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The Journal of Immunology

IFN-b Mediates Suppression of IL-12p40 in Human Dendritic
Cells following Infection with Virulent Francisella tularensis

Timothy J. Bauler, Jennifer C. Chase, and Catharine M. Bosio

Active suppression of inflammation is a strategy used by many viral and bacterial pathogens, including virulent strains of the

bacterium Francisella tularensis, to enable colonization and infection in susceptible hosts. In this study, we demonstrated that

virulent F. tularensis strain SchuS4 selectively inhibits production of IL-12p40 in primary human cells via induction of IFN-b. In

contrast to the attenuated live vaccine strain, infection of human dendritic cells with virulent SchuS4 failed to induce production

of many cytokines associated with inflammation (e.g., TNF-a and IL-12p40). Furthermore, SchuS4 actively suppressed secretion

of these cytokines. Assessment of changes in the expression of host genes associated with suppression of inflammatory responses

revealed that SchuS4, but not live vaccine strain, induced IFN-b following infection of human dendritic cells. Phagocytosis of

SchuS4 and endosomal acidification were required for induction of IFN-b. Further, using a defined mutant of SchuS4, we

demonstrated that the presence of bacteria in the cytosol was required, but not sufficient, for induction of IFN-b. Surprisingly,

unlike previous reports, induction of IFN-b by F. tularensis was not required for activation of the inflammasome, was not

associated with exacerbation of inflammatory responses, and did not control SchuS4 replication when added exogenously. Rather,

IFN-b selectively suppressed the ability of SchuS4-infected dendritic cells to produce IL-12p40. Together, these data demonstrated

a novel mechanism by which virulent bacteria, in contrast to attenuated strains, modulate human cells to cause disease. The

Journal of Immunology, 2011, 187: 1845–1855.

M
odulation of the host immune response is a common
strategy used by microorganisms to successfully col-
onize, replicate, and spread from host to host. Many

pathogens have been noted to manipulate the host immune system
by either exacerbating or suppressing innate and adaptive immune
responses. For example, Pseudomonas aeruginosa and Salmonella
species cause severe inflammatory responses as part of their
pathogenesis (1, 2). In contrast, Ebola virus, Brucella abortus, and
Francisella tularensis dampen early inflammatory responses,
allowing these pathogens to replicate in an unrestricted fashion,
culminating in a lethal infection (3–5). In the case of infections
with virulent F. tularensis, there is evidence that this organism
interferes with innate immunity, as well as adaptive responses, as
evidenced by the lack of protection from reinfection observed in
humans who survived primary type A infection (4, 6, 7). Thus,
suppression of the host immune response is a key component of
pathogenesis, and dissecting the mechanism by which pathogens
accomplish this suppression is essential for the development of
novel vaccines and therapeutics.
F. tularensis is a Gram-negative, facultative intracellular bac-

terium and is the causative agent of tularemia. There are four
subspecies of F. tularensis that are genetically similar but display
remarkable differences in virulence in the human host (reviewed

in Ref. 8). F. tularensis ssp. mediasiatica and novicida are atten-
uated in humans, whereas subspecies holarctica (type B) typically
causes a mild disease. Further attenuation of a type B strain
resulted in live vaccine strain (LVS), which was briefly used in
the United States as a vaccine for tularemia (9). In contrast, F.
tularensis ssp. tularensis (type A) is highly virulent in humans, as
evidenced by its ability to cause severe lethal disease following
exposure to#15 bacteria (10). It is important to note that although
subspecies novicida and holarctica and strain LVS are all rela-
tively attenuated in humans, they have retained virulence for
laboratory mice and can be used under Biosafety Level 2 labo-
ratory conditions. However, because these strains lack virulence in
humans, it is not clear whether the mechanisms of pathogenicity
observed in the mouse model will hold true for humans.
One potential difference between attenuated and virulent strains

of F. tularensis is their ability to induce inflammatory responses
in human cells. It was shown that, following opsonization with
normal serum, attenuated strains of F. tularensis induced secre-
tion of proinflammatory cytokines, whereas virulent F. tularensis
SchuS4 failed to provoke similar responses in human cells (6, 11,
12). The goal of our study was to identify host components acti-
vated by virulent F. tularensis SchuS4, but not attenuated LVS,
that contribute to the interference of inflammatory responses fol-
lowing infection of human dendritic cells (hDC).
We demonstrated in this study that there are important differ-

ences in the interaction of attenuated LVS and virulent F. tularensis
strain SchuS4 with hDC. Specifically, we showed that only SchuS4
induced IFN-b following infection of hDC. However, in contrast
to previous observations in mouse cells, induction of IFN-b was
not associated with propagation of proinflammatory responses and
was not correlated with activation of the host inflammasome in
resting hDC (13–15). Further, unlike cells infected with LVS, pre-
exposure to IFN-b did not enable hDC to control SchuS4 repli-
cation. Finally, we demonstrated that IFN-b induced by SchuS4
infection of hDC acts as an anti-inflammatory cytokine via se-
lective suppression of IL-12p40 in these important host cells.
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Materials and Methods
Generation of human monocyte-derived dendritic cells

Human monocyte-derived dendritic cells (DC) were generated from ap-
heresed monocytes, as previously described (6). Briefly, monocytes were
enriched by apheresis and negative selection using Dynabeads MyPure
Monocytes Kit for untouched human cells, per the manufacturer’s in-
structions (Invitrogen, Carlsbad, CA). Cells were differentiated upon cul-
ture in RPMI 1640 (Invitrogen) supplemented with 10% heat-inacti-
vated FCS, 0.2 mM L-glutamine, 1 mM HEPES buffer, and 0.1 mM
nonessential amino acids (all from Invitrogen) [complete RPMI (cRPMI)];
100 ng/ml recombinant human (rh) GM-CSF; and 20 ng/ml rhIL-4
(both from PeproTech, Rocky Hill, NJ). On day 3 of culture, cells were
replenished with 100 ng/ml rhGM-CSF and 20 ng/ml rhIL-4. All cells were
used on day 4 of culture. As indicated, some hDC were pretreated
with 1000 U/ml rhIFN-b (PBL IFN Source, Piscataway, NJ) 16 h prior to
infection or 1–100 U/ml prior to stimulation with Escherichia coli LPS.

Bacteria

F. tularensis strain LVS, SchuS4D0369c, and SchuS4D0369c+p0369 were
provided by Dr. Jean Celli (Rocky Mountain Laboratories, Hamilton, MT).
F. tularensis strain SchuS4 was provided by Dr. Jeannine Peterson (Centers
for Disease Control and Prevention, Fort Collins, CO). As previously de-
scribed, bacterial stocks were generated by growing strains overnight in
modified Mueller–Hinton broth, aliquoted into 1-ml samples, and frozen at
280˚C (4, 6, 16). Immediately prior to infection, bacterial stocks were
thawed, pelleted by centrifugation, and resuspended in cRPMI. Frozen
stocks were titered by enumerating viable bacteria from serial dilutions
plated on modified Mueller–Hinton agar, as previously described (4, 6, 16).
The number of viable bacteria in frozen stock vials varied by ,1% over
a 10-mo period. Where indicated, SchuS4 was killed by incubation in 2%
paraformaldehyde (PFA) for 30 min at 37˚C, washed extensively in PBS,
and resuspended in cRPMI before addition to hDC cultures.

Infection of hDC

hDC were infected at a multiplicity of infection of 50 with F. tularensis, as
previously described (6). Briefly, hDC were removed from their original
cultures, centrifuged, and adjusted to 1–2 3 107/ml in reserved DC me-
dium. Cells treated with medium alone served as negative controls. Bac-
teria were added, and cells were incubated at 37˚C in 7% CO2 for 2 h,
washed once, and then incubated with 50 mg/ml gentamicin (Invitrogen)
for 45 min to kill extracellular bacteria. Then cells were washed exten-
sively, adjusted to 5 3 105 cells/ml in reserved DC medium, and plated at
1 or 0.5 ml/well in 24- or 48-well tissue culture plates, respectively. In-
tracellular bacteria were enumerated following lysing of hDC with H2O
and plating serial dilutions of cell lysate onto modified Mueller–Hinton
broth agar plates. Agar plates were incubated at 37˚C/7% CO2 for 48 h,
and individual colonies were enumerated.

Where indicated, cells were treated with rhIFN-b (PBL IFN Source)
16 h prior to stimulation with 10 ng/ml ultrapure E. coli LPS (InvivoGen,
San Diego, CA). In other experiments, cells were treated with 10 ng/ml
ultrapure E. coli LPS at the same time that other cells were infected or 24 h
postinfection. In some experiments, 14 mg/ml polyclonal rabbit anti–IFN-
b Ab, 3 mg/ml monoclonal mouse anti–IFN-b Ab (both from PBL IFN
Source), or normal rabbit IgG or mouse IgG1 (R&D Systems) as a non-
specific Ab controls, respectively, were added immediately postinfection.
To inhibit phagocytosis or endosomal acidification, hDC were pretreated
1 h prior to infection with 10 mg/ml cytochalasin D (Sigma, St. Louis, MO)
or 100 nM bafilomycin (BAF) A1 (AG Scientific, San Diego, CA), re-
spectively. In additional experiments, hDC were treated for 1 h prior to
infection with 50 mg/ml ferric pyrophosphate (Sigma). Inhibitors and/or
ferric pyrophosphate were maintained in the culture media throughout the
course of the infection.

Cytokine quantification

The presence of TNF-a, IL-12p40, IL-6, and IL-1b in culture superna-
tants was quantified using commercially available ELISA, according to
the manufacturer’s instructions (R&D Systems, Minneapolis, MN). The
presence of IFN-b in culture supernatants was quantified using the Ver-
ikine High Sensitivity Human IFN-b ELISA kit (PBL IFN Source). In-
tracellular stores of pro–IL-1b were assessed by Western blot. Briefly,
hDC were lysed using 1% Triton X-100. Resulting lysates were run on
4–12% SDS-PAGE gels. Proteins were transferred to polyvinylidene
difluoride membranes, and pro–IL-1b was detected using anti–IL-1b Ab
(R&D Systems, Minneapolis, MN), followed by HRP-conjugated anti-
mouse IgG (Jackson ImmunoResearch, West Pike, PA). Bound Abs were

detected using SuperSignal West Pico Chemiluminescence Kit (Thermo-
fisher, Rockford, IL) and Biospectrum imager (UVP, Upland, CA). Blots
were stripped and reprobed with an anti-actin Ab (Cell Signal Technology,
Danvers, MA) to confirm equivalent loading. In experiments measuring
secretion of cytokines by SchuS4-infected hDC in the presence of either
mouse IgG (isotype, R&D Systems) or neutralizing monoclonal anti-
human IFN-b Abs (PBL IFN Source), the percentage of cytokine secre-
tion of control (uninfected, LPS-treated cells) was calculated using the
following equation (concentration of cytokine present in SchuS4-infected
culture/average cytokine concentration in LPS-treated, uninfected culture)
3 100.

Intracellular cytokine staining

Intracellular cytokines were detected by flow cytometry, as previously
described (6, 16). At the indicated time points and 30 min after the addition
of ultrapure LPS (10 ng/ml), 5 mg/ml brefeldin A (Invitrogen) was added
to DC cultures. Cells were then incubated at 37˚C/7% CO2 for 5 h. After
incubation, cells were washed, fixed in 2% PFA, permeabilized with 0.25%
saponin, and incubated with anti-human IL-12/IL-23p40/70 (PE; clone
C8.6) or mouse IgG1 (PE) as an isotype control (both from eBioscience,
San Diego, CA). Cells were washed again, fixed in 1% PFA, and resus-
pended in FACS buffer (eBioscience). Cells were acquired using a CyFlow
ML flow cytometer (Partec, Swedesboro, NJ) and analyzed with FlowJo
Software (Treestar, Ashland, OR). The percentage of responding cells
treated with either normal rabbit IgG (isotype; R&D Systems) or neu-
tralizing polyclonal anti–IFN-b Abs (PBL IFN Source) were calculated
using the following equation: (percentage cytokine positive from SchuS4-
infected culture/average percentage cytokine positive from uninfected
culture) 3 100.

Quantification of transcripts

At the indicated time points, RNAwas extracted from infected and mock-
infected DC using an RT2 qPCR-Grade RNA Isolation Kit; cDNA was
generated using an RT2 First Strand Kit and quantified using RT2 Profiler
Human TLR PCR Arrays (all from SA Biosciences, Frederick, MD),
according to the manufacturer’s instructions. Fold change was quantified
as DDCT and calculated for infected cells normalized to mock-infected
samples harvested at the same time point using the SA Biosciences Data
Analysis Web Portal (http://www.sabiosciences.com/pcr/arrayanalysis.php).
In additional experiments, at the indicated time point, RNA was puri-
fied from hDC using RNeasy kits (Qiagen, Valencia, CA), and real-time
quantitative PCR was run using primer/probe sets for human IFN-b, IRF7,
and GAPDH on a 7900HT Fast Real Time PCR System (Applied Bio-
systems). Input RNA was normalized to GAPDH, and fold change in the
indicated genes was quantified as DDCT for infected cells normalized to
mock-infected samples.

Detection of intracellular activated caspase-1

Intracellular activated caspase-1 was detected using Green FLICACaspase-
1 assay kit (Immunochemistry Technologies, Bloomington, MN), according
to the manufacturer’s instructions. Briefly, hDC were infected with SchuS4
or LVS, as described above. At the indicated time points, cells were har-
vested by centrifugation, resuspended in 90 ml cRPMI, and plated into
a 96-well plate. Ten microliters of 73 working stock of Green FLICA
reagent was added to each well. Cells were incubated at 37˚C/7% CO2 for
1 h. Cells were washed three times in 13 FLICAwash buffer, followed by
fixation in 13 FLICA fix for 1 h at 4˚C. Cells were analyzed for the
presence of active caspase-1 by flow cytometry using a CyFlow ML
cytometer (Partec) and FlowJo Analysis software (Treestar).

Phagosomal-integrity assay

To differentiate between vacuolar and cytosolic bacteria, phagosomal-
integrity assays were performed, as previously described (17), with the
following modifications. Three hours postinfection, hDC were harvested
and washed twice with KHM buffer (110 mM potassium acetate, 20 mM
HEPES, 2 mMMgCl2 [pH 7.3]), and the plasma membrane was selectively
permeabilized for 1 min using 50 mg/ml digitonin (Sigma). Cells were
washed with KHM buffer and stained for 12 min at 37˚C with rabbit anti-
calnexin (Stressgen Biotechnologies, Victoria, BC, Canada) and Alexa
Fluor 546-anti F. tularensis LPS Abs (US Biological, Swampscott, MA).
Then cells were washed with PBS and adhered to glass slides using
a Shandon Cytospin 4. Cells were fixed with 3% PFA for 30 min at 37˚C
and further permeabilized in 0.2% saponin/10% horse serum in PBS for 30
min. Rabbit anti-calnexin Abs were detected using cyanin 5-conjugated
anti-rabbit Abs (Invitrogen), and all intracellular bacteria were labeled
using Alexa Fluor 488-conjugated anti-Francisella Abs. Cells were washed
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twice with 0.2% saponin in PBS and then mounted in FluorSave Reagent
(Calbiochem, Gibbstown, NJ). Samples were visualized using a Carl Zeiss
LSM 510 confocal laser-scanning microscope.

Statistical analysis

For comparison among three or more groups, analysis was done by one-way
ANOVA, followed by the Tukey multiple comparisons test, or two-way
ANOVA, followed by the Bonferroni or multiple comparisons test, with
significance determined at p , 0.05. For comparison of two groups,
analysis was done using an unpaired Student t test, with significance de-
termined at p , 0.05.

Results
Secretion of proinflammatory cytokines by hDC following
infection with F. tularensis

It was suggested that one difference between virulent and atten-
uated strains of F. tularensis is the ability of virulent strains to
evade induction of proinflammatory responses. Thus, we first
compared bacterial replication and secretion of TNF-a, IL-6, and
IL-12p40 into culture supernatants following infection of hDC
with either virulent F. tularensis strain SchuS4 or attenuated F.
tularensis strain LVS. Similar numbers of SchuS4 and LVS were
phagocytosed by hDC (Fig. 1A). However, SchuS4 replicated
more quickly over the first 12 h of infection compared with LVS.
Similar numbers of LVS and SchuS4 were recovered from hDC at
24, 48, and 72 h postinfection (Fig. 1A). In agreement with our
and others’ previous observations, SchuS4 failed to stimulate se-
cretion of TNF-a, IL-6, and IL-12p40 in concentrations that were
significantly different from uninfected hDC, whereas LVS induced
significantly more IL-12p40 and IL-6 compared with uninfected
and SchuS4-infected cells at each time point tested (Fig. 1B) (6).
Significantly more TNF-a was also observed in supernatants from
LVS-infected hDC 24 and 48 h postinfection compared with
samples collected from uninfected and SchuS4-infected cells (Fig.
1B). Together, these data supported the hypothesis that one dif-
ference between SchuS4 and LVS is the ability of SchuS4 to
undergo intracellular replication without provoking inflammatory
cytokines.

SchuS4 actively interferes with secretion of proinflammatory
cytokines

We next confirmed that SchuS4 was actively inhibiting secretion
of proinflammatory cytokines in hDC following infection. Twenty-
four hours postinfection, E. coli LPS was added to hDC cultures,
and secretion of TNF-a, IL-6, and IL-12p40 was measured 24 h
later. Consistent with our previous observations using intracellular
cytokine staining, hDC infected with SchuS4 produced signifi-
cantly less TNF-a, IL-6, and IL-12p40 compared with uninfected
cells in response to E. coli LPS (Fig. 1C) (6). Thus, SchuS4 fails
to induce inflammatory responses in hDC and actively inhibits
their ability to secrete proinflammatory cytokines in response to
secondary microbial stimuli.

Production of IFN-b in hDC infected with virulent F. tularensis

To determine the mechanism by which F. tularensis inhibits pro-
duction of proinflammatory cytokines, we performed targeted,
quantitative RT-PCR (qRT-PCR) microarray analysis of changes
in expression of host genes associated with suppression of in-
flammation following infection with SchuS4. As expected,
SchuS4 failed to induce transcription of genes associated with
strong inflammatory responses, including TNF-a and IL-1b (Fig.
2A). Furthermore, SchuS4 also failed to induce expression of
genes traditionally associated with suppression of host responses,
such as IL-10 and TOLLIP (Fig. 2A). In contrast, SchuS4 infection
of hDC resulted in increased expression of IFN-b within 8 h of

infection (Fig. 2A). SchuS4 failed to induce expression of IFN-a
and IFN-g. Therefore, induction of IFN-b was not due to general
activation of types I and II IFN genes (Fig. 2A). The initiation of
IFN-b transcription at early time points postinfection of hDC with
SchuS4 suggested that expression of these genes may contribute to
the virulence of this bacterium. To determine whether induction
of IFN-b was associated with infection of hDC with virulent
F. tularensis and not infection with a more attenuated strain, we
examined the ability of LVS to induce IFN-b in hDC over time. In
contrast to the virulent SchuS4 strain, LVS failed to induce tran-
scription of IFN-b within 8 h of infection (Fig. 2B). Furthermore,
induction of IFN-b was not detected at later time points when
hDC harbored similar numbers of LVS compared with SchuS4
(e.g., 24 h postinfection). We also examined culture supernatants
for the presence of IFN-b protein. Twelve and sixteen hours
postinfection, SchuS4-infected hDC secreted significantly more
IFN-b compared with LVS-infected hDC and uninfected controls
(Fig. 2C, data not shown). IRF7 is a gene whose expression is
dependent on IFN-b (18). Thus, to determine whether the tran-
scription and secretion of IFN-b had functional consequences, we
assessed changes in gene transcription of IRF7. SchuS4-infected
hDC had significantly increased transcription of IRF7 compared
with LVS-infected cells (Supplemental Fig. 1). These data dem-
onstrated that production of IFN-b in human cells is correlated
with infection of cells with virulent, but not attenuated, F. tular-
ensis.

Phagocytosis is required for SchuS4-mediated induction of
IFN-b

We next set out to determine the cellular location and mechanism
by which virulent F. tularensis strain SchuS4 induced IFN-b.
F. tularensis interacts with a number of receptors present on the
surface of the host cell, including mannose receptor, CR3, CR4,
CD14, and TLR2 (11, 16, 19). Recently, it was shown that viral
ligands can induce IFN-b expression following binding to TLR2
(20). Thus, it was possible that F. tularensis initiated early ex-
pression of IFN-b following interaction with host surface recep-
tors prior to phagocytosis of the bacterium. Using cytochalasin D,
we examined what effect inhibition of phagocytosis of SchuS4
had on the induction of IFN-b gene expression. Consistent with
previous reports in cell lines, inhibition of phagocytosis (using
cytochalasin D) inhibited induction of IFN-b by E. coli LPS in
hDC by 78.6% compared with untreated controls (Fig. 3A) (21).
hDC treated with cytochalasin D expressed significantly less
IFN-b following infection with SchuS4 (a 98.6% reduction)
compared with untreated controls (Fig. 3A). Therefore, phagocy-
tosis is required for induction of IFN-b following SchuS4 in-
fection of hDC.

Endosomal acidification and viable bacteria are required for
induction of IFN-b

F. tularensis is a facultative intracellular bacterium that transiently
passes through a phagosome/endosome before escaping into the
host cytoplasm where it undergoes replication (22). Host endo-
somes and cytosol each possess receptors capable of recognizing
pathogen-associated molecular patterns that initiate production
of IFN-b (23). Because F. tularensis can reside in both of these
cellular compartments, the signal to produce IFN-b could have
been emanating from either location. Induction of type I IFN from
the endosome often requires endosomal acidification (24, 25).
Similarly, endosomal acidification contributes to efficient escape
of F. tularensis into the host cytosol (17). Endosomal-acidification
inhibitors, such as BAF, slow and/or block each of these proces-
ses. To determine whether induction of IFN-b gene expression by
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SchuS4 occurred from the host endosome, we assessed induction
of IFN-b in SchuS4-infected hDC that were incubated in BAF.
The presence of BAF significantly inhibited the induction of IFN-
b in SchuS4-infected hDC (Fig. 3B). It was reported that in-
hibition of endosomal acidification also interferes with the ability
of F. tularensis to acquire iron and ultimately impairs intracellular
replication (26, 27). Thus, the effect of BAF on induction of IFN-
b could have been a result of inefficient iron acquisition by the
bacteria. However, supplementation of BAF-treated hDC with
exogenous iron did not restore the ability of SchuS4 to induce
IFN-b (data not shown). Therefore, it is unlikely that a lack of iron
significantly contributed to the inability of BAF-treated SchuS4-
infected hDC to induce IFN-b gene expression. We next deter-
mined whether viable SchuS4 bacteria were necessary for the in-
duction of IFN-b. In contrast to live bacteria, organisms fixed in
PFA were not able to induce significant expression of IFN-b (Fig.
3C). Although it is possible that PFA fixation altered a structure on
the surface of the bacterium required for induction of IFN-b, to-
gether these data suggested that endosomal acidification and vi-
able bacteria are required for efficient induction of IFN-b.

Endosomal escape and early cytosolic replication are not
sufficient for SchuS4 induction of IFN-b

As discussed above, although acidification of endosomes is a re-
quired step for induction of IFN-b via host receptor signaling from
that compartment, endosomal acidification is also necessary for

efficient escape of F. tularensis into the cytosol (17). A previous
report using attenuated strains of F. tularensis in mouse cells
showed that endosomal escape was required for induction of IFN-
b (13). However, it was not determined whether the mere presence
of the bacterium in the cytosol was sufficient for induction of IFN-
b or whether replication of the bacterium in this compartment was
also required to induce this host protein. To determine whether the
presence and/or early replication of SchuS4 in the cytosol was
sufficient for induction of IFN-b, we assessed changes in ex-
pression of the IFN-b gene in hDC following infection of the cells
with an attenuated mutant strain of SchuS4 (SchuS4D0369c) that
displays similar kinetics of endosomal escape and early replica-
tion as does wild-type SchuS4 (28). We first confirmed that the
phagosomal escape and growth of SchuS4D0369c previously
observed in mouse macrophages were similar in hDC. Similar
numbers of wild-type and SchuS4D0369c were phagocytosed by
hDC, and both strains escaped the endosome with comparable
efficiency (Fig. 4A, 4B, Supplemental Fig. 2). Furthermore, as
observed in mouse macrophages, SchuS4D0369c replicated in
an analogous fashion to wild-type bacteria during the first 8 h
of infection (Fig. 4A). Despite the similarities in uptake and
early replication between wild-type SchuS4 and SchuS4D0369c,
SchuS4D0369c induced significantly less IFN-b within 8 h of
infection than did either wild-type SchuS4 or the complemented
SchuS4D0369c mutant, SchuS4D0369c+p0369 (Fig. 4C). We also
determined whether SchuS4D0369c induced IFN-b at later time

FIGURE 1. Differential induction of proinflammatory cytokines by attenuated and virulent strains of F. tularensis. Primary hDC were infected at a

multiplicity of infection of 50 with the indicated strains of F. tularensis. A, Intracellular bacteria were enumerated at the indicated times postinfection.

*p , 0.01, compared with SchuS4-infected hDC. B, Supernatants were harvested from uninfected or F. tularensis-infected cultures at the indicated time

points postinfection and analyzed for TNF-a, IL-6, and IL-12p40 by ELISA. hDC stimulated 24 h prior to harvest with ultrapure E. coli LPS (10 ng/ml)

served as positive controls. *p, 0.01, compared with uninfected and SchuS4-infected hDC; **p, 0.001, compared with all samples. C, SchuS4- or mock-

infected hDC cultures were stimulated 24 h postinfection with ultrapure E. coli LPS. Concentrations of TNF-a, IL-6, and IL-12p40 in culture supernatants

were determined an additional 24 h after LPS treatment. *p , 0.01, compared with uninfected, LPS-treated samples. Error bars represent SEM. Each data

point represents the mean of triplicate samples. Data in A are the mean of eight experiments; data in B and C are representative of three experiments of

similar design.

1848 SUPPRESSION OF DC BY IFN-b DURING INFECTION

 by guest on February 16, 2019
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


points in infection. However, we did not observe induction of
IFN-b by SchuS4D0369c over the course of 24 h at levels above
that observed at 8 h postinfection (Supplemental Fig. 2). Together,
these data demonstrated that endosomal escape and early (with-

in 8 h) replication are not sufficient for induction of IFN-b.
Furthermore, the presence of viable, but nonreplicating,
SchuS4D0369c are not sufficient to induce IFN-b at later time
points in hDC.

FIGURE 3. Requirements for SchuS4-medi-

ated IFN-b production in hDC. One hour prior

to infection, hDC were treated with cytochalasin

D to inhibit phagocytosis (A) or BAF A to in-

hibit endosomal acidification (B). Eight hours

postinfection, RNA was extracted for analysis

by qRT-PCR. RNA collected from hDC treated

with LPS served as a positive control. IFN-b

transcript levels were normalized to those from

mock-infected cells. *p , 0.01, compared with

untreated, SchuS4-infected hDC; **p , 0.01,

compared with hDC treated with LPS in the

absence of inhibitors. C, hDC were exposed to

SchuS4 that had been killed with 2% PFA

(SchuS4+PFA). Eight hours postinfection, RNA

was extracted for analysis of IFN-b transcripts

by qRT-PCR. *p , 0.01, compared with PFA-

killed SchuS4. Error bars represent SEM. Each

data point represents the mean of triplicate

samples. Data are representative of three experi-

ments of similar design.

FIGURE 2. Induction of IFN-b by virulent F. tularensis. A, hDC were infected with SchuS4. RNA was harvested at the indicated time points post-

infection for analysis of host genes by qRT-PCR. The fold change of TNF-a, IL-1b, IL-10, TOLLIP, IFN-a, IFN-b, and IFN-g, normalized to uninfected

samples, are depicted. B, RNA from hDC infected with F. tularensis strain SchuS4 or LVS was harvested at the indicated time points postinfection for

analysis of IFN-b by qRT-PCR. IFN-b transcript levels were normalized to those from uninfected hDC. The intracellular bacterial loads at the indicated

time points are shown. *p , 0.01, compared with LVS-infected cells at each time point. C, hDC were infected with SchuS4 or LVS, and culture

supernatants were assessed for IFN-b by ELISA 12 h postinfection. Uninfected hDC served as negative controls. *p , 0.05, compared with LVS and

uninfected samples. Error bars represent SEM. Each data point represents the mean of triplicate samples. Data are representative of three experiments of

similar design.
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IFN-b is not correlated with inflammasome activation
following F. tularensis infection of hDC

Following infection with intracellular bacteria, one previously
described function of IFN-b is to prime the host cell inflamma-
some (14, 15, 29, 30). Therefore, we next determined whether
SchuS4 infection activated the inflammasome in primary hDC.
The inflammasome can cleave pro–IL-1b into its active, mature
form, allowing secretion of mature IL-1b into culture supernatant.
In agreement with our previous report, SchuS4 failed to induce
secretion of IL-1b from hDC (Fig. 5A) (16). LVS also failed to
induce secretion of IL-1b among infected hDC (Fig. 5A). How-
ever, hDC primed with IFN-b, followed by stimulation with E.
coli LPS, secreted IL-1b (Fig. 5A). Thus, the lack of IL-1b se-
cretion among F. tularensis-infected cultures was not due to an
inability of hDC to secrete this cytokine. The presence of pro–IL-
1b in the intracellular compartment is required for generation of
the cleaved, mature form of this protein. Because it was possible
that the absence of mature IL-1b was due to an absence of pro–IL-
1b in hDC, we next examined whether SchuS4 infection resulted
in production of intracellular pro–IL-1b. Uninfected and SchuS4-
infected hDC had similar levels of intracellular pro–IL-1b,
whereas LVS-infected hDC had modestly more pro–IL-1b com-
pared with uninfected and SchuS4-infected hDC (Fig. 5B).
Stimulation of hDC with LPS resulted in increased production of
pro–IL-1b. Similarly, hDC primed with IFN-b and stimulated
with LPS also had high levels of pro–IL-1b (Fig. 5B). Therefore,
the minimal induction of pro–IL-1b observed in LVS-infected
cells was not due to a global defect in the ability of hDC to
produce this protein.
Although SchuS4 infection failed to induce the production of

IL-1b, it was still possible that the inflammasome was being

activated. There are two additional methods to assess inflamma-
some activation: cleavage and secretion of IL-18 and activation of
caspase-1. We first examined hDC culture supernatants for IL-18
over time and did not detect IL-18 in supernatants of LVS- or
SchuS4-infected hDC (data not shown). We next determined
whether F. tularensis infection resulted in cleavage of mature
caspase-1 into its active form. Within the first 4 h of infection,
cultures of both SchuS4- and LVS-infected hDC had significantly
fewer cells positive for active caspase-1 compared with uninfected
controls (Fig. 5C). Neither SchuS4 nor LVS induced activation of
caspase-1 during the first 12 h of infection (Fig. 5C). Twenty-four
hours postinfection, both LVS- and SchuS4-infected cultures had
a small percentage of hDC positive for active caspase-1 compared
with uninfected controls (Fig. 5C). However, the percentages of
cells positive for activated caspase-1 in SchuS4- and LVS-infected

FIGURE 4. Endosomal escape and early cytosolic replication are not

sufficient for SchuS4-mediated induction of IFN-b. hDC were infected

with the indicated SchuS4 strains. A, Intracellular bacteria were enumer-

ated at the indicated times points postinfection. B, Cytoplasmic bacteria

were identified 3 h postinfection using a phagosomal-integrity assay and

were enumerated by microscopy. C, RNA was harvested 8 h postinfection

for assessment of IFN-b transcript by qRT-PCR. IFN-b transcript levels

were normalized to those from uninfected hDC. *p , 0.05, compared with

all other samples. Error bars represent SEM. Each data point represents the

mean of triplicate samples. A and C represent the mean of five independent

experiments, and data in B are representative of three experiments of

similar design.

FIGURE 5. IFN-b is not correlated with activation of the inflammasome

following F. tularensis infection of hDC. A and B, hDC were mock

infected or infected with the indicated strains of F. tularensis or treated

with E. coli LPS with or without pretreatment with rhIFN-b. A, Forty-eight

hours postinfection, supernatants were collected and analyzed for IL-1b by

ELISA. *p , 0.0001, compared with all other samples. B, Eight hours

postinfection, intracellular pro–IL-1b was detected in hDC lysates by

Western blotting. Blots were stripped and reprobed with anti–b-actin to

demonstrate equal loading. C, hDC were mock infected or infected with F.

tularensis SchuS4 or LVS. At the indicated time points postinfection, the

number of hDC positive for activated caspase-1 was detected by flow

cytometry using Green FLICA Caspase-1 assay kit. *p , 0.05, compared

with all other samples; **p, 0.01, compared with all other samples. Error

bars represent SEM. Each data point represents the mean of triplicate

samples. Data are representative of three experiments of similar design.
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cultures were not significantly different from each other. Similarly,
analysis for cleaved caspase-1 by Western blot did not reveal
an increased presence of cleaved caspase-1 in LVS- or SchuS4-
infected hDC compared with uninfected controls (data not
shown). Thus, production of IFN-b did not correlate with strong
activation of the inflammasome in F. tularensis-infected hDC.

SchuS4-induced IFN-b selectively inhibits IL-12p40

IFN-b is a pleiotropic cytokine that can provoke both pro- and
anti-inflammatory responses (31). In humans and hDC, IFN-b can
inhibit production of IL-12p40 and TNF-a (32, 33). In our pre-
vious publication, we observed that control of replication of
SchuS4 in the extracellular space inhibited suppression of TNF-a
but not IL-12p40 (6). This suggested that inhibition of production
of these two cytokines by SchuS4 may occur through different
mechanisms. Thus, it is possible that IFN-b induced during
SchuS4 infection may suppress induction of IL-12p40 and/or
TNF-a. To assess this, we first determined whether rhIFN-b
could inhibit production of IL-12p40 and TNF-a by hDC in re-
sponse to LPS. In agreement with previous publications, we found
that exposure of hDC to as little as 10 U of rhIFN-b significantly
hampered the ability of these cells to produce IL-12p40 (Fig. 6A)
(32, 34, 35). In contrast to an earlier publication, we did not ob-

serve a significant difference in secretion of TNF-a in response to
LPS between untreated hDC and those first exposed to rhIFN-b
(Fig. 6A) (32). Therefore, in our culture setting, rhIFN-b selec-
tively interfered with the ability of hDC to produce IL-12p40, but
not TNF-a, in response to LPS. We next determined whether IFN-
b produced in cultures of SchuS4-infected cells was capable of
modulating production of IL-12p40 and/or TNF-a in hDC simi-
larly to that observed with rhIFN-b. All neutralizing Abs tested
had an off-target effect of reducing the amount of IL-12p40 and
TNF-a produced by uninfected hDC in response to LPS. There-
fore, to account for this unexpected effect, we normalized the data
to uninfected hDC treated with LPS in the presence of either
isotype control or neutralizing anti–IFN-b Abs. The number of
cells positive for cytokine by intracellular staining, or the amount
of cytokine secreted into culture medium, in these uninfected
samples was designated as 100% responding cells or cytokine
production. Addition of neutralizing Abs directed against IFN-b
partially restored the ability of SchuS4-infected hDC cultures to
produce IL-12p40 in response to LPS, as detected by an increase
in the percentage of cells producing cytokine and cytokine de-
tectable in culture supernatants (Fig. 6B, 6C). However, neutrali-
zation of IFN-b failed to restore the ability of SchuS4-infected
hDC to increase TNF-a either intracellularly or in culture

FIGURE 6. SchuS4-induced IFN-b selectively inhibits IL-12p40. A, hDC were treated with PBS (2) or the indicated concentration of rhIFN-b for 16 h

prior to exposure to E. coli LPS. Supernatants were harvested 24 h later and examined for IL-12p40 and TNF-a by ELISA. *p , 0.01, compared with cells

treated with LPS alone. B, hDC were infected with SchuS4 in the presence of neutralizing polyclonal anti–IFN-b Ab or polyclonal rabbit IgG (isotype)

control. Sixteen hours later, infected or mock-infected hDC were treated with ultrapure E. coli LPS and assessed for intracellular IL-12p40 and TNF-a by

flow cytometry. Data were normalized by defining the percentage of cells in an uninfected culture of hDC that respond to LPS by production of cytokine as

100%. C, hDC were infected with SchuS4 in the presence of neutralizing monoclonal anti–IFN-b Ab or mouse IgG1 (isotype) control. Sixteen hours later,

infected or mock-infected hDC were treated with ultrapure E. coli LPS. Sixteen hours later, culture supernatants were assessed for IL-12p40 and TNF-a by

ELISA. Data were normalized by defining the concentration of cytokine secretion in an uninfected culture of hDC that respond to LPS by production of

cytokine as 100%. D, hDC were infected with the indicated SchuS4 strains. Uninfected hDC served as negative controls. Supernatants were harvested 48 h

postinfection and analyzed for IL-12p40 and TNF-a by ELISA. *p , 0.05, compared with all other samples. E, hDC were treated with rhIFN-b and

infected with LVS. Twenty-four hours postinfection, supernatants were assessed for IL-12p40 by ELISA. Uninfected hDC served as negative controls. *p,
0.01, compared with untreated, LVS-infected hDC. F, hDC were primed with rhIFN-b, followed by infection with the designated strains of F. tularensis.

Intracellular bacteria were enumerated at 3 and 24 h postinfection. *p , 0.001, compared with all other samples. Each data point represents the mean of

triplicate samples. Error bars represent SEM. Data are representative of three experiments of similar design. ns, not significant.
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supernatants in response to E. coli LPS (Fig. 6B, 6C). In-
terestingly, neutralization of IFN-b had no effect on production of
IL-12p40 or TNF-a in SchuS4-infected cells that were not ex-
posed to E. coli LPS (Fig. 6B, 6C). We next assessed the ability of
a SchuS4 mutant that did not induce IFN-b in hDC to evoke
production of IL-12p40 and TNF-a. Because SchuS4D0369c
failed to induce IFN-b in hDC, we hypothesized that this strain
may induce IL-12p40 following infection of these host cells. In-
deed, SchuS4D0369c induced secretion of a small, but signifi-
cantly higher, amount of IL-12p40 compared with uninfected and
SchuS4-infected hDC, whereas neither strain induced secretion of
TNF-a at levels that were significantly different from uninfected
controls (Fig. 6D). Thus, one function of SchuS4-induced IFN-b
in hDC is to selectively suppress production of IL-12p40.
We next determined whether the addition of rhIFN-b would

inhibit LVS-induced secretion of IL-12p40 in hDC. hDC infected
with LVS and exposed to rhIFN-b secreted significantly less IL-
12p40 compared with untreated LVS-infected hDC controls (Fig.
6E). However, it was reported that treatment of cells with IFN-b
controls replication of LVS (13). Thus, the reduction of IL-12p40
secretion could be due to killing of bacteria in hDC cultures. In-
deed, in agreement with reported observations in mouse cells,
hDC exposed to rhIFN-b readily controlled replication of LVS
(Fig. 6F). In contrast, a similar control of SchuS4 replication in
hDC treated with rhIFN-b was not observed (Fig. 6F). Therefore,
the ability of rIFN-b to interfere with hDC production of IL-12p40
is not restricted to infection with specific Francisella species.
However, the mechanism by which rIFN-b mediates interference
of the production of IL-12p40 in LVS- and SchuS4-infected hDC
may be different.

Discussion
Tularemia is a disease that can be divided into phases. The early,
critical stages of infection are marked by a striking absence of
inflammatory responses, despite exponentially replicating bacteria
(36). Further, virulent F. tularensis evades early detection in the
host and actively suppresses inflammation within the first few days
of disease (4). During the last phase of infection, the host rapidly
transitions from a quiescent inflammatory response to sepsis
paired with massive inflammation and cell death (36). In corre-
lation with these in vivo observations, F. tularensis was shown to
both suppress and exacerbate inflammatory responses among cells
infected in vitro (6, 37–39). Generation of these contradictory
outcomes seems to depend on the subspecies and strain of F.
tularensis used, the cell type analyzed, the species from which the
cell was derived, and the activation status of the cell. Given the
dichotomy of host responses during different stages of tularemia
and the cell types targeted by the bacterium during these stages,
the success of novel therapeutics to treat this disease may greatly
depend on the phase of infection and type of cell harboring bac-
teria. Thus, it is critical to clarify and understand virulence
mechanisms used by F. tularensis to cause disease in the context
of the cell type at different stages of infection.
Resting, immature DC serve as sentinels of the immune system,

capable of activating both innate and adaptive immune responses
(40, 41). Thus, successful modulation of this cell population by
virulent microbes can be an essential component in mediating
microbial pathogenesis. Previous reports demonstrated that pul-
monary DC and alveolar macrophages represent the primary,
initial targets of F. tularensis during lung infections (42, 43).
Identification of how F. tularensis suppresses the function of these
cells may lead to important insights into the pathogenesis of tu-
laremia and other pulmonary pathogens.

In this report, we provided evidence of at least one mechanism of
virulence used by virulent SchuS4, but not attenuated LVS, fol-
lowing infection of human cells. We confirmed that one disparity
between LVS and SchuS4 is their ability to induce inflammatory
responses in hDC and defined one mechanism by which virulent F.
tularensis suppresses the function of immature hDC. Specifically,
we found that induction of IFN-b by SchuS4 played a central role
in the early suppression of a critical aspect of hDC activation.
We also observed that induction and secretion of IFN-b were re-
stricted to infection of hDC with virulent F. tularensis strain
SchuS4. We extended these observations by demonstrating that
internalization of viable SchuS4 and endosomal acidification were
required for induction of IFN-b. Surprisingly, induction of IFN-b
was not associated with propagation of host inflammatory re-
sponses during SchuS4 infection. IFN-b was not correlated with
secretion of IL-1b in F. tularensis-infected hDC nor was it cor-
related with strong activation of caspase-1 in hDC infected with F.
tularensis. Furthermore, unlike IFN-b–primed hDC infected with
LVS, treatment of hDC with rIFN-b failed to restrict replication
of SchuS4. Finally, rather than acting as a signal for inflammation,
SchuS4-induced IFN-b suppressed production of IL-12p40 in
hDC.
We first confirmed and extended previous observations that

described differences in the ability of LVS and SchuS4 to induce
secretion of inflammatory cytokines in hDC. In agreement with
published data examining secretion of proinflammatory cytokines
in hDC by serum-opsonized LVS, we observed consistent pro-
duction of proinflammatory cytokines following infection of hDC
with attenuated, nonopsonized LVS (11). The production of pro-
inflammatory cytokines following LVS infection of hDC corre-
lated well with the fact that LVS is an attenuated vaccine strain in
humans. Indeed, in the setting of vaccination, a modest in-
flammatory response would serve to aid in controlling growth of
the vaccine strain, as well as to promote development of effective
adaptive immunity. In contrast to LVS, we observed that virulent
SchuS4 failed to induce secretion of proinflammatory cytokines
and actively suppressed responsiveness of infected cultures to
other stimuli (Fig. 1). Together, these data supported the hypoth-
esis that one primary mechanism of virulence used by fully vir-
ulent strains of F. tularensis in humans is the evasion and in-
hibition of inflammation.
In contrast to this study, we previously reported that SchuS4

failed to induce IFN-b in hDC 24, 48, and 72 h postinfection (6).
However, at that time, we did not appreciate the extreme potency
of this protein or the sensitivity of this cytokine to denaturation.
Human IFN-b can exert antiviral activity when present in quan-
tities as small as 5 U/ml, which, depending on the source of IFN-
b, represents as little as 20 pg/ml of human IFN-b (44). This
concentration is well below the level of detection of most ELISA
kits designed to detect free IFN-b. Additionally, the data pre-
sented in this article suggested that increased gene expression of
IFN-b occurs very early postinfection with SchuS4 (i.e., within 8–
12 h). Thus, it is possible that our failure to detect IFN-b in
cultures of SchuS4-infected hDC in our earlier report was due to
both poor sensitivity of human IFN-b ELISAs and the time point
at which we examined culture supernatants for IFN-b. Recently,
an ELISA with vastly improved sensitivity for human IFN-b was
developed. Indeed, when we used this highly sensitive ELISA for
detection of IFN-b at earlier time points postinfection (e.g., 12 h),
we routinely detected small, but significant, amounts of IFN-b in
culture supernatants of SchuS4-infected hDC (Fig. 2C).
To elucidate whether there was a contribution of IFN-b in our

system, we neutralized the activity of this cytokine using poly-
clonal and monoclonal neutralizing Abs directed against this
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protein. We found that neutralization of IFN-b partially restored
the ability of hDC infected with SchuS4 to produce IL-12p40, but
not TNF-a, in response to inflammatory stimuli (Fig. 6B, 6C).
Addition of polyclonal Abs or mAbs directed against human IFN-
b partially restored the responsiveness of SchuS4-infected hDC to
LPS and had no effect on the induction of IL-12p40 in response to
SchuS4 alone. The lack of complete restoration of the IL-12p40
response may be attributable to additional, undefined mechanisms
by which SchuS4 interferes with host cell cytokine production.
Similarly, the absence of IL-12p40 production in response to
SchuS4 alone in the presence of neutralizing anti–IFN-b Abs may
also suggest that there are multiple mechanisms by which SchuS4
modulates production of IL-12p40. Alternatively, the absence of
IL-12p40 in SchuS4-infected hDC may also be attributable to the
fact that wild-type SchuS4 may not possess ligands that are ca-
pable of inducing inflammatory responses on their own. For ex-
ample, SchuS4 does not seem to effectively stimulate proinflam-
matory responses in hDC upon engagement of the host cell in
the absence of specific coreceptors or throughout the infection
(Fig. 1B, 1C) (6, 16, 45). Additionally, SchuS4 does not provoke
production of inflammatory cytokines in mice during the first
3 d of infection (4). Regardless of the inability of SchuS4 to pro-
voke an inflammatory response on its own, our data clearly
showed that, in the context of SchuS4 infection of hDC, IFN-b
acts as an anti-inflammatory cytokine by selectively targeting
production of IL-12p40.
Initially, this anti-inflammatory role for IFN-b in F. tularensis

infections was unexpected. Several recent reports showed that
activation of the host inflammasome by attenuated strains of F.
tularensis, as indicated by release of IL-1b and cell death, was
dependent on production of IFN-b following infection of mouse
macrophages with attenuated F. tularensis (14, 15, 29). Impor-
tantly, IFN-b–dependent activation of the inflammasome in these
studies was directly correlated with control of bacterial replica-
tion. Therefore, it was proposed that IFN-b might represent an
attractive therapeutic for treatment of pneumonic tularemia (21).
Alternatively, in other settings, type I IFNs acted as a potent anti-
inflammatory in human cells capable of suppressing the pro-
duction of cytokines, such as IL-12p40 (46, 47). Given these
important and contrasting implications, we examined the possi-
bility that SchuS4-mediated IFN-b might be facilitating activation
of the inflammasome and the suppression of IL-12p40 in hDC.
To determine whether IFN-b induced during SchuS4 infection

contributed to activation of the inflammasome, we examined se-
cretion of mature IL-1b, as well as the presence of active caspase-
1. We did not detect mature IL-1b in supernatants of hDC infected
with either SchuS4 or LVS, which suggested that the inflamma-
some was not active in these cells. However, we observed minimal
amounts of pro–IL-1b in cell lysates of LVS-infected hDC. Be-
cause pro–IL-1b is required to generate mature, cleaved IL-1b,
and we failed to detect large quantities of intracellular pro–IL-1b,
we could not use secretion of this cytokine as a reliable read-out
for inflammasome activation. Thus, we directly assessed activa-
tion of caspase-1 in hDC. Using this technique, we found that
activated caspase-1 was present in minimal numbers of cells and
only at late time points in infection among LVS- and SchuS4-
infected cultures. However, because LVS failed to induce IFN-b
in hDC, the modest induction of active caspase-1 in hDC infected
with F. tularensis was not dependent on IFN-b.
As discussed above, other laboratories demonstrated a protective

role for IFN-b in which the addition of rIFN-b resulted in control
of LVS replication in mouse cells (13). Thus, we tested whether
addition of rhIFN-b had an effect on replication of LVS and
SchuS4 in hDC. Similar to previous studies in mouse cells, ad-

dition of rhIFN-b to hDC cultures resulted in control of LVS
replication. However, a similar effect of IFN-b on the replication
of SchuS4 in hDC was not observed. There are a number of
possibilities that might explain why IFN-b was unable to control
SchuS4 infection. First, IFN-b has been tied to induction of the
inflammasome, resulting in both secretion of IL-1b and cell death
(48). Either of these inflammasome-mediated activities may aid in
the control of bacterial replication. Thus, it is possible that fol-
lowing treatment with rhIFN-b, SchuS4 either failed to activate
the inflammasome or that the bacterium interfered with inflam-
masome activity. A second possibility for the inability of IFN-b to
contribute to control of SchuS4 may lie in suboptimal activation of
reactive oxygen and reactive nitrogen species. We previously
demonstrated that both reactive oxygen and reactive nitrogen are
required for control of SchuS4 in human cells (49). Although IFN-
b can activate these pathways, optimal induction of the oxidative
burst can be dependent on the presence of IFN-b in combination
with other proinflammatory cytokines (50). Unlike LVS, SchuS4
does not induce secretion of these proinflammatory cytokines
following infection of hDC (Fig. 1). Therefore, it is possible that
IFN-b failed to optimally activate specific antimicrobial pathways
in hDC that contribute to control of bacterial replication. The
specific mechanism by which SchuS4 evades IFN-b–mediated
control of bacterial replication is being examined by our labora-
tory.
In the present study, we used a combination of chemical com-

pounds and SchuS4 mutants to explore the mechanism by which
SchuS4 induced IFN-b. Using these approaches, we demonstrated
that induction of IFN-b did not occur following engagement of the
bacteria with receptors at the host cell surface. Rather, active
phagocytosis of SchuS4, followed by endosomal acidification, was
required for induction of IFN-b. F. tularensis briefly transits
through a host endosome before escaping into the cytosol where
the bacterium undergoes replication. It was suggested that escape
of attenuated F. tularensis into the cytosol is sufficient for in-
duction of IFN-b (21). However, experiments conducted with
a defined mutant of SchuS4 (SchuS4D0369c), which displays
similar kinetics for endosomal escape and early replication,
clearly demonstrated that endosomal escape and replication of the
bacterium during the first 8 h of infection were not sufficient to
induce IFN-b in human cells (Fig. 4).
FTT0369c is a protein unique to F. tularensis species and is

required for virulence of SchuS4 both in vitro and in vivo (28).
The specific function of FTT0369c in F. tularensis physiology has
not been identified. A homolog of FTT0369c is present in LVS
and is designated FTL1306. Given the dramatic difference in the
ability of SchuS4 and LVS to induce IFN-b in hDC and the ap-
parent contribution of FTT0369c toward induction of this cyto-
kine, it was initially surprising that LVS failed to provoke IFN-b
in hDC. However, comparison of FTT0369c and FTL1306 se-
quences revealed 4 aa differences between these two proteins.
Thus, a possible explanation for the difference between the ability
of SchuS4 and LVS to induce IFN-b in hDC is that these amino
acid substitutions lie in areas that are important for the structure
and, by extension, specific function of FTL1306 in LVS.
Additionally, FTT0369c may act to regulate expression of other

genes essential for virulence in SchuS4. In LVS, FTL1306 con-
tributes to the expression of RipA (T. Kawula, personal commu-
nication). Similar to FTT0369c in SchuS4, RipA in LVS was
required for both intracellular replication and suppression of
proinflammatory responses in mouse macrophages (51, 52).
SchuS4 possesses a homolog of RipA, but neither the function of
this protein nor the contribution that FTT0369c makes toward its
expression has been thoroughly explored. Thus, it is possible that
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the failure of SchuS4D0369c to induce IFN-b and suppress IL-
12p40 may not be attributed solely to the absence of FTT0369c
but rather is an indirect effect via the downregulation of RipA.
Finally, because the sequence of FTL1306 is conserved among F.
tularensis ssp. holarctica, it is possible that the contribution that
this protein makes toward induction of IFN-b reflects both the
heightened attenuation of LVS as a vaccine strain and the mod-
erate virulence observed in the holarctica subspecies (8).
Type I IFNs, and specifically IFN-b, are cytokines with pleio-

tropic activity. Type I IFN can enhance antiviral immunity and
promote strong inflammatory responses. This inflammation can
lead to both resolution and exacerbation of infection. Conversely,
IFN-b has been strongly associated with suppressing inflam-
matory responses in humans. For example, the anti-inflammatory
action of IFN-b is believed to be a critical element in the reso-
lution of inflammation in multiple sclerosis and lupus (53,
54). Data from this study showed that, in the context of infection
with virulent F. tularensis in resting hDC, IFN-b acts as an anti-
inflammatory cytokine to suppress IL-12p40 production. IL-12p40
is essential for control of in vivo replication of attenuated strains
of F. tularensis (55). Furthermore, recent work in our laboratory
demonstrated an absolute requirement for IL-12p40 in the survival
of intranasal SchuS4 infection (C.M. Bosio, unpublished obser-
vations). Therefore, the ability of SchuS4-induced IFN-b to neg-
atively modulate production of IL-12p40 brings to light an im-
portant mechanism of virulence used by these bacteria. Further
characterization of the specific host and bacterial components that
participate in IFN-b–mediated suppression following F. tularensis
infection will provide critical information for development of
novel vaccines and therapeutics directed against this pathogen,
as well as contribute to the understanding of how successful,
highly virulent, intracellular bacteria modulate human cells to
cause lethal disease.
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18. Levy, D. E., I. Marié, E. Smith, and A. Prakash. 2002. Enhancement and di-
versification of IFN induction by IRF-7-mediated positive feedback. J. Interferon
Cytokine Res. 22: 87–93.

19. Thakran, S., H. Li, C. L. Lavine, M. A. Miller, J. E. Bina, X. R. Bina, and F. Re.
2008. Identification of Francisella tularensis lipoproteins that stimulate the toll-
like receptor (TLR) 2/TLR1 heterodimer. J. Biol. Chem. 283: 3751–3760.

20. Barbalat, R., L. Lau, R. M. Locksley, and G. M. Barton. 2009. Toll-like receptor
2 on inflammatory monocytes induces type I interferon in response to viral but
not bacterial ligands. Nat. Immunol. 10: 1200–1207.

21. Kagan, J. C., T. Su, T. Horng, A. Chow, S. Akira, and R. Medzhitov. 2008.
TRAM couples endocytosis of Toll-like receptor 4 to the induction of interferon-
beta. Nat. Immunol. 9: 361–368.

22. Clemens, D. L., B. Y. Lee, and M. A. Horwitz. 2004. Virulent and avirulent
strains of Francisella tularensis prevent acidification and maturation of their
phagosomes and escape into the cytoplasm in human macrophages. Infect.
Immun. 72: 3204–3217.

23. Barton, G. M., and R. Medzhitov. 2003. Linking Toll-like receptors to IFN-
alpha/beta expression. Nat. Immunol. 4: 432–433.

24. Lund, J., A. Sato, S. Akira, R. Medzhitov, and A. Iwasaki. 2003. Toll-like re-
ceptor 9-mediated recognition of Herpes simplex virus-2 by plasmacytoid den-
dritic cells. J. Exp. Med. 198: 513–520.

25. Osawa, Y., S. Iho, R. Takauji, H. Takatsuka, S. Yamamoto, T. Takahashi,
S. Horiguchi, Y. Urasaki, T. Matsuki, and S. Fujieda. 2006. Collaborative action
of NF-kappaB and p38 MAPK is involved in CpG DNA-induced IFN-alpha and
chemokine production in human plasmacytoid dendritic cells. J. Immunol. 177:
4841–4852.

26. Clemens, D. L., B. Y. Lee, and M. A. Horwitz. 2009. Francisella tularensis
phagosomal escape does not require acidification of the phagosome. Infect.
Immun. 77: 1757–1773.

27. Fortier, A. H., D. A. Leiby, R. B. Narayanan, E. Asafoadjei, R. M. Crawford,
C. A. Nacy, and M. S. Meltzer. 1995. Growth of Francisella tularensis LVS in
macrophages: the acidic intracellular compartment provides essential iron re-
quired for growth. Infect. Immun. 63: 1478–1483.

28. Wehrly, T. D., A. Chong, K. Virtaneva, D. E. Sturdevant, R. Child,
J. A. Edwards, D. Brouwer, V. Nair, E. R. Fischer, L. Wicke, et al. 2009. In-
tracellular biology and virulence determinants of Francisella tularensis revealed
by transcriptional profiling inside macrophages. Cell. Microbiol. 11: 1128–1150.

29. Henry, T., A. Brotcke, D. S. Weiss, L. J. Thompson, and D. M. Monack. 2007.
Type I interferon signaling is required for activation of the inflammasome during
Francisella infection. J. Exp. Med. 204: 987–994.

30. Jones, J. W., N. Kayagaki, P. Broz, T. Henry, K. Newton, K. O’Rourke, S. Chan,
J. Dong, Y. Qu, M. Roose-Girma, et al. 2010. Absent in melanoma 2 is required
for innate immune recognition of Francisella tularensis. Proc. Natl. Acad. Sci.
USA 107: 9771–9776.

31. Decker, T., M. Müller, and S. Stockinger. 2005. The yin and yang of type I
interferon activity in bacterial infection. Nat. Rev. Immunol. 5: 675–687.

32. McRae, B. L., R. T. Semnani, M. P. Hayes, and G. A. van Seventer. 1998. Type I
IFNs inhibit human dendritic cell IL-12 production and Th1 cell development. J.
Immunol. 160: 4298–4304.

33. Sauer, I., B. Schaljo, C. Vogl, I. Gattermeier, T. Kolbe, M. Müller,
P. J. Blackshear, and P. Kovarik. 2006. Interferons limit inflammatory responses
by induction of tristetraprolin. Blood 107: 4790–4797.

34. Nagai, T., O. Devergne, T. F. Mueller, D. L. Perkins, J. M. van Seventer, and
G. A. van Seventer. 2003. Timing of IFN-beta exposure during human dendritic
cell maturation and naive Th cell stimulation has contrasting effects on Th1
subset generation: a role for IFN-beta-mediated regulation of IL-12 family
cytokines and IL-18 in naive Th cell differentiation. J. Immunol. 171: 5233–5243.

1854 SUPPRESSION OF DC BY IFN-b DURING INFECTION

 by guest on February 16, 2019
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


35. van Seventer, J. M., T. Nagai, and G. A. van Seventer. 2002. Interferon-beta
differentially regulates expression of the IL-12 family members p35, p40, p19
and EBI3 in activated human dendritic cells. J. Neuroimmunol. 133: 60–71.

36. Tärnvik, A., and L. Berglund. 2003. Tularaemia. Eur. Respir. J. 21: 361–373.
37. Parsa, K. V., L. P. Ganesan, M. V. Rajaram, M. A. Gavrilin, A. Balagopal,

N. P. Mohapatra, M. D. Wewers, L. S. Schlesinger, J. S. Gunn, and
S. Tridandapani. 2006. Macrophage pro-inflammatory response to Francisella
novicida infection is regulated by SHIP. PLoS Pathog. 2: e71.

38. Telepnev, M., I. Golovliov, T. Grundström, A. Tärnvik, and A. Sjöstedt. 2003.
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Supplemental Figure Legends 1 

Figure S1. SchuS4 infected hDC increase expression of IRF7.  hDC were infected with SchuS4 or LVS.  2 

Twelve hours after infection hDC were assessed for changes in gene expression of IRF7 by qRT-PCR.  The 3 

fold change of IRF7, normalized to uninfected controls, is depicted. * = p<0.05 compared to LVS infected 4 

hDC.  Each data point represents the mean of triplicate samples.  Error bars represent SEM.  Data is 5 

representative of three experiments of similar design. 6 

 7 

Figure S2.  SchuS4 and SchuS4 Δ0369c escape the endosome at a similar rate.  hDC were infected with 8 

MOI=50 of the indicated SchuS4 strains.  Three hours after infection, the plasma-membrane of hDC was 9 

selectively permeabilized, and cells were stained with rabbit-anti-calnexin and Alexa 546 conjugated 10 

anti-F. tularensis LPS (red) antibodies.  Then all membranes of hDC were permeabilized and hDC were 11 

stained with cyanin 5-conjugated anti-rabbit and Alexa Fluor 488-conjugated anti-F. tularensis antibodies 12 

(green).  Bacteria stained green reside in the endosome while those that stain yellow reside in the 13 

cytosol.  White arrows point to cytosolic bacteria.  Data is representative of three experiments of similar 14 

design. 15 

 16 

Figure S3.  RNA from hDC infected with F. tularensis strain SchuS4 or SchuS4Δ0369c was harvested at 17 

the indicated time points after infection for analysis of IFN-β by qRT-PCR.  IFN-β transcript levels were 18 

normalized to those from uninfected hDC. *= p<0.05 compared to SchuS4Δ0369c infected cells.  Each 19 

data point represents the mean of triplicate samples.  Error bars represent SEM.  Data are 20 

representative of three experiments of similar design. 21 

 22 










