbiota-controlled signaling

pathways affect various aspects of host physiology and fitness.

For example, we and others have shown that signals of the
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microbiota are required to calibrate the function of a broad range

of mononuclear phagocytes (MPhs), including those residing at

non-mucosal sites, such as in spleen, lymph nodes (LNs), and

brain. MPhs and microglia of germ-free (GF) mice were unable

to produce various cytokines and chemokines upon stimulation,

rendering them more susceptible to virus infections (Abt et al.,

2012; Erny et al., 2015; Ganal et al., 2012; Ichinohe et al.,

2011). On a mechanistic level, signals from the microbiota

were needed to remove a chromatin barrier required for the tran-

scription of immune defense genes after ligation of pathogen

sensors (e.g., pattern recognition receptors [PRRs] such as

Toll-like receptors). Thus, microbiota-generated signals are

required to instruct MPhs during the steady state for future im-

mune defense functions. We refer to such a poised state of

MPhs as their basal state. The nature of the microbiota-guided

signals and the molecular programs that they control in MPhs

to establish such a poised state are poorly understood.

Dendritic cells are a subset of MPhs and are subdivided into

plasmacytoid dendritic cells (pDCs) and conventional dendritic

cells (cDCs). pDCs can produce high levels of type I interferons

(IFN-Is) following virus infections and have been linked to the

pathogenesis of various autoimmune diseases (Reizis, 2019).

cDCs fulfill critical and non-redundant functions in regulating

and inducing T cell (Liu et al., 2007; Probst et al., 2014) and nat-

ural killer (NK) cell responses (Lucas et al., 2007). During an infec-

tion, cDCs located at the pathogen entry site take up antigens

and transport them to the draining LNs. cDCs are equipped

with a plethora of PRRs, the ligation of which leads to cDC acti-

vation, cDC maturation (i.e., upregulation of major histocompat-

ibility complexes [MHCs] and co-stimulatory molecules), and the

release of inflammatory mediators. By providing all three signals

for potent T cell priming, cDCs efficiently translate pathogen

recognition by the innate immune system into highly antigen

(Ag)-specific adaptive immunity (Janeway, 1989). The benefits

of adaptive immunity in vertebrates have comewith a substantial

trade-off, comprising unwanted immune responses to autoanti-

gens and ubiquitous components of the environment. Numerous

mechanisms operating within the mammalian immune system

cooperatively form a barrier to such deleterious immune re-

sponses, referred to as peripheral tolerance. For example, at
the immunological steady state, Ag presentation by cDCs in-

duces T cell tolerance to avoid unwanted immune responses

against ‘‘self’’ or against harmless, environmental Ag (Bonifaz

et al., 2002; Hawiger et al., 2001; Probst et al., 2003). However,

despite low level expression of co-stimulatory molecules and

pro-inflammatory cytokines, resting cDCs can prime CD8+

T cells, when components of the peripheral tolerance machinery

are removed (Muth et al., 2012; Schildknecht et al., 2010). The

signals and molecular networks instructing the basal state of

cDCs are largely unknown but have broad ramifications for the

pathophysiology and treatment of inflammatory and autoim-

mune diseases.

We set out to interrogate on amolecular level the impact of the

commensal microbiota on the basal state of cDCs. Using

genome-wide profiling of cDCs, we demonstrate that micro-

biota-controlled IFN-I production by pDCs controlled a distinct

transcriptional, epigenetic, and metabolic basal state of cDCs,

enabling them to provide a powerful response following path-

ogen encounter, but at the same time, also permitting priming

of unwanted T cell responses at the steady state. The IFN-I-in-

structed metabolic basal state of cDCs was characterized by

enhancedmitochondrial function, and cDCs genetically deficient

for the IFNAR were unfit to prime T cells even if cDCs were

directly activated.

RESULTS

cDCs from Germ-Free Mice Cannot Initiate T Cell
Responses during the Steady State
Previous studies had revealed functional incompetence of cDCs

in GF mice during immune responses against viruses (Abt et al.,

2012; Ganal et al., 2012; Ichinohe et al., 2011). In particular, the

production of various inflammatory cytokines was reduced. In

extension of these data, we now show that, both splenic cDC1

and cDC2 from GF mice were profoundly unresponsive to direct

stimulation with CD40 antibodies (Figures 1A–1C). This unre-

sponsiveness is not limited to splenic cDCs, because we found

very low levels of serum cytokines in GF mice after anti-CD40

treatment (Figures S1A and S1B). Mice are colonized with an

increasingly complex microbiota during the first weeks of life
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Figure 1. Commensal Microbiota Instructs cDCs for Cytokine Responses toMicrobial Stimulation and for Priming of CD8+ T Cell Responses

(A–C) Mice were injected with a CD40 antibody, and TNF production of the indicated splenic cDC subsets was analyzed by flow cytometry.

(D) DIETER mice were treated with antibiotics (ABX) and then depleted of CD4+ T cells. One day later, all mice received injections of tamoxifen. GP33-41-specific

CD8+ T cells were determined in the blood 8 days later.

(E and F) GF mice (�) were re-colonized with the E. coli strain JM83 or with a complex microbiota (sDMDMm2 or SPF). TNF production of splenic cDCs was

analyzed after poly(I:C) (E) or LPS (F) stimulation.

(G–I) Mixed bonemarrow chimeric mice (G andH) were generated by injecting lethally irradiated C57BL/6 (wild-type [WT]) mice with a 1:1mixture of bonemarrow

cells from MyTrCa�/� DIETER (CD45.2) and WT (CD45.1) mice (closed symbols) or from MyTrCa+/+ DIETER (CD45.2) and WT (CD45.1) mice (open symbols). In

addition (I), irradiatedMyTrCa�/�mice were reconstitutedwithMyTrCa�/�DIETER bonemarrow (circles) orWTmice with a 1:1 mixture of bonemarrow cells from

MyTrCa�/� DIETER and B6mice (squares). Chimeric mice were left untreated or were depleted of CD4+ T cells. On the next day, all mice received tamoxifen and

expansion of GP33-41-specific CD8+ T cells (G and I) or IFN-g production by restimulated CD8+ T cells was determined 8 days later (H).

Data are representative of 2 (A–C, E, F, and I) or 3 (D, G, and H) independent experiments. Horizontal bars represent mean ±SD (A–C, n = 5–7; D, n = 9–10; E and F,

n = 4–6; G and H, n = 4–8; and I, n = 5).

Statistical significance was determined with Student’s t test (I) or one-way ANOVA with Bonferroni’s multiple comparisons correction, *p% 0.05, **p% 0.01, ***p

% 0.001, ****p % 0.0001; ns, not significant.
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(Hooper et al., 2012), and splenic cDCs from 3- and 4-week-old

mice were impaired in their tumor necrosis factor (TNF) and inter-

leukin (IL)-12 (Figures S1C and S1D) responses when compared

to cDCs from adult mice.

Using a transgenic mouse model (dubbed DIETER) allowing

for the tamoxifen (TAM)-inducible expression of class I MHC-

restricted CD8+ T cell epitopes specifically on cDCs (Probst
1082 Cell 181, 1080–1096, May 28, 2020
et al., 2003), we had previously shown that Ag presentation

on cDCs at steady state resulted in spontaneous priming of

CD8+ T cells, when barriers of peripheral tolerance were

removed (i.e., CD4+ FoxP3+ regulatory T cells, or all CD4+

T cells) (Muth et al., 2012). To investigate if such cDC activity

is also instructed by signals from the microbiota, we treated

DIETER mice with antibiotics (ABX) depleting them of culturable
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Figure 2. Microbiota Controls Constitutive IFN-I Expression by pDCs

(A) RNA-seq of splenic cDCs from unstimulated GF or control SPF mice. GSEA for ‘‘Interferon-Stimulated Genes.’’

(B) ISG expression in splenic cDCs from the indicated mice was determined by qRT-PCR.

(C) Percentage of pSTAT1 (Y701)+ splenic cDCs (horizontal bars represent mean ± SD, n = 3).

(D and E) Ifnb1+/Db-luc mice maintained under SPF or GF conditions were injected with luciferin, and luciferase activity was visualized (D). Quantification of

luciferase activity (E).

(F) Luciferase activity in cell suspensions from the indicated tissues of Ifnb1+/Db-luc mice.

(G and H) The indicated cell types were sorted from spleens of Ifnb1+/Db-luc mice. Percentage of luciferase signal from individual cell types to the signal detected in

the entire spleen (G). Luciferase signal strength per cell of the indicated cell types (H).

(I) The indicated splenic cell types were sorted and Ifnb1 gene expression was determined by qRT-PCR.

(J) Ifnb1 gene expression by splenic pDCs from SPF and GF mice.

(K) Luciferase activity in splenocytes from Ifnb1+/Db-luc mice or from Ifnb1+/Db-luc mice deficient for MyD88, TRIF and CARDIF (MyTrCa�/�), MyD88 and TRIF

(MyTr�/�), or CARDIF (Ca�/�).

(legend continued on next page)
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bacteria (Figure S1E). As expected, induction of Ag expression

on cDCs, after depletion of CD4+ T cells, led to robust expan-

sion of Ag-specific CD8+ T cells, which was significantly dimin-

ished in ABX-treated mice (Figure 1D). The data indicate that

signals from the commensal microbiota instructs a basal cDC

state that allows for powerful cytokine responses following

microbe recognition. However, such basal state is also permis-

sive for priming of CD8+ T cells against harmless antigens, an

activity that is normally blunted by barriers of peripheral

tolerance.

Re-colonization of GF Mice with a Model Microbiota
Restores cDC Function
GF mice lack all components of the microbiota. We investigated

if colonization of GF mice with bacterial consortia of increasing

complexity was sufficient to normalize cDC responsiveness.

Mono-colonization of GF mice with one gram-negative bacte-

rium (Escherichia [E.] coli JM83) (Hapfelmeier et al., 2010) led

to a reproducible increase in TNF production by cDCs in

response to poly(I:C) or lipopolysaccharide (LPS) (Figures 1E

and 1F). Colonization with a stable model microbiota (referred

to as sDMDMm2), consisting of 12 defined bacterial species rep-

resenting five major prokaryote phyla of gut microbial commu-

nities (Uchimura et al., 2016), normalized cDC responses to

LPS (Figure 1F), and significantly increased responsiveness to

poly(I:C) (Figure 1E). Similar results were obtained when

analyzing systemic TNF or IFN-I levels (Figures S1F–S1I). While

the data do not exclude that other components of the microbiota

may generate signals that prime cDC (and likely broader MPh)

function, re-colonization of GF mice with bacterial consortia of

increasing complexity progressively restored cDC responsive-

ness to microbial stimulation.

Tonic PRR Signaling Is Required to Instruct a Functional
Basal State of cDCs
We wondered if functional priming of cDCs would require

sensing of commensal microbes via PRRs. To this end, we em-

ployed Myd88�/� Trif�/� Cardif�/� (MyTrCa�/�) mice lacking

three major adaptors of the microbe sensing machinery and

directly stimulated cDCs via CD40 that activates cDCs indepen-

dent of these PRR adaptors. MyD88 and TRIF are required for

TLR signaling, and CARDIF transduces signals from the RNA

sensors RIG-I and MDA5 (Broz and Monack, 2013; Takeuchi

and Akira, 2010). cDC1 and cDC2 from mice lacking all three

adaptor proteins (MyTrCa�/� mice) (Spanier et al., 2014) were

largely unresponsive to CD40 stimulation, comparable to GF

mice (Figures 1A–1C). Interestingly, serum levels of TNF and

IFN-I were also substantially reduced after systemic CD40 stim-

ulation (Figures S1A and S1B). In contrast, cDC responses in

MyTr�/� double knockout mice and in Cardif�/� mice were not

significantly impaired (Figures 1A–1C, S1A, and S1B).
(L) DIETER bone marrow chimeric mice were depleted of pDCs and CD4+ T cells.

day, all mice received tamoxifen and expansion of GP33–41-specific CD8+ T cells

Data are representative of 3 (B), or 2 (C–L) independent experiments.

Horizontal bars represent mean ± SD (B–E, n = 3; F, n = 8–9; G–I, n = 4; J, n = 8

Statistical significance was determined with Student’s t test (B, C, and E) or one-w

0.01; ***p % 0.001; ns, not significant.
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Does programming of the cDCs basal state by the microbiota

require direct ‘‘sensing’’ of commensal microbial components by

cDCs? To explore this, we createdmixed bonemarrow chimeras

by reconstituting lethally irradiated C57BL/6 mice with an equal

mixture of MyTrCa�/� DIETER (CD45.2) and wild-type (CD45.1)

bone marrow, so that only model Ag-expressing cDCs were

MyTrCa�/�. MyTrCa+/+ DIETER (CD45.2) and wild-type

(CD45.1) mixed chimeras were used as controls. Upon depletion

of CD4+ T cells, induction of Ag presentation on both sets of chi-

meras led to comparable priming of functional GP33–41-specific

CD8+ T cells (Figures 1G and 1H). Thus, direct sensing of

commensal microbial molecules by cDCs is not required for their

steady-state calibration.

We next asked if PRR signaling is required at all for priming of

CD8+ T cells at the steady state. We generated DIETER mice

lacking PRR signaling on all cells by injecting lethally irradiated

MyTrCa�/� mice with bone marrow from MyTrCa�/� DIETER

mice. In these mice, CD8+ T cell priming upon antigen induction

and CD4+ T cell depletion was strongly reduced (Figure 1I). In

control chimeras, priming of MyTrCa�/� and MyTrCa+/+ CD8+

T cells was comparable, excluding that the impaired expansion

of CD8+ T cells in MyTrCa�/� mice was due to direct signals

through these adaptors in T cells (Figure S1J). Thus, functional

calibration of cDCs during steady state requires recognition of

commensal microorganisms through PRRs utilizing MyD88,

TRIF, and/or CARDIF on cells other than cDCs.

Commensal Microbiota Controls an IFN-I-Stimulated
Gene Signature in cDCs
To obtain insights into microbiota-controlled transcriptional cir-

cuits, we performed genome-wide RNA sequencing (RNA-seq)

analysis using RNA isolated from unstimulated splenic cDCs of

specific pathogen-free (SPF) mice and GF mice (Figure S2A).

Gene Ontology (GO) term clustering of the top 100 differentially

expressed genes that were most significantly changed between

GF and SPF mice contained functional annotations for cytokine

responses. Among the genes included in the GO term

‘‘Response to Cytokines’’ were various transcripts associated

with IFN-I signaling (e.g., Oas2, Socs2, Itga6, Itgav, Ifi35, Ifi205,

Ifitm1, and Il15) that were less expressed by cDCs from GF

mice. Gene set enrichment analysis (GSEA) confirmed that

genes transcriptionally controlled by IFN-I (i.e., interferon-stimu-

lated genes [ISGs]) (Figures 2A and S2B) and by STAT1 (i.e., the

major signal transducer downstream of the IFNAR) (Figures S2C

and S2D) were expressed at lower levels in cDCs from GF mice,

consistent with previous data showing reduced expression of

ISGs in peritoneal macrophages and in microglia isolated from

GF mice (Abt et al., 2012; Erny et al., 2015). qRT-PCR experi-

ments confirmed that splenic cDCs isolated from GF mice ex-

pressed significantly lower levels of selected ISGs at steady

state (Figure 2B). cDCs from GF mice have a significantly
Control mice were depleted only of CD4+ T cells or left untreated. On the next

was determined 8 days later.

; K, n = 7–10; L, n = 6–8).

ay ANOVAwith Bonferroni’s multiple comparisons correction; *p% 0.05, **p%
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reduced cellular pool of phosphorylated STAT1 at steady state

when compared to SPF mice (Figure 2C). The data demonstrate

that IFN-I-driven steady-state STAT1 signaling is downregulated

in cDCs from GF mice.

Microbiota Controls Tonic IFN-I Expression by pDCs
It has long been recognized that low levels of IFN-I are continu-

ously produced in normal SPF laboratory mice (Bocci, 1980;

Gough et al., 2012; Taniguchi and Takaoka, 2001). Steady-state

IFN-I production has been notoriously difficult to analyze

because of the very small amounts produced. IFN-b luciferase

reporter mice faithfully report steady-state expression of IFN-b

(Lienenklaus et al., 2009), which was significantly reduced in

GF reporter mice (Figures 2D and 2E). Interestingly, steady-state

IFN-b levels in spleen and peripheral (p)LNs were comparable to

mucosa-associated lymphoid organs such as mesenteric (mes)

LNs and Peyer’s patches (PPs) (Figure 2F). To identify the cellular

sources of IFN-b, we purified the various splenic immune and

stroma cells from reporter mice (Figure S2E). Strikingly, only

pDCs, and to a small extent Ly6Chigh monocytes, contributed

to the steady-state IFN-b signal (Figures 2G–2I). In contrast to

pDCs, cDCs did not express IFN-I genes at steady state (Figures

2G–2I), which was confirmed by interrogation of our genome-

wide datasets (Figure S2F). Importantly, Ifnb1 expression was

significantly reduced in pDCs isolated from GF mice (Figure 2J).

Collectively, we identified pDCs as the main producers of

steady-state IFN-I in response to signals from the microbiota.

We hypothesized that sensing of commensal microbes via

PRRs is translated into constitutive IFN-I expression by pDCs.

We generated IFN-b reporter mice lacking adaptor proteins for

PRRs. Consistent with impaired cDC function observed in

MyTrCa�/� mice (Figures 1A–1C and G–I), we observed a dra-

matic reduction in steady-state IFN-b expression (Figure 2K).

Interestingly, depletion of IFN-I-producing pDCs significantly

reduced the propensity of cDC to prime CD8+ T cells at steady

state (Figures 2L and S2G). Collectively, the results from

genome-wide transcriptional profiling, biochemical data, and re-

porter assays show that the microbiota controls steady-state

expression of IFN-I by pDCs likely involving redundant PRR

signaling (Figure 2K). cDCs from GF or from pDC-depleted

mice show a remarkable absence of an IFN-I-controlled gene

expression signature and are functionally impaired.

Microbiota and IFN-I Control cDC Basal State through a
Core Transcriptional Program
Our data indicate that microbiota-controlled, tonic IFN-I pro-

duced by pDCs may be the molecular link between the micro-

biota and the poised cDC basal state. We extended our

genome-wide data by comparing full, steady-state transcrip-

tomes of splenic cDCs isolated from SPFmice, frommice genet-

ically deficient for the a chain of the IFN-I receptor (Ifnar1�/�

[SPF] mice), and from GF mice. Pearson correlation (Figure 3A)

and principal component analysis (Figure 3B) indicated that

cDCs from GF and Ifnar1�/� mice have rather similar transcrip-

tomes that are noticeably different from control cDCs. K-means

clustering of differentially expressed genes (false discovery rate

[FDR] <0.05) revealed that their majority can be found in clusters

(i.e., clusters C1 and C6) markedly increased or decreased
expression in both GF and Ifnar1�/� cDCs compared to control

cDCs (Figure 3C). Among the most differentially expressed

genes in cluster C1, we found several canonical ISGs (Figures

3D and S3A). GSEA analysis for selected interferon-related

gene sets revealed a negative correlation for both GF and

Ifnar1�/� cDCs (Figure 3E). Interestingly, genes associated with

oxidative phosphorylation including genes encoded within the

mitochondrial genome were consistently downregulated in

cDCs from GF and Ifnar1�/� mice (Figure 3F).

Splenic cDCs can be divided into two main subpopulations,

cDC1 and cDC2, which have been reported to be transcriptionally

distinct (Merad et al., 2013). We obtained transcriptome data

from cDC1 and cDC2 from SPF, GF, and Ifnar1�/� mice. Pearson

correlation analysis confirmed that cDC1 and cDC2 transcrip-

tomes are distinctly different (Figure 4A). We focused our analysis

first on cDC2, because they comprise 80%–90% of all splenic

cDCs. Principal-component analysis (PCA) clearly separated the

transcriptomes of GF and Ifnar1�/� cDC2 from that of control

SPF cDC2 in PC2 (Figure 4B). GO analysis of GO terms with a

gene set size from 10 to 1,000 genes classified as biological pro-

cesses using DAVID revealed that 43 GO terms were enriched at

an FDR <0.05 in control cDC2 compared to GF and Ifnar1�/�

cDC2 (Table S1). Next, we created an enrichment map where

the GO terms were clustered according to overlap of genes (Fig-

ure 4C). Although separate clusters could be identified, when the

edge cutoff was set to 1, the cluster remained highly intercon-

nected and enriched very similar immunological processes,

including two smaller clusters containing IFN-I signaling and func-

tion-related GO terms (Figure 4C). This consistent enrichment is

caused by more than 35% (81/222) of the genes consistently

downregulated in GF and Ifnar1�/� cDC2, where almost 20%

(47/222) is represented in more than 5 different GO terms. Thus,

a significant proportion of genes consistently downregulated in

GF and Ifnar1�/� cDC2 is part of the same immunological pro-

cess, IFN-I signaling, and function. Using GSEA, in which no prior

definition of gene sets is required, we again found a clear negative

correlation for selected IFN-I-related gene sets for cDC2 from GF

and Ifnar1�/� mice (Figure 4D, dotted lines).

Such negative correlation in IFN-I-controlled gene sets was

obvious also for the comparison of control SPF and Ifnar1�/�

cDC1 (Figure 4D). While a negative correlation in GSEA of IFN-

I-controlled pathways was not directly evident for cDC1 from

GF mice (Figure 4D), it was clearly observed in other, related

gene sets such as ‘‘Interferon Signaling,’’ ‘‘Interferon Gamma

Response,’’ and ‘‘Interferon Gamma Signaling’’ (Figure S4A). In

fact, the genes contained in IFN-g and IFN-I-controlled gene

sets contain many of the same genes and therefore do not

strictly discriminate between IFN-I and IFN-g-controlled genes

(Figure S4B). Given this overlap, we were wondering why some

interferon-related gene sets enriched in cDC2 but not in cDC1.

Part of the reason might relate to the fact that a high fraction of

the genes within these gene sets enriched in SPF cDC2 were ex-

pressed at much lower levels in SPF cDC1 (Figure S4C) and

therefore simply cannot be dramatically downregulated. Collec-

tively, our genome-wide transcriptional profile demonstrated

that the most significantly downregulated gene sets in cDC1

and cDC2 from GF and Ifnar1�/� mice are those related to

IFN-I signaling.
Cell 181, 1080–1096, May 28, 2020 1085



A B C

C2

C4
C5

C6

C1

C3
−2

−1

0

1

2

0.96

0.97

0.98

0.99

1

−40 −20 0

−2
0

−1
0

0

PC1: 67% variance 

PC
2:

 1
0%

 v
ar

ia
nc

e 

E

Ifnar1+/+ (GF)
Ifnar1-/- (SPF)

SPF vs

Interferon Alpha/Beta Signaling (Reactome)
p=0.200
p<0.000

47

Response to Type I Interferon (GO)
p=0.185
p<0.000

50

Rank in ordered data set

Interferon Alpha Response (Hallmark)

Enriched 
in SPF

Enriched in 
GF/Ifnar1-/-

p=0.189
p<0.000

90

Irf7 Irf9

D

Oas1a

Ifi211 Ifi27l2a

Mx1

−1

−0.5

0

0.5

1

Ifn
ar1

+/+
 (S

PF)

Ifn
ar1

+/+  (G
F)

Ifn
ar1

-/-
 (S

PF)

D
es

ce
nd

in
g 

fo
ld

 d
iff

er
en

ce
 (S

PF
 / 

G
F 

+ 
IF

N
AR

)

Ifn
ar1

+/+
 (S

PF)

Ifn
ar1

+/+  (G
F)

Ifn
ar1

-/-
 (S

PF)

D
es

ce
nd

in
g 

fo
ld

 d
iff

er
en

ce
 (S

PF
 / 

G
F 

+ 
IF

N
AR

)

Ifn
ar1

+/+
 (S

PF)

Ifn
ar1

+/+  (G
F)

Ifn
ar1

-/-
 (S

PF)

D
es

ce
nd

in
g 

fo
ld

 d
iff

er
en

ce
 (S

PF
 / 

G
F 

+ 
IF

N
AR

)

Cox6a1
Cox4i1
Cox7c
Cox5b
Uqcrh
Cox5a
Uqcrb
Park7
Uqcr10
Iscu
Ndufc2
Ndufb8
Ndufa7
Ndufs8
Ndufs6
Ndufb9
Ndufv3
Ndufa8
Sdhb
Uqcrc1
Ndufs2
Sdha
Sdhd
Ndufb6
Dnajc15
Sdhc
Ndufa5
Ndufa10
Cycs
Cyc1
Uqcrq
Ndufa12
Ndufv2
Ndufv1
Mybbp1a
Uqcc3
Dld
Mtch2
Bid
Ndufs1
Ndufaf2
Taz
Slc25a12
Pink1
Ccnb1
Sod2
Coq9
Etfdh
Sdhaf2
Slc25a22
Coq7
Cdk1
Ndufaf1
Slc25a13
Etfrf1
Immp2l
Sco2
Polg2
Mecp2
Slc37a2
Afg1l
Snca
Cox6a2
Gpd1
Cox4i2
Slc1a3
Hoxb3os
Ppargc1a
Slc25a18

mt−Atp6
mt−Atp8
mt−Cox 1
mt−C ox 2
mt−Cox 3
mt−Cytb
mt−Nd1
mt−Nd2
mt−Nd3
mt−Nd4
mt−Nd4l
mt−Nd5
mt−Nd6

−1

−0.5

0

0.5

1

Ifn
ar1

+/+
 (S

PF)

Ifn
ar1

+/+  (G
F)

Ifn
ar1

-/-
 (S

PF)

Ifn
ar1

+/+
 (S

PF)

Ifn
ar1

+/+  (G
F)

Ifn
ar1

-/-
 (S

PF)

D
es

ce
nd

in
g 

m
ea

n 
ex

pr
es

si
on

 in
 S

PF
 (T

PM
)

F

Ifnar1-/- (SPF)

Ifnar1+/+ (SPF)
Ifnar1+/+ (GF)

20

10Ifnar1+/+ 

(SPF)

Ifnar1+/+ 

(GF)

Ifnar1-/- 

(SPF)

Ifnar1+/+ 

(SPF)
Ifnar1+/+ 

(GF)
Ifnar1-/- 

(SPF)

Ifnar1-/- (SPF)

Ifnar1+/+ (SPF)
Ifnar1+/+ (GF)

Ifnar1+/+ 

(SPF)
Ifnar1+/+ 

(GF)
Ifnar1-/- 

(SPF)

0
20

40
60

80
10

0

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

0
20

40
60

80

0
20

40
10

30

0
5

10
15

20

0
20

40
10

30

0
50

10
0

15
0

20
0

25
0

50
60

30
0

35
0

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

TP
M

 n
or

m
al

iz
ed

 e
xp

re
ss

io
n

En
ric

hm
en

t s
co

re
 (E

S)

0 5000 10000 15000

-0
.4

-0
.2

0.
0

0.
2

0.
4

0.
6

Rank in ordered data set

Enriched 
in SPF

Enriched in 
GF/Ifnar1-/-

0 5000 10000 15000

Rank in ordered data set

Enriched 
in SPF

Enriched in 
GF/Ifnar1-/-

0 5000 10000 15000

En
ric

hm
en

t s
co

re
 (E

S)
-0

.4
-0

.2
0.

0
0.

2
0.

4
0.

6

En
ric

hm
en

t s
co

re
 (E

S)
-0

.4
-0

.2
0.

0
0.

2
0.

4
0.

6

−1

−0.5

0

0.5

1

−1

−0.5

0

0.5

1

Figure 3. Microbiota and IFN-I Control a Similar Transcriptional Regulome in cDCs

RNA-seq from RNA of splenic cDCs isolated from unstimulated GF, Ifnar1�/�, or control mice.

(A) Heatmap of Pearson correlation coefficients. Only genes with non-zero values (normalized read counts) for all replicates in at least one group were included

(�15,000 genes). Correlation coefficients were calculated using log2 (normalized read counts +1).

(B) Principle component analysis on variance stabilized transformed (vst) counts.

(C) K-means clustering of all significantly differentially expressed genes (FDR <0.05) identified with DESeq2 likelihood ratio test.

(D) Expression of selected genes from cluster C1 of (C).

(E) Enrichment score (ES) of selected gene sets for the comparison SPF versus GF (blue lines) and SPF versus Ifnar1�/� (orange lines). Numbers in the lower left

corner denote the number of human genes within the gene sets. p indicates the nominal p value from the GSEA analysis. Heatmaps show the row-scaled

transformed mean expression (log2 TPM+1) for all the mouse genes corresponding to the human genes in the ES plots. Grey rows indicate genes that are not

expressed.

(F) Heatmaps showing the expression differences (row-scaled mean log2 TPM+1) of genes in the respiratory electron transport chain (GO: 0022904) encoded on

the auto/sex chromosomes (left panel) and on the mitochondrial chromosome (right panel).
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Figure 4. Transcriptional Regulome of cDC1 and cDC2 of GF and Ifnar1�/� Mice

RNA-seq from RNA of splenic cDC1 and cDC2 isolated from unstimulated GF, Ifnar1�/�, or control mice.

(A) Heatmap of Pearson correlation coefficients. Only genes with a non-zero value (normalized read counts) for all replicates in at least one group of cDC1s or

cDC2s were included (�15,000 genes). Correlation coefficients were calculated using log2(normalized read counts +1).

(B) Principle component analysis on variance-stabilized transformed (vst) counts from splenic cDC2s from the indicated mouse strains.

(C) Enrichment map of significantly enriched GO terms classified as biological processes through DAVID (FDR <0.05).

(D) ES of selected gene sets for the comparison SPF vs.GF (blue lines) and SPF vs. Ifnar1�/� (orange lines) for cDC1 (lines) and cDC2 (dotted lines). Numbers in the

lower left corner denote the number of human genes within the respective gene sets. p indicates the nominal p-value from the GSEA analysis.
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Tonic IFN-I Signals Prime cDCs for Subsequent
Responses to Microbial Stimulation
It has been previously postulated that low levels of IFN-I signals

during the steady state may be required for responsiveness of

the MPh system (Gough et al., 2012; Taniguchi and Takaoka,

2001). To link steady-state IFN-I to cDC function and to obtain

a global understanding of genes that are not upregulated in

cDCs from GF or Ifnar1�/� mice following a microbial stimulus,

we compared RNA-seq data from LPS-stimulated cDCs iso-

lated from GF, Ifnar1�/�, and control SPF mice. Genes that

were significantly less upregulated in cDCs from GF and

Ifnar1�/� mice (Figure S5A, marked in red) were submitted to

DAVID. Among the top resulting GO terms were ‘‘Immune Sys-

tem Process’’ (p < 2.1e�2) and ‘‘Leukocyte Activation’’ (p <

9.5e�2). GSEA revealed a failure to upregulate the expression

of most ISGs and nuclear factor kB (NF-kB) target genes in

cDCs from GF and Ifnar1�/� mice after LPS stimulation (Figures

5A, S5B, and S5C). These data link tonic IFN-I signaling during
the steady state to a poised cDC state required for effective

transcription of ISGs and NF-kB target genes following micro-

bial stimulation.

In line with our genome-wide data, stimulated cDCs from

Ifnar1�/� and GF mice produced significantly less TNF, an NF-

kB target gene (Figure 5B). Similar resultswere obtained for serum

levels of TNF (Figure S5D). Such calibration of cDC responsive-

ness specifically required tonic IFN-I signaling because cDCs

deprived of type II (Ifngr�/� mice) or type III IFN signaling (Ifnlr1�/�

mice) responded normally (Figure S5E). To exclude that alter-

ations in microbiota composition in Ifnar1�/� mice were causative

for the observed functional differences, we investigated cDC re-

sponses in co-housed Ifnar1+/+, Ifnar1+/�, and Ifnar1�/�littermates

from heterozygous breedings. Only cDCs from co-housed

Ifnar1�/� mice showed reduced responsiveness to stimulation

(Figures 5C and S5F–S5I). The data largely exclude that altered

microbiota in Ifnar1�/� mice is causative for the observed func-

tional differences between cDCs from Ifnar1�/� and control mice.
Cell 181, 1080–1096, May 28, 2020 1087
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Figure 5. cDCs Deprived of Tonic IFN-I Signals Cannot Be Activated by Microbial Stimulation

(A) RNA-seq of splenic cDCs isolated from the indicated mice 2 h following LPS stimulation. GSEA for interferon stimulated genes (left) and NF-kB target

genes (right).

(B) Splenocytes of the indicated mouse strains were stimulated ex vivo with LPS. After 4 h, TNF production by cDCs was analyzed by flow cytometry.

(C) Co-housed littermates (Ifnar1+/+, Ifnar1+/�, and Ifnar1�/�) from heterozygous breedings were injected with poly(I:C) and after TNF production of splenic cDCs

was analyzed by flow cytometry.

(D–F) The indicated groups of mice were injected with poly(I:C). TNF production of the indicated splenic cDC populations was analyzed 2 h after stimulation.

(G) Mice were treated with antibiotics (ABX) in the drinking water for 3 weeks or left untreated (WT). Starting after 1 week of antibiotic treatment, mice were daily

injected with 100 U of mouse IFN-b or saline for the duration of the experiment. Serum TNF concentrations before LPS injection (�) or at the indicated points after

injection.

Data are representative of 3 (B) or 2 (C–G) independent experiments.

Horizontal bars represent mean ± SD (B and G, n = 3; C, n = 3–7; D, n = 5; E and F, n = 4).

Statistical significance was determined with Student’s t test (B, C, and E) or one-way ANOVAwith Bonferroni’s multiple comparisons correction; *p% 0.05, **p%

0.01, ***p % 0.001, ****p % 0.0001; ns, not significant.
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While these data link tonic IFN-I to a poised cDC state, they do

not directly demonstrate that IFN-I acted on cDCs because of

global IFNAR deficiency in Ifnar1�/� mice. We generated mice

with cDC-specific IFNAR deficiency by crossing Ifnar1fl/fl mice

to Cd11c (Itgax)-Cre mice (Ifnar1DDC). Indeed, cDCs from If-

nar1DDC mice did not mount an appreciable TNF response to

stimulation (Figures 5D and S5J). Of note, Cd11c-Cre targets

virtually all mature cDCs in spleen and LNs, whereas only a small
1088 Cell 181, 1080–1096, May 28, 2020
fraction of cDC precursors are affected (Caton et al., 2007). Our

data demonstrate that mature cDCs require a tonic IFN-I signal

provided by pDCs for functional calibration, largely ruling out a

dominant effect of IFN-I on cDC precursors that are not or very

inefficiently targeted in Ifnar1DDC mice.

Although our data show that both cDCs from GF and Ifnar1�/�

mice cannot respond tomicrobial stimulation, they do not directly

proof that the lack of tonic IFN-I signaling is causally linked to the
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Figure 6. Tonic IFN-I Signaling in cDCs Is an Absolute Requirement for Priming of Naive T Cells

(A and B) Mixed bone marrow chimeras were generated by injecting lethally irradiated B6 mice with a 1:1 mixture of Ifnar1�/� DIETER and Ifnar1+/+ (CD45.1)

(circles) or of Ifnar1�/� and Ifnar1+/+ DIETER (CD45.1) (squares) or of Ifnar1+/+ DIETER and Ifnar1+/+ (CD45.1) (triangles) bone marrow cells. After complete

reconstitution, mice were depleted of CD4+ T cells. One day later, all mice received tamoxifen and the fraction of GP33–41-specific (A) and of IFN-g-producing

CD8+ T cells (B) was determined.

(C) Bone marrow chimeric mice (DIETER bone marrow into irradiated B6 mice) were treated with antibiotics (ABX) in the drinking water for 3 weeks or left un-

treated (NIL). Starting after 1 week of antibiotic treatment, mice were given daily injections of 100 Umouse IFN-b or saline for the duration of the experiment. Two

weeks after the start of antibiotic treatment, all mice were depleted of CD4+ T cells and received tamoxifen injections. Frequency of GP33–41-specific CD8
+ T cells

in the blood was determined 8 days later.

(D) Heatmap showing the expression of the indicated genes as log2(TPM+1) values from splenic cDC1 and cDC2 of untreated GF, Ifnar1�/�, and SPF control mice.

(E) Lethally irradiated B6 mice were reconstituted with a 1:1 mixture of Ifnar1�/� DIETER and Ifnar1+/+ (CD45.1) (‘‘Ifnar1�/�‘‘) or of Ifnar1+/+ DIETER and Ifnar1+/+

(CD45.1) (‘‘Ifnar1+/+’’) bone marrow cells. Antigen presentation was induced by tamoxifen treatment and mice were injected with an agonistic CD40 antibody or

left untreated. Frequency of GP33–41-specific CD8+ T cells in the blood was determined 8 days later.

Data are representative of 4 (A and B), 3 (E), or 2 (C) independent experiments.

Horizontal bars represent mean ± SD (A, B, and E, n = 5; C, n = 5–7).

Statistical significance was determined with one-way ANOVA with Bonferroni’s multiple comparisons correction, *p % 0.05, **p % 0.01, ***p % 0.001; ns, not

significant.
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GF phenotype. We addressed this by an array of experiments.

First, we generated Ifnar1�/� (GF) mice and compared cDC

responsiveness to microbial stimulation in GF and Ifnar1�/�

(SPF) mice. Interestingly, cDCs from Ifnar1�/� (GF) mice showed

no further reduction in TNF production (Figures 5E and 5F) or

IFN-I expression (Figures S5K and S5L) when compared to

cDCs from GF or Ifnar1�/� (SPF) mice, arguing that the signals

lacking in GF and Ifnar1�/� mice are linked rather than separately

acting. Second, to directly demonstrate that low levels of steady-

state IFN-I are required and sufficient to calibrate cDC responsive-

ness, we injected low doses of IFN-b into ABX-treatedmice. IFN-b

injections alone did not trigger any TNF release (Figure 5G). While

cDCs from ABX-treated mice were unable to produce TNF after

stimulation in vivo, cDCs from ABX-treated mice injected with

low-dose IFN-b produced normal TNF levels (Figure 5G). These

data causally link tonic IFN-I signaling to the calibration of a poised

cDC basal state.
Tonic IFN-I Signals Instruct a Basal cDC State
Permissive for CD8+ T Cell Priming
We wondered whether the propensity of cDCs to prime CD8+

T cells during steady state may also be controlled by pDC-pro-

duced IFN-I. To address whether IFNAR signaling is required in

the Ag-presenting cDC itself or if a lack of IFNAR in bystander

cells dominantly inhibits cDC function in trans, we generated

three sets of mixed bone marrow chimeric mice by reconstitut-

ing lethally irradiated wild-type hosts with an equal mixture of

bone marrow cells from (1) Ifnar1�/� DIETER (CD45.2) and If-

nar1+/+ (CD45.1) mice (restricting IFNAR deficiency to Ag-pre-

senting cDCs), (2) Ifnar1+/+ DIETER (CD45.2) and Ifnar1�/�

(CD45.1) (restricting IFNAR deficiency to cDCs that cannot pre-

sent the model Ag), and (3) of Ifnar1+/+ DIETER (CD45.2) and If-

nar1+/+ mice (CD45.1) (as controls). Inducing Ag presentation

on Ifnar1+/+ cDCs after depletion of CD4+ T cells led to robust

priming of functional, IFN-g-producing CD8+ T cells, regardless
Cell 181, 1080–1096, May 28, 2020 1089
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of the IFNAR status of bystander cells (Figures 6A and 6B). In

these chimeras, primed CD8+ T cells were derived in equal pro-

portions from IFNAR-proficient and -deficient T cells, suggest-

ing that direct IFN-I signals to CD8+ T cells are not necessary

for T cell priming (Figure S6A). Strikingly, priming of CD8+

T cells was absent when IFNAR-deficiency was restricted to

Ag-presenting DIETER cDCs (Figures 6A and 6B). These data

demonstrate that tonic IFN-I produced by pDCs act in cis on

the Ag-presenting cDC to program a basal state permissive

for the priming of T cells at steady state.

To directly link tonic IFN-I signaling in cDCs to the

reduced priming of CD8+ T cells in GF mice, we injected

ABX-treated DIETER mice with low doses of IFN-b. ABX-

treated DIETER mice that received low-dose IFN-b showed

expansion of Ag-specific CD8+ T cells to an extent similar

to mice that did not receive ABX treatment (Figure 6C).

Importantly, injection of IFN-b could not rescue T cell prim-

ing in chimeras where IFNAR deficiency was restricted to

model Ag-presenting cDCs (Figure S6B). We wondered

whether the depletion of CD4+ T cells is linked to higher

expression of IFN-I, but we did not find any upregulation

of IFN-b reporter activity (Figures S6C and S6D). Thus, tonic

IFN-I signaling in cis is required and sufficient to program a

poised cDC state permissive for the priming of CD8+ T cells

at steady state.

It has recently been described that splenic cDCs isolated from

Ifnar1�/� mice have an impaired Ag-presentation capacity (Zie-

tara et al., 2009). We quantified the amount of LCMV GP33–41

peptide presented on cDCs isolated from the spleen of Ifnar1+/+

DIETER or Ifnar1�/� DIETER mice using P14 TCR transgenic

mice (recognizing GP33–41 when presented on H2-Db) bred to

Nur77GFP reporter mice. T cells from Nur77GFP mice express

GFP proportional to the strength of TCR ligation and therefore

faithfully report the number of MHC-I:peptide complexes

encountered on Ag-presenting cells (Moran et al., 2011). No dif-

ference in reporter gene expression in P14 T cells stimulated by

Ifnar1+/+ DIETER or Ifnar1�/� DIETER cDCs was detected,

demonstrating that the lack of priming of CD8+ T cells by

steady-state cDCs is not due to reduced Ag presentation (Fig-

ure S6E). Wewondered if other genes associated with T cell acti-

vation (i.e., co-stimulatory molecules or NF-kB regulators)

(Probst et al., 2014) were altered in expression in GF or Ifnar1�/�

cDCs, but we did not find significant changes in expression of

such genes in cDC1 and cDC2 (Figure 6D). Verification by flow

cytometry did also not reveal any robust differences in line with

a previous report (Chinen et al., 2010). Thus, the decreased prim-

ing of CD8+ T cells by Ag-presenting cDCs deprived of IFN-I sig-

nals cannot be simply explained by a reduction in ‘‘signal 1’’ or

‘‘signal 2.’’

cDCs Deprived of IFN-I Signals Cannot Prime T Cell
Responses following CD40 Stimulation
Ligation of CD40 is a strong activating stimulus for cDCs,

which is illustrated by the induction of a strong CD8+ T cell

response in DIETER mice without the need to deplete CD4+

T cells (Probst et al., 2003). We wondered if the profound

inability of cDCs in Ifnar1�/� DIETER mice to prime Ag-spe-

cific CD8+ T cells at the steady state could be overcome by
1090 Cell 181, 1080–1096, May 28, 2020
direct triggering of CD40 on cDCs. We generated two sets

of mixed bone marrow chimeric mice. Irradiated wild-type

mice were reconstituted with an equal mixture of bone

marrow from wild-type mice (CD45.1) and (1) from Ifnar1+/+

DIETER (CD45.2), or (2) from Ifnar1�/� DIETER mice

(CD45.2). In these chimeras, wild-type (CD45.1) cDCs (and

other MPhs) will be able to unleash the full inflammatory pro-

gram (‘‘signal 3’’) induced by CD40 ligation. While CD40 liga-

tion led to a profound priming of Ag-specific CD8+ T cells in

Ifnar1+/+ DIETER:wild-type chimeras, we found virtually no

expansion of CD8+ T cells in Ifnar1�/� DIETER:wild-type chi-

meras (Figure 6E). These surprising data demonstrate a

crucial need for microbiota-dependent IFN-I signaling in

cDCs during steady state for the programming of a basal

cDC regulome, the lack of which cannot be simply overcome

by direct triggering of cDCs and concurrent provision of in-

flammatory cytokines unleashed by CD40 stimulation.

Microbiota and IFN-I Instruct the Epigenetic Basal State
of cDCs
It was striking that the deprivation of cDCs from tonic IFN-I sig-

nals could not be overcome by direct stimulation in an inflamma-

tory environment. We had previously shown that microbiota af-

fects chromatin states of cDCs (Ganal et al., 2012). We

performed chromatin immunoprecipitation sequencing (ChIP-

seq) for H3K4me3 (marking all transcriptionally active and

poised genes) (Santos-Rosa et al., 2002) and H3K27me3 (a ma-

jor mark of transcriptionally inactive genes) (Schwartz and Pir-

rotta, 2007) using chromatin from GF, Ifnar1�/�, and control

SPF cDCs isolated at steady state. H3K4me3 peaks present in

control (SPF) cDCs were missing on 274 genes of GF cDCs

and on 308 genes of Ifnar1�/� cDCs. Of these genes lacking

H3K4me3, 63% (174) were common to cDCs from GF and

Ifnar1�/� mice. PCA based on the genome-wide peak intensities

revealed that the overall H3K4me3 pattern observed in GF and

Ifnar1�/� cDCs was more similar than when these were

compared to control mice (Figures 7A and S7A). To obtain an un-

derstanding of the functional annotations of genes that were

marked with H3K4me3 in control mice, but not in GF or Ifnar1�/�

mice (Figure 7B, marked in red), we submitted these genes to

DAVID for GO term enrichment analysis that returned GO terms

related to immune responses (Figure 7C), including various IFN-I

genes, chemokines, and antimicrobial proteins (Table S2). By

directly analyzing overall H3K4me3 occupancy at all ISG pro-

moters (Figure 7D) and marking with H3K4me3 on specific ISG

promoters (Figure S7B), we identified a significant reduction,

consistent with the reduced steady-state expression of ISGs in

GF and Ifnar1�/� cDCs. Collectively, the genome-wide data

from H3K4me3 ChIP-seq further supported our model that mi-

crobiota-driven, steady-state IFN-I signals are an important

component of the machinery instructing the poised basal state

of cDCs.

Microbiota and IFN-I Control the Metabolic Basal State
of cDCs
Wenext focused onH3K27me3, a principal inhibitorymark asso-

ciated with heterochromatin, and submitted the top 1,000 differ-

entially H3K27me3-marked genes common to GF and Ifnar1�/�
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Figure 7. Microbiota and IFN-I Regulate the Epigenetic and Metabolic Basal State of cDCs

(A–D) ChIP-seq for H3K4me3 was performed using chromatin from cDCs from the indicated mice. Principal component analysis (A). Scatterplot of H3K4me3

peak intensities of all genes from the indicated mouse strains (B). GO terms associated with reduced H3K4me3 occupancy in cDCs from Ifnar1+/+ (GF) and

Ifnar1�/� mice compared to control Ifnar1+/+ (SPF) mice (C). H3K4me3 counts around transcriptional start sites (±0.5 kb) for selected ISG for Ifnar1+/+ (SPF),

Ifnar1+/+ (GF), and Ifnar1�/� (SPF) (D).

(E) ChIP-seq for H3K27me3 was performed using chromatin from splenic cDCs of the indicated groups of mice. KEGG pathways associated with increased

H3K27me3 occupancy in Ifnar1+/+ (GF) and Ifnar1�/� DC compared to control Ifnar1+/+ (SPF) were identified using DAVID.

(F and G) Mitochondrial membrane potential (F) and total mitochondrial mass (G) in splenic cDCs from the indicated mouse strains. Data represent mean

fluorescence intensity (±SD, n = 4–8).

(H and I) Mitochondria of splenic cDCs were analyzed using transmission electron microscopy. White squares show regions electronically magnified in the inlays

with a magnification of 360,000 (H). Matrix width (mean ± SD; n = 3) within mitochondria (I).

(J and K) Mitochondrial respiration of splenic cDCs from the indicated mouse strains displayed as oxygen consumption rate (OCR) (pmol O2/min ± SD, n = 5) (J).

Spare respiratory capacity (SRC) (K).

Data are representative of 3 (F–K) independent experiments.

Statistical significance was determined with Student’s t test; *p % 0.05, **p % 0.01; ***p % 0.001; ns, not significant.
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cDCs for DAVID pathway analysis. In line with our transcriptional

data (Figure 3F), genes associated with mitochondrial (e.g.,

oxidative phosphorylation, electron transport chain, and TCA cy-

cle), cytosolic (e.g., glycolysis), and nuclearmetabolic processes

(e.g., PPAR signaling) were enriched for the inhibitory H3K27me3

mark in GF and Ifnar1�/� cDCs (Figure 7E).

To obtain insights into metabolic function of cDCs from GF or

Ifnar1�/�mice, we analyzed themitochondrial membrane poten-

tial using MitoTracker Red CMXRos, a cell permeable probe, the

uptake of which is directly correlated with mitochondrial mem-

brane potential. MitoTracker uptake was significantly reduced

in cDCs isolated from GF and Ifnar1�/� mice (Figure 7F). Mito-

chondrial mass and inner membrane surface was interrogated

using 10-N-nonyl acridine orange (NAO), which is integrated

into the inner mitochondrial membrane independent of mem-

brane potential. Interestingly, NAO uptake was also reduced in

GF and Ifnar1�/� cDCs (Figure 7G). These data prompted us to

assess mitochondrial structure of cDCs using transmission elec-

tron microscopy (Figure 7H). Specifically, we quantified number,

density, size, and form of mitochondria, all of which were not

significantly different between the various groups of cDCs (Fig-

ures S7C–S7E). However, mitochondria of GF and Ifnar1�/�

cDCs had looser cristae and a wider intermembrane space (Fig-

ure 7I) that has been previously associated in T cells with less

efficient electron transfer chain activity, reduced membrane po-

tential, and mitochondrial function (Klein Geltink et al., 2017).

We directly investigated the basal metabolic state of freshly

isolated splenic cDCs from GF and Ifnar1�/� mice using extra-

cellular flux analysis. We first assessed mitochondrial function

by measuring the oxygen consumption rate (OCR), an indicator

of oxidative phosphorylation. Both GF and Ifnar1�/� cDCs had

a considerably lower baselineOCR compared to cDCs from con-

trol mice (Figure 7J). While incubation of control cDCswith FCCP

(an uncoupler allowing free flow of electrons through the respira-

tory chain) resulted in a marked enhancement of OCR, the respi-

ratory capacity of cDCs from Ifnar1�/� and GF mice could only

be boosted to a much lesser extent. Accordingly, the spare res-

piratory capacity (SRC) of cDCs from GF and Ifnar1�/� mice was

low (Figure 7K). SRC is the extramitochondrial capacity available

in a cell to produce energy under conditions of increased work or

stress thought to be important for long-term cell survival and

function. Extracellular acidification rate (ECAR) of cDCs obtained

from GF and Ifnar1�/� mice, which is an indicator of glycolysis,

was not much different between control cDCs and cDCs from

GF and Ifnar1�/� mice (Figure S7F).

Collectively, our data demonstrate that microbiota-

controlled, tonic IFN-I signaling in cDCs at steady state in-

structs a poised functional state. Such basal state of cDCs is

characterized by a distinct transcriptional, chromatin, and

metabolic program that is required so that cDCs can effectively

respond to microbial stimulation. This beneficial function

comes at a price, because the same signals program cDCs

so that they can present harmless peripheral antigens and

prime unwanted T cell responses, an adverse event usually

blunted by mechanisms of peripheral tolerance. Removal of

tonic IFN-I signaling or of IFN-I-producing pDCs makes cDCs

entirely unresponsive even when triggered directly in an inflam-

matory environment.
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DISCUSSION

Recognition of pathogens via PRRs expressed by cDCs leading

to their activation andmaturation is the central process that links

innate immune recognition to Ag-specific adaptive immunity, a

powerful mechanism to protect vertebrate hosts against infec-

tions (Janeway, 1989). Our data now demonstrate, that, to fulfill

such functions, cDCs undergo amicrobiota-guided ‘‘instruction’’

process. In the absence of microbiota, cDCs as well as other

subsets of MPhs cannot appropriately engage an activation pro-

gram upon stimulation, leading to higher susceptibility to some

virus infections (Abt et al., 2012; Galindo-Villegas et al., 2012;

Ganal et al., 2012; Kane et al., 2011; Wilks and Golovkina,

2012) and reduced tumor rejection (Iida et al., 2013; Viaud

et al., 2013). Our data also show that such microbiota-controlled

‘‘instruction’’ of the cDC basal state is permissive for T cell prim-

ing to harmless Ag, requiring mechanisms of peripheral toler-

ance to avoid ‘‘horror autotoxicus’’ (Steinman and Nussenzweig,

2002). It should be noted that cDC ‘‘instruction’’ by the micro-

biota and ‘‘trained immunity’’ (Netea et al., 2016; Quintin et al.,

2012) are distinct processes, although they may share related

regulatory modules, in particular chromatin remodeling and

metabolic re-programing (Cheng et al., 2014; Novakovic et al.,

2016). ‘‘Instruction’’ by the microbiota is a continuous process

and refers to a tonic IFN-I signal acting on cDCs during the

steady state, poising them for their future functions as key coor-

dinators of adaptive immunity. In contrast, ‘‘training’’ refers to the

imprint left by a pathogen (i.e., fungal cell wall components) on an

already ‘‘instructed’’ cDC or MPh that makes it even better

equipped to deal with consecutive infections.

We found that the commensal microbiota is the major regulator

of steady-state IFN-I expression, and we identified microbiota-

controlled tonic IFN-I signaling in cDCs as the major ‘‘instructor’’

of the cDC basal state. While the extent to which steady-state

levels of IFN-I impact on transcriptional, epigenetic, andmetabolic

programming of cDCswas not previously recognized, tonic levels

of IFN-Iwerebelieved tobe important formany aspects of immune

homeostasis in the steady state, such as hematopoietic stem cell

maintenance (Essers et al., 2009), NK cell function (Lucas et al.,

2007), enhanced resistance to virus infections (McFarlane et al.,

2017), bone homeostasis, and macrophage function (Bocci,

1980; Gough et al., 2012; Taniguchi and Takaoka, 2001). Micro-

biota-dependent production of steady-state IFN-I was not prefer-

entially found in tissues in close contact with the commensal flora.

Instead, systemically dispersed pDCs were the major source of

tonic IFN-I in spleen and peripheral LNs.While it is not clear where

pDCs receive microbiota signals, published data suggested that

the composition of the intestinal microbiota has an impact on the

number of intestinal pDCs (Fujiwara et al., 2008; Manfredo Vieira

et al., 2018). Our data show that redundant signaling through

PRR modules using MyD88, TRIF, and/or CARDIF are required

for steady-state IFN-I expression by pDCs. While pDC:cDCmod-

uleswerepreviously linked toorchestrateprimingofCD8+Tcell re-

sponses during virus infections (Brewitz et al., 2017), our data

assign a new role to pDCs at the steady state, instructing the

cDC basal metabolic state by providing tonic IFN-I signals to

cDCs. Other components of the microbiota, in particular bacterial

metabolites, might be involved in amplifying tonic IFN-I
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production. The commensal bacterial metabolite desaminotyro-

sine and indoles derived from tryptophan catabolism by certain

commensal bacteria have been demonstrated to augment IFN-I

signaling in the context of infections (Steed et al., 2017; Swimm

etal., 2018).A roleofshort chain fattyacids (SCFA), however, isun-

likely. Treatment of cDCs or pDCswith SCFA led to their dominant

inhibition and reduced IFN-I expression (Arbez et al., 2014; Ganal

et al., 2012). Our data also cannot be explained by direct effects of

SCFAonCD8+Tcells (Bachemetal., 2019)because lowdose IFN-

I treatment in GF mice was sufficient to rescue the function of

Ifnar1�/� CD8+ T cells.

It was surprising that Ifnar1�/� DIETER cDCs were pro-

foundly unresponsive and could not prime T cells even when

directly triggered via the activating CD40 receptor. cDC func-

tion has recently been correlated with distinct changes in

metabolism (O’Neill and Pearce, 2016; Pearce and Everts,

2015). It is currently believed that resting cDCs use mainly

oxidative phosphorylation and mitochondrial pathways to

generate energy from the catabolism of complex molecules

(Krawczyk et al., 2010). cDC differentiation from monocytes

is accompanied by increased mitochondrial biogenesis (Del

Prete et al., 2008; Zaccagnino et al., 2012). The signals

inducing mitochondrial biogenesis and the exact stage at

which these events occurred in vivo remained unclear. Our

data now show that the expression of gene clusters involved

in mitochondrial biogenesis and in oxidative phosphorylation

strongly depend on commensal microbiota and on tonic

IFN-I signaling. ‘‘Un-instructed’’ cDCs are in a metabolic basal

state that does not permit activation even after direct cDC

stimulation. While the effect of steady-state IFN-I on cDC

metabolism has gone unnoticed, CpG or virus-induced high

levels of IFN-I were previously shown to further increase fatty

acid oxidation and oxidative phosphorylation in pDCs from

normal mice (Wu et al., 2016). Future work will need to explore

the molecular details of metabolic priming of cDC function by

microbiota-controlled IFN-I signals.

Our data show that steady-state IFN-I production by pDCs is

controlled by the commensal microbiota and instruct responsive-

ness of cDCs (and likely other MPhs). The efficacy of checkpoint

inhibitors used for immunotherapy of cancer requires micro-

biota-dependent signals (Routy et al., 2018). While a role of IFN-I

was not addressed, it is intriguing to speculate that microbiota-

controlled calibration of cDC function may be relevant for respon-

siveness to immunotherapies. Indeed, the ability of MPhs to

respond with cytokine production to microbial stimulation is

diverse in healthy individuals, a phenomenon linked to distinct mi-

crobiota (Schirmer et al., 2016). It will be interesting to explore if

distinct microbial communities will differentially control steady-

state IFN-I production that then may function as a rheostat for

cDC calibration. As various autoimmune or inflammatory diseases

(e.g., systemic lupus erythematosus, Sjoegren’s syndrome, and

type I diabetes) show an enhanced IFN-I-controlled gene expres-

sion signature early in disease development (Ganguly, 2018), the

regulation of steady-state IFN-I by microbial communities may

be of relevance for the pathomechanisms and therapies of these

diseases. Collectively, our data identify a new level of cDC pro-

gramming during steady state that we refer to as cDC ‘‘instruc-

tion.’’ cDCs are instructed by long-range actions of steady-state
IFN-I levels that are produced by pDCs upon sensing of the indig-

enous microbiota. Steady-state IFN-I instruct a specific epige-

nomic and metabolic regulome poising cDCs for responsiveness

to pathogen encounter. Such a beneficial biological function

comeswith a trade-off, that cDCs in such a poised state can prime

unwanted T cell responses, a peril that is countered by the barriers

of peripheral tolerance.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD40 (clone FGK45) Purified from hybridoma culture N/A

Anti-mouse CD4 (clone GK1.5) Purified from hybridoma culture N/A

Rat IgG2bk isotype control (clone SFR-8B6) Purified from hybridoma culture N/A

Anti-mouse CD16/32 (clone 2.4G2) Purified from hybridoma culture N/A

Anti-mouse PDCA-1 (CD317) (clone 927) Purified from hybridoma culture N/A

Anti-mouse CD3 (clone 145-2C11) eBioscience Cat#11-0031-82; RRID: AB_464882

Anti-mouse CD19 (clone MB19-1) eBioscience Cat#11-0191-85; RRID: AB_464966

Anti-mouse TCR-b (clone H57-597) Biolegend Cat#109208; RRID: AB_313431

Anti-mouse NK1.1 (clone PK136) eBioscience Cat#12-5941-83; RRID: AB_466051

Anti-human/mouse B220 (clone RA3-6B2) eBioscience Cat#11-0452-82; RRID: AB_465054

Anti-mouse Gr-1 (clone RB6-8C5) eBioscience Cat#11-5931-85; RRID: AB_465315

Anti-mouse Ly-6C (clone HK1.4) eBioscience Cat#48-5932-82; RRID: AB_10805519

Anti-mouse Ly-6G (clone 1A8) Biolegend Cat#127623; RRID: AB_10645331

Anti-mouse F4/80 (clone BM8) eBioscience Cat#11-4801-82; RRID: AB_2637191

Anti-mouse CD11c (clone N418) Biolegend Cat#117318; RRID: AB_469590

Anti-mouse MHC-II (I-A/I-E) (clone M5/

114.15.2)

eBioscience Cat#17-5321-81; RRID: AB_469454

Anti-mouse CD8 (clone 53-6.7) BD Bioscience Cat#566409; RRID: AB_2744467

Anti-mouse CD4 (clone RM4-5) eBioscience Cat#12-0042-83; RRID: AB_465511

Anti-mouse CD45 (clone 30-F11) BD Bioscience Cat#565478; RRID: AB_2739257

Anti-mouse Siglec H (clone eBio440c) eBioscience Cat#50-0333-82; RRID: AB_11150244

Anti-mouse CD317 (clone eBio129c) eBioscience Cat#12-3171-82; RRID: AB_763424

Anti-mouse TNF (clone MP6-XT22) Biolegend Cat#506328; RRID: AB_2562902

Anti-mouse IFNg (clone XMG1.2) Biolegend Cat#505805; RRID: AB_315399

Anti-mouse pStat1 pY701(clone 4a) BD Bioscience Cat#562069; RRID: AB_11151907

Anti-mouse H3K4me3 Cell Signaling Technology Cat#9751; RRID: AB_2616028

Anti-mouse H3K27me3 Cell Signaling Technology Cat#9756; RRID: AB_916252

InVivoMAb anti-mouse CD40 (clone

FGK4.5/FGK45)

Bio X Cell Cat#BE0016-2; RRID: AB_1107647

InVivoMAb rat IgG2a isotype control

(clone 2A3)

Bio X Cell Cat#BE0089; RRID: AB_1107769

Bacterial and Virus Strains

E. coli JM83 Hapfelmeier et al., 2010, N/A

Vesicular stomatitis virus Ganal et al., 2012 N/A

Chemicals, Peptides, and Recombinant Proteins

LCMV-derived peptide GP33–41

(KAVYNFATM, H-2Db)

Dr. Stevanovic, University of Tübingen N/A

LPS from E. coli O111:B4 Sigma-Aldrich Cat#L2630-10MG

poly(I:C), HMW InvivoGen Cat#tlrl-pic-5

Gentamicin Sigma Aldrich Cat#G3632

Metronidazole Sigma Aldrich Cat#M3761

Cefoxitin Santa Cruz Cat#sc-217858

Vancomycin Hexal Cat#1111

Tamoxifen MP Biomedicals Cat#156738

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sulfadoxin (Borgal) Virbac N/A

Trimethoprim (Borgal) Virbac N/A

Collagenase II Worthington LS004177

DNase I Sigma Aldrich Cat# D5025

CAS: 9003-98-9

Recombinant Mouse IFN-b1 Biolegend Cat#581304

PMA Sigma Aldrich Cat#P8139

Ionomycin Sigma Aldrich Cat#I0634

Brefeldin A Sigma Aldrich Cat#B7651

Trizol Invitrogen Cat#15596

Chloroform Sigma Aldrich Cat#288306-100ML

2-Propanol Sigma Aldrich Cat#9516-500ML

Glutaraldehyde (EM Grade) Sigma Aldrich Cat#G7776

DAPI (4’,6-Diamidino-2-phenylindole

dihydrochloride

Sigma Aldrich Cat#32670-5MG-F

Mitotracker Red CMXRos ThermoFisher Cat#M7512

Nonyl acridine orange ThermoFisher Cat#A1372

Luciferin Caliper Cat# 122796

Thiazolyl blue tetrazolium bromide Sigma Aldrich Cat#M2128-5G

Dulbecco’s Modified Eagle

Medium (DMEM)

GIBCO Cat#41965062

HEPES (1 M) GIBCO Cat#15630080

L-glutamine (200 mM) GIBCO Cat#25030081

Penicillin/Streptomycin (10000 U/ml) GIBCO Cat#15140122

Gentamicin Lonza BioWhittaker Cat#BW17-519L

MEM Non-Essential Amino Acids

Solution (100X)

GIBCO Cat#11140035

Fetal bovine serum Pan-Biotech Cat#P30-3602

Luria Broth Base Invitrogen Cat#12795027

Critical Commercial Assays

Seahorse Bioassay Agilent Cat#102416

miRNeasy Micro Kit QIAGEN Cat#217084

HS RNA 15nt Kit Agilent Cat#DNF-472-0500

Smart-Seq v4 mRNA Ultra Low Input

RNA Kit

Clontech Cat#634894

HS NGS Fragment Kit (1-6000bp) Agilent Cat#DNF-474-0500

Qubit dsDNA HS Assay Kit Invitrogen Cat#Q32854

Qubit RNA HS Assay Kit Invitrogen Cat#Q32852

Nextera XT library preparation kit Illumina Cat#FC-131-1096

NextSeq� 500/550 High Output Kit v2 (150

cycles)

Illumina Cat#FC-404-2002

NEBNext Ultra RNA Library Prep Kit for

Illumina

New England Biolabs Cat#E7530S

NEBNext� Ultra DNA Library Prep Kit for

Illumina

New England Biolabs Cat#E7370S

TURBO DNA-free Kit Invitrogen Cat#AM1907

High-Capacity cDNA Reverse

Transcription Kit

Applied Biosystems Cat#4368813

SYBR Green PCR Master Mix Applied Biosystems Cat#4334973

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse TNF alpha ELISA Invitrogen Cat#88-7324-88

Optiprep Axis-Shield Cat#AXS-1114542

Anti-mouse pan T (Thy1.2) Dynabeads ThermoFisher Cat#11443D

CD11c (N418) Microbeads, mouse Miltenyi Cat#130-052-001

Luciferase Cell Culture Lysis 5X Reagent Promega Cat# E1531

Luciferase Assay System Promega Cat# E1500

Past Prep Lysing Matrix A MP Biomedicals Cat# 116910050

Deposited Data

Raw data files for RNA sequencing (cDC,

unstimulated and LPS stimulated)

EBI ArrayExpress EMBL-EBI: E-MTAB-5190

Raw data files for RNA sequencing (cDC,

steady-state)

EBI ArrayExpress EMBL-EBI: E-MTAB-8882

Raw data files for RNA sequencing (cDC1,

cDC2, steady-state)

EBI ArrayExpress EMBL-EBI: E-MTAB-8883

Raw data files for ChIP sequencing (cDC) EBI ArrayExpress EMBL-EBI: E-MTAB-5234

Experimental Models: Cell Lines

L-929 cell line ATCC CCL-1

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Envigo N/A

Mouse: CD45.1 congenic Shen et al., 1985 N/A

Mouse: Myd88�/� Adachi et al., 1998 N/A

Mouse: Trif�/� Hoebe et al., 2003 N/A

Mouse: Cardif�/� Michallet et al., 2008 N/A

Mouse: MyTrCa�/� Spanier et al., 2014 N/A

Mouse: Ifnlr�/� Ank et al., 2008 N/A

Mouse: Ifngr�/� Dalton et al., 1993 N/A

Mouse: Ifnar1�/� Müller et al., 1994 N/A

Mouse: Ifnar1fl/fl Kamphuis et al., 2006 N/A

Mouse: TCR327 Pircher et al., 1990 N/A

Mouse: DIETER Probst et al., 2003 N/A

Mouse: Ifnb1+/Luc Lienenklaus et al., 2009 N/A

Mouse: Nur77GFP Moran et al., 2011 N/A

Mouse: C57BL/6 (Germ Free) Andrew Macpherson (University of Bern),

Martina Dorsch (Hannover Medical School),

Christoph Reinhardt (Mainz University

Medical Center) and FEM Charité Berlin

N/A

Mouse: C57BL/6 (E. coli JM83) Hapfelmeier et al., 2010, Andrew

Macpherson (University of Bern)

N/A

Mouse: C57BL/6 (sDMDMm2) Uchimura et al., 2016, Andrew Macpherson

(University of Bern)

N/A

Mouse: Ifnar1�/� (Germ Free) Müller et al., 1994, Andrew Macpherson

(University of Bern),

N/A

Oligonucleotides

Primers for qPCR, see Table S3 This paper N/A

Software and Algorithms

TopHat (v.2.0.9) Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

MACS2 (v.2.1.1) Zhang et al., 2008 https://github.com/taoliu/MACS

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DeepTools (v.2.5.0) Ramı́rez et al., 2016 https://deeptools.readthedocs.io/en/latest/

content/list_of_tools.html

Bowtie2 (v.2.2.4) Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Cufflinks (v2.2.1) Trapnell et al., 2010 http://cole-trapnell-lab.github.io/cufflinks/

DAVID (v6.8) Huang et al., 2009 https://david.ncifcrf.gov/

Salmon (v.0.14.1) Patro et al., 2017 https://salmon.readthedocs.io/en/latest/

salmon.html

DESeq2 (v.1.24.0) Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Cytoscape (v3.7.2) Shannon et al., 2003 https://cytoscape.org/

AutoAnnotate (v1.3.2) Kucera et al., 2016 https://github.com/BaderLab/

AutoAnnotateApp/releases

FlowJo (v10) Tree Star N/A

GSEA (v2.1.0 and v4.0.1) Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/

index.jsp

MSigDB database (v7.0) Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/

msigdb/index.jsp

Prism (v8) GraphPad N/A

R (v3.1.2 and v3.6.1) N/A https://cran.r-project.org/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andreas

Diefenbach (andreas.diefenbach@charite.de).

Materials Availability
This study did not generate new unique reagents. Mouse lines generated for this study are available from the Lead Contact with a

completed Materials Transfer Agreement.

Data and Code Availability
The datasets generated during this study (i.e., RNA-seq and ChIP-seq analyses) are available through the EBI database ‘ArrayEx-

press’ under the accession numbers EMBL-EBI: E-MTAB-5190 (RNA-seq of unstimulated and LPS stimulated cDC from SPF, GF

and Ifnar1�/� mice; Figures 2 and 5), EMBL-EBI: E-MTAB-5234 (ChIP-seq for H3K4Me3 and H3K27me3 of unstimulated cDC

from SPF, GF and Ifnar1�/� mice), EMBL-EBI: E-MTAB-8882 (RNA-seq of unstimulated cDC from SPF, GF and Ifnar1�/� mice; Fig-

ure 3) and EMBL-EBI: E-MTAB-8883 (RNA-seq of unstimulated cDC1 and cDC2 from SPF, GF and Ifnar1�/� mice; Figures 4, 6,

and S2F).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All micewere on aC57BL/6J background. C57BL/6JOlaHsdmicewere purchased fromEnvigo (formerly Harlan). CD45.1 (Shen et al.,

1985), TCR327 (P14 TCR tgmice) (Pircher et al., 1990), DIETER (Probst et al., 2003),Cardif�/� (Michallet et al., 2008),Myd88�/� (Ada-

chi et al., 1998), and Trif�/� mice (Hoebe et al., 2003) were maintained under specific pathogen-free (SPF) conditions in our animal

facilities. MyTr�/� and MyTrCa�/� mice were obtained by intercrossing Myd88�/� and Trif�/� mice or by crossing MyTr�/� and

Cardif�/� mice (Spanier et al., 2014), respectively. Ifnar1�/� mice (Müller et al., 1994) were backcrossed for > 10 generations to a

C57BL/6J background and were bred and maintained in our animal facilities. Ifnb1+/Db-Luc reporter mice (Lienenklaus et al., 2009)

were bred and maintained under SPF conditions at the Helmholtz Centre for Infection Research, Braunschweig, Germany. Nur77GFP

mice (Moran et al., 2011) that express GFP proportionally to the strength of TCR ligation were kindly provided by Kristin Hogquist

(University of Minnesota). Ifnar1DcDC mice were generated by crossing Ifnar1fl/fl mice (Kamphuis et al., 2006) with Itgax (Cd11c)-

Cre mice (Caton et al., 2007). Mice were maintained and bred at the central animal facilities of the University of Mainz (TARC) and

of Charité Berlin (FEM). Germ-free mice C57BL/6 mice were housed in sterile, over-pressured, flexible film isolators in the Clean
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Mouse Facility (CMF) of the University of Bern, Switzerland, under strict axenic or gnotobiotic conditions. Germ-free status was

routinelymonitored by culture-dependent and independentmethods. Experiments were performedwith age-matched (8 to 10weeks

old) and sex-matched (female or male) mice and were carried out at the animal facilities in Mainz, Bern and Berlin with comparable

results. Animal experiments were done with permission of the Landesuntersuchungsamt Rheinland-Pfalz, Germany (G08-1-002 and

G15-1-083), the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Germany (33.42502-071/06) and

in accordance with Swiss federal regulations.

Cell lines and bacterial strains
Murine subcutaneous connective tissue-derived L-929 cells (ATCC CCL-1) were cultured in Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 50 U/ml Penicillin, 50 mg/ml Streptomycin, 100 mg/

ml Gentamicin, 10 mM HEPES, 1x MEM non-essential amino acid solution and maintained at 37�C, 5% CO2. For VSV bioassay

L-929 cells were seeded into 96-well culture plates in DMEM supplemented with 5% FBS at a density of 1.5 3 104 cells per well

as described in Ganal et al. (2012). The Escherichia coli strain JM83 was cultured overnight in LB medium at 37�C, shaking at

200 rpm before germ free mice were gavaged with a dose of 1010 CFU.

METHOD DETAILS

Antibiotics Treatment
To diminish the intestinal commensal microflora, mice were treated with antibiotics provided via the drinking water 1.0 mg/ml genta-

micin (Sigma-Aldrich), 1.0mg/ml metronidazole (Sigma-Aldrich), 1.0mg/ml vancomycin (Hexal) and 1.0mg/ml cefoxitin (Santa Cruz).

Mice were treated with antibiotics two weeks before the experiment and treatment was continued for the duration of the experiment.

To verify elimination of bacteria, fresh feces isolated directly from the colon was dissolved in PBS (0.1 mg feces per ml PBS) and

dissolved using a FastPrep-24 homogenizer (MP Bio). The dissolved feces was plated in serial tenfold dilutions on Columbia Blood

Agar, McConkey Agar and Schädler’s Agar. Colombia Blood Agar and McConkey Agar Plates were incubated at 37�C for 24 hours.

Schädler’s Agar Plates were incubated under anaerobic conditions for 48 hours at 37�C using airtight containers (Merck) andGasPak

EZ pouches (Becton Dickinson). Anaerobic conditions were verified using anaerobic indicator stripes (Becton Dickinson). Colony

Forming Units (CFU) were counted and calculated as CFU per g feces.

RECOLONIZATION OF GERM-FREE MICE

E. coli JM83 monocolonization

Escherichia coli JM83was cultured overnight in LBmedium at 37�C, shaking at 200 rpm (Hapfelmeier et al., 2010). To prepare gavage

solutions, bacteria were centrifuged for 10 min at 4000 x g and washed twice with sterile PBS. A dose of 1010 CFU was resuspended

in 500 mL of sterile PBS and administered to germ-free mice by oral gavage. Mice were kept for 4 weeks in order to allow for stable

colonization before analysis.

sDMDMm2 colonization

Mice colonized with the stable Defined Moderately Diverse Mouse microbiota 2 (sDMDMm2) were born to sDMDMm2 colonized

dams and raised under this defined colonization status (Uchimura et al., 2016).

Generation of bone marrow chimeras

Bone marrow was isolated by flushing tibiae and femora of donor mice with PBS. Bone marrow cells were depleted of T cells using

anti-mouse pan-T Dynabeads (Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction. The cells were then mixed at

the indicated ratios and 2-3 3 106 cells were injected intravenously (i.v.) into mice that had been lethally (9.5 Gy) irradiated using

a 137Cs source. Mice received BORGAL (1 mg/ml sulfadoxin and 0.2 mg/ml trimethoprim) in the drinking water for 3 weeks and

were rested 6-8 weeks after transplantation before they were used in experiments. Equal take of bone marrow-derived cells from

different origin inmixed chimeraswas verified by flow cytometric analysis of CD45.1 andCD45.2 expression on blood T lymphocytes.

Only animals with a close to 1:1 ratio of CD45.1+ and CD45.2+ of leukocytes were included in the experiments.

Induction of Ag presentation in DIETER mice

Ag presentation by steady-state cDC was induced in vivo by injecting DIETER mice or DIETER bone marrow chimeras i.p. with 2 mg

tamoxifen (TAM) as described before (Probst et al., 2003). CD4+ T cells were depleted one day before TAM administration by injection

of 0.5 mg GK1.5 i.v. pDC were depleted by injection of 0.5 mg PDCA-1 antibody on days �2, �1 and 1 (mAb 927, kind gift of M.Co-

lonna). Priming of endogenous, GP33-41/D
b- specific CD8+ T cells was measured 7 or 8 days after TAM injection by tetramer staining.

Peptides

LCMV-derived peptide GP33–41 (KAVYNFATM, H-2Db) was kindly provided by Dr. Stefanovic, Interfaculty Institute for Cell Biology,

Department of Immunology, University of Tübingen, Germany.
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In vivo and in vitro stimulation of myeloid cells

For in vivo stimulation, 50 mg ultrapure LPS from E. coli O111:B4 (Sigma-Aldrich), 100 mg poly(I:C) (HMW, InvivoGen) or 75 mg anti-

CD40 (clone FGK4.5, BioXCell) were diluted in 200 ml PBS and mice were injected intraperitoneally (i.p.). Purified cDC or bulk spleen

cultures were activated in vitro with 1 mg/ml LPS for the indicated time in the presence of 5 mg/ml Brefeldin A.

Determination of serum cytokine levels

TNFwasmeasured by ELISA (Invitrogen) according to themanufacturer’s instructions. IFN-I concentrations were determined by VSV

bioassay (Ganal et al., 2012).

Leukocyte isolation from lymphoid organs

Spleens, peripheral or mesenteric lymph nodes, or Peyer’s patches were removed, first homogenized with a scissor and di-

gested with collagenase II (Worthington, Lakewood, NJ) and DNase I (Sigma- Aldrich, St. Louis, MO) for 30 min at 37�C fol-

lowed by incubation with 10 mM EDTA for 10 min at 37�C to dissociate DC-T cell clusters. Erythrocytes were removed by

osmotic lysis by incubating the pelleted cells with 1 mL of red cell lysis buffer (RCLB) for 1 min on ice or with a 15% Optiprep

density gradient.

Antibodies and flow cytometric analysis

Antibodies against mouse CD40 (clone FGK4.5), mouse CD4 (clone GK1.5) and rat IgG2b, k, isotype control antibodies (clone SFR-

8B6, specific for HLA-Bw6) were purified from hybridoma culture supernatant using protein G Sepharose (Genscript, Piscataway,

NJ). Tetrameric peptide-MHC complexes were generated and staining was performed as described previously (Altman et al.,

1996; Probst et al., 2003). Fluorochrome-coupled antibodies for flow cytometry were purchased as indicated in the Key Resources

Table. Single cell suspensions were incubated for 20 min with 0.5 mg/ml anti-CD16/CD32 (clone 2.4G2) to block Fc-receptors fol-

lowed by staining with fluorochrome-coupled antibodies for 20 min at 4�C in FACS buffer (PBS 1% BSA, 2 mM EDTA). Erythrocytes

were lysed using Red Cell Lysis Buffer (RCLB). Flow cytometry analyses was performed following the recommendations in Cossar-

izza et al. (2019). Samples were analyzed on either a LSR-II, a FACSCanto II or a Fortessa X20 Cytometer (Becton Dickinson, Moun-

tain View, CA) and data were analyzed with FlowJo Analysis Software (Tree Star Inc, Ashland, OR). For sorting of splenic cDCs, cells

were pre-enriched for CD11c+ cells using CD11c MACS beads (Miltenyi) according to the manufacturer’s instructions. To purify

various leukocyte populations and stroma cells from Ifnb1+/Db-luc mice, spleens were enzymatically digested as described above

and leukocytes were separated using a 15%Optiprep density gradient. Cells were stainedwith the respective fluorescent antibodies.

Cell sorting was performed on an ARIA II or an ARIA III Fusion cell sorter (Becton Dickinson) based on a published strategy to analyze

the splenic myeloid compartment in mice (Rose et al., 2012).

Intracellular cytokine staining

After cell surface staining, cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% saponin (ROTH, Karlsruhe, Ger-

many) in FACS buffer and stained intracellularly for the respective cytokines. In order to detect IFN-g produced by Ag-specific

T cells in DIETER mice, cells were incubated for 6 h at 37�C with 10�6 M peptide GP33-41, 0.5 mg/ml PMA (Sigma-Aldrich, St. Louis,

MO) plus 0.05 mg/ml ionomycin (Sigma-Aldrich, St. Louis, MO) or with medium alone, in the presence of 5 mg/ml Brefeldin A (Sigma-

Aldrich). For detection of TNF produced by in vivo or ex vivo stimulated cDC, cells were fixed/permeabilized after cell surface staining

as described above, followed by intracellular TNF staining for 2 h.

Quantification of antigen presentation by cDC

For quantification of Ag presentation by cDC, Nur77GFP reporter mice that express GFP proportionally to the strength of TCR ligation

were used (Moran et al., 2011). 48 h after the Cre-mediated induction of Ag presentation in DIETERmice, spleens were removed and

treatedwith collagenase II, DNase I and EDTA as described above. cDCswere enriched using anOptiPrep gradient (AxisShield, Dun-

dee, UK) as described resulting in a purity of�30%CD11chighMHC-IIhigh cells. DCswere cultured in serial dilutions for 16 hwith 5x103

purified CD8+ Nur77GFP x TCR327 (P14) T cells. Induction of GFP expression in Nur77GFP x TCR327 (P14) CD8+ T cells was analyzed

by flow cytometry.

Bioluminescence Measurements

For in vivo measurement of luciferase activity, mice were injected i.p. with luciferin (Caliper) at a final concentration of 150 mg/kg

body weight. Within 30 min, whole body imaging was performed or mice were sacrificed and organs were individually analyzed

with a Caliper Life Science IVIS Spectrum camera. For ex vivo measurement of luciferase activity of Ifnb1+/Db-luc mice, leukocytes

were isolated and digested as described above and lysed in passive lysis buffer (Promega). Spleen stroma cells were lysed in

passive lysis buffer (Luciferase Assay System, Promega) using a potter homogenizer. Lysates were centrifuged for 30 s at

16000 x g and luciferase activity in supernatants was measured in a single tube Luminometer (Turner Designs) using Luciferase

Assay Substrate (Luciferase Assay System, Promega). For ex vivo luminometric analysis shown in Figure S6C, the indicated or-

gans were removed, homogenized and lysed in Luciferase Cell Culture Lysis Buffer (Promega) via Lysing Matrix A on a FastPrep-

24 (MP Biomedicals). Luciferase activity was measured in a Sirius Tube Luminometer (Berthold Technologies) by the single Lucif-

erase Assay System (Promega).

Extracellular flux analysis

For real-time measurement of OCR and ECAR, sort purified splenic cDC were rested for 3 h until adherent to a XFe96 micro-

plate. Media was exchanged with un-supplemented XF Assay Medium and analyzed with an XFe96 Extracellular Flux Analyzer

(Agilent Seahorse). Four consecutive measurements were obtained under basal conditions followed by the addition of 10 mM

glucose, 1 mM oligomycin, which inhibits the mitochondrial ATP synthase, 1.5 mM triflouromethoxy phenylhydrazone (FCCP),
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which uncouples ATP synthesis from oxygen consumption and a combination of 100 nM rotenone plus 1 mM antimycin A, which

inhibit the electron transport chain by blocking complex I and III, respectively. All chemicals used for these assays were pur-

chased from Sigma-Aldrich. SRC is calculated as the difference between basal OCR and the maximal OCR after the addition

of FCCP.

Mitochondrial Stainings

Bulk splenic cultures were stained with either 5 mMNonyl Acridine Orange (Invitrogen) or 100 nMMitotracker CMXRos (Invitrogen) for

15 min at 37�C, 5% CO2 in serum-free RPMI medium. Cells were subsequently washed and stained with fluorescent antibodies

before they were analyzed by flow cytometry.

Transmission electron microscopy

Isolated cells were fixed on glass coverslips in 4% paraformaldehyde and 1% glutaraldehyde (EM Grade, Sigma-Aldrich) in 0.1 M

phosphate buffer, pH 7.4 (PB). Following fixation, samples were washed in PB and post fixed in 1%osmium tetroxide. After extensive

washing in 0.1 M PB, samples were contrasted using 1% uranyl acetate in 70% ethanol for 1 h, dehydrated in an ascending ethanol

series, followed by propylen oxide and finally embedded in epoxy resin (Durcupan, Roth, Germany). Ultrathin sections were cut using

an UC6 Leica ultramicrotome and imaged using a Philips CM100 Transmisson Electron Microscope (TEM). Quantitative image anal-

ysis was performed using Olympus ITEM software.

Quantification of mRNA expression

Cells were resuspended in Trizol reagent (Invitrogen) and RNA was extracted according to the manufacturer’s instructions. For DNA

removal, the RNA was treated with the TURBO DNA-free kit (Invitrogen). The RNA concentration was measured using a Qubit 2.0

Fluorimeter (Invitrogen) or a NanoDrop spectrophotometer (Thermo Fisher Scientific). Subsequently, the isolated RNA amounts

were normalized and the same amount of RNA was used in every reaction (up to 2 mg total RNA per reaction). RNA was reverse tran-

scribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer’s

protocol. Quantitative Real-Time PCRwas performed in 384 well plates and run on a QuantStudio 5 Real-Time PCR System (Applied

Biosystems). Primers (Sigma-Aldrich) were used at a final concentration of 400 nM in SYBR Green PCR Master Mix (Applied Bio-

systems). All reactions were performed in duplicates or triplicates and gene expression was normalized to the expression of the

house keeping gene hypoxanthine-guanine phosphoribosyl transferase 1 (Hprt1). Primer sequences used for qRT-PCR are listed

in Table S3.

RNA Sequencing Analysis

RNA-seq analyses shown in Figures 2, 5, S2, and S5were performed using 2 biological replicates. Total RNAwas prepared from sort-

purified cDC (as in Figure S2A, step 1-7) using Trizol (Invitrogen) and isopropanol precipitation with linear polyacrylamide (GenElute-

LPA, Sigma-Aldrich) as a carrier. The RNA concentration wasmeasured using aQubit 2.0 Fluorimeter (Invitrogen) and the RNAquality

was measured on a Bioanalyzer 2100 (Agilent Genomics). 10 ng of total RNA was subsequently used to prepare RNA-Seq library by

using the TruSeq RNA sample prep kit (Illumina) according to manufacturer’s instructions. Paired-end RNA sequencing was per-

formed on a HiSeq 2500 (Illumina).

RNA-seq analysis shown in Figures 3 and S3was performed using 3 biological replicates. RNAwas isolated using the RNeasy plus

micro kit (QIAGEN). RNA quantity was assessed by Qubit 2.0 using HS RNA assay kit, quality was determined by Bioanalyzer 2100

(Agilent) using RNA pico chip. Barcoded mRNA seq libraries were prepared from 100 ng of total RNA (RIN > 8) using a NEBnext

poly(A) mRNA Magnetic Isolation Module and NEBnext UltraII lib prep kit for Illumina (New England Biosciences) according to the

manual. All quality controls were done using Invitrogen’s Qubit HS assay and fragment size was determined on Agilent’s 2100 Bio-

analyzer HS DNA assay. Single-end RNA sequencing (59nt) was performed on a HiSeq 2500 (Illumina). Barcoded RNA-seq libraries

were onboard clustered using HiSeq� Rapid SR Cluster Kit v2 using 8pM and 59bps were sequenced on the Illumina HiSeq 2500

using HiSeq� Rapid SBS Kit v2 (59 Cycle). The raw output data of the HiSeq was preprocessed according to the Illumina standard

protocol.

RNA-seq analysis shown in Figures 4 and S4 was performed using 4 biological replicates For RNA-seq analyses of splenic cDC1

and cDC2 (sorted as shown in Figure S2A, step 1-8), total RNA was prepared from sort-purified cDC1 and cDC2 (for each sample 3

individual mice were pooled) using Trizol reagent (Invitrogen) in combination with the miRNeasy Micro Kit (QIAGEN) according to the

manufacturer’s instructions. For RNA quality validation samples were analyzed using the Fragment Analyzer System and the HSRNA

15nt Kit (Agilent). Only RNA samples with an RNA Quality Number R 9 were selected for sequencing. For poly-A-dependent cDNA

synthesis and a first amplification step 10 ng of total RNA was used as input in the Smart-Seq v4 mRNA Ultra Low Input RNA Kit

(Clontech) and processed according to the manufacturer’s instructions. After quality control (HS NGS Fragment Kit (1-6000bp), Agi-

lent) and concentration measurement (Qubit dsDNA HS Assay Kit, Invitrogen), 1 ng of the purified cDNA was used for tagmentation

and library completion with the Nextera XT library preparation kit (Illumina). In the following, 2x75nt paired-end sequencing was per-

formed on an Illumina NextSeq 500.

Sequenced reads were aligned to the mouse genome (NCBI37/mm9) with Tophat 2.0.9 (Kim et al., 2013) and uniquely mapped

reads were used to calculate gene expression. RefSeq gene database (mm9) was downloaded from the UCSC genome browser

for RNA-seq analysis. Gene expression of annotated transcripts was calculated frommapped RNA-seq reads using Cuffdiff to obtain

FPKM-normalized gene expression values (Trapnell et al., 2010). Two-tailed t tests were performed to identify differentially expressed

genes. Gene set enrichment analysis was performed as previously described (Subramanian et al., 2005) using gene sets presented in
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Table S1. Only genes with a FPKM R 1 in either sample was included in the GSEA analysis. DAVID analysis was performed as pre-

viously described (Huang et al., 2009) using the RefSeq gene database (mm9) as background.

Sequenced reads for cDC, cDC1 and cDC2 samples were mapped to the RefSeq mouse transcriptome (mm10) using Salmon

(v.0.14.1) (Patro et al., 2017) with validation enabled and quantified at the gene level. Statistical analysis (Likelihod ratio tests)

were performed using DESeq2 (v.1.24.0) (Love et al., 2014) controlling for gender when necessary. Gene ontology using DAVID

(6.8) (Huang et al., 2009) was performed for GO terms classified as biological processes. An enrichment map was created in Cyto-

scape (v3.7.2) (Shannon et al., 2003) using all significantly enriched GO terms (FDR < 0.05) with a gene set size between 10-1000.

Overlap was used as metric and the cutoff was set to 1. Clustering was performed using AutoAnnotate (v1.3.2) (Kucera et al.,

2016) with overlap used as edge weight values. Normalized gene counts from DESeq2 were used as expression dataset for

GSEA analysis (v4.0.1 with MSigDB v7.0) (Subramanian et al., 2005) and the Chip platform for conversion of mouse to human anno-

tations was derived from MGI vertebrate homology reports. Permutation was set to gene_set and gene set size limits was set to

10-1000.

Chromatin Immunoprecipitation

Highly purified splenic cDCs were fixed in 1.0% formaldehyde (Sigma). The fixing reaction was quenched by the addition of 1 M

glycine. Cell lysis was performed in ChIP lysis buffer. The pellet was then resuspended in sonication buffer following sonification

in a Bioruptor UCD-300 (Diagenode) for 20 cycles at high intensity. The lysates were cleared and transferred into new tubes. A portion

of the sample serving as input was frozen at �80�C until further use. The antibody specific against the protein of interest was added

and incubated overnight. Blocked protein-A-beads were added and extensively washed. The samples were eluted by adding ChIP

elution buffer following decrosslinking at 65�C overnight. RNaseA (PeqLab) and proteinase K (PeqLab) were added. Subsequently,

5 M NaCl was added to the samples before DNA was purified with the PCR Purification Kit (QIAGEN). The samples were stored at

�80�C until further use.

ChIP-seq and Analysis

All ChIP-seq analyses were performed using 2 biological replicates. Raw data from replicate measurements are publically available

from the EBI ArrayExpress repository. ChIP DNAwas prepared as described above andwas subsequently used to prepare ChIP-seq

library by using NEBNext� Ultra DNA Library Prep Kit (Illumina) according to manufacturer’s instructions. Paired-end RNA

sequencing was performed on a HiSeq 2500 (Illumina). Sequenced reads were aligned to the mouse genome (NCBI37/mm9) with

Tophat 2.0.9 (Kim et al., 2013) and Bowtie2 (v2.2.4) (Langmead and Salzberg, 2012). Uniquely mapped reads were used to calculate

gene expression. RefSeq gene database (mm9) was downloaded from the UCSC genome browser for ChIP-seq analysis. Peak call-

ing was performed with MACS2 (v.2.1.1) (Zhang et al., 2008) and visualization of results was performed using DeepTools (v.2.5.0)

(Ramı́rez et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n, the definition of center, dispersion and precision measures (mean ± SD) and

statistical significance are reported in the Figures and Figure Legends. Data was judged to be statistically significant when p <

0.05 by two-tailed Student’s t test or One-way Anova with Bonferroni’s multiple comparisons test. In figures, asterisks denote sta-

tistical significance as calculated by Student’s t test or One-way Anova with Bonferroni’s multiple comparisons test, * p < 0.05; ** p <

0.01; *** p < 0.001, **** p < 0.0001). Statistical analysis was performed in R version 3.1.2 or GraphPad Prism.
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Figure S1. Commensal Microbiota Instruct MPhs for Cytokine Responses to Microbial Stimulation, Related to Figure 1

(A,B) Mice of the indicated strains were injected with a CD40 antibody and serum TNF (A) or IFN-I (B) concentrations were determined by ELISA or VSV bioassay,

respectively.

(C,D) Mice of the indicated age were injected with LPS. Splenic cDCwere isolated 6 hours after stimulation and Tnf (C) and Il12a transcripts (D) were quantified by

qRT-PCR. Data represent relative changes of gene expression compared to unstimulated mice.

(E) Colony-forming units of aerobic and anaerobic bacteria per g feces from mice after 2 weeks of antibiotic treatment.

(F-I) GFmice (-) were mono-colonized with the E. coli strain JM83 or re-colonized with a microbiota of varying complexity (sDMDMm2 or SPF) for 4 weeks. Serum

TNF (E,G) or IFN-I (F,H) levels were measured by ELISA or VSV bioassay, respectively, after poly(I:C) (E,F) or LPS (G,H) challenge.

(J) Mixed bone marrow chimeric mice were generated by injecting lethally irradiated C57BL/6 (B6) mice with a 1:1 mixture of bone marrow cells fromMyTrCa�/�

DIETER (CD45.2) and B6 (CD45.1) mice (closed symbols) or from MyTrCa+/+ DIETER (CD45.2) and B6 (CD45.1) mice (open symbols). Chimeric mice were

(legend continued on next page)
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depleted of CD4+ T cells. On the next day, all mice were treated with tamoxifen i.p. On day 8 after tamoxifen treatment, expansion of CD45.2+ and CD45.1+ GP33-

41-specific CD8+ T cells of the indicated genotype was determined in the blood by staining with class I MHC tetramers.

Data are representative of 2 (A-D, F-I) or 3 (E, J) independent experiments.

Horizontal bars represent mean ± SD (n = 4 (C-E), n = 5-7 (A-C), n = 4-6 (F-I), n = 4-8 (J)).

Statistical significance was determined with one-way ANOVA with Bonferroni’s multiple comparisons correction, *p % 0.05, **p % 0.01, ***p % 0.001, ****p %

0.0001; ns, not significant.
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Figure S2. Transcriptome Analysis of cDCs from GF and SPF Mice, Related to Figure 2

(A) Flow cytometry-based sorting strategy for splenic cDC. After duplicate discrimination, cells were gated on live (DAPI-), lineage (CD3, CD19, B220, F4/80,

Gr-1)- cells, and CD45+ cells. Subsequently, I-Ab+ and CD11c+ cDC were sorted.

(B) Heatmap corresponding to GSEA in Figure 2A.

(C) GSEA for the gene set STAT1 Target Genes for splenic cDC from SPF and GF mice.

(D) Heatmap corresponding to GSEA in (C).

(E) Gating strategy for flow cytometry based cell sorting of indicated leukocyte populations from spleen of Ifnb1+/Db-luc mice corresponding to Figures 2G–2I. To

avoid pDC contamination, B220+ PDCA1+ cells were excluded from all populations except pDCs.

(F) Heatmap showing the mean expression (log2TPM+1) of the indicated genes from splenic cDC, cDC1 and cDC2 from GF (germ-free), Ifnar1�/� and SPF

control mice.

(G) DIETER bonemarrow chimericmicewere depleted of pDCby injection of PDCA-1 antibody (mAb 927, 0.5mg on days�2,�1 and 1) or by injection of control Ig

(-). The contour plot shows pDC depletion in spleen of DIETER chimeras (as in Figure 2L).
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Figure S3. The Transcriptome of cDCs from Ifnar1�/� and GF Mice Is Related, Related to Figure 3

(A,B) Heatmaps showing the row-scaled transformed expression (log2 TPM+1) of the 100 most differentially expressed genes, more highly expressed in control

(A) or GF and Ifnar1�/� cDC (B). Only genes with a minimum expression of 25 TPM were included. Heatmaps are sorted in descending fold difference of

expression as indicated.
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Figure S4. cDC1 and cDC2 from GF and Ifnar1�/� Are Deprived of IFN Signaling, Related to Figure 4

(A) Enrichment score (ES) of selected gene sets for the comparison control versusGF (blue lines) and control versus Ifnar1�/� (orange lines) for cDC1 (full lines) and

cDC2 (dotted lines). Numbers in the lower left corner denote the number of human genes within the respective gene sets. p indicates the nominal p value from the

GSEA analysis.

(B) Venn Diagram showing the overlap of the human genes present in the indicated GSEA gene sets.

(C) Dotplots showing the expression (log2 TPM+1) of all correspondingmouse genes present in the indicated GSEA gene set in SPF cDC1 versus SPF cDC2. Red

line indicates equal expression. Heatmaps show the row-scaled transformed expression (log2 TPM+1) for the same mouse genes across all groups of cDC1

and cDC2.
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Figure S5. cDCs from GF and Ifnar1�/� Mice Are Impaired in Their Response to Microbial Stimulation, Related to Figure 5

(A) Volcano plot of genes that are upregulated (blue) or downregulated (red) when comparing gene expression of LPS-stimulated splenic cDC from Ifnar1+/+ (SPF)

versus Ifnar1+/+ (GF) and Ifnar1�/� (SPF) mice.

(B,C) Heatmaps corresponding to GSEA Interferon Stimulated Genes (B) or NF-kB Target Genes (C) in Figure 5A.

(D) Splenocytes of the indicated mouse strains were stimulated ex vivo with LPS. After 4 h, TNF production by cDC was analyzed by flow cytometry.

(E) The indicated mouse strains were injected with LPS. Serum was collected before LPS injection or at the indicated time points after LPS injection. Serum TNF

concentrations were determined by ELISA.

(F-I) Co-housed littermates (Ifnar1+/+, Ifnar1+/� and Ifnar1�/�) from heterozygous breedings were injected with poly(I:C) and after 2 h TNF production of splenic

cDC1 was determined by flow cytometry (F). Representative flow cytometry plots to Figures 5C and S5F (G). TNF (G) and IFN-I (H) concentrations in the serum

were measured by ELISA or VSV bioassay, respectively.

(J) Mice with a cDC-specific IFNAR1 deficiency (Ifnar1fl/fl;Itgax-Cre: Ifnar1DDC) and control mice (Ifnar1+/+;Itgax-Cre) were injected with poly(I:C) and after 2 h TNF

production of splenic cDC1 was analyzed by flow cytometry

(K,L) Groups of mice of the indicated strains were injected with poly(I:C). RNA from splenic tissue was isolated after 2 h and expression of Ifna4 (K) and Ifnb1 (L)

was quantified by qRT-PCR.

Data are representative of 3 (D, E) or 2 (F-L) independent experiments.

Horizontal bars represent mean ± SD (n = 3 (D,E), n = 2-7 (F-I), n = 5 (J), n = 3-4 (K,L)).

Statistical significance was determined with one-way ANOVA with Bonferroni’s multiple comparisons correction, *p % 0.05, **p % 0.01, ***p % 0.001, ****p %

0.0001; ns, not significant.
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Figure S6. Tonic IFN-I Signaling in cDCs Is an Absolute Requirement for Priming of Naive T Cells, Related to Figure 6

(A) Frequency of Ifnar1�/� (open symbols) and Ifnar1+/+ (closed symbols) GP33-41- specific CD8+ T cells from the mixed bone marrow chimeras in Figures 6A and

6B (Ifnar1�/� DIETER + Ifnar1+/+ (circles) or Ifnar1�/� + Ifnar1+/+ DIETER (squares)).

(B) Mixed bone marrow chimeras were generated by injecting lethally irradiated B6 mice with a 1:1 mixture of Ifnar1�/� DIETER and Ifnar1+/+ (CD45.1) (circles) or

Ifnar1+/+ DIETER and Ifnar1+/+ (CD45.1) (squares) bone marrow cells. After complete reconstitution, mice were given daily injections of 100 U mouse IFN-b i.p.

(closed symbols) or saline (open symbols) for the duration of the experiment. One week after the first IFN-b injection, mice were depleted of CD4+ T cells. One day

later, all mice were treated with tamoxifen. to induce antigen presentation on cDC. Seven days later, the fraction of GP33-41-specific CD8+ T cells was determined

in the blood using class I MHC tetramers.

(C) Ifnb1+/Db-luc mice were depleted of CD4+ T cells or control treated. Two days later, luciferase activity in organ homogenates of thymus, lymph nodes, spleen

and liver was determined in a luminometer.

(D) Ifnb1+/Db-luc micewere depleted of CD4+ T cells (or control treated). Before and on each of the four days following depletion,micewere injected i.v with luciferin

and luciferase activity was visualized in the IVIS 200 imaging system.

(E) Bone marrow chimeras (Ifnar1�/� DIETER into B6 or Ifnar1+/+ DIETER into B6) were injected with 2 mg tamoxifen i.p.. Three days later, splenic cDC were

isolated and cultured in serial dilutions for 16 h with 5x103 purified CD8+ T cells from Nur77GFP x TCR327 (P14) T cells. Induction of GFP expression inNur77GFP x

TCR327 (P14) T cells was analyzed by flow cytometry.

Data are representative of 2 (A-D) or 3 (E) independent experiments.

Horizontal bars represent mean ± SD (n = 5 (A-C), n = 4 (D), n = 5 (J), n = 3 (E)).

Statistical significance was determined with one-way ANOVA with Bonferroni’s multiple comparisons correction, *p % 0.05; ns, not significant.
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Figure S7. Microbiota and IFN-I Regulate the Epigenetic and Metabolic Basal State of cDCs, Related to Figure 7

(A) Euclidian distance similarity matrix of all H3K4me3 ChIP-seq samples from cDC of the indicated mouse strains.

(B) Genome Browser View of the Oas locus showing H3K4me3 occupation across the indicated mouse strains.

(C-E) Mitochondria in cDC from the indicated mouse strains were analyzed by transmission electron microscopy (corresponds to Figure 7H). The number (#) of

mitochondria per area cytoplasm (C), mitochondria size (area in nm2) (D) and the mitochondrial ‘Roundness Index’ (E) (calculated as the longitudinal diameter

divided by the transverse diameter of the mitochondrion) were determined.

(F) Primary splenic cDC were sorted from the indicated mouse strains (n = 5). Glycolytic activity during steady-state was measured using an Extracellular Flux

Analyzer (Agilent Seahorse). Data are displayed as extracellular acidification rate (ECAR) (mpH/min).

Data are representative of 3 (C-E) or 2 (F) independent experiments.

Horizontal bars represent mean ± SD (n = 3 (C-E), n = 5 (F)).

Statistical significance was determined with one-way ANOVA with Bonferroni’s multiple comparisons correction, *p % 0.05; ns, not significant.
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