Mast cells elicit proinﬂammatory but not type I
interferon responses upon activation of TLRs
by bacteria
Nicole Dietricha, Manfred Rohdeb, Robert Geffersc, Andrea Krögerd, Hansjörg Hauserd, Siegfried Weissa,
and Nelson O. Gekaraa,1,2
Departments of aMolecular Immunology, bMicrobial Pathogenesis, cCell Biology, and dGene Regulation and Differentiation, Helmholtz-Centre for Infection
Research, 38124 Braunschweig, Germany
Edited by Shizuo Akira, Osaka University, Osaka, Japan, and approved April 6, 2010 (received for review October 30, 2009)

Balanced induction of proinﬂammatory and type I IFN responses
upon activation of Toll-like receptors (TLRs) determines the outcome of microbial infections and the pathogenesis of autoimmune
and other inﬂammatory diseases. Mast cells, key components of
the innate immune system, are known for their debilitating role in
allergy and autoimmunity. However, their role in antimicrobial
host defenses is being acknowledged increasingly. How mast cells
interact with microbes and the nature of responses triggered
thereby is not well characterized. Here we show that in response
to TLR activation by Gram-positive and -negative bacteria or their
components, mast cells elicit proinﬂammatory but not type I IFN
responses. We demonstrate that in mast cells, bound bacteria and
TLR ligands remain trapped at the cell surface and do not undergo
internalization, a prerequisite for type I IFN induction. Such cells,
however, can elicit type I IFNs in response to vesicular stomatitis
virus which accesses the cytosolic retinoic acid-inducible gene I
receptor. Although important for antiviral immunity, a strong I IFN
response is known to contribute to pathogenesis of several
bacterial pathogens such as Listeria monocytogenes. Interestingly,
we observed that the mast cell-dependent neutrophil mobilization
upon L. monocytogenes infection is highly impaired by IFN-β. Thus,
the fact that mast cells, although endowed with the capacity to
elicit type I IFNs in response to viral infection, elicit only proinﬂammatory responses upon bacterial infection shows that mast cells,
key effector cells of the innate immune system, are well adjusted
for optimal antibacterial and antiviral responses.
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attern-recognition receptors (PRR) such as Toll-like receptors (TLRs) are key to innate immune detection and response against foreign agents and in induction of tissue injury.
PRRs sense microbial-associated or damage-associated molecular patterns released by stressed or dying host cells (1–3). Activation of TLRs results in the production of a large set of NFκB–dependent proinﬂammatory cytokines and type I IFNs induced via IFN regulatory factors (1, 4). Type I IFNs represent
a large family of proteins composed of IFN-α, -β, -ω, -ε, and -κ.
All signal through a common type I IFN receptor (IFNAR) and
activate a large set of IFN-stimulated genes which mediate antiviral responses and exert a broad range of immunomodulatory
effects that inﬂuence the outcome of nonviral infections as well
as the pathology of inﬂammatory diseases and cancer (2).
Although principally meant to protect the host, production of
proinﬂammatory cytokines and type I IFNs, when excessive or
dysregulated, can cause toxicity, leucopenia, and autoimmunity
and even can render the host more susceptible to certain infections. A strong proinﬂammatory response generally is associated
with the rapid resolution of bacterial infection; however,
depending on the bacterial pathogen and the experimental system
used (e.g., in vitro versus in vivo), type I IFNs can play a protective
role (5–9) or can enhance host susceptibility to bacterial infection
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(10–14). Furthermore, type I IFN signaling has been identiﬁed as
one of the key pathologic events promoting bacteria-associated
inﬂammatory disorders such as sepsis (15). The biological explanation for the ability of type I IFNs to mediate opposing immunological consequences is not clear. Different bacterial pathogens
target different pathways leading to type I IFN responses of variable strength. Arguably, the broad spectrum of host responses
variably triggered by type I IFNs might be dependent on the
strength of type I IFN signaling. Therefore, whether type I IFN
signaling serves a beneﬁcial or injurious function could well come
down to the strength of type I IFN response elicited. For example,
although ample data suggest that a functional type I IFN system is
required for optimal immunity against Streptococcus pneumoniae
infection (16), recent studies also indicate that the robust type I
IFN response following inﬂuenza is the key susceptibility factor
responsible for postinﬂuenza pneumococcal superinfection (12).
These ﬁndings suggest that, although moderate type I IFN
responses such as those elicited by extracellular bacteria such as
Streptococcus could be favorable to the host, strong type I IFN
responses such as those induced by intracellular pathogens such as
Listeria monocytogenes or viruses could be detrimental. In any case,
for efﬁcient antimicrobial defense, both proinﬂammatory and type
I IFN responses must be regulated tightly. How the host balances
the production of proinﬂammatory and type I IFN responses to
optimize protection against a wide range of microbes, on the one
hand, while guarding against self injury, on the other hand, is not
well understood. The regulatory mechanisms underlying this balance, which obviously are dependent on the type of microbes encountered, most likely vary from one cell type to another.
Mast cells are among the key effector cells of the innate immune system strategically localized along host–environment
interfaces such as mucosal surfaces, skin, and in the vicinity of
blood and lymphatic vessels where pathogens and other environmental agents are encountered frequently. Thus, in addition
to their well-established role in the pathogenesis of allergy and
autoimmune disorders, mast cells now are recognized as key
effector cells in the induction of protective immune responses to
a wide range of microbial pathogens (17–21).
Mast cells are endowed with several unique properties that
enable them to initiate rapid and sustained immune reactions.
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Results
IFN-β Impairs Mast Cell-Dependent Mobilization of Neutrophils in
Response to L. Monocytogenes Infection. Infection with bacteria is

accompanied by a rapid inﬂux of neutrophils that mediate bacterial clearance from the site of infection. Previously we showed that,
in the case of L. monocytogenes, this early innate immune response
is caused by proinﬂammatory cytokines such as TNF-α rapidly
released from mast cell granules (22). In addition to proinﬂammatory cytokines, type I IFNs constitute a key host response
induced by L. monocytogenes. So far, studies indicate that type I
IFN production is detrimental to the host during L. monocytogenes
infection (10, 11, 13). However, whether mast cells also contribute
to type I IFN production and how type I IFNs modulate early inﬂammatory responses such as neutrophil mobilization is undetermined. As shown previously (22), mice depleted of mast cells
were impaired in the production of the proinﬂammatory cytokine
TNF-α (Fig. S1) and exhibited diminished ability to mount neutrophil recruitment (Fig. 1 A and B). Interestingly, when L. monocytogenes was inoculated into mice i.p. together with recombinant
IFN-β, neutrophil mobilization was impaired to an extent comparable to that in mast cell-depleted mice (Fig. 1 A and B). Although mast cells were crucial for optimal neutrophil mobilization,
L. monocytogenes still could elicit neutrophil recruitment in the
absence of mast cells, albeit only partially (Fig. 1 A and B). Intriguingly, this partial mast cell-independent neutrophil response
was not impaired by IFN-β, suggesting that type I IFNs impair mast
cell-dependent neutrophil mobilization.
Given the crucial role of mast cells in neutrophil mobilization
and the apparent inhibitory effect of IFN-β, we wondered whether
mast cells also elicit IFN-β production and, if so, how these opposing immunological responses are regulated to ensure optimal
antibacterial immunity. To determine whether mast cells contribute to IFN-β response during bacterial infection in vivo, we used the
IFN-β–luciferase reporter mouse (Δβ-luc) (23). Following i.p. infection, mast cells and macrophages were sorted by ﬂow cytometry
as previously described (22) and were analyzed for IFN-β induction
Dietrich et al.

Fig. 1. Mast cell-dependent neutrophil recruitment during infection with L.
monocytogenes is inhibited by IFN-β. Balb/C mice (four per group) were left
untreated or were treated with 1.5 mg anti-c-kit for 24 h to deplete mast
cells. Thereafter they were infected (or not) i.p. with 106 L. monocytogenes
with or without 5,000 U recombinant IFN-β. (A) FACS dot plots of neutrophils
(CD11b+GR1+) in peritoneum after 3 h. (B) Quantiﬁcation of % neutrophils in
the peritoneum as shown in A. *, P < 0.001 infected vs. untreated mice. L.m.,
Listeria monocytogenes; uninf, untreated. (C and D) Mast cells do not contribute to IFN-β induction upon bacterial infection in vivo. After 3 h of infection with 106 L. monocytogenes (C) or 5 × 106 S. typhimurium (D),
peritoneal mast cells (c-kit+) and macrophages (CD11b+Gr1−) were sorted
from Δβ-luc mice, and IFN-β induction (luciferase expression) was quantiﬁed.
Cells were sorted from pooled peritoneal cells from ﬁve mice per group.

by luminescence measurement. As shown in Fig. 1 C and D, IFN-β
response was detected in macrophages but not in mast cells. In
addition to L. monocytogenes, we also analyzed whether mast cells
elicit IFN-β responses upon infection with the Gram-negative
bacterium Salmonella typhimurium. Similarly, macrophages but not
mast cells were found to elicit an IFN-β response upon S. typhimurium infection (Fig. 1D). Together, the data suggest that during
bacterial infection in vivo, mast cells are biased toward an acute
proinﬂammatory response devoid of type I IFN production.
Mast Cells Exposed to L. monocytogenes or S. typhimurium Elicit
a Transcriptional Program Devoid of Type I IFN-Stimulated Genes.

Next, to get an overview of the general responsiveness of mast
cells against bacterial pathogens, we used microarrays to deﬁne
the global transcriptional program elicited by the Gram-positive
bacterium L. monocytogenes and the Gram-negative S. typhimurium in bone marrow-derived mast cells (BMMC) (Fig. S2)
and compared it with that of macrophages. The resulting data
revealed 1,421 and 248 genes to be up-regulated (at least 1.5 log
two-fold) by both L. monocytogenes and S. typhimurium in
macrophages and mast cells, respectively (Fig. 2A). Some of the
genes up-regulated in both cell types included classical NF-κB–
dependent proinﬂammatory genes such as NFkbia, TNF-α, IL1α, IL-1β, and IL-6 (Fig. 2B). Further analysis demonstrated that
of the genes up-regulated in WT macrophages, 235 genes were
not up-regulated in IFNAR1-deﬁcient macrophages. Interestingly, this set of genes which we designated as “type I IFN
response genes” and which included IFN-β, Mx-1, Mx-2, Stat1,
and Ifrg5, showed no up-regulation in WT mast cells exposed to
L. monocytogenes or S. typhimurium (Fig. 2B). This ﬁnding again
suggested that, although mast cells can transcribe proinﬂammaPNAS | May 11, 2010 | vol. 107 | no. 19 | 8749
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First, mast cells are equipped with a large set of receptors such as
TLRs and thus can recognize a wide range of microbial products
as well as damage-associated molecular patterns (17–21). Second, being long-lived cells that can reenter cell cycle and proliferate locally, mast cells are able to respond repeatedly to
stimulation (21). Third, and most importantly, in addition to de
novo synthesis, mast cells are unique in that they are packed with
presynthesized mediators such as histamine, proteases, cytokines, and chemokines. Upon appropriate triggering, such
mediators are released immediately to initiate innate immune
reactions (17–21). Although these aspects of mast cell biology
are well recognized, not much is known about the spectrum of
mediators induced in response to different microbial stimuli. In
particular, although mast cells are known to be a ready source of
several proinﬂammatory mediators such as TNF-α, whether
these cells also elicit type I IFN responses and how the balance
between proinﬂammatory and type I IFN responses is regulated
to achieve an optimal antimicrobial defense is unclear.
Here we show that, in response to TLR activation by Grampositive and -negative bacteria, mast cells elicit only proinﬂammatory but not type I IFN responses. Our results suggest
that this phenomenon could be attributed to a spatial regulation
of proinﬂammatory and type I IFN responses from different
subcellular sites. We show that TLR-induced proinﬂammatory
responses occur from the cell surface, whereas type I IFN
responses are induced from endolysosomal compartments. Although bacteria or bacterial TLR ligands such as LPS can bind
cell-surface receptors to trigger proinﬂammatory responses, such
ligand–receptor complexes in mast cells, unlike those in macrophages, are not trafﬁcked into intracellular compartments,
a prerequisite for the induction of type I IFNs.

tory genes in response to bacteria, their transcriptional response
is devoid of type I IFN-regulated genes. We hereafter used TNFα and IL-1β as representatives for proinﬂammatory genes,
whereas IFN-β and Mx-2 represent type I IFN response genes. It
is noteworthy that, in spite of the similarity in the general transcriptional pattern induced by S. typhimurium and L. monocytogenes, the strength of transcriptional responses induced by
these microorganisms varied from one gene to another, possibly
emphasizing the differences in PRRs they target.
To validate the microarray data, we did quantitative reverse
transcription-PCR (RT-PCR). As shown in Fig. 3 A−H, BMMCs
incubated with L. monocytogenes or S. typhimurium elicited the
transcription of proinﬂammatory cytokines, such as TNF-α and
IL-1β, but not IFN-β or the IFN-inducible gene Mx-2. In macrophages, however, L. monocytogenes and S. typhimurium induced both proinﬂammatory and type I IFN genes (Fig. 3 A−H).
Furthermore, analysis of culture supernatants revealed that, in
contrast to macrophages which secreted both TNF-α and IFN-β,
mast cells secreted TNF-α but not IFN-β in response to L.
monocytogenes or S. typhimurium stimulation (Fig. S3).
To monitor induction of IFN-β in more detail, we also used
mast cells and macrophages matured from bone marrows of the
Δβ-luc mice (23). Consistently, L. monocytogenes and S. typhimurium elicited IFN-β responses in macrophages but not in mast
cells (Fig. 3 I and J), showing again that, on encountering bacteria, mast cells produce only proinﬂammatory but not type I
IFNs and type I IFN-dependent mediators.
Bacterial Activation of Mast Cells via TLR4 Results in Proinﬂammatory
but Not Type I IFN Responses. To investigate the role of TLRs in

the responses observed during bacterial infections, we used LPS
as a representative TLR ligand. Fig. S4 shows that macrophages
stimulated with LPS could elicit TNF-α, IL-1β, and the type I
IFN genes IFN-β and Mx-2. In contrast mast cells activated only
proinﬂammatory but not type I IFN genes. This ﬁnding suggests
that, in contrast to macrophages in which TLR4 signaling is associated with a balanced induction of proinﬂammatory and type
I IFN responses, in mast cells TLR4 signaling is characterized by
a skewed response devoid of type I IFN induction.

Fig. 3. Proinﬂammatory but no type I IFN responses are seen in mast cells
upon bacterial infection. (A–G) BMMC and macrophages were infected with
L. monocytogenes or S. typhimurium After 6 h, cytokine induction was assayed by RT-PCR. (A–D) Induction of proinﬂammatory cytokines. (E–H) Induction of type I IFN-β and IFN-dependent gene Mx-2 in mast cells and
macrophages. Data are representative of three independent experiments
(mean ± SEM). (I and J) IFN-β induction was monitored over time using cells
derived from Δβ-luc mice. I shows representative luminescence images of mast
cells and macrophages; J depicts corresponding fold induction over time.

L. monocytogenes, S. typhimurium, and LPS Bound to Mast Cells Are
Not Transported into Intracellular Compartments. It had been pro-

Fig. 2. Mast cells exposed to L. monocytogenes or S. typhimurium elicit a transcriptional program devoid of type I IFN response genes. WT BMMC and WT or
IFNAR−/− macrophages were infected with L. monocytogenes or S. typhimurium,
respectively, and after 6 h gene expression microarrays were done. (A) Pearson
uncentered hierarchical cluster analysis of genes with at least a 1.5 log2-fold
difference in inducible gene expression compared with unstimulated cells. (B)
Representative proinﬂammatory and type I IFN-dependent response genes.
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posed that the subcellular compartments where microorganisms
localize may inﬂuence the nature of cellular responses triggered
(24). Accordingly, all the TLRs associated with potent type I IFN
responses, such as TLR3, TLR7/8, and TLR9, are intracellular
receptors that recognize microbial products in endosomes (25).
Furthermore, it has been proposed that, upon activation, TLR4
translocates from the plasma membrane into endosomal compartments in macrophages where it triggers type I IFN induction
(26). On the other hand, bacteria such as L. monocytogenes also
can trigger cytosolic signaling pathways leading to proinﬂammatory as well as type I IFN responses (27). Thus, to investigate the inability of mast cells to elicit type I IFN responses
following TLR activation by bacteria, we compared the interaction and subcellular localization of bacteria in mast cells
and macrophages. First, mast cells and macrophages isolated ex
vivo by ﬂow cytometry from peritoneal washouts of mice infected
with L. monocytogenes or S. typhimurium were incubated with
gentamycin to kill extracellular bacteria and then were plated on
bacterial agar to determine the extent of bacterial internalization
Dietrich et al.

Internalization and Endosomal Acidiﬁcation Is a Prerequisite for
Induction of Type I IFN Responses by Bacteria or LPS. Next, we

blocked bacterial internalization and endolysosome maturation in
macrophages and tested whether in such situations bacterial TLR

Fig. 4. Subcellular localization of bacteria and LPS in mast cells and macrophages. (A–H) Mast cells and macrophages were incubated with L. monocytogenes or S. typhimurium and processed 3 h later for electron
microscopy. (A and B) Scanning electron micrographs of infected mast cells.
(C–H) Transmission electron micrographs of ultrathin sections of mast cells
and macrophages. (I and J) Internalization and trafﬁcking of TLR4 into

Dietrich et al.

endolysosomal compartments. RAW 264.7 macrophages were loaded with
ﬂuorescent dextran-Alexa Fluor 647 (Dextran-647) and then were stimulated
with 1 μg/mL LPS-Alexa 488; live confocal microscopic imaging was done 3 h
later (I). RAW 264.7 macrophages transfected with TLR4-YFP were loaded
with ﬂuorescent LysoTracker and then were stimulated with 1 μg/mL LPS;
live confocal microscopic imaging was done 3 h later (J). (K–M) Mast cells
and macrophages were incubated with LPS-Alexa 488 (1 μg/mL) for 3 h. After
washing, cells were subjected to ﬂow cytometry analysis to measure total
cell-bound LPS (K) or were incubated with trypan blue to quench cell surface-associated LPS before intracellular LPS was measured (L). The level of
cell-associated LPS is shown as mean ﬂuorescent intensity (MFI) of the cells.
M shows the quantiﬁcation of intracellular LPS in mast cells and macrophages calculated from the MFI of cells depicted in K and L.
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by such cells. As shown in Fig. S5, intracellular bacteria were
associated with macrophages but not with mast cells.
For further analysis, we used microscopy. The scanning electron
micrographs in Fig. 4 A and B show that L. monocytogenes and
S. typhimurium do bind to mast cells. However, as shown in Fig. 4 C
and E, when ultrathin sections were analyzed carefully by transmission electron microscopy, no bacteria were found inside mast
cells. In fact, even when incubated with an extremely high dose of
L. monocytogenes that would kill macrophages rapidly, no bacteria
were found within mast cells (Fig. 4G). Interestingly, even at such
high doses mast cells were still viable. In clear contrast, in macrophages most of the L. monocytogenes and S. typhimurium were
found within the cells (Fig. 4 D and F). In macrophages, S. typhimurium was found mainly in endosomal vacuoles, whereas
L. monocytogenes was found in endosomes as well as in the cytoplasm (Fig. 4 F and H). Cytoplasmic L. monocytogenes displayed
the typical formation of actin tails within the cytosol (Fig. 4H).
The present ﬁndings, however, do not suggest that mast cells
completely lack the ability to internalize bacteria. Previous studies
from Malaviya et al. (28) and Abraham and coworkers (29) have
shown that mast cells can mediate CD48-dependent bacterial
internalization. So far, however, such internalization has been
shown to be possible mainly for bacteria engineered to overexpress the mannose-binding subunit of type I ﬁmbriae, FimH, indicating that, except for such notable exceptions, mast cells,
unlike macrophages, generally are not well adapted for bacterial
internalization. Next we compared the internalization of bacterial
TLR ligand LPS or its receptor TLR4 in mast cells and macrophages. To do so, we analyzed the subcellular localization of
TLR4-YFP or cell-bound ﬂuorescent LPS. Confocal live imaging
of macrophages incubated with LPS depicted that TLR4-YFP and
bound LPS clustered mainly in intracellular vesicles that highly
colocalized with the endolysosomal markers LysoTracker or dextran (Fig. 4 I and J). In contrast to macrophages, these intracellular clusters of activated TLR4 could not be observed in mast
cells (Fig. S6). To quantify cell surface-bound and internalized
LPS, we resorted to ﬂow cytometry. Mast cells and macrophages
were incubated with LPS-Alexa 488 for 3 h and then were analyzed by ﬂow cytometry. As expected, both cell types bound the
TLR4 ligand strongly (Fig. 4K). However, quenching the ﬂuorescence of cell surface-bound LPS using trypan blue completely
abolished the signal observed for mast cells but not for macrophages (Fig. 4L). This ﬁnding clearly indicates that LPS bound
to mast cells remains extracellular, whereas that bound to macrophages is endocytosed with an efﬁciency of almost 100% (Fig.
4M) and hence is not amenable to quenching by trypan blue. Thus,
despite binding much like that seen in bacteria, LPS in mast
cells remains trapped at the cell surface and is not internalized.

activation could elicit a transcriptional response similar to that in
mast cells. We used cytochalasin D, which prevents receptor internalization by disrupting the actin cytoskeleton, and the proton
pump inhibitor baﬁlomycin A, which impairs the phagosome
maturation pathway by blocking endosomal acidiﬁcation. In cells
treated with either of the inhibitors, bacteria were found on the cell
surface and did not colocalize with the endolysosomal marker
LysoTracker (Fig. S7 A–C). Importantly, although cells treated
with either of the inhibitors could elicit proinﬂammatory responses (TNF-α), they were profoundly impaired in IFN-β and Mx-2
induction upon bacterial exposure (Fig. S7 F–H). Comparable
results also were observed using the TLR4 ligand LPS (Fig. S7 D
and E). Thus, in the absence of internalization and translocation
into endolysosomal compartments, macrophages respond to bacteria or TLR ligand only with proinﬂammatory cytokines but with
not type I IFNs, much like mast cells.
Mast Cells Elicit Strong Proinﬂammatory and Type I IFN Responses
upon Viral Infection. To exclude the possibility that the type I IFN

system of mast cells is generally unresponsive, we used vesicular
stomatitis virus (VSV), which invades the cytoplasm, triggering
the cytosolic receptor, retinoic acid inducible gene (RIG) (30–
32). We used the VSV mutant AV2, which induces high IFN
production in target cells. By scanning and transmission electron
microscopy, we observed that VSV-AV2 can bind to, invade, and
reside in intracellular endosomal compartments of mast cells
(Fig. 5 A and B). Next, microarrays were used to compare the
global gene transcriptional proﬁle elicited by VSV-AV2 in mast
cells and macrophages. Detailed analysis revealed that VSVAV2 induced the up-regulation of both proinﬂammatory and
type I IFN responses in mast cells and macrophages (Fig. S8).
These ﬁndings were conﬁrmed by quantitative RT-PCR of
proinﬂammatory (TNF-α, IL-1β) and type I IFN (IFN-β, Mx-2)
genes (Fig. 5 C and D) as well as by analyzing cells from IFN-β–
luciferase reporter mice (Fig. S9). As depicted in Fig. 5 C and D,
these genes could be induced by viable but not by heat-killed
viral particles. Because, in principle, heat-killed viral particles
should activate TLRs but cannot enter the cytoplasm, these
results suggest that VSV-induced responses were caused largely
by viral activation of cytosolic receptors and not of TLRs.
Virus-Induced Proinﬂammatory and Type I IFN Responses Require
Endosomal Acidiﬁcation. Next we investigated whether virus-

induced responses require endosome maturation. Inhibition of
endosomal acidiﬁcation using baﬁlomycin A effectively abrogated VSV-AV2–induced responses in mast cells and macrophages (Fig. 5 E and F). This ﬁnding is consistent with recent
studies showing that endosomal acidiﬁcation is crucial for the
membrane fusion process that delivers the VSV into the cytoplasm (30–32). However, unlike the selective inhibition of type I
IFN responses observed during bacterial infection and TLR activation, inhibition of endosomal acidiﬁcation abrogated both the
type I IFN and the proinﬂammatory responses induced by VSVAV2. This ﬁnding suggests that both proinﬂammatory and type I
IFN responses are induced mainly by viable virus that is able to
enter the cytoplasm via the endolysosomal compartments.
Discussion
Mast cells are endowed with multiple receptors for several microbial components. By virtue of their strategic localization at
host–environment interfaces where microbes are ﬁrst encountered and because these cells are packed with presynthesized
mediators ready for secretion, mast cells are among the ﬁrst
cells that initiate immune reactions. This activity could be beneﬁcial against microbes or, in the worst case, could lead to the
onset of hyperinﬂammatory diseases. In the present study, we
investigated the nature of responses induced by these cells during
bacterial and viral infection. In particular, we addressed how
8752 | www.pnas.org/cgi/doi/10.1073/pnas.0912551107

Fig. 5. Mast cells elicit proinﬂammatory and type I IFN responses upon viral
infection. Scanning (A) and transmission (B) electron micrographs of uninfected
and VSV-AV2–infected mast cells. (C and D) Mast cells and macrophages were
stimulated with viable or heat-killed VSV-AV2 (hk VSV-AV2) and then were
assayed 6 h later by RT-PCR for TNF-α, IL-1β, IFN-β, and Mx-2. (E and F) Induction
of proinﬂammatory and type I IFN responses by VSV requires endosomal acidiﬁcation. Mast cells and macrophages pretreated with 50 μM baﬁlomycin A or
not pretreated were incubated with VSV-AV2 for 6 h and then were analyzed by
RT-PCR for TNF-α, IL-1β, IFN-β, and Mx-2. Each bar represents average of triplicate stimulations. Data are representative of three independent experiments
(mean ± SEM). Arrows in B indicate VSV particles in intracellular vesicles.

the balance between proinﬂammatory and type I IFN responses
in these cells is regulated. We show that mast cells can interact
with the Gram-positive and -negative bacteria L. monocytogenes
and S. typhimurium. Although inducing a set of proinﬂammatory
cytokines, this interaction is not accompanied by the induction of
type I IFNs. Our results suggest that this partial response is
caused by the inability of TLRs in mast cells to translocate into
acidic endolysosomal compartments where signals leading to type
I IFN responses are induced. Whereas bound bacteria or LPS in
macrophages were localized mainly within endolysosomal compartments, we found that in mast cells they were restricted to the
cell surface. Accordingly, macrophages in which internalization of
bacteria and LPS or endosomal acidiﬁcation was blocked elicited
proinﬂammatory but not type I IFN responses, much like mast
cells. However in response to VSV-AV2, which fuses with the cell
membrane and enters the cytoplasm to activate the RIG-I receptor (31), mast cells could elicit the induction of proinﬂammatory as well as type I IFN responses.
The molecular explanation of why TLR triggering can induce
only type I IFNs from acidic endolysosomal compartments is not
clear. Aside from the endosomal compartments being home to
TLR3, TLR7/8, and TLR9, which are associated with a strong
type I IFN response and which recognize nucleotides generated
from microbes degraded in such compartments, as evident from
Dietrich et al.

1. O’Neill LA, Bowie AG (2007) The family of ﬁve: TIR-domain-containing adaptors in
Toll-like receptor signalling. Nat Rev Immunol 7:353–364.
2. Baccala R, Hoebe K, Kono DH, Beutler B, Theoﬁlopoulos AN (2007) TLR-dependent and
TLR-independent pathways of type I interferon induction in systemic autoimmunity. Nat
Med 13:543–551.
3. Fischer M, Ehlers M (2008) Toll-like receptors in autoimmunity. Ann N Y Acad Sci 1143:
21–34.
4. Noppert SJ, Fitzgerald KA, Hertzog PJ (2007) The role of type I interferons in TLR
responses. Immunol Cell Biol 85:446–457.
5. Freudenberg MA, et al. (2002) Cutting edge: A murine, IL-12-independent pathway of
IFN-gamma induction by gram-negative bacteria based on STAT4 activation by type I
IFN and IL-18 signaling. J Immunol 169:1665–1668.
6. Kim KI, et al. (2005) Enhanced antibacterial potential in UBP43-deﬁcient mice against
Salmonella typhimurium infection by up-regulating type I IFN signaling. J Immunol
175:847–854.
7. Plumlee CR, et al. (2009) Interferons direct an effective innate response to Legionella
pneumophila infection. J Biol Chem 284:30058–30066.
8. Qiu H, et al. (2005) Resistance to chlamydial lung infection is dependent on major
histocompatibility complex as well as non-major histocompatibility complex determinants.
Immunology 116:499–506.
9. Qiu H, et al. (2008) Type I IFNs enhance susceptibility to Chlamydia muridarum lung
infection by enhancing apoptosis of local macrophages. J Immunol 181:2092–2102.
10. Navarini AA, et al. (2006) Increased susceptibility to bacterial superinfection as
a consequence of innate antiviral responses. Proc Natl Acad Sci USA 103:15535–15539.
11. Auerbuch V, Brockstedt DG, Meyer-Morse N, O’Riordan M, Portnoy DA (2004) Mice
lacking the type I interferon receptor are resistant to Listeria monocytogenes. J Exp
Med 200:527–533.
12. Shahangian A, et al. (2009) Type I IFNs mediate development of postinﬂuenza
bacterial pneumonia in mice. J Clin Invest 119:1910–1920.
13. O’Connell RM, et al. (2004) Type I interferon production enhances susceptibility to
Listeria monocytogenes infection. J Exp Med 200:437–445.
14. Carrero JA, Calderon B, Unanue ER (2004) Type I interferon sensitizes lymphocytes to
apoptosis and reduces resistance to Listeria infection. J Exp Med 200:535–540.
15. Karaghiosoff M, et al. (2003) Central role for type I interferons and Tyk2 in
lipopolysaccharide-induced endotoxin shock. Nat Immunol 4:471–477.
16. Mancuso G, et al. (2007) Type I IFN signaling is crucial for host resistance against
different species of pathogenic bacteria. J Immunol 178:3126–3133.
17. Bischoff SC, Krämer S (2007) Human mast cells, bacteria, and intestinal immunity.
Immunol Rev 217:329–337.
18. Dawicki W, Marshall JS (2007) New and emerging roles for mast cells in host defense.
Curr Opin Immunol 19:31–38.
19. Marshall JS (2004) Mast-cell responses to pathogens. Nat Rev Immunol 4:787–799.

Dietrich et al.

of several proinﬂammatory cytokines that are released rapidly to
initiate antibacterial host defenses (20, 22, 36–39).We now show
that mast cells also can elicit type I IFNs but only in response to viral
infection. As shown in this study, during L. monocytogenes infection
strong type I IFN signaling attenuates mast cell-dependent neutrophil recruitment that is required for bacterial clearance. Therefore, the fact that mast cells are equipped with the ability to elicit
type I IFNs but mount proinﬂammatory responses only upon TLR
activation by bacteria illustrates how mast cells adjust their
responses for optimal antibacterial and antiviral host defenses.
Materials and Methods
Bacterial and Viral Infections. BALB/c mice were infected i.p. with 106 L. monocytogenes or 5 × 106 S. typhimurium cfus. Mast cells were depleted by injecting 1.5 mg anti-c-kit for 24 h. BMMCs were infected with freshly cultured
L. monocytogenes or S. typhimurium with a multiplicity of infection (MOI) of 50,
whereas macrophages were infected with an MOI of 5. Extracellular bacteria
were killed with gentamycin (Biochrom AG) after 1.5 h, and PCR analysis was
carried out after 6 h. For microscopic analysis the bacteria were kept alive,
and the subcellular location was investigated after 3 h.
BMMCs and bone marrow-derived macrophages were exposed to VSVAV2 (MOI 2) or heat-killed VSV-AV2 (hi VSV-AV2) (MOI 20) in serum-free
medium. After 4 h, complete FCS-containing medium was added, and cytokine induction was investigated after 6 h by PCR. Heat-killed virus was
generated for 30 min at 96 °C and used at an MOI of 20.
ACKNOWLEDGMENTS. We thank S. Z. Lage, R. Lesch, M. Grashoff, I. Schleicher,
and M. Höxter for expert technical assistance and Drs. S. Dueber and S. Lienenklaus for discussion. The work was supported in part by the German Research
Council via Sonderforschungsbereich SFB 566, the Kultusministerium of Niedersachsen via the Lichtenberg PhD program, the Centre for Infection Biology
(Contract VH-KO-106), and the Helmholtz Association via the Helmholtz International Research School for Infection Biology and the Bundesministerium für
Bildung und Forschung.

20. McLachlan JB, Abraham SN (2001) Studies of the multifaceted mast cell response to
bacteria. Curr Opin Microbiol 4:260–266.
21. Galli SJ, et al. (2005) Mast cells as “tunable” effector and immunoregulatory cells:
Recent advances. Annu Rev Immunol 23:749–786.
22. Gekara NO, Weiss S (2008) Mast cells initiate early anti-Listeria host defenses. Cell
Microbiol 10:225–236.
23. Lienenklaus S, et al. (2009) Novel reporter mouse reveals constitutive and
inﬂammatory expression of IFN-beta in vivo. J Immunol 183:3229–3236.
24. Barton GM, Kagan JC (2009) A cell biological view of Toll-like receptor function:
Regulation through compartmentalization. Nat Rev Immunol 9:535–542.
25. Kawai T, Akira S (2009) The roles of TLRs, RLRs and NLRs in pathogen recognition. Int
Immunol 21:317–337.
26. Kagan JC, et al. (2008) TRAM couples endocytosis of Toll-like receptor 4 to the
induction of interferon-beta. Nat Immunol 9:361–368.
27. Stockinger S, et al. (2004) IFN regulatory factor 3-dependent induction of type I IFNs
by intracellular bacteria is mediated by a TLR- and Nod2-independent mechanism.
J Immunol 173:7416–7425.
28. Malaviya R, et al. (1994) Mast cell phagocytosis of FimH-expressing enterobacteria.
J Immunol 152:1907–1914.
29. Shin JS, Gao Z, Abraham SN (2000) Involvement of cellular caveolae in bacterial entry
into mast cells. Science 289:785–788.
30. Harrison SC (2008) Viral membrane fusion. Nat Struct Mol Biol 15:690–698.
31. Kato H, et al. (2006) Differential roles of MDA5 and RIG-I helicases in the recognition
of RNA viruses. Nature 441:101–105.
32. Roche S, Rey FA, Gaudin Y, Bressanelli S (2007) Structure of the prefusion form of the
vesicular stomatitis virus glycoprotein G. Science 315:843–848.
33. Tanimura N, Saitoh S, Matsumoto F, Akashi-Takamura S, Miyake K (2008) Roles for
LPS-dependent interaction and relocation of TLR4 and TRAM in TRIF-signaling.
Biochem Biophys Res Commun 368:94–99.
34. Ewald SE, et al. (2008) The ectodomain of Toll-like receptor 9 is cleaved to generate
a functional receptor. Nature 456:658–662.
35. Latz E, et al. (2007) Ligand-induced conformational changes allosterically activate
Toll-like receptor 9. Nat Immunol 8:772–779.
36. Echtenacher B, Männel DN, Hültner L (1996) Critical protective role of mast cells in
a model of acute septic peritonitis. Nature 381:75–77.
37. Gekara NO, et al. (2007) The multiple mechanisms of Ca2+ signalling by listeriolysin O,
the cholesterol-dependent cytolysin of Listeria monocytogenes. Cell Microbiol 9:2008–2021.
38. Malaviya R, Ikeda T, Ross E, Abraham SN (1996) Mast cell modulation of neutrophil
inﬂux and bacterial clearance at sites of infection through TNF-alpha. Nature 381:77–80.
39. Ott VL, Cambier JC, Kappler J, Marrack P, Swanson BJ (2003) Mast cell-dependent
migration of effector CD8+ T cells through production of leukotriene B4. Nat Immunol 4:
974–981.

PNAS | May 11, 2010 | vol. 107 | no. 19 | 8753

IMMUNOLOGY

the LPS-TLR4–induced responses, the importance of endolysosomal localization is obviously more than enabling the access
of pathogen-associated molecular patterns to their cognate
TLRs. One attractive hypothesis is that endolysosomal compartments serve as concentration platforms on which signaling
molecules involved in type I IFN induction are assembled to
mediate downstream signaling processes. We also surmise that
the acidic environment in endolysosomal compartments might facilitate conformational changes within the TLR signaling complexes, thus enabling efﬁcient interactions with downstream signaling molecules, such as TNF receptor-associated factor 3 (26,
33), required for type I IFN induction. Recent ﬁndings showing
that distinct biological responses induced by TLR9 are associated
with different conformational changes in distinct endocytic compartments (34, 35) are in concurrence with this idea.
Although it is clear that the ability to induce proinﬂammatory
and type I IFN responses ensures protection of the host against
a wide range of pathogens, it also has emerged that these sets of
responses play distinct and even conﬂicting roles depending on the
microbe encountered. Thus, any excesses or deregulation leading
to an imbalance in these sets of responses may spell doom to the
host. In this regard, although type I IFNs were found to play
a protective role during some bacterial infections (16), recent
ﬁndings suggest that strong type I IFN responses not only result in
increased susceptibility to bacterial infections (10–14) but also are
a central pathologic event in sepsis and other hyperinﬂammatory
conditions associated with bacterial infections (2, 15).
In the race between host and pathogen, survival of the host
depends on its ability to harness a response that is (i) rapid and (ii)
well adjusted to achieve an optimal balance maximizing protection
from infection while minimizing the pathology caused by an overzealous immune response. Mast cells are known to be ready sources

