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Abstract
Defense mechanisms against intracellular bacterial pathogens are incompletely understood. Our
study characterizes a type I IFN-dependent cell-autonomous defense pathway directed against
Legionella pneumophila, an intracellular model organism and frequent cause of pneumonia. We
show that macrophages infected with L. pneumophila produced IFNβ in a STING- and IRF3-
dependent manner. Paracrine type I IFNs stimulated up-regulation of IFN-stimulated genes and a
cell-autonomous defense pathway acting on replicating and non-replicating Legionella within their
specialized vacuole. Our infection experiments in mice lacking receptors for type I and/or II IFNs
show that type I IFNs contribute to expression of IFN-stimulated genes and to bacterial clearance
as well as resistance in L. pneumophila pneumonia in addition to type II IFN. Overall, our study
shows that paracrine type I IFNs mediate defense against L. pneumophila, and demonstrates a
protective role of type I IFNs in in vivo infections with intracellular bacteria.
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Introduction
The innate immune system utilizes pattern recognition receptors (PRRs) for sensing
conserved microbial molecules such as bacterial cell wall components or nucleic acids. PRR
activation directly or indirectly stimulates antimicrobial responses that function either cell-
autonomously within infected cells, depend on secretion of antimicrobial molecules, or are
mediated by recruited leukocytes (Ishii et al., 2008;Opitz et al., 2010;Radtke and O'Riordan,
2006).

PRRs include the membrane-bound Toll-like receptors (TLR) as well as the cytosolic Nod-
like receptors (NLR) and retinoic acid-induced gene I (RIG-I)-like receptors (RLR) (Ishii et
al., 2008;Vance et al., 2009). In addition, the existence of a heterogeneous group of
cytosolic DNA sensors is emerging (Ishii et al., 2006;Stetson and Medzhitov, 2006) that
consist of absent in melanoma (AIM)2 (Burckstummer et al., 2009;Fernandes-Alnemri et
al., 2009;Hornung et al., 2009;Roberts et al., 2009), DNA-dependent activator of IFN-
regulatory factors (DAI)/Z-DNA-binding protein (ZBP)1 (Takaoka et al., 2007), RNA
polymerase III/RIG-I (Ablasser et al., 2009;Chiu et al., 2009) and most likely other yet-to-
be-identified molecules.

Some PRRs are capable of activating IRF transcription factors that regulate expression of
type I interferons (IFNα/β). This response is induced by TLR3, 4, 7, and 9, as well as TLR2
in certain cell types, that engage the adapters TRIF and/or MyD88 (Barbalat et al.,
2009;Takeuchi and Akira, 2010), by RIG-I signaling via MAVS (also known as IPS-1,
Cardif and VISA) and STING (also known as MITA), and by MDA5 signaling through
MAVS (Kawai et al., 2005;Meylan et al., 2005;Seth et al., 2005;Xu et al., 2005). Moreover,
most cytosolic DNA sensors activate IFNα/β responses via STING (Ishikawa et al., 2009).
IFNα/β bind to a common IFNα/β receptor (IFNAR) and induce the expression of hundreds
of IFN-stimulated genes (ISGs), several of which have antiviral functions. Moreover, an
increasing number of studies indicate that type I IFNs also regulate host responses to
bacterial infections. Studies showed that type I IFNs are detrimental in infections with
Listeria monocytogenes and Staphylococcus aureus (Auerbuch et al., 2004;Carrero et al.,
2004;Martin et al., 2009;O'Connell et al., 2004), but beneficial in infections with different
other extracellular bacteria (Mancuso et al., 2007).

The Gram-negative bacterium Legionella pneumophila is a frequent cause of the severe
pneumonia Legionnaire`s disease, and a useful model for investigating intracellular innate
immune mechanisms. After phagocytosis by macrophages, intracellular growth of L.
pneumophila requires the Dot/Icm-encoded type IV secretion system (T4SS), which is used
to inject bacterial effector molecules into the host cytosol that orchestrate the creation of a
specialized replication vacuole (Isberg et al., 2009). In permissive cells, this Legionella-
containing vacuole (LCV) escapes fusion with lysosomes and instead recruits secretory
vesicles from the endoplasmic reticulum (ER), mitochondria and ribosomes. Innate immune
defense to L. pneumophila infection depends on the TLRs 2, 5 and 9 (Archer et al.,
2009;Bhan et al., 2008;Hawn et al., 2003;Hawn et al., 2007), the NLRs NAIP5 and NLRC4
(Molofsky et al., 2006;Zamboni et al., 2006), and on type II IFN (IFNγ) (Heath et al.,
1996;Sporri et al., 2006). NAIP5 and NLRC4, for example, detect Legionella flagellin,
leading to caspase-1-dependent pyroptosis as well as IL-1β and IL-18 secretion (Lightfield
et al., 2008;Molofsky et al., 2006;Zamboni et al., 2006), and to enforced trafficking of the
LCV towards the endocytic pathway (Amer et al., 2006;Fortier et al., 2007). IFNγ, which is
mainly produced by natural killer (NK) cells, activates macrophages through the IFNγ
receptor (IFNGR) leading to restriction of intracellular Legionella growth (Heath et al.,
1996;Sporri et al., 2006).
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Besides, we and others previously showed that host cells infected with L. pneumophila
produced type I IFNs (Chiu et al., 2009;Lippmann et al., 2008;Monroe et al., 2009;Opitz et
al., 2006;Stetson and Medzhitov, 2006). In the present study, we further examined this
signalling pathway and demonstrate that the type I IFN production activates an intracellular
defense pathway that contributes to bacterial restriction in vitro and in vivo.

Results
L. pneumophila-infected cells produced IFNβ depending on the bacterial T4SS, bacterial
uptake, recognition of bacterial DNA, and on the host cell molecules STING and IRF3

First we examined the expression of IFNβ in Legionella-infected macrophages. L.
pneumophila infection led to robust expression of IFNβ mRNA (Fig. 1A). A bacterial
mutant defective in the dotA gene, which encodes an essential component of the T4SS, and
thus does not translocate any Dot/Icm substrates, was unable to activate IFNβ expression.
An icmS mutant, which has a functional T4SS but fails to translocate a subset of bacterial
effector proteins, was capable of inducing type I IFN expression. Flagellin-negative and
replication-deficient thymidine auxotroph mutants induced strong IFNβ responses.

IFNβ expression was dependent on uptake of viable bacteria, as treatment of cells prior to
infection with cytochalasin D or heat-inactivation of bacteria blocked IFNβ production (Fig.
1B). Bafilomycin A and chymostatin, substances that interfere with endosomal acidification
or lysosomal proteinases, respectively, led to reduced but not blunted IFNβ expression.
Recent studies have suggested that sensing of bacterial DNA and/or RNA by cytosolic PRRs
activate the pathway leading to type I IFN production in L. pneumophila-infected cells (Chiu
et al., 2009;Monroe et al., 2009;Stetson and Medzhitov, 2006), although experimental
proofs for both hypotheses are incomplete, and many of the molecular mechanisms
underlying this pathway remain unclear. We found that treatment of bacterial extracts with
DNase I, but not with RNase A, RNase H or Proteinase K, reduced their capability to induce
IFNβ expression when delivered into BMMs (Fig. 1C and Fig. S1). Moreover, transfection
of Legionella DNA into BMMs led to IFNβ production (see below, Fig. 1I, Fig. S2I).

We next investigated which host cell proteins were involved in IFNβ production in L.
pneumophila-infected cells. In accordance with earlier studies (Opitz et al., 2006;Stetson
and Medzhitov, 2006), we found that IFNβ expression in L. pneumophila-infected BMMs
depended on transcription factor IRF3 (Fig. 1D). The type I IFN response was not inhibited
by a lack of TLRs 2, 3, 4, 7, and 9 or NOD2 expression (Fig. S2A, Fig. S2B). We did not
observe a contribution of MAVS to the IFNβ response in BMMs infected with different
strains of L. pneumophila wt, L. pneumophila thy or ΔflaA at different MOIs, time intervals
and infection conditions, such as bacterial growth phases (Fig. 1E, Fig. S2C-G), whereas
intracellular delivery of the MDA5 ligand polyI:C induced a MAVS-dependent IFNβ
response (Fig. S2H). Moreover, BMMs deficient for RIG-I or MDA5 were capable of
producing IFNβ after Legionella infection (data not shown). In contrast, knock-down of
STING partially reduced the type I IFN response in Legionella-infected cells (Fig. 1F, H).
siRNA-mediated knock-down of DAI did not decrease IFNβ response upon confrontation
with the bacteria (Fig. 1G, H). Moreover, concomitant knock-out/knock-down of STING
and MAVS or of DAI and MAVS did not lead to additional effects on the Legionella-
activated IFNβ response as compared to the single knock-outs/knock-downs alone (Fig. 2H).
Moreover, STING, but not MAVS, was involved in the IFNβ response induced by
intracellular transfection of L. pneumophila DNA or poly(dA-dT) into BMMs (Fig. 1I, Fig.
S2I-K). Collectively, our data suggest that the IFNβ response to L. pneumophila depends on
the uptake of viable bacteria, phagosomal function, bacterial T4SS, detection of microbial
DNA, and the host cell molecules STING as well as IRF3.
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Type I IFNs activate a cell-autonomous resistance pathway against L. pneumophila that is
independent of flagellin recognition by NAIP5/NLRC4 and of IFNγ

Next, we examined the effect of type I IFNs on L. pneumophila growth. We found that
growth of wt L. pneumophila was rapidly terminated in C57BL/6 (B6) BMMs, whereas
these bacteria showed substantial replication in B6 IRF3-/- BMMs (Fig. 2A). Flagellin-
deficient L. pneumophila, which evades NAIP5/NLRC4-mediated cell-autonomous
resistance, replicated intracellularly to high numbers in wt BMMs, and their replication was
further enhanced in IRF3-/- BMMs. In contrast, intracellular replication of wt and ΔflaA
were identical in B6 wt and MAVS-deficient cells (Fig. S3A). BMMs lacking IFNAR were
permissive for wt L. pneumophila, and replication of the flagellin-deficient mutant was
enhanced as compared to their replication in B6 wt BMMs (Fig. 2B). Replication of ΔflaA
was dose-dependently inhibited by exogenous IFNβ in B6 wt, but not IFNAR-/- cells (Fig.
2C). We did not observe enhanced bacterial growth in BMMs lacking IFNGR (Fig. S3B),
and IFNβ treatment inhibited L. pneumophila replication in IFNGR-/- BMMs as effectively
as in B6 wt BMMs (Fig. S3C). These data indicate that IRF3-regulated production of type I
IFNs as well as exogenous IFNβ treatment activate an intracellular resistance pathway
against L. pneumophila that is dependent on IFNAR but independent of flagellin recognition
by NAIP5/NLRC4 and of IFNγ.

The type I IFN-mediated resistance pathway inhibits L. pneumophila in their replication
vacuoles after establishment of the specialized vacuole

For further elucidation of the mechanism underlying the type I IFN-mediated cell-
autonomous resistance pathway against L. pneumophila, we quantified bacteria by counting
them in single vacuoles. We found higher numbers of L. pneumophila Δfla per replication
vacuole at 10 hrs p.i. as compared to 4 hrs p.i., whereas wt bacteria did not replicate in their
vacuoles in B6 wt macrophages (Fig. 3A, B). Importantly, L. pneumophila wt and ΔflaA
vacuole loads were increased in IFNAR-/- as compared to B6 wt BMMs. IFNβ treatment of
wt BMMs significantly affected numbers of L. pneumophila ΔflaA per replication vacuole.
Next, we asked whether the effect of type I IFNs on bacterial numbers in replication
vacuoles was due to a failure to remodel the LCV into an ER-derived organelle or enforced
fusion of the LCV with lysosomes. We thus isolated LCVs from B6 wt and IFNAR-/-
BMMs treated or not treated with IFNβ and assessed recruitment of the ER marker Calnexin
or the endolysosomal marker Lamp-1. As expected, most Legionella ΔdotA vacuoles were
Calnexin-negative, but stained positive for Lamp-1, whereas vacuoles containing wt or
ΔflaA bacteria were mostly positive for Calnexin and negative for Lamp-1 (Fig. 3C, D). We
did found, however, no effect of type I IFNs on either ER recruitment or lysosomal fusion to
the LCV. Moreover, we did not find any evidence for involvement of caspase-1-dependent
cell death (pyroptosis), apoptosis, autophagy, reactive nitrogen or oxygen species, iron
deprivation and tryptophan depletion (e.g. by indolamine 2,3-dioxygenase (IDO)) in type I
IFN-mediated bacterial restriction (Fig. S4 and data not shown). Overall, the type I IFN-
mediated intracellular defense appears to influence bacterial numbers in their vacuoles
without influencing vacuole formation itself or involvement of several antimicrobial
mechanisms known to affect intracellular bacteria.

The type I IFN-dependent cell-autonomous resistance against L. pneumophila acts on
replicating and non-replicating bacteria, and is partly dependent on Irgm1

Given that intracellular L. pneumophila replication was inhibited by type I IFNs, we next
investigated whether type I IFNs affected bacterial viability by examining recovery of non-
replicating bacteria. Reduced numbers of the non-replicating thy mutant were recovered
from IFNβ-treated BMMs compared to untreated cells (Fig. 4A), suggesting that type I IFN-
mediated resistance inhibits non-replicating as well as replicating L. pneumophila.
Consequently, we examined expression of various potentially antimicrobial ISGs in B6 wt
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and IFNAR-/- BMMs infected with L. pneumophila. mRNA of the immunity-related
GTPases (IRGs) Irgm1, Irgm3, and Irgd, but not of Irga6 were IFNAR-dependently up-
regulated upon Legionella infection (Fig. 4B and data not shown). Moreover, we found
IFNAR-dependent up-regulation of the ubiquitin-like protein ISG15, which is known to
mediate antiviral defence (data not shown). Since Irgm1 is known to mediate IFNγ-induced
resistance to a broad range intracellular pathogens by targeting and disrupting pathogen-
containing vacuoles (Howard, 2008), we performed replication assays in BMMs lacking
Irgm1. As depicted in Fig. 4C, inhibition of bacterial replication by IFNβ (and IFNγ, which
was used as a control) was strongly impaired in Irgm1-/- BMMs. Moreover, replication of L.
pneumophila ΔflaA was slightly enhanced (approximately four-fold) in untreated Irgm1-
deficient cells 72 hrs p.i. compared to wt BMMs. We did not, however, observe a clear-cut
effect of Irgm1 on the replication of wt bacteria over a time period of 72 hrs (data not
shown). When examining L. pneumophila infection after 10 hrs, we found more wt and
ΔflaA L. pneumophila residing in each vacuole (Fig. 4D) and cell (Fig. 4E) in Irgm1-/-
compared to wt BMMs. IFNβ treatment was less effective in reducing bacterial numbers in
Irgm1-/- BMMs (Fig. 4E). Collectively, these data suggest that the type I IFN-mediated cell-
autonomous defense against L. pneumophila is partly dependent on the antimicrobial effects
of Irgm1 and most likely other ISGs.

Expression of ISGs in L. pneumophila infection in vivo
Next, we investigated the expression of IFNβ as well as of the ISGs Irgm1, Irga6 and ISG15
in L. pneumophila lung infection. Wt, IFNAR-/-, IFNGR-/- and IFNAR/IFNGR-/- mice
were infected with bacteria lacking flagellin in order to circumvent NAIP5/NLRC4-
mediated resistance. Expressions of IFNβ and Irgm1, Irga6 and ISG15 were up-regulated in
L. pneumophila Δfla-infected lungs (Fig. 5-D). Expression of Irgm1 in lungs of L.
pneumophila-infected mice was dependent on both IFNGR and IFNAR (Fig. 5B). In
contrast, Irga6 expression was solely dependent the type II IFN, and ISG15 mRNA levels
were dependent on type I IFNs only (Fig. 5C, D). Thus, both type I and type II IFNs
cooperatively affect expression of molecules that may fulfil antibacterial tasks.

Role of type I IFNs in L. pneumophila infection in vivo
Finally, we investigated the role of type I IFN alone and in cooperation with type II IFN in
L. pneumophila lung infection. In wt and IFNAR-/- mice, pulmonary bacterial burden
decreased from day 2 till 6 p.i. (Fig. 6A), and no systemic bacterial dissemination into the
spleen was observed (Fig. 6B). IFNGR-/- mice displayed a higher pulmonary bacterial
burden compared to wt mice and in one out of four mice bacteria were recovered from the
spleen. Notably, bacterial burden in lung and spleen of mice deficient in both IFNAR and
IFNGR were further enhanced compared to IFNGR-/- mice at day 6 p.i. IFNAR/IFNGR-/-
mice were unable to suppress replication and systemic dissemination of L. pneumophila
Δfla. A significant weight loss on day 6, displaying a still active course of the disease, was
measured in IFNAR/IFNGR-/- mice exclusively (Fig. 6C). In the lungs of wt, IFNAR-/- and
IFNGR-/- mice, infection with L. pneumophila led to the recruitment of neutrophils until day
2 p.i. In the following neutrophils declined from day 2 p.i. until day 6 p.i. almost reaching
basal levels. In contrast the percentage of neutrophil in lungs of IFNAR/IFNGR-/- mice
further increased over the time period examined (Fig. 6D). Pulmonary neutrophil
recruitment was paralleled by an elevated fraction of neutrophils in the circulation of mice
(Fig. 6E). In summary, both type I and II IFNs have protective roles in L. pneumophila lung
infections.
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Discussion
Here we characterized a defense mechanism against L. pneumophila that involves cytosolic
recognition of the bacteria, autocrine production of type I IFNs, up-regulation of
antimicrobial ISGs, and inhibition of the bacteria within their specialized vacuoles (Fig. 7).
The type I IFN-mediated defense contributes to antibacterial clearance in L. pneumophila
pneumonia in addition to type II IFN.

Our results showing IFNβ production after transfection of Legionella DNA, and reduced
IFNβ-stimulatory activities of bacterial extracts after DNase treatment are in agreement with
recent studies that suggested that DNA is the major bacterial ligand that triggers the type I
IFN response to different bacterial infections (Charrel-Dennis et al., 2008;Chiu et al.,
2009;Leber et al., 2008;Stetson and Medzhitov, 2006). During infection, Legionella DNA
may be translocated via the Dot/Icm-encoded T4SS into the host cell cytosol, as has been
previously proposed (Segal et al., 1998;Vogel et al., 1998). This leakage of bacterial DNA
appears to be intact in the icmS mutant, which has a functional T4SS but fails to translocate
a subset of bacterial effector proteins. In fact, macrophages infected with Δicms bacteria
showed an slightly enhanced I IFN production, which might be related to a defect in
translocating antagonistic effector proteins or to the rapid fusion of Δicms bacteria-
containing vacuoles with lysosomes (Coers et al., 2000) possibly leading to enhanced
release of bacterial nucleic acids. Similar to one study examining L. pneumophila infection
(Monroe et al., 2009), we also observed IFNβ production after transfection of Legionella
RNA (unpublished data). Our experiments using different nucleases, however, suggested
that bacterial DNA rather than RNA may be the major bacterial component involved in
stimulating IFNβ production in response to L. pneumophila, although sensing of additional
Legionella molecules such as cyclic diGMP might also play a role (Sauer et al., 2011).

We observe that L. pneumophila-infected cells produced IFNβ in a partially STING- and
IRF3-dependent manner, but independent of MAVS. Moreover, concomitant knockout/
knock-down of MAVS and DAI did not impair L. pneumophila-induced IFNβ production.
These results, along with recent studies (Chiu et al., 2009;Wang et al., 2008), indicate the
existence of at least three redundant cytosolic DNA-sensing pathways comprising of (i)
DAI, (ii) RNA-polymerase III, RIG-I and MAVS, and (iii) one or more pathway(s) yet-to-
be-identified. Postulation of the latter explains IFNβ induction in L. pneumophila-infected
BMMs, which appears to involve the adapter molecule STING. STING, however, might
also be involved in sensing of additional bacterial molecules such as cyclic dinucleotides,
which are also known to trigger type I IFN responses (Sauer et al., 2011). Our data oppose
own and other previous studies performed on human lung epithelial cells and murine
macrophages that indicated a contribution of the MAVS-dependent pathway in IFNβ
responses to L. pneumophila infection (Chiu et al., 2009;Monroe et al., 2009;Opitz et al.,
2006). Respective differences of human and murine cells might underlie differential
expression/function of DNA-sensing proteins in diverse cells as has been indicated before
(Chiu et al., 2009;Wang et al., 2008). It appears more difficult to explain the discrepancies
between our and previous studies in respect to MAVS involvement in mouse BMMs. As we
have tested all different infection conditions (MOI, time interval, bacterial growth phase) as
well as bacterial strains used in the previous papers (Chiu et al., 2009;Monroe et al., 2009),
differences in these parameters do unlikely account for the different results. We think that
varying conditions of BMM culture or different sources of the knockout mice (mice from
Chen group vs. mice from Tschopp group) might lead to partly opposing results.

Here we show that resistance against L. pneumophila infection in macrophages in vitro
relies on flagellin recognition by NAIP5/NLRC4 and on the type I IFNs which is in line
with own and others previous findings (Coers et al., 2007;Opitz et al., 2006;Plumlee et al.,
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2009;Schiavoni et al., 2004). Whereas activity of both pathways efficiently suppresses
bacterial replication, functional defects in either pathway allow for substantial growth of L.
pneumophila. Uncontrolled bacterial multiplication was observed in IRF3- or IFNAR-
deficient cells infected with a L. pneumophila ΔflaA mutant that evades NAIP5/NLRC4. Our
results further indicate that the type I IFN-mediated resistance pathway affects bacterial
numbers in replication vacuoles by activating bacterial killing rather than affecting the
replication of L. pneumophila. This pathway most likely involves Irgm1 and other genes that
are type I IFN-dependently up-regulated in L. pneumophila-infected cells. We speculate that
Irgm1, together with other IRG proteins, might inhibit Legionella by deforming and/or
disrupting their vacuole, as it has been indicated for other intracellular pathogens (Howard,
2008). Considering that type I IFNs are produced after infection with basically all
intracellular bacteria tested so far, and that some of the up-regulated ISGs possess
antimicrobial activity against a broad range of bacteria, it is reasonable to assume that a
similar type I IFN-mediated intracellular defense pathway might also be functional in some
other bacterial infections (Buss et al., 2010).

Intracellular host defense to L. pneumophila infection in vivo has been known to rely on type
II IFN and NAIP5/NLRC4 (Heath et al., 1996;Molofsky et al., 2006;Sporri et al.,
2006;Zamboni et al., 2006). Our experiments indicate that host innate immunity additionally
involves type I IFNs for bacterial clearance and control of disease. Type I IFNs have been
associated with antiviral immunity for several decades. Only recently have they been
additionally attributed to bacterial infections. In infections with bacteria, they appear to
positively or negatively regulate different host defense pathways including cell death
(Carrero et al., 2004;O'Connell et al., 2004;Stockinger et al., 2002), inflammasome
activation (Henry et al., 2007), chemokine production and leukocyte recruitment
(Shahangian et al., 2009;Watanabe et al., 2010), IL-17A secretion by γδ T cells (Henry et
al., 2010), and type II IFN signalling (Rayamajhi et al., 2010). The individual role of each of
the type I IFN-regulated cell-autonomous and non-cell-autonomous immune mechanisms
might determine whether the overall function of the type I IFNs is detrimental or beneficial
for the host in the bacterial infection examined (Auerbuch et al., 2004;Mancuso et al.,
2007;Martin et al., 2009;O'Connell et al., 2004).

In conclusion, this study demonstrates a protective role of type I IFNs in infections with
intracellular bacteria.

Experimental procedures
Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the Committee of animal welfare commissioners
in Berlin, Germany. The protocol was approved by the Committee on the Ethics of Animal
Experiments of the Charité-Universitätsmedizin Berlin and the governmental institutions
(Permit Number: G0446/08). All efforts were made to minimize suffering.

Bacterial strains and reagents
L. pneumophila serogroup 1 strains (Lp01), the isogenic mutant strains (Lp01 ΔflaA, ΔdotA
and ΔicmS), or Lp02, a thymidine auxotroph Lp01 derivative (thy), with or without 10 μg/ml
thymidine, were used for in vitro infections. Mice were infected with JR32 ΔflaA. Bacteria
were cultured on buffered charcoal-yeast extract (BCYE) agar for 2 days at 37°C before use.
GFP-expressing bacteria were selected with 6.25 μg/ml chloramphenicol and GFP
expression was induced by 0.1-0.2 mM IPTG. Bacterial extracts were prepared as described
previously (Charrel-Dennis et al., 2008;Stetson and Medzhitov, 2006) and treated either
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with DNase I (100 U/ml, Sigma), RNase A (100 μg/ml, Sigma), RNaseH (100 μg/ml,
Ambion) for 45 min at 37°C or Proteinase K (108 μAU/ml, Calbiochem) for 45 min at 54°C,
or left untreated. DNA and RNA from L. pneumophila were purified using the DNA
preparation kit (Qiagen) or RNA isolation kit (Macherey&Nagel), respectively.

Bone marrow-derived macrophages
Bone marrow-derived macrophages (BMMs) were prepared from femurs and tibiae of wild-
type, Cardif-/- (Michallet et al., 2008) (MAVS-/-), IRF3-/- (Sato et al., 2000), NOD2-/-
(Kobayashi et al., 2005), TLR2,3,4,7,9-/- (Conrad et al., 2009), IFNAR-/- (Stetson and
Medzhitov, 2006), IFNGR-/- (Muller et al., 1994), Irgm1-/- (Collazo et al., 2001) that were
all on a C57BL/6 background (B6).

Macrophage transfection, infection and stimulation
BMMs were transfected with siRNA (Ambion) targeting STING (pool of sequence a and b;
a: sense GGAUCCGAAUGUUCAAUCAtt, antisense UGAUUGAACAUUCGGAUCCgg
and b: sense GGUCCUCUAUAAGUCCCUAtt, antisense
UAGGGACUUAUAGAGGACCag) or DAI (sense GGAGCUCAGUACAUCUACAtt, antisense
UGUAGAUGUACUGAGCUCCgt) using HiPerfect (Qiagen). BMMs were infected with L. pneumophila wt
or ΔflaA at indicated MOIs, spun at 200 × g for 5 min and incubated for indicated time
intervals. Where indicated, cells were incubated either with bafilomycin A (200 nM),
chymostatin (100 μM) or cytochalasin D (2 μM) 30 min prior and during infection. Bacterial
or synthetic nucleic acids and bacterial lysates were transfected into cells using
Lipofectamine 2000 (Invitrogen) and incubated for 4 hrs at 37°C. For intracellular
replication assays, BMMs were infected with L. pneumophila at a MOI of 0.1 or 10 as
stated, centrifuged at 200 × g for 5 min and incubated at 37°C for 30 min. Cells were
washed with PBS and were further incubated with RPMI containing 50 μg/ml gentamicin
for 1 h in order to kill extracellular bacteria. Subsequently, cells were washed with PBS and
incubated in BMM culture medium for different time intervals and/or were lysed with sterile
water. Serial dilutions were plated on BCYE agar for 3 d at 37°C to determine bacterial
CFU.

In vivo infection
Wildtype B6 mice were purchased from Jackson Laboratories. WT 129Sv, IFNAR-/- 129Sv
(Muller et al., 1994), and IFNGR-/- B6 mice (Muller et al., 1994) were provided by Uwe
Klemm (MPI-IB, Berlin, Germany). IFNAR/IFNGR-/- double-knockout mice were
generated by breeding IFNAR-/- with IFNGR-/- and the genotypes were determined by PCR
from DNA prepared from tail biopsies. All procedures were approved by institutional and
governmental authorities. Although the mice strains used were on different backgrounds, we
found that bacterial growth, course of bodyweight and pulmonary neutrophil recruitment
were not different between B6 and 129Sv infected with ΔflaA (Fig. S5). Anaesthetized mice
were intranasally infected with 1×106 ΔflaA in 40μl PBS (Archer et al., 2009). Control mice
received 40μl PBS intranasally and were sacrificed two days after instillation. On day 2, 4 or
6 p.i., mice were anaesthetized, tracheotomized, ventilated, and blood was drawn from the
vena cava inferior. After exsanguination the lung was flushed with sterile 0.9% NaCl via the
pulmonary artery before lung and spleen were removed. Organs were homogenized using a
cell-strainer (100μM, BD Bioscience). For determination of bacterial counts, the
homogenates were lysed with 0.2% Triton-X100 and serial dilutions were plated on BCYE
agar plates. mRNA from lung homogenates was prepared as described below. Pulmonary
leukocytes were differentiated manually by light microscopy of May-Grünwald-Giemsa-
stained cytospin preparations from lung homogenate prior to lysis. Leukocytes in the blood
were analysed by flow cytometry (FACScalibur, BD Bioscience) according to their side-
scatter/forward-scatter properties and CD45 and Gr-1 expression (BD Bioscience).
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Immunofluorescence assay
To count replicating bacteria inside replication vacuoles (RV), BMMs were seeded onto
glass coverslips and infected at a MOI of 20. At 4 and 10 hrs p.i., cells were washed with
PBS and fixed with 3% PFA in PBS. Cells were permeabilized with 1% Triton X-100 in
PBS/BSA and blocked with 5% goat serum followed by exposure to a Legionella-specific
antibody and subsequent incubation with an Alexa Fluor 488-conjugated goat anti-mouse
IgG. F-actin was stained with phalloidin Alexa Fluor 546. Coverslips were mounted on
slides using PermaFluor and examined under a LSM5 Pascal fluorescence microscope or an
inverted spinning disc confocal microscope (Zeiss A1m) with an Andor EMCCD iXon
+DV885 camera. Z-stacks were taken with a 63x objective in 200 nm plane distance. Images
were processed by Z-stack projection using ImageJ.

LCV isolation assay
For isolation of LCV, BMMs were seeded and infected with GFP-encoding L. pneumophila
at a MOI of 20. At indicated time points cells were scraped in cold PBS, spun for 5 min at
200 × g and cell pellets were resuspended in protease inhibitor cocktail-containing buffer
(20 mM HEPES/KOH, pH 7.2; 250 mM sucrose, 0.5 mM EGTA, pH 8) and lysed in a ball
bearing homogenizer with 15-20 passages. After centrifugation at 1500 rpm for 3 min, post-
nuclear supernatants (PNS) were diluted in homogenization buffer and subsequently spun
onto 0.01% poly-L-lysine coated coverslips at 150 × g for 5 min at 4°C. PNS were fixed
with PLP-sucrose fixative reagent (75 mM lysine, 30 mM NaPO4 pH 7.4, 3.4% sucrose, 2.5
mg/ml Naperiodate, 4% PFA) and subsequently washed with PBS and stained for Lamp-1 or
Calnexin in 0.1% saponine/2% BSA.

RNA preparation and quantitative RT-PCR
Total RNA was isolated from BMMs or lung homogenates using RNeasy Mini kit (Qiagen)
and reverse-transcribed using high capacity reverse transcription kit (Applied Biosystems).
Quantitative PCR (Q-PCR) was performed on an ABI 7300 instrument using TaqMan gene
expression assays (Applied Biosystems). The input was normalized to the average
expression of GAPDH and relative expression of the respective gene in untreated cells or
PBS-treated mice was set as 1.

Immunoblotting
For immunoblotting cells were lysed in SDS- and 1% NP40-containing lysis buffer, cleared
extracts were separated by SDS-PAGE and SDS-gels were blotted onto Hybond
nitrocellulose membranes. Antibodies against LC3 (nanoTools) and actin were used.

Statistics
Results were statistically evaluated using Student's t-test or Whitney U-test and data are
expressed as means +/- SD. p values < 0.001 are indicated by three asterisks (***), p values
< 0.01 by two asterisks (**), p values < 0.05 by one asterisk (*).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Role of bacterial and host cell factors in stimulation of IFNβ expression in L.
pneumophila-infected cells
(A) B6 BMMs were infected with L. pneumophila wt, mutants deficient for flaA, dotA and
icmS or the thy mutant at a MOI of 25 for indicated time intervals. (B) B6 BMMs were
treated with either bafilomycin A (Baf), chymostatin (Chy) or cytochalasin D (Cyt) or were
left untreated and stimulated with viableor heat-killed (HK) L.p. wt for 4 hrs. (C) BMMs
were transfected for 4 hrs with bacterial extracts that were either left untreated or were
incubated with DNase I, RNase A, RNase H, DNase and RNases (D+R) or Proteinase K. (D,
E) Wt BMMs and respective knockout BMMs were infected with L. pneumophila wt and/or
ΔflaA (flaA) at a MOI of 25 for 4 hrs. (F-H) Wt or MAVS-/- BMMs were transfected with
control siRNA (C) or siRNA against STING or DAI. After 48 hrs cells were infected with L.
pneumophila for 4 hrs. (I) BMMs from wt and MAVS-/- mice were transfected with control
siRNA (C) or siRNA against STING. After 48 hrs, cells were additionally transfected with
Legionella DNA. Relative expression of IFNβ mRNA (A-E, H, I), STING (F) and DAI (G)
was determined by quantitative RT-PCR. IFNβ mRNA values of untreated cells were set as
1. Data shown are representatives of at least three independent experiments carried out in
triplicates. Unless indicated, statistics refer to the wt at the respective time point (A), to the
untreated control (B) or to the untreated, transfected control (C) (*p<0.05; **p<0.01;
***p<0.001; relative to # no bacteria detected).
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Figure 2. Type I IFNs activate a cell-autonomous defense independently of NAIP5/NLRC4-
mediated recognition of flagellin and of IFNγ
(A-C) Intracellular growth of L.p. wt or ΔflaA in BMMs from wt (B6) and IRF3-/- (A), and
IFNAR-/- (B, C) mice was monitored over 72 hrs by determining CFU per well at the
indicated time points. BMMs were infected with L. pneumophila at a MOI of 0.1. Where
indicated, cells were treated with 5 or 50 U/ml IFNβ 18 hrs prior and during the course of
infection or were left untreated. Data shown are representatives of at least three independent
experiments carried out in triplicates. (*p<0.05, **p<0.01, ***p<0.001, no indication if not
significant)
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Figure 3. Type I IFN affects bacterial numbers after establishment of the specialized Legionella-
containing vacuole
(A,B) BMMs from B6 wt or IFNAR-/- mice were infected with L.p. wt or ΔflaA for 4 and 10
hrs and treated with IFNβ where indicated. (A) The percentage of vacuoles containing 1, 2-5
or more than 6 bacteria was determined from three individually performed experiments
carried out in duplicates (*p<0.05, **p<0.01, no indication if not significant). (B)
Representative images of Z-stack projections of macrophages infected with L.p. ΔflaA for 10
hrs are depicted. Zoom demonstrates individual vacuoles containing 1, 2-5 or more than 6
bacteria that were counted and classified. Scale bars correspond to 10 μm. (C, D) LCVs
were isolated from untreated or IFNβ-stimulated wt (B6) or IFNAR-/- BMMs that were
infected with GFP-expressing L.p. wt, ΔflaA or ΔdotA. LCVs were stained with antibodies
against Calnexin or Lamp-1, respectively, and visualized by fluorescence microscopy.
Results shown in (C) comprise data from three (Calnexin) and two (Lamp-1) individually
performed experiments. Scale bars correspond to 5 μm (D).

Lippmann et al. Page 16

Cell Microbiol. Author manuscript; available in PMC 2012 November 1.



Figure 4. The type I IFN-dependent resistance pathway inhibits replicating and non-replicating
L. pneumophila, and is partly dependent on Irgm1
(A) BMMs were treated with 100 U/ml IFNβ as indicated, infected with L.p. thy ΔflaA in the
presence or absence of supplemented thymidin, and intracellular bacterial numbers were
determined 10 hrs p.i.. Data shown are representative of three independent experiments
carried out in triplicates. (B) B6 and IFNAR-/- BMMs were stimulated with IFNγ or
infected with L.p. wt for 24 hrs. Relative Irgm1 mRNA levels were quantified by Q-PCR.
(C) BMMs from wt and Irgm1-/- mice were treated with IFNβ or IFNγ prior and during
infection as indicated, and infected with L.p. ΔflaA. Bacterial replication was monitored over
72 hrs by determining CFU per well at the indicated time points. Data shown are
representatives of four independent experiments carried out in triplicates. (D) BMMs from
B6 and Irgm1-/- mice were treated with IFNβ as indicated prior and during infection,
infected with L.p. wt or ΔflaA for 10 hrs, and the percentage of vacuoles containing 1, 2-5 or
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more than 6 bacteria was determined. Results shown comprise data from at least three
individually performed experiments carried out in duplicates. (E) BMMs from B6 and
Irgm1-/- mice were treated with IFNβ or IFNγ as indicated, and infected with L.p. wt or
ΔflaA for 10 hrs. Bacteria were stained with an anti-Legionella-LPS antibody (green) and
actin with phalloidin (red), visualization was done by fluorescence microscopy with an 63x
objective. Inlets depict zoom of individual vacuoles. (*p<0.05, **p<0.01, ***p<0.001, no
indication if not significant)
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Figure 5. Expression of IFNβ and ISGs in L. pneumophila lung infection
Wt, IFNAR-/-, IFNGR-/- and IFNAR/IFNGR-/- mice were intranasally infected with L.p.
ΔflaA (1×106 bacteria/mouse) or received PBS instillation respectively. Mice were sacrificed
on day 2, 4 or 6 post infection or 2 days after PBS instillation, and IFNβ (A), Irgm1 (B),
Irga6 (C) and ISG15 (D) mRNA expression levels in lungs of infected mice were
determined by quantitative RT-PCR relative to PBS-treated mice that were set as 1 (not
shown) (n=4). (*p<0.05, **p<0.01, ***p<0.001, no indication if not significant)
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Figure 6. Protective role of type I IFNs in L. pneumophila lung infection
Wt, IFNAR-/-, IFNGR-/- and IFNAR/IFNGR-/- mice were intranasally infected with L.p.
ΔflaA (1×106 bacteria/mouse) or received PBS instillation, respectively. Mice were
sacrificed on day 2, 4 or 6 post infection or 2 days after PBS instillation, and bacterial loads
in the lung (A) and spleen (B) were quantified. Gain/Loss of bodyweight post infection was
determined at day 6 (C). Neutrophils in the lung (D) and in the blood (E) were determined at
day 2, 4 and 6 post infection and 2 days after PBS instillation. (n=4; *p<0,05; # no bacteria
detected).
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Figure 7.
Overview of the type I IFN-mediated cell-autonomous resistance pathway that controls L.
pneumophila infection together with NAIP5/NLRC4 in vitro and together with NAIP5/
NLRC4 and the type II IFN IFNγ in vivo.
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