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SUMMARY

Listeria monocytogenes (LM), a facultative intracel-
lular Gram-positive pathogen, can cause life-threat-
ening infections in humans. In mice, the signaling
cascade downstream of the myeloid differentiation
factor 88 (MyD88) is essential for proper innate
immune activation against LM, as MyD88-deficient
mice succumb early to infection. Here, we show
that MyD88 signaling in dendritic cells (DCs) is suffi-
cient to mediate the protective innate response,
including the production of proinflammatory cyto-
kines, neutrophil infiltration, bacterial clearance,
and full protection from lethal infection. We also
demonstrate that MyD88 signaling by DCs controls
the infection rates of CD8a+ cDCs and thus limits
the spread of LM to the T cell areas. Furthermore, in
mice expressing MyD88 in DCs, inflammatory mono-
cytes, which are required for bacterial clearance, are
activated independently of intrinsic MyD88 signaling.
In conclusion, CD11c+ conventional DCs critically
integrate pathogen-derived signals via MyD88
signaling during early infection with LM in vivo.

INTRODUCTION

Infections with the food-borne Gram-positive facultative in-

tracellular bacterium Listeria monocytogenes (LM) can result in

systemic bacteraemia and high mortality rates in immuno-

compromised patients. In mice, the systemic infection model

of listeriosis has provided valuable insights into host-pathogen

interactions. Although both a functional innate response and

an adaptive immune response are critical for eradicating the
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pathogen, the innate response is particularly important for con-

taining bacterial replication and spread. Innate immune cells,

such as neutrophils, inflammatory monocytes, so-called tumor

necrosis factor (TNF)/inducible NO synthase (iNOS)-producing

dendritic cells (TipDCs), macrophages, natural killer (NK) cells,

NKT cells, and conventional DCs (cDCs) cooperate to form a

protective line of defense early after infection (Stavru et al.,

2011; Williams et al., 2012). cDCs provide an important early

source of interleukin-12 (IL-12), which in turn induces interferon

g (IFNg) release by NK, NKT, and T cells (Kang et al., 2008;

Zhan et al., 2010). The innate response is also characterized by

a fast infiltration of neutrophils and TipDCs to the spleen and

liver. In addition, resident macrophages as well as TipDCs

mediate pathogen clearance via effector mechanisms based

on reactive oxygen or nitrogen species and TNF-a (Pamer,

2004). In this process, IFNg enhances macrophage activation

and is critical for the differentiation of monocyte-derived TipDCs,

which are required for LM clearance (Kang et al., 2008; Serbina

et al., 2003b; Shi et al., 2011).

A broad range of phagocytes are infected early during inocu-

lation with LM, including marginal zone (MZ) macrophages,

metallophilic macrophages, cDCs, and neutrophils (all located

in theMZ of the spleen), as well as F4/80+ red pulpmacrophages

(Aoshi et al., 2008, 2009; Waite et al., 2011). Macrophages and

neutrophils are highly efficient in killing bacteria (Stavru et al.,

2011), whereas cDCs have a reduced microbicidal activity as

compared with macrophages in vitro (Alaniz et al., 2004). Thus,

cDCs seem to provide a favorable environment for bacterial sur-

vival. In addition, cDCs, rather than macrophages present in the

MZ, are required for LM infection of the T cell areas, where T cell

priming occurs (Aoshi et al., 2008). In contrast to neutrophils and

red pulpmacrophages, CD8a+ cDCs, a subset of cDCswith spe-

cific functions in cross-presentation, are the primary reservoir for

live bacteria, and there is evidence that CD8a+ cDCs can shuttle

live LM from the MZ to the T cell areas (Campisi et al., 2011;
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Neuenhahn et al., 2006; Verschoor et al., 2011). Furthermore,

Batf3�/� mice, which lack CD8a+ cDCs, show a clear correlation

between the absence of this subset and a reduced bacterial

burden upon LM infection (Edelson et al., 2011). Conversely,

both Flt3 ligand (Flt3L)-treated mice and mice carrying a

DC-specific deletion of the phosphatase and tensin homolog

(Pten), a negative regulator of Flt3L signaling, exhibit an increase

in CD8a+ cDC numbers and higher infection rates in the spleen

(Alaniz et al., 2004; Sathaliyawala et al., 2010).

Innate signaling via the adaptor molecule myeloid differentia-

tion factor 88 (MyD88) is essential during pathogen recognition

of LM, since Myd88�/� mice are highly susceptible to LM infec-

tion and die before a protective adaptive immune response can

be mounted (Edelson and Unanue, 2002; Seki et al., 2002).

MyD88 controls downstream signaling of most Toll-like recep-

tors (TLRs), except for TLR3 and in part TLR4, as well as the

IL-1R family (Akira and Takeda, 2004). Myd88�/� mice display

defective innate immune responses, including absence or low

levels of proinflammatory cytokines such as IL-12, IFNg, IL-6,

and IL-18, as well as an impaired neutrophil recruitment,

enhanced lymphocyte apoptosis in the splenic white pulp, and

a strongly increased bacterial burden in both spleen and liver

(Edelson and Unanue, 2002; Seki et al., 2002; Serbina et al.,

2003a; Torres et al., 2004). Furthermore, TipDC activation for

efficient bacterial killing is dysfunctional in Myd88�/� mice (Ser-

bina et al., 2003a). Given the broad expression of MyD88, the

extent to which MyD88 signaling in different cell types contrib-

utes to control of LM infection is unknown. Also, despite their

contribution to bacterial dissemination, it is likely that CD8a+

cDCs have evolved mechanisms to restrict bacterial replication

or survival. To date, it is unclear whether MyD88 signaling by

CD8a+ cDCs is part of such a cell-intrinsic protectionmechanism

against LM infection in vivo. Moreover, MyD88 signaling has

been an attractive target for new vaccination and immuno-

therapy strategies for several years (Connolly and O’Neill,

2012). Yet, its widespread expression and the lack of experi-

mental models for specifically targeting MyD88 in defined cell

subsets have hindered efforts to understand its contribution to

the innate immune responses against pathogens.

In this study, we used amousemodel in which MyD88 expres-

sion is confined to CD11c+ cells. Our results show that MyD88

signaling by DCs is sufficient to revert the defective innate im-

mune response observed in MyD88-deficient mice to wild-type

(WT) levels by controlling both the bacterial burden in the in-

fected organs as well as the infection rates of CD8a+ cDCs early

during pathogen encounter. At the same time, MyD88 signaling

in TipDCs is dispensable for their activation in vivo. Thus,

cDCs critically regulate the activation of innate immunity against

LM via MyD88 signaling.

RESULTS

A Mouse Model for Switching on MyD88 Signaling by
DCs In Vitro and In Vivo
To study the role of MyD88 signaling by DCs, we used a mouse

model in which MyD88 expression is specifically restricted to

CD11c+ cells. For this purpose, we crossed MyD88stop mice

(termed Mst mice), which carry a disruptive stop cassette in
C

the Myd88 locus and do not express the MyD88 protein (Gais

et al., 2012), to CD11c (Itgax) Cre mice (Caton et al., 2007)

expressing Cre recombinase under the control of the Itgax

promoter (termed ItgaxCre mice). The resulting ItgaxMst mice

were homozygous for the stop cassette and transgenic for Cre,

thereby allowing only CD11c+ cells to switch on Myd88 gene

expression.

First, we tested the functionality of MyD88 signaling by DCs in

ItgaxMst mice by assessing the upregulation of activation

markers, including CD80, CD86, and CD40, as well as the cyto-

kine production by bone marrow (BM)-derived DCs and ex vivo

isolated cDCs upon stimulation. Mycobacterium tuberculosis

(Mtb) or Candida albicans (CA) can also trigger MyD88-indepen-

dent pattern recognition receptors (PRR) (Akira and Takeda,

2004; van den Berg et al., 2012), and DC activation occurred in

WT, ItgaxMst, and Mst BM-derived DCs in vitro (Figure 1A). In

contrast, CpG-B, a well-known TLR9 agonist (Hemmi et al.,

2000; Sparwasser and Lipford, 2000), as well as LM, induced

the upregulation of CD80 expression in WT and ItgaxMst DCs

to comparable levels, whereas Mst DCs showed impaired

upregulation of this marker (Figures 1A and S1A). In addition,

BM-derived Mst DCs were only responsive to MyD88-indepen-

dent activation with respect to IL-12p40 production, whereas

WT and ItgaxMst ex vivo DCs produced similar amounts of this

cytokine upon stimulation with the tested PRR agonists in vitro

(Figures 1B and S1B). Moreover, cDCs from mice treated with

CpG-B or PBS in vivo were tested for CD86 and CD40 upregula-

tion. cDCs from CpG-B-injected Mst mice showed CD86/CD40

expression levels comparable to the PBS controls from all geno-

types (Figure 1C and data not shown). In contrast, the same level

of upregulation of both markers was observed upon CpG-B

injection inWT and ItgaxMst cDCs (Figure 1C). Also, CpG-B-trig-

gered IL-6 and TNF-a serum levels were similarly induced in WT

and ItgaxMst mice, whereas Mst mice did not respond to this

stimulation (Figure 1D). Taken together, these results demon-

strate that DCs from ItgaxMst mice show reactivation of the

MyD88-dependent TLR signaling pathways, which is absent in

Mst mice, both in vitro and in vivo.

MyD88Signaling byDCs Is Sufficient to Trigger the Early
Innate Response against LM Infection
Myd88�/� mice infected with LM display multiple defects in the

early events of the innate immune response, such as a lack of

inflammatory cytokines and a defective neutrophilic infiltration,

that contribute to the high bacterial burden (Edelson and

Unanue, 2002; Seki et al., 2002). The widespread expression

of MyD88 by all innate immune cells, as well as the early death

of infected mice, has limited our understanding of the role of

MyD88 during LM infection.

To test whether MyD88 signaling by DCs was sufficient to

revert early defects of the innate immune response, we first

analyzed IFNg and IL-6 serum levels in WT, ItgaxMst, and Mst

mice at 24 hr postinfection (hpi). We found comparable IFNg

and IL-6 serum levels in WT and ItgaxMst mice (Figure 2A).

Also, similar expression of IL-12p40 by cDCs from WT and

ItgaxMst mice was observed (Figure S2A). In contrast, serum

IFNg and IL-6 were not detectable and cDCs did not express

IL-12p40 in infected Mst mice (Figures 2A and S2A).
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Figure 1. MyD88 Signaling in ItgaxMst Mice Is Functional In Vitro and In Vivo

(A) GM-CSF DCs were treated with the indicated stimuli in triplicate in vitro and analyzed for the upregulation of CD80 by flow cytometry 24 hr later. Heat-killed

(HK) LM,Candida albicans (CA), g-irradiatedMycobacterium tuberculosis (g irr.Mtb). Fold induction of theMFI for CD80 is displayed as themean value + SD from

pooled data from three independent experiments.

(B) IL-12p40 production by the stimulated cells from (A) was determined by ELISA. Data are shown as the mean + SD from triplicate stimulations from one

representative experiment out of three.

(C) Mice (n = 4/group) were injected with CpG-B or PBS i.p., and CD86/CD40 upregulation by CD11chiMHCIIhi cDCs was tested 12 hr later. Data are displayed as

mean fold induction + SD over the PBS control.

(D) Serum levels for IL-6 and TNF-a from (C) were analyzed 2 hr after treatment. Data for individual mice are displayed. Bars indicate mean values. The

experiments shown in (C) and (D) were performed twice with comparable results. Statistics were calculated by one-way ANOVA. ns, not significant.

See also Figure S1.
Interestingly, when we compared cDC subsets for their IL-12p40

production, we found that mainly CD8a+ cDCs produced this

cytokine at 12 hpi, whereas IL-12 production by CD8a� cDCs

was at the level observed in the uninfected mice (Figures 2B

and 2C). At 24 hpi, CD11b+ cDCs became the main source of

IL-12p40 (Figures S2B and S2C), consistent with published

data (Tam and Wick, 2006). Furthermore, the defective neutro-

philic infiltration in the spleen of infected Mst mice was com-

pletely reverted in ItgaxMst mice (Figures 2D and 2E).

Early after infection, LM preferentially localizes to the T cell

area, where it starts to proliferate exponentially (Aoshi et al.,

2008). Thus, we next tested whether ItgaxMst mice can control

the bacterial burden upon LM infection. Indeed, the bacterial

loads in the spleen and liver of both WT and ItgaxMst mice

were comparable at 24 and 72 hpi, as opposed to Mst mice,

which showed significantly increased colony-forming units (cfu)

at both time points (Figures 3A and 3B). Myd88�/� mice suffer

from high T cell area infection rates as compared with WT mice

(Edelson and Unanue, 2002). Accordingly, when we infected

Mst mice with LM expressing the red fluorescent protein (LM

RFP) (Waite et al., 2011), we observed significantly increased

infection rates in the T cell areas of Mst mice at 24 hpi as

compared with WT mice. Conversely, the ItgaxMst and WT
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mice showed comparably low infection rates (Figures 3C

and 3D). Finally, we wanted to assess the consequences of

this early control of bacterial replication and spread for survival

by monitoring LM-infected WT, ItgaxMst, and Mst mice over a

period of 14 days (Figure 3E). As expected, Mst mice died early

after infection. In contrast, both WT and ItgaxMst mice survived.

Thus, the targeted expression of MyD88 by DCs is sufficient to

revert the detrimental defects of the innate immune response

and prevent the uncontrolled replication of bacteria as observed

in Mst mice.

MyD88 Signaling Controls the Niche Size for Live LM,
but Is Dispensable for Limiting Bacterial Replication in
CD8a+ cDCs
Since ItgaxMst mice display a better control of bacterial replica-

tion compared with Mst mice, we questioned whether this might

be influenced by differences in the infection rates of cDCs. In

particular, CD8a+ cDCs provide a favorable niche for live LM

early during infection, and the splenic bacterial load is critically

dependent on CD8a+ cDC numbers (Alaniz et al., 2004; Campisi

et al., 2011; Edelson et al., 2011; Neuenhahn et al., 2006; Satha-

liyawala et al., 2010). However, the influence of MyD88 signaling

by DCs on LM numbers within individual innate cell populations,



Figure 2. MyD88 Signaling by DCs Is Suffi-

cient to Revert Early Defects in the Innate

Response against LM

Mice were infected with LM for 12 hr (B and C) or

24 hr (A, D, and E).

(A) IFNg and IL-6 serum levels were analyzed.

(B) Plots show the frequency of IL-12p40+ CD8a+

or CD8a� cDCs from the spleen of uninfected

(mock) or infected (LM) mice in the live CD11chi

gate after in vitro culture in the presence of Golgi

Plug.

(C) Quantification of (B). Bars indicate mean

values. Experiments were performed twice.

(D) Splenic neutrophils from mock-treated or

LM-infected mice were gated as Gr-1hiCD11bhi

live cells.

(E) Quantification of the frequency and total

numbers of neutrophils from infected mice shown

in (D). Symbols represent individual mice pooled

from two experiments. Bars indicate mean values.

Neutrophil numbers were comparable in unin-

fected mice from all tested genotypes (mean

value/spleen = 1.2 3 106 cells; data not shown).

Statistics were calculated by one-way ANOVA. ns,

not significant.

See also Figure S2.
including neutrophils, monocytes, macrophages, NK cells,

CD8a� cDCs, and CD8a+ cDCs, is unknown. First, we checked

the initial uptake or early replication of LM. At 3 hpi, CD8a+ cDCs

were the only infected population (Figure 4A), consistent with

published data obtained in WT mice (Neuenhahn et al., 2006).

CD8a+ cDC numbers were comparable in all tested genotypes

prior to infection (Figures S3A and S3B). We also found no sig-

nificant differences in the bacterial numbers per 103 cells or

bacterial burden per spleen between the genotypes at 3 hpi (Fig-

ure 4B). At 15 hpi, we further observed infection in CD8a� cDCs

and neutrophils/monocytes/macrophages. NK cell infection was

close to the detection limit of this assay for all genotypes tested.

Interestingly, the number of live bacteria was higher for all cell

populations in Mst mice. In contrast, WT and ItgaxMst mice

showed similar infection rates (Figure 4C). Also, the bacterial

burden per spleen was increased in Mst mice. By contrast, WT

and ItgaxMst mice exhibited comparable splenic infection rates

(Figure 4D).

To study whether the enhanced CD8a+ cDC infection rates in

Mstmice are due to a defective DC functionality or caused by the

increased bacterial burden observed in these mice, we next

examined the size of the bacterial niche in CD8a+ cDCs from

mixed BM chimeras. Mixed BM chimeras permit a direct com-

parison of the infection rates of WT and Mst CD8a+ cDCs in

the same in vivo environment. We performed experiments at

9 hpi to minimize indirect effects of the WT on MyD88-deficient

DCs. We generated mixed BM chimeras by transferring Mst

CD45.1� and WT CD45.1+ or Mst GFP� and Mst CD11cCre-

GFP GFP+ (CD11cCre-GFP mice crossed to Mst mice) BM cells
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into Mst recipients. CD8a+ or CD8a� cDC

populations were separated according to

CD45.1 or GFP expression upon infection
(Figure 4E). We found slightly increased infection rates per 103

cells in Mst CD8a+ cDCs as compared with WT or Mst

CD11cCre-GFP cDCs (Figure 4F). No bacteria could be detected

in CD8a� cDCs (data not shown). Also, MyD88 did not influence

the bacterial replication in or killing by ex vivo CD8a+ cDCs in-

fected with LM in vitro (Figures S3C–S3E). Thus, MyD88

signaling plays a minor role in limiting the bacterial replication

of LM in CD8a+ cDCs in vivo and in vitro. Taken together, these

results indicate that MyD88 signaling by DCs controls the bacte-

rial burden in CD8a+ cDCs in vivo mainly by reducing the overall

splenic infection rate.

TipDCs Do Not Require Cell-Intrinsic MyD88 Signaling
for Their Activation
To better understand how ItgaxMst mice control early bacterial

replication upon LM infection, we analyzed TipDC activation.

TipDCs are critical innate cells for limiting the bacterial burden

during LM infection, as their depletion during the first days of

infection results in high bacterial replication and death (Serbina

et al., 2003b; Shi et al., 2011). TipDC activation for the production

of the critical effector molecules TNF-a and NO is defective in

Myd88�/� mice (Serbina et al., 2003a), yet it is unknown whether

MyD88 signaling is required by TipDCs intrinsically. To examine

this issue, we used infected WT, ItgaxMst, and Mst mice at

24 hpi. An increase in CD11bintLy-6Chi Mac-3hi cells was detect-

able in all mice upon infection, although it was significantly lower

in Mst mice (Figures 5A, 5B, and S4). TipDC activation, as as-

sessed by intracellular iNOS and TNF-a staining, was defective

in Mst mice (Figures 5C and 5D) consistent with published
February 27, 2014 ª2014 The Authors 701



Figure 3. The Spread of Infection to the

T Cell Areas Is Limited by MyD88 Signaling

Mice were infected with LM (A, B, and E) or LM

RFP (C and D).

(A and B) The bacterial burden in spleen (A) and

liver (B) was determined at 24 and 72 hpi. Experi-

ments were performed two to three times with

comparable results. Bars indicate mean values.

Statistics were calculated by one-way ANOVA.

(C) Cryosections from the spleens of LM RFP-

infected WT, ItgaxMst, Mst, and uninfected mice

were stained for CD3ε and B220 at 24 hpi.

Representative immunofluorescence pictures

from three mice per group are shown. Scale bars

correspond to 200 mm. Dashed lines indicate the

border of the inset depicted in the right corner of

each low-power view. Scale bar in insets, 50 mm.

(D) Quantification of the histology shown in (C)

from 23–27 individual T cell areas per genotype.

The T cell area was defined as the B220� area

inside the B cell follicle. The numbers of RFP

pixels/total pixels of the T cell area were quantified

and multiplied by 105 for better readability. Bars

indicate mean ± SD. Statistics were calculated by

using the Kruskal-Wallis test. ns, not significant.

(E) Survival of mice (n = 7–8 mice/group) was

checked daily over a period of 14 days. The

experiment was performed three times. The dif-

ferences in survival between the Mst and WT

or ItgaxMst mice were significant (p < 0.001) as

calculated by the log rank test.
data (Serbina et al., 2003a). In contrast, TipDCs in ItgaxMst and

WT mice produced similar amounts of iNOS and TNF-a (Figures

5C and 5D). Surprisingly, although TipDCs are known to upregu-

late CD11c expression during activation (Serbina et al., 2003b),

most TipDCs were still CD11c� at 24 hpi (Figure 5E). The

CD11c promoter activity mediates Cre-driven excision of the

Myd88stop cassette and thereby determines the reactivation

of MyD88 signaling in ItgaxMst mice. Thus, we analyzed

Myd88 mRNA expression by TipDCs from infected WT and

ItgaxMst mice at 24 hpi. Indeed, low CD11c surface expression

correlated with minor Myd88 expression (9.9% ± 1.1%) by

TipDCs from ItgaxMst as compared with WT mice, whereas

cDCs isolated from both mice expressed the same levels of

Myd88 mRNA. Cells isolated from Mst mice did not contain

Myd88mRNA (Figure 5F). Thus, at 24 hpi the majority of TipDCs
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in ItgaxMst mice are MyD88 deficient,

yet their activation is comparable to that

observed in WT mice. We propose a

mechanism by which DCs control TipDC

activation during LM infection in an indi-

rect, MyD88-dependent fashion.

DISCUSSION

The high susceptibility of Myd88�/� mice

to LM infection demonstrates the central

importance of the MyD88 signaling

cascade for the induction of a protective
immune response (Seki et al., 2002). Yet, less is known about

the cell-type-specific role of MyD88 signaling. In this study, we

demonstrate that MyD88 signaling by DCs is sufficient to control

the overall bacterial burden and thus prevent dissemination of

bacteria to the T cell areas.

LMexploitsCD8a+ cDCs as ‘‘Trojan horses’’ formigration to the

T cell area (Reizis, 2011). However, cDCsmay have evolved coun-

teracting mechanisms to restrict their intracellular niche for live

bacteria. Therefore, we wanted to study the importance of

MyD88 signaling in this process. Indeed, a correlation for a

MyD88-dependent increase in reactive oxygen species (ROS)

productionby theNADPHoxidaseNOX2andhencemoreefficient

killing of Gram-negative bacteria has been established for mouse

primarymacrophages (Laroux et al., 2005) and humanmonocyte-

derived DCs (Vulcano et al., 2004). More recently, it was shown



Figure 4. MyD88 Signaling Controls the

Niche Size for Live LM in CD8a+ cDCs

(A and C) Mice were infected with LM and spleens

were removed at (A) 3 hpi or (C) 15 hpi. The

number of intracellular bacteria per 103 or 105

sorted macrophages/monocytes/granulocytes,

NK cells, CD8a� cDCs, or CD8a+ cDCs from

pooled spleens is depicted. Data are shown as

mean + SD.

(B and D) The bacterial burden/spleen of each

group was determined at the indicated time

points. Bars represent mean values. The experi-

ments shown were repeated three times (A) or

four times (C). Statistics were calculated by one-

way ANOVA. ns, not significant.

(E) Mixed BM chimeras were generated using

CD45.2+/GFP� Mst BM in combination with

CD45.1+WT BMor GFP+Mst CD11cCre-GFPBM.

At 9 hpi, pooled spleens from infected chimeras

were FACS sorted into CD45.1+ and CD45.1�

CD8a+ or CD8a� cells (left panel), or into GFP+ and

GFP� CD8a+ or CD8a� cells (right panel).

(F) The bacterial burden in individual subsets from

(E) is shown as the number of bacteria per 103

cells. The infection rates of CD8a� cDCs were

below the detection limit and are not displayed.

Bars represent mean values. This experiment was

performed twice with comparable results. Statis-

tics were calculated by using Student’s t test.

See also Figure S3.
that stimulation of macrophages with bacterial TLR1, TLR2, and

TLR4 agonists augments their bactericidal activity through mito-

chondrial ROSproduction (West et al., 2011).However, no studies

have been performed by directly targeting cDCs in vivo. Surpris-

ingly, in contrast to published data obtained with other phago-

cytes, we show that a deficiency in MyD88 signaling by ex vivo

CD8a+ cDCs had no effect on their microbicidal activity during
Cell Reports 6, 698–708,
infectionwith theGram-positivebacterium

LM. This discrepancy might be explained

by the fact that CD8a+ cDCs, in contrast

to other phagocytes, require a constant

neutral pH value in the phagolysosome

as a prerequisite for efficient cross-pre-

sentation. In this process, NOX2 recycles

protons from the vesicular ATPase to pre-

vent acidification (Savina and Amigorena,

2007). It is an attractive hypothesis that

the equilibrium between ROS production

and proton consumption is also main-

tained upon infection and hence has little

effect on bacterial killing. The absence of

differences in the bacterial burden be-

tween ex vivo WT and MyD88-deficient

CD8a+ cDCs suggests that the microbici-

dal capacity of CD8a+ cDCs could also

be influenced by MyD88-independent

pathways or negative regulation of TLR-

induced activation, consequently leading

to comparable killing activities in WT and
Mst cDCs. Indeed, MyD88-independent innate receptors can

recognize LM (Williams et al., 2012), and TLR-mediated signaling

can be negatively regulated by the PRRs NOD2 (Watanabe et al.,

2004) and NLRP6 (Anand et al., 2012), as shown inmousemacro-

phages. Thus, MyD88-dependent and -independent pathways

might cooperate to fine-tune the bactericidal activity in splenic

CD8a+ cDCs during LM infection.
February 27, 2014 ª2014 The Authors 703
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Our mouse model is based on the targeted expression of

MyD88 specifically in DCs. Although MyD88 also functions as

an adaptor protein downstream of the IL-1R family, there is

substantial evidence in the literature that TLR-mediated

signaling is more dominant for a functional innate immune

response against LM. Deficiencies in Caspase1, ASC, IL-18,

or IL-1R, which couple to the inflammasome pathway, do not

contribute to increased susceptibility, and mice with these

deficiencies show only a mild increase in bacterial burden as

compared with Myd88�/� mice (Glaccum et al., 1997; Lochner

et al., 2008; Sauer et al., 2011; Tsuji et al., 2004). Moreover,

TipDC activation occurs independently of IL-1 and IL-18

signaling (Serbina et al., 2003a). Thus, also in our study

TLR-mediated, rather than IL-1R-family-dependent, MyD88

signaling plays a major role in the induction of a protective

innate immune response. However, which PRRs mediate

MyD88-dependent activation is still under debate. For the

systemic infection model, only TLR2 has been demonstrated

to participate in LM recognition (Torres et al., 2004), probably

due to heterodimerization with TLR1 or TLR6 (Ozinsky et al.,

2000), as the deficiency in TLR2 activation does not fully

recapitulate the defects observed in Myd88�/� mice. Data

from in vivo experiments in Tlr5�/� or Tlr9�/� mice testing for

the recognition of flagellin or bacterial DNA are not avail-

able. Furthermore, TLR13, a recently described receptor for

bacterial ribosomal RNA recognition (Oldenburg et al., 2012),

might be an interesting candidate to explain the differences

in susceptibility to LM infection between Tlr2�/� and Myd88�/�

mice.

Although in this study we focused on DCs, Yang et al. (2007)

noted the importance of TLR signaling by macrophages during

LM infection. In their study, mice deficient in expression of the

chaperon gp96 by LysM+ cells (which leads to disruptive TLR2,

TLR4, TLR5, TLR7, and TLR9 signaling in these cells) were

infected with LM i.p. and displayed a higher bacterial burden

and greater tissue damage as compared with WT mice. The

authors concluded that TLR signaling by LysM+ macrophages

is critically required for protection against LM. However, it is diffi-

cult to compare their findings with our data due to differences in

the infectious routes and doses used. Also, Yang et al. (2007) did

not provide a direct comparison of their transgenic mice and

Myd88�/�mice, or the relative survival of both groups. Neverthe-

less, in our study, we do not exclude a contribution of TLR

signaling by non-DCs in WT mice; rather, we postulate that

TLR signaling by DCs is sufficient for innate immune activation

against LM.
Figure 5. TipDCs Do Not Require Cell-Intrinsic MyD88 Signaling for th

(A) Mice were infected with LM for 24 hr. TipDCs from uninfected and infected m

from spleen are depicted. See also Figure S4.

(B) Quantification of the frequency and total numbers of TipDCs from infected mic

The numbers of CD11bintLy-6Chi cells were comparable in uninfected mice from

(C) Representative FACS plots showing TNF-a and iNOS expression by TipDCs

(D) Quantification of the frequencies (upper panels) or total numbers (lower panels

from two independent experiments.

(E) CD11c/Mac-3 expression by gated live CD11bintLy-6Chi cells or cDCs in com

(F) Quantitative RT-PCR forMyd88 expression by FACS-sorted CD11bint Ly-6Chi

were used. The graphs show pooled data from two independent experiments. S

represent individual mice, and bars indicate mean values. ns, not significant; nd

C

In our experimental approach, we aimed to target cDCs by

using CD11cCre mice. However, we cannot formally rule out

contributions of the effects of MyD88 signaling by other

CD11c-expressing cells, such as NK cells and plasmacytoid

DCs, to the observed phenotype. DCs, rather than macro-

phages, are required for NK cell activation during LM infection,

and NK cells do not rely on cell-autonomous TLR signaling for

IFNg production (Kang et al., 2008; Lucas et al., 2007). Yet, the

generation of alternative Cre mouse lines with refined specific-

ities for cDCs or CD8a+ cDCs employing, e.g., the Zbtb46,

Clec9a, or Xcr1 (Dorner et al., 2009; Meredith et al., 2012;

Satpathy et al., 2012; Schraml et al., 2013) promoter would be

beneficial to confirm our results. In any case, the advantage of

targeting DC genes rather than using a DC-depletion approach

is that there is no interference with DC-mediated bacterial trans-

port to the T cell area, a critical host-pathogen interaction during

LM infection.

We have demonstrated that mice with a functional MyD88

signaling cascade specifically in DCs control their bacterial

burden early during infection, in contrast to MyD88-deficient

mice. To understand the mechanism behind this, we focused

on studying the activation of inflammatory monocytes because

they are key players in controlling early bacterial replication

(Serbina et al., 2008; Shi et al., 2011) and express CD11c

at intermediate levels when analyzed at 48 hpi (Serbina et al.,

2003b). TipDC activation is MyD88 dependent, as demon-

strated in Myd88�/� mice. This led to the hypothesis that

TipDCs, which are poorly infected in vivo, require direct activa-

tion via pathogen-associated molecular patterns (Serbina et al.,

2003a, 2003b). However, in our model, we found that at 24 hpi,

intrinsic MyD88 signaling by TipDCs is not required for their

activation during early infection with LM. cDCs provide the

key cytokine IL-12, which is necessary for IFNg-dependent

TipDC activation during LM infection (Kang et al., 2008), and

we demonstrated that IL-12 production by CD8a+ cDCs

is functional at an earlier time point postinfection in ItgaxMst

mice as compared with Mst mice. A recent study by Lee

et al. (2013) unraveled an unexpected role of IFNg receptor

signaling in amplifying IL-12 production by CD8a+ cDCs.

They showed that IL-12 production is reduced, but not abro-

gated, in the absence of DC-specific IFNg receptor signaling.

Thus, in line with our findings, it is most likely that CD8a+

cDCs produce the first IL-12 that initiates IFNg production,

as previously suggested for Toxoplasma gondii (Reis e Sousa

et al., 1997; Mashayekhi et al., 2011). Moreover, Lee et al.

(2013) demonstrated that IL-12 and IFNg production partially
eir Activation

ice were gated as CD11bintLy-6Chi as indicated. Representative live-cell gates

e gated as in (A). Pooled data from two independent experiments are depicted.

all tested genotypes (mean value/spleen = 0.28 3 106 cells; data not shown).

gated as in (A).

) of TipDCs from (C) positive for intracellular iNOS and TNF-a. Data were pooled

parison with the isotype control for the CD11c antibody.

TipDCs from infected WT and ItgaxMst mice. As control, CD11chi splenic cDCs

tatistics were calculated by using Student’s t test. Symbols in (B), (D), and (F)

, not detectable.
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depends on transmembrane TNF-a. DCs express membrane-

bound TNF-a, which is required for DC/NK cell crosstalk (Xu

et al., 2007), and DC/NK cell clusters are essential for IFNg

production upon LM infection (Kang et al., 2008). TNF-a could

be presented by activated cDCs in LM-infected ItgaxMst mice.

Thus, we suggest that upon LM infection, MyD88 signaling in

DCs initiates both IL-12 and possibly transmembrane TNF-a

expression.

We propose that an important function of cDCs during LM

infection is to provide a critical backup mechanism for indirect

TipDC activation. This mechanism might also be relevant for

infections with other pathogens, such as Brucella melitensis,

Leishmania major, Mycobacterium tuberculosis, and Toxo-

plasma gondii, where the activation of inflammatory monocytes

also critically controls the pathogen burden during the innate im-

mune response (Copin et al., 2007; De Trez et al., 2009; Peters

et al., 2001; Robben et al., 2005). Taken together, our findings

demonstrate that MyD88 signaling is sufficient in cDCs but

dispensable in TipDCs for the induction of early innate responses

against the intracellular pathogen LM in vivo.

EXPERIMENTAL PROCEDURES

Additional details regarding the materials and methods used in this work are

provided in Supplemental Experimental Procedures.

Mice

All animal experiments were performed in compliance with the German animal

protection law (TierSchG BGBl. I S. 1105; 25.05.1998) and approved by the

Lower Saxony Committee on the Ethics of Animal Experiments as well as

the responsible state office (Lower Saxony State Office of Consumer Protec-

tion and Food Safety). Mice were housed and handled in accordance with

good animal practice as defined by FELASA and the national animal welfare

body GV-SOLAS. Mice were bred at the TWINCORE and HZI animal facilities

(Hannover/Braunschweig) under specific pathogen-free conditions. Mst mice

were kindly provided by B. Holzmann (Gais et al., 2012), ItgaxCre mice (Caton

et al., 2007) were provided by B. Reizis, and CD11cCre-GFP mice (Stranges

et al., 2007) were provided by A.V. Chervonsky. All mice were on the

C57Bl/6J background. Transgenic and WT mice from the ItgaxCre breedings

were used as control mice.

To generate mixed BM chimeras, mice were irradiated with 10 Gy. BM cells

were transferred i.v. the next day. Engraftment was assessed prior to experi-

ments 6–8 weeks later in the blood. In WT/Mst BM chimeras, WT cells were

identified by CD45.1 expression. In Mst CD11cCre-GFP/Mst chimeras, trans-

genic DCs were gated as GFP+. DCs were expanded for fluorescence-

activated cell sorting (FACS) experiments by injecting mice s.c. with an

Flt3L-expressing B16 cell line kindly provided by M. O’Keeffe. Splenic DCs

were harvested 12–14 days later. For some experiments, mice were injected

with PBS or 10 nmol CpG-B 1826 (TibMolbio) in PBS i.p., and serum was

collected 2 hr later and stored at �20�C until use.

Bacterial Culture and Infection

For infection studies, the LM 10403s OVA strain (Foulds et al., 2002) and the

LM RFP strain generated on the DP-L4056 background (Waite et al., 2011;

kindly provided by H. Shen or D.A. Portnoy) were used. LM was grown in

Tryptic Soy Broth (TSB; BD Bioscience). For details on the bacterial cultures

and preparation of heat-killed (HK) LM, see Supplemental Experimental Proce-

dures. The following infectious doses (i.v.) of LM OVA were used: 5 3 103 cfu

for survival curves and infection studies (24 and 72 hr); 5 3 104 cfu for

TipDC/DC activation; and 5 3 105 cfu for sorting by FACS. For histology,

mice were infected i.v. with 1 3 106 cfu LM RFP.

To determine the bacterial burden, organs were smashed in 1 ml PBS

(GIBCO) in sterile bags (Nasco) to release intracellular bacteria. Alternatively,
706 Cell Reports 6, 698–708, February 27, 2014 ª2014 The Authors
cells were resuspended in PBS and lysed by adding the same volume of

0.1% Triton X-100 (Sigma) in dH20 followed by 5 s of vortexing. Serial dilutions

of the organ/cell lysates were plated on TSB agar plates (BD Bioscience) con-

taining 50 mg/ml erythromycin (Sigma; for the LM OVA strain) and incubated

at +37�C for 48 hr.

Preparation of Splenocytes

Spleenswere digested using collagenase D andDNase I (both fromRoche) un-

der constant pipetting (room temperature, 20min). Reactions were stopped by

adding 10 mM EDTA for 5 min. Red blood cell lysis (150 mM NH4Cl, 10 mM

KHCO3, 0.1 mM EDTA; pH 7.2–7.4) was performed for 1 min (at room temper-

ature) and stopped by adding 2% fetal calf serum (FCS)/RPMI 1640 Glutamax

(GIBCO). Cells were incubated in 10% FCS, 50 mM b-mercaptoethanol (both

Biochrom) in RPMI1640 Glutamax (GIBCO). Ex vivo DCs were enriched by a

density gradient using Optiprep (Axis Shield) prior to FACS.

DC Cultures and Stimulations

GM-CSF DCs were generated according to a standard protocol (Lutz et al.,

1999) and contained at least 80% of CD11c+ cells on the day of the experi-

ment. GM-CSF DCs (5 3 104) or FACS-sorted splenic cDCs (1 3 105) were

stimulated with either 1 nmol/ml CpG-B 1826 (TIB Molbio), 10 mg/ml

Pam3CSK4 (InvivoGen), a moi 1 of HK C. albicans strain 21:333–340 (heat

inactivation for 1 hr at 96�C) (Barelle et al., 2004), a moi 100 of HK LM WT

EGD, or 1.43 mg/ml g-irradiated M. tuberculosis strain H37Rv (NR-14819;

BEI Resources, NIAID, NIH) in a 96-well round-bottom plate.

The C. albicans strain was kindly provided by C. Reis e Sousa. After 24 hr

(+37�C, 5% CO2), supernatants were collected and analyzed for IL-12p40 or

TNF-a using the DuoSet ELISA kits (R&D) and cells were used for FACS stain-

ing. To assess TipDC/cDC activation, splenocytes were digested (see above)

in the presence of Golgi Plug (BD Bioscience). Prior to FACS staining, 103 106

cells were incubated (4 hr, +37�C, 5% CO2) with or without 107 cfu/ml HK-LM

OVA in the presence of 5 mg/ml gentamicin.

Immunofluorescent Microscopy

Organs were incubated in 30% sucrose in PBS (3–4 hr, +4�C), mounted in OCT

medium (Tissue-Tek), frozen on dry ice, and stored at �80�C. Then 5 mm cry-

osections were cut with a CryostarNX70 cryostat (ThermoScientific). Dried

sections were kept at �80�C until use and fixed with acetone (�20�C,
10 min). For details on the staining, see Supplemental Experimental Proce-

dures. Microscopy was performed on an Axioskop 40FL fluorescence micro-

scope using an AxioCamMRm camera and AxioVision Rel 4.8 software (all

from Zeiss). LM RFP infection in the T cell areas was quantified as the number

of RFP pixels/number of total pixels in the T cell area using ImageJ software

(NIH).

Flow Cytometry

Calcium/magnesium-free PBS (GIBCO) containing 2 mM EDTA/0.5% BSA

was used during the entire staining procedure. For details on the antibodies

used, see Supplemental Experimental Procedures. Serum cytokines were

measured using amultiplex bead assay kit (mouse flowCytomix; eBioscience).

Dead cells were excluded by DAPI (Sigma), the LIVE/DEAD Fixable Aqua Dead

Cell Stain Kit (Invitrogen), or ethidium bromide monoazide (Sigma) staining,

and cellular aggregateswere excluded by side-scatter pulse width. Cytometric

acquisition/analysis was performed using LSRII (BD Bioscience) and FlowJo

software (Treestar).

FACS

The FACS sorting experiments shown in Figure 4 were based on a published

protocol (Neuenhahn et al., 2006). Briefly, spleens from infected mice were

pooled and digested (see ‘‘Preparation of Splenocytes’’ above) in the presence

of 5 mg/ml gentamicin (PAA) to kill extracellular bacteria. B cells were depleted

with anti-B220 or anti-CD19magnetic beads (Miltenyi). For staining and gating

strategy details, see Supplemental Experimental Procedures. Single-cell sus-

pensions were prepared using filter tubes (BD Bioscience). For functional as-

says, DCs were sorted with a 100 mm nozzle (otherwise 70 mm) using the FACS

Aria (BD Bioscience) or XPD (Beckman Coulter) FACS sorters. Cells were

collected in 1 ml FCS. The sorting purities were >95%–98%.



Real-Time PCR

Total RNA was isolated from FACS-sorted cells using the RNeasy kit

(QIAGEN). cDNA was generated using Superscript III reverse transcriptase

in the presence of RNaseOUT Recombinant Ribonuclease Inhibitor (both Invi-

trogen). For the primers used, see Supplemental Experimental Procedures.

Both reactions were run at the Light Cycler 480 II (Roche) using the following

protocol: 10 min at 95�C, 40 cycles of 15 s at 95�C and 1 min at 60�C, and
cooling to 15�C. Melting curves were generated (15 s at 95�C, 15 s at 60�C,
cont. at 95�C) for each sample. Relative Myd88 expression was calculated

as [2�Ct (Myd88) / 2�Ct (b-Actin)].

Statistical Analysis

For survival curves, a log rank test was performed. All other statistical analyses

were performed using one-way ANOVAwith subsequent Newman-Keuls post-

test, the Kruskal-Wallis test followed by Dunn’s posttest, or Student’s t test as

indicated in the figure legends. Analysis was performed using GraphPad Prism

software (*p < 0.05, **p < 0.01, ***p < 0.001).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2014.01.023.
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et al. (2006). CD8alpha+ dendritic cells are required for efficient entry of Listeria

monocytogenes into the spleen. Immunity 25, 619–630.
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