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Francisella tularensis is a Gram-negative bacterium that causes acute, lethal disease following inhalation. We
have previously shown that viable F. tularensis fails to stimulate secretion of proinflammatory cytokines
following infection of human dendritic cells (hDC) in vitro and pulmonary cells in vivo. Here we demonstrate
that the presence of the CD14 receptor is critical for detection of virulent F. tularensis strain SchuS4 by
dendritic cells, monocytes, and pulmonary cells. Addition of soluble CD14 (sCD14) to hDC restored cytokine
production following infection with strain SchuS4. In contrast, addition of anti-CD14 to monocyte cultures
inhibited the ability of these cells to respond to strain SchuS4. Addition of CD14 or blocking CD14 following
SchuS4 infection in dendritic cells and monocytes, respectively, was not due to alterations in phagocytosis or
replication of the bacterium in these cells. Administration of sCD14 in vivo also restored cytokine production
following infection with strain SchuS4, as assessed by increased concentrations of tumor necrosis factor alpha
(TNF-�), interleukin-1� (IL-1�), IL-12p70, and IL-6 in the lungs of mice receiving sCD14 compared to
mock-treated controls. In contrast to homogenous cultures of monocytes or dendritic cells infected in vitro,
mice treated with sCD14 in vivo also exhibited controlled bacterial replication and dissemination compared to
mock-treated controls. Interestingly, animals that lacked CD14 were not more susceptible or resistant to
pulmonary infection with SchuS4. Together, these data support the hypothesis that the absence or low
abundance of CD14 on hDC and in the lung contributes to evasion of innate immunity by virulent F. tularensis.
However, CD14 is not required for development of inflammation during the last 24 to 48 h of SchuS4 infection.
Thus, the presence of this receptor may aid in control of virulent F. tularensis infections at early, but not late,
stages of infection.

Daily insults of inhaled particulate and foreign antigens into
the lungs could result in devastating inflammation. However,
the lung counters these attacks by tightly regulating inflamma-
tory responses. This regulation occurs both in the form of
inhibitory molecules, such as surfactants that dampen macro-
phage and dendritic cell (DC) responsiveness, as well as pro-
duction of immunosuppressive cytokines, such as transforming
growth factor � (TGF-�) (1, 10, 15, 33, 34). Given the immu-
nosuppressive nature of the lung environment, it is not sur-
prising that pathogens capable of causing lethal disease follow-
ing inhalation, such as Francisella tularensis, take advantage of
this property for rapid replication while evading detection by
the host immune response.

Francisella tularensis is a Gram-negative, facultative intracel-
lular bacterium and is the causative agent of tularemia. Pneu-
monic tularemia is an acute, lethal disease mediated by F.
tularensis, following inhalation of as few as 10 to 15 bacteria in
mice and humans (20, 49). Surprisingly, despite the rapidity by
which pulmonary F. tularensis infections progress, there is little

to no evidence of inflammation in the lung until the very end
stage of infection (11, 20, 54). The mechanisms by which F.
tularensis replicates within the lung while evading detection by
the host are not well understood and represent an important
hurdle for the development of novel therapeutics and vaccines
directed against tularemia.

Recently we have demonstrated that, similar to pulmonary
cells, conventional human dendritic cells (hDC) derived from
peripheral blood fail to secrete proinflammatory cytokines fol-
lowing infection with virulent F. tularensis strain SchuS4 (17).
The absence of production of proinflammatory cytokines was
not due to the inability of the cells to become infected or
support replication of strain SchuS4, nor was it due to induc-
tion of apoptosis among infected hDC. There are multiple
explanations for the lack of cytokine production in hDC and
pulmonary cells following SchuS4 infection. One possibility is
that these cells fail to detect F. tularensis during the initial
phases of infection.

CD14 is a glycosylphosphatidylinositol receptor that exists in
both a membrane-bound form and a soluble form in vivo.
CD14 is present on monocytes, most macrophages, fibroblasts,
and neutrophils (39). Conventional human DC lose surface
expression of CD14 following their differentiation from blood
monocytes, primarily due to exposure to interleukin-4 (IL-4)
(40). Similar to hDC, alveolar macrophages have been re-
ported to have little to no CD14 present on their surface (9,
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45). Soluble CD14 (sCD14) is abundant in serum. However, it
is present at very low levels to nearly undetectable concentra-
tions in the airways of mammals (47). CD14 (both in its soluble
and membrane-bound forms) is best known as a coreceptor for
lipopolysaccharide (LPS), facilitating optimal delivery of LPS
to the Toll-like receptor 4 (TLR4)/MD-2 complex on the cell
surface (35, 64). In addition to delivery of LPS to TLR4, CD14
has been described as an important coreceptor for delivery of
other microbial antigens, including polyuronic acids from
Pseudomonas, lipoteichoic acid (LTA) from Staphylococcus au-
reus, outer surface protein of Borrelia burgdorferi and WI-1
antigen of Blastomyces dermatitidis to TLR2 (reviewed in ref-
erence 58). Thus, CD14 is an important coreceptor for initiat-
ing inflammatory responses via TLR2 and TLR4 against a wide
variety of bacterial and fungal diseases.

In this report, we demonstrate that CD14 serves as a critical
coreceptor for detection of F. tularensis SchuS4 during the
initial stage of in vitro infection in hDC and primary human
monocytes. Further, CD14 was also found to have an impor-
tant role in the early in vivo detection and control of pulmo-
nary infections with strain SchuS4. However, development of
inflammatory responses associated with bacterial sepsis ob-
served at late stages of SchuS4 infection were not dependent
on the presence of CD14. Thus, in contrast to infections with
other microbial pathogens where the presence of CD14 in the
lungs is detrimental to control of infection, CD14 represents an
important sensor to initiate protective host immune responses
during pulmonary infections with strain SchuS4, but it is not
required to elicit responses at the end of the disease process.

MATERIALS AND METHODS

Bacteria. Francisella tularensis strain SchuS4 was kindly provided by Jeannine
Peterson (Centers for Disease Control and Prevention, Fort Collins, CO). F.
tularensis SchuS4 was cultured in modified Mueller-Hinton broth (Mueller-Hin-
ton broth supplemented with CaCl2, MgCl2, 0.1% glucose, 0.025% ferric pyro-
phosphate, and 2% IsoVitaleX [BD Biosciences]) (MMH) at 37°C with constant
shaking overnight, aliquoted into 1-ml samples, frozen at �80°C, and thawed just
prior to use as previously described (11). The titers of frozen stocks were deter-
mined by enumerating viable bacteria from serial dilutions plated on modified
Mueller-Hinton agar as previously described (13, 24). The number of viable
bacteria in frozen stock vials varied less than 5% over a 10-month period.
DsRed-expressing Brucella abortus strain 2038 was kindly supplied by Jean Celli
(Rocky Mountain Laboratories, Hamilton, MT). B. abortus was cultured on
tryptic soy agar (TSA) plates for 72 h at 37°C. Individual colonies were then
transferred to tryptic soy broth (TSB), and bacteria were cultured overnight at
37°C with constant shaking. The number of bacteria present in broth cultures was
determined by the optical density at 600 nm. The actual numbers of viable
bacteria were confirmed by plating an inoculum on TSA plates as previously
described (50).

Mice. Specific-pathogen-free, 6- to 8-week-old, male C57BL/6J (wild-type)
mice and CD14-deficient (CD14�/�) mice (four or five mice per group) were
purchased from Jackson Laboratories (Bar Harbor, ME). Mice were housed in
sterile microisolater cages in the biosafety level 3 (BSL-3) facility at the NIAID/
Rocky Mountain Laboratories (RML). All mice were provided sterile water and
food ad libitum, and all research involving animals was conducted in accordance
with Animal Care and Use guidelines and animal protocols were approved by the
Animal Care and Use Committee at RML.

Isolation of human monocytes and differentiation of dendritic cells. Human
monocytes were obtained from peripheral blood samples provided by the De-
partment for Transfusion Medicine and the NIH Clinical Center at the National
Institutes of Health (Bethesda, MD) and enriched by apheresis. Apheresed,
CD14� monocytes were further enriched using Ficoll-Paque (GE Healthcare)
and negative selection using Dynabeads MyPure Monocytes kit for untouched
human cells per the manufacturer’s instructions (Invitrogen). Monocytes were
used immediately following negative selection or were differentiated into con-
ventional, myeloid dendritic cells as previously described (14, 48). For differen-

tiation of monocytes into hDC, CD14� monocytes were resuspended at 5 �
105/ml in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf
serum (FCS), 0.2 mM L-glutamine, 1 mM HEPES buffer, and 0.1 mM nones-
sential amino acids (all from Invitrogen) (complete RPMI medium [cRPMI])
and 100 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and
20 ng/ml IL-4 (both from Peprotech) plated at 2 ml/well in six-well plates and
incubated at 37°C and 5% CO2. On day 2 of culture, 100% of each cytokine per
well in 1 ml of cRPMI was added, and cells were used on day 4 of culture. The
resulting differentiated DC were �97% CD1a�/DC-SIGN� and �1% CD14�.
Human blood cells were collected from anonymous volunteers under a protocol
reviewed and approved by the NIH Institutional Biosafety Committee.

Infection of cells. Monocytes and hDC were infected at a multiplicity of
infection (MOI) of 50 with F. tularensis strain SchuS4 as previously described
(17). In additional experiments, monocytes and hDC were infected with a MOI
of 50 of B. abortus. Briefly, monocytes were infected immediately following their
enrichment described above. hDC were removed from their original cultures and
pelleted. The resulting hDC conditioned medium was reserved for replating of
cells. Monocytes and hDC were adjusted to 2 � 107/ml to 3 � 107/ml in either
fresh cRPMI (monocytes) or reserved hDC medium (hDC). As indicated, DC
and monocytes were incubated with soluble CD14 (sCD14) (R&D Systems) (4
�g/3 � 106 cells) or anti-CD14 antibody (R&D Systems) (5 �g/3 � 106 cells),
respectively, at room temperature 30 min prior to infection. Cells treated with
medium alone or with mouse IgG1 (isotype control) (R&D Systems) served as
negative controls. F. tularensis SchuS4 or DsRed-expressing B. abortus strain
2308 was added, the cells were incubated at 37°C in 7% CO2 for 1 h, then 50
�g/ml (for SchuS4) or 100 �g/ml (for B. abortus) gentamicin (Invitrogen) was
added, and the cells were incubated for an additional 45 min to kill extracellular
bacteria. Then the cells were washed extensively and adjusted to 5 � 105 cells/ml
in fresh cRPMI (monocytes) or reserved DC medium (hDC). Cells were then
plated at 1 ml/well in 24-well tissue culture plates. After plating, sCD14 was
added to DC at 2 �g/5 � 105 cells. Alternatively, anti-CD14 or mouse IgG1 was
added to monocyte cultures at 10 �g/5 � 105 cells after plating. sCD14, anti-
CD14, and isotype control antibodies remained in the culture medium through-
out the course of the experiment. At the indicated time points, intracellular
bacteria were enumerated as previously described (17, 52). Additionally, intra-
cellular infection was monitored by microscopy as described below.

Fluorescence microscopy. Monocytes and hDC were fixed and stained for F.
tularensis and tubulin as previously described with the following modifications
(18). Briefly, monocytes and hDC were infected with F. tularensis SchuS4 as
described above and then allowed to adhere to a glass slide using a Shandon
Cytospin 4. The cells were fixed in ice-cold 90% methanol for 2 min at �20°C.
Tubulin and bacteria were visualized following incubation with rabbit anti-tubu-
lin (Cell Signal Technologies) followed by either Alexa Fluor 488-conjugated
anti-rabbit antibodies (Invitrogen) or Alexa Fluor 546-conjugated anti-rabbit
antibodies (Invitrogen) and Alexa Fluor 488-conjugated goat anti-F. tularensis
(U.S. Biological, Swampscot, MA), respectively. Samples were visualized using a
Carl Zeiss LSM 510 confocal scanning laser microscope (Thornwood, NY) for
quantitative analysis and image acquisition. Approximately 75 to 100 cells/field
and a minimum of three fields per slide were analyzed for the presence of
intracellular bacteria. The percentage of infected cells was calculated as follows:
(number of infected cells/total number of cells) � 100. Confocal images of
1,024 � 1,024 pixels were acquired and assembled using Adobe Photoshop CS2
software (Adobe Systems, San Jose, CA).

Collection of airway and lung cells. Airway cells were obtained by bronchoal-
veolar lavage (BAL) as previously described (11). Briefly, mice were euthanized
by administration of overdoses of inhaled isofluorane, and an 18-gauge (18G)
catheter was immediately inserted into the trachea. Approximately 1.5 ml of
ice-cold phosphate-buffered saline (PBS) was injected and then aspirated from
the lungs. This was repeated three times. Bronchoalveolar lavage cells were
centrifuged at 1,200 rpm for 5 min at 4°C. BAL cells were then resuspended in
fluorescence-activated cell sorting (FACS) buffer (PBS with 2% fetal bovine
serum and 0.05% sodium azide) prior to staining. Lung cells were isolated as
previously described with minor modifications (11). Briefly, the lungs were ex-
cised, minced, and incubated in PBS supplemented with 0.35 mg/ml Blendzyme
3 (Roche, Nutley, NJ) for 45 min at 37°C and 5% CO2. Tissues were triturated
using a 5-ml syringe and 18G needle. The cells were then pelleted by centrifu-
gation at 1,200 rpm for 5 min, and red blood cells were lysed with NHCl4 and
passed through a 70-mm nylon screen. The cells were then washed twice in PBS
and resuspended in FACS buffer prior to analysis. Total live cells from the
airways and lungs were enumerated using trypan blue and a hemacytometer.

Flow cytometry and analysis of human cells and mouse lung and airway cells.
Macrophage and dendritic cell populations obtained from human blood samples
and mouse lungs and airways were assessed for CD14 by flow cytometry. Directly
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FIG. 1. Monocytes, but not human dendritic cells, secrete cytokines in response to F. tularensis SchuS4 infection. Primary human monocytes
and donor-matched hDC were infected with F. tularensis SchuS4 at a MOI of 50. Twenty-four hours after infection, culture supernatants were
analyzed for cytokines. Monocytes infected with F. tularensis SchuS4 secreted significantly more TNF-�, IL-6, IL-1�, MIP1�, and MIP-1�
compared to monocytes from uninfected controls (P � 0.01 [*]). In contrast, DC failed to secrete cytokines in response to SchuS4 infection, and
these values were significantly different from those of uninfected controls. hDC readily secreted significantly greater concentrations of TNF-�, IL-6,
IL-1�, MIP-1�, and MIP-1� in response to LPS compared to DC from uninfected controls (P � 0.01 [**]). Thus, the absence of cytokine in
SchuS4-infected hDC cultures was not due to a general defect in hDC recognition of microbial antigens. Values that are below the level of
detection (BLD) are indicated. Data are representative of six experiments of similar design, using different donor cells of similar design. Values
are means plus standard errors of the means (SEM) (error bars).
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conjugated antibodies for these analyses were purchased from BD Biosciences
(San Jose, CA). The following antibodies in various combinations were used for
flow cytometric analysis: allophycocyanin (APC)-conjugated anti-mouse CD11c
(clone N418), PeCy7-conjugated anti-mouse CD11b (clone M1/70), fluorescein
isothiocyanate (FITC)-conjugated anti-mouse I-A/I-E (major histocompatibility
complex class II [MHC-I]; clone M5/114.15.2), phycoerythrin (PE)-conjugated
anti-mouse CD14 (clone rmC5-3), PE-conjugated anti-human CD14 (clone
M5E2), and APC-conjugated anti-human CD1a (clone HI149). Staining with
directly conjugated antibodies was done in FACS buffer at 4°C. Then, the cells
were washed and fixed in 1% paraformaldehyde for 30 min at 4°C. The cells were
washed a final time, resuspended in FACS buffer, and stored at 4°C until ana-
lyzed. Flow cytometry was done using a Partec ML flow cytometer (Partec,
Swedesboro, NJ). Analysis gates were set on viable unstained cells and were
designed to include all viable cell populations. Of note, the side scatter (SSC) and
forward scatter (FSC) settings were reduced from those typically used for anal-
ysis of lymphocytes in order to include macrophages and dendritic cells, which
have high forward and side scatter properties. Approximately 25,000 (BAL fluid
samples, human monocytes, and dendritic cells) and 100,000 (lung) events were
analyzed for each sample. Isotype control antibodies were included when the
analyses and panels were first being performed to ensure specificity of staining
but were not routinely included with each experiment. Data were analyzed using
FlowJo software (Treestar, Ashland, OR).

Infection of mice. Mice were infected intranasally (i.n.) with approximately 50
CFU/25 �l F. tularensis SchuS4. Briefly, bacteria were thawed and diluted in PBS.
As indicated, sCD14 (Cell Sciences, Canton, MA) was added to diluted bacterial
suspensions so that the final concentration was 1 �g sCD14/25 �l. Mice were
anesthetized by injection of 100 �l of 12.5 mg/ml ketamine plus 3.8 mg/ml
xylazine intraperitoneally. Approximately 50 CFU with or without 1 �g sCD14
was administered into the nares of each mouse in a total volume of 25 �l. The
actual inoculum concentration was confirmed by plating a portion of the inocu-
lum onto MMH agar plates, incubating plates at 37°C with 5% CO2, and enu-
merating colonies. This dose routinely resulted in a mean time to death of 5 days
in naïve C57BL/6J mice. As indicated, mice were also treated with either 1 �g
sCD14/25 �l or 25 �l PBS (control) i.n. 1 day after infection.

Collection of tissue homogenate and enumeration of bacteria. Bacteria were
enumerated from the lungs and spleens as previously described with minor
modifications (11). Briefly, the organs were aseptically collected and placed in
ice-cold homogenization buffer (150 mM Tris-HCl, 5 mM EDTA, 10 mM Trizma
base) supplemented with a 1:100 dilution of phosphatase inhibitor cocktail I,
phosphatase inhibitor cocktail II, and proteinase inhibitor cocktail III (all from
AG Scientific, San Diego, CA). The organs were immediately homogenized by
grinding tissues through a sterile S/S type 304 no. 60 mesh wire mesh screen
(Billeville Wire Cloth Co., Cedar Grove, NJ) using a 3-ml syringe plunger. A
portion of the resulting homogenate was immediately serially diluted in PBS and
plated on MMH agar for enumeration of bacterial loads. The remaining homog-
enate was centrifuged at 14,000 � g for 30 min at 4°C. The resulting supernatants
were sterile filtered through 0.2-�m syringe filters (Schleicher and Schuell,
Keene, NH) and stored at �80°C before assessment for cytokines.

Measurement of cytokines. Culture supernatants and lung homogenates were
assayed for the presence of tumor necrosis factor alpha (TNF-�), IL-6, IL-10,

IL-1�, IL-12p70, monocyte chemotactic peptide 1 (MCP-1), macrophage inflam-
matory protein 1� (MIP-1�), and MIP-1� by cytometric bead array using a
LSRII multiparameter flow cytometer and FCAP array software (all from BD
Biosciences, San Jose, CA) according to the manufacturer’s instructions.

Statistical analysis. Statistical differences between two groups were deter-
mined using an unpaired t test with the significance set at P � 0.05. For com-
parison between three or more groups, analysis was done by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparison test with signifi-
cance determined at P � 0.05.

RESULTS

Differential induction of proinflammatory cytokines by F.
tularensis SchuS4 in monocytes and hDC. We have previously
shown that hDC fail to secrete detectable levels of proinflam-
matory cytokines following infection with F. tularensis SchuS4
(17). In contrast, it has been reported that primary human
monocytes secrete IL-6, IL-8, and IL-1� in response to SchuS4
infection (16). To confirm and extend these initial observa-
tions, we directly compared production of cytokines in hDC
and monocyte cultures infected with strain SchuS4. As ex-
pected, hDC infected with SchuS4 did not produce TNF-�,
IL-8, IL-1�, MIP-1�, or MIP-1� at concentrations that were
significantly different from those of uninfected controls (Fig.
1). The absence of cytokine production from SchuS4-infected
hDC was not due to an inability of hDC to respond to micro-
bial stimuli, since hDC treated with E. coli LPS secreted sig-
nificantly higher concentrations of all cytokines tested than
untreated/uninfected controls (P � 0.05) (Fig. 1). In contrast,
monocytes responded to SchuS4 infection by secreting signif-
icantly more TNF-�, IL-8, IL-1�, MIP-1�, and MIP-1� than
uninfected monocytes (P � 0.01) (Fig. 1). Thus, unlike hDC,
primary human monocytes vigorously respond to SchuS4 in-
fection by secreting both proinflammatory cytokines and che-
mokines.

CD14 expression on monocytes and hDC. CD14 is a recep-
tor that is critical for optimal induction of responses to multi-
ple microbial antigens including LPS, glucuronoxylomannan of
Cryptococcus neoformans, lipoteichoic acid (LTA), and li-
poarabinomannan lacking terminal mannosyl units (AraLAM)
from Mycobacterium tuberculosis (6, 38, 64, 66). Monocytes
circulating in the peripheral blood express CD14 on their sur-

FIG. 2. Differential expression of CD14 on human dendritic cells and monocytes. Primary human monocytes and donor-matched hDC were
analyzed for surface expression of CD1a and CD14 by flow cytometry. Monocytes were uniformly CD14� and CD1a�, whereas the majority of hDC
were CD1a� and CD14�. Data are representative of four experiments of similar design, using different donor cells.
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faces, whereas hDC lose surface expression of CD14 and gain
CD1a following their differentiation from monocytes (48).
Given the important role CD14 plays in the initial recognition
of microbes and the marked disparity in expression of this
receptor on monocytes and hDC, we reasoned that CD14 may
play a role in induction of cytokine responses following SchuS4
infection of monocytes and hDC. We first confirmed transition
of these receptors on hDC by assessing CD1a and CD14 ex-
pression on primary human monocytes and donor-matched
hDC. As expected, monocytes had uniform levels of CD14 on
their surface, whereas CD1a was undetectable on these cells
(Fig. 2). In contrast, hDC differentiated from monocytes had
undetectable levels of CD14 and had increased expression of
CD1a (Fig. 2).

CD14 aids in induction of cytokines following infection of
human cells with F. tularensis SchuS4. We next determined
whether addition of soluble CD14 to hDC cultures enhanced
the ability of these cells to secrete cytokine in response to
SchuS4 infection. Surprisingly, addition of sCD14 to hDC in-
fected with F. tularensis SchuS4 induced secretion of signifi-
cantly higher concentrations of TNF-�, MIP-1�, and MIP-1�
compared to those of untreated, SchuS4-infected and unin-
fected controls (Fig. 3). Interestingly, addition of sCD14 did
not elicit production of IL-8 (Fig. 3) or IL-1� (data not shown)
in SchuS4-infected hDC. sCD14 treatment of uninfected hDC
induced modest, to barely detectable, amounts of TNF-� and
MIP-1�. However, the concentrations of these cytokines were
significantly lower than those observed in sCD14-treated,
SchuS4-infected hDC (P � 0.01). Thus, sCD14 enabled hDC
to recognize and respond to SchuS4 infection.

We next examined the role of CD14 in the recognition of F.
tularensis SchuS4 in monocytes. Addition of anti-CD14 anti-
bodies to SchuS4-infected monocytes resulted in a significant
decrease in secretion of TNF-�, MIP-1�, MIP-1�, and IL-1�
compared to isotype-treated controls (P � 0.01) (Fig. 3). Sim-
ilar to hDC, secretion of IL-8 by SchuS4-infected monocytes
was not impacted by blocking CD14. Together, these data
demonstrate that the presence of CD14 in either a membrane-
bound or soluble form is essential for initiation of cytokine and
chemokine responses following SchuS4 infection in human
monocytes and DC.

To determine whether the role of CD14 in the elicitation of
cytokines and chemokines was specific for F. tularensis SchuS4,
we examined the contribution of CD14 in the detection of B.
abortus by human monocytes and dendritic cells. We selected
B. abortus for several reasons. First, B. abortus is also a Gram-
negative, facultative intracellular pathogen. Further, similar to
F. tularensis SchuS4, Brucella species have been previously
demonstrated both to fail to induce inflammatory responses in
hDC and to actively suppress production of cytokines following
infection of these mammalian cells (7, 8). Surprisingly, addi-

tion of sCD14 failed to induce inflammatory responses in hDC
following infection with B. abortus. In contrast, blocking CD14
resulted in a significant decrease in secretion of both TNF-�
and IL-1� by human monocytes infected with B. abortus. Thus,
unlike infections with SchuS4, CD14 was not sufficient to pro-
voke a proinflammatory response from hDC. This suggests that
the dependence of human cells on CD14 for detection of
SchuS4 may be unique to this bacterium.

CD14 does not play a role in phagocytosis of F. tularensis
SchuS4. CD14 has been implicated in mediating phagocytosis
of other Gram-negative bacteria (50). Thus, it is possible that
the enhancement of cytokine secretion observed in sCD14-
treated hDC, or the inhibition of this response in monocytes
treated with anti-CD14, was due to alternations in the phago-
cytosis of strain SchuS4 by the host cell. To determine the role
of CD14 in phagocytosis of SchuS4 in monocytes and hDC, we
measured the uptake of SchuS4 in sCD14-treated hDC or
anti-CD14-treated monocytes 3 h after infection. As depicted
in Fig. 4, addition of sCD14 to hDC had no impact on the
number of viable intracellular bacteria, the overall number of
cells infected with SchuS4, or the quantity of bacteria entering
each cell (Fig. 4A to D). Similarly, blocking CD14 on human
monocytes did not impact the uptake of viable bacteria, the
overall number of monocytes infected with SchuS4, or the
number of bacteria taken up by each cell (Fig. 4E to H).

We have previously shown that live, replicating SchuS4 fails
to stimulate cytokine production in hDC. Further, viable
SchuS4 actively suppresses the ability of hDC to respond to
secondary microbial stimuli. Thus, an additional explanation
for increased cytokine production in sCD14-treated hDC is
that F. tularensis SchuS4 replicates poorly in these treated cells
and, therefore, is unable to inhibit production of proinflam-
matory cytokines. To assess the effects CD14 had on the rep-
lication of SchuS4 in hDC and monocytes, we evaluated the
bacterial load, the number of infected cells, and the number of
bacteria per cell 24 h after infection in hDC and monocytes
treated with sCD14 or anti-CD14 antibodies, respectively.
There were no differences in bacterial loads among DC treated
with sCD14 and untreated cells (Fig. 5A). Furthermore, addi-
tion of sCD14 did not impact the number of cells infected or
the number of bacteria per cell compared to untreated controls
(Fig. 5B to D). Similar to hDC, CD14 did not appear to have
a role in SchuS4 replication in monocytes. Blocking CD14 on
monocytes failed to significantly alter the intracellular replica-
tion, the number of cells infected, or the number of bacteria
per cell (Fig. 5A and E to G). Thus, although CD14 was
essential for stimulation of cytokine responses in monocytes
and hDC following SchuS4 infection, this receptor does not
play a direct role in phagocytosis or replication of SchuS4 in
these two independent cell types.

FIG. 3. CD14 is critical for induction of cytokines during F. tularensis SchuS4 infection of human cells. Human dendritic cells (A) or primary
human monocytes (B) were infected with F. tularensis SchuS4 at a MOI of 50 in the presence of sCD14 (DC), anti-CD14 (monocytes), or isotype
control (monocytes). (A) sCD14 elicited secretion of significantly greater concentrations of TNF-� and MIP-1� from SchuS4-infected cells
compared to the cells from all other groups (P � 0.01 [*]). sCD14 also elicited secretion of significantly more MIP-1� from SchuS4-infected cells
compared to untreated, SchuS4-infected DC (Un) (P � 0.05 [**]). (B) Presence of CD14 blocking antibodies resulted in secretion of significantly
less TNF-�, MIP1-�, MIP-1�, and IL-1� by SchuS4-infected monocytes compared to monocytes from other groups (P � 0.01 [*]). Data are pooled
from six separate experiments, using different donors. Values are means plus SEM (error bars).
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CD14 contributes to the control of pulmonary SchuS4 in-
fection. One enigma of pulmonary infection with F. tularensis
SchuS4 is the absence of strong inflammatory responses in the
lungs during the first few days of infection, despite rapid rep-
lication of the bacterium (3, 11, 21). The failure of F. tularensis
SchuS4 to elicit inflammation in the lung is believed to be a key
virulence factor for this pathogen. Thus, elicitation of a con-

trolled inflammatory response early after infection would likely
aid in the resolution of pulmonary SchuS4 infection. As dis-
cussed above, the absence of CD14 on hDC appears to aid in
SchuS4 evasion of induction of proinflammatory responses in
these cells. Similar to hDC, pulmonary cells, including alveolar
macrophages (AvMØ), have been noted to express very low to
undetectable levels of CD14 (2, 9). Furthermore, sCD14 is not

FIG. 4. CD14 does not play a role in phagocytosis of F. tularensis SchuS4 by human cells. Human dendritic cells and monocytes were infected
with F. tularensis SchuS4 at a MOI of 50 in the presence of sCD14 and anti-CD14 or isotype-matched antibodies, respectively. Three hours after
infection, the cells were lysed or stained for SchuS4 (green) and tubulin (red) and assessed for intracellular bacteria by enumerating bacteria in
cell lysates or by confocal microscopy. (A to C) Addition of sCD14 had no effect on the uptake of viable SchuS4 by hDC (A). Furthermore, there
were no significant differences in either the number of infected DC or the number of bacteria per cell among any group (B to D). (E to H) Blocking
CD14 had no effect on the phagocytosis of viable F. tularensis SchuS4 by human monocytes (E). Further, there were no significant differences in
either the number of monocytes infected or the number of bacteria per cell in any group (F to H). Data are representative of six experiments of
similar design, using different donors. Values are means plus SEM (error bars).
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abundant in the airways of healthy mammals (22, 51). Alveolar
macrophages and airway DC are the primary targets of Fran-
cisella infection following inhalation of the bacterium during
the first few days of infection, and these cells have both func-
tional and phenotypic properties that are similar to those of
human dendritic cells derived from peripheral blood (5, 11, 12,
28, 29, 36, 56). Therefore, as observed above in human den-
dritic cells (Fig. 1, 3, and 4), lack of CD14 on these important
airway cells may aid in the evasion of induction of early cyto-

kine responses by virulent F. tularensis. Thus, we next hypoth-
esized that administration of sCD14 to the airways of SchuS4-
infected mice might aid in control of pulmonary infection. We
first confirmed that cells collected from mouse airways and
lungs poorly expressed CD14. In comparison to peritoneal
cells, airway cells and lung dendritic cells had nearly undetect-
able levels of CD14 on their surfaces (Fig. 6A). Next we ex-
amined the ability of sCD14 to facilitate production of cyto-
kines in the lungs following SchuS4 infection. As previously

FIG. 5. CD14 does not affect replication of F. tularensis SchuS4 in human monocytes and human dendritic cells. hDC and monocytes were
infected with F. tularensis SchuS4 at a MOI of 50 in the presence of sCD14 and anti-CD14 or isotype-matched antibodies, respectively. Twenty-four
hours after infection, the cells were lysed or stained for SchuS4 (green) or tubulin (red), and the nucleus was stained using Draq5 (blue). Cells were
assessed for intracellular bacteria by enumerating bacteria in cell lysates or by microscopy. (A) The presence of sCD14 in hDC cultures or blocking
CD14 in monocyte cultures had no qualitative effect on the number of cells infected with SchuS4. (B to D) Addition of sCD14 to SchuS4-infected
hDC had no significant effect on the number of viable intracellular bacteria (B), the number of DC infected (C), or the number of bacteria per
cell (D). (E to G) Blocking CD14 on the surface of monocytes had no significant effect on the ability of SchuS4 to replicate in these cells as
measured by the number of bacteria in cell lysates (D), the number of cells infected (E), and the number of bacteria per cell (F). Data are
representative of three experiments of similar design, using different donor cells. Values are means plus SEM (error bars).
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observed, SchuS4 infection in the absence of sCD14 failed to
elicit production of IL-12p70, TNF-�, IL-6, and IL-1� in the
lungs in concentrations that were significantly different from
those of mock-treated animals. In contrast, lungs from mice
infected with SchuS4 that also received sCD14 had significantly
more TNF-� and IL-6 (P 	 0.0034 and 0.0346, respectively)
than all other groups of animals (Fig. 6B). sCD14-treated,
SchuS4-infected mice also had greater concentrations of IL-
12p70 and IL-1� in their lungs, but these values were not
significantly different from the values of the other groups of
mice. Uninfected mice treated with sCD14 did not have sig-
nificantly different concentrations of cytokine in their lungs
compared to mock-treated controls (Fig. 6B). Thus, addition
of exogenous sCD14 alone could not account for the enhanced
production of TNF-�, IL-6, IL-12p70, and IL-1� observed in
SchuS4-infected animals treated with sCD14.

Although CD14 did not have an effect on the replication of
F. tularensis SchuS4 in hDC or human monocytes in vitro, it
was possible that in the complex environment of the lung, the
presence of sCD14 might have a greater impact on the local
replication and dissemination of SchuS4. To test this hypoth-
esis, we compared bacterial loads in the lungs and spleens of
SchuS4-infected mice that had received sCD14 to infected

mice that were treated with PBS. Indeed, mice treated with
sCD14 had significantly fewer bacteria in their lungs than
mock-treated controls (P 	 �0.05) 24, 48, and 72 h after
infection (Fig. 7A). However, the greatest difference in bacte-
rial loads in the lungs was detected 72 h after infection (Fig.
7A). Furthermore, animals treated with sCD14 had undetect-
able levels of SchuS4 in the spleens compared to approximately
104 and 106 bacteria in the spleens of mock-treated controls 48
and 72 h after infection, respectively (Fig. 7A). Changes in
pulmonary and splenic cell populations were monitored by
flow cytometry. In agreement with previous reports, no signif-
icant differences in monocyte, neutrophil, macrophage, or den-
dritic cell populations were observed among uninfected and
infected mice, regardless of the presence of exogenous sCD14
(30) (data not shown). We next determined whether addition
of sCD14 could enhance survival of SchuS4-infected mice.
Surprisingly, despite the dramatic control of dissemination to
the spleen we observed during the first few days of infection,
addition of sCD14 failed to enhance the survival of mice with
pulmonary SchuS4 infection (Fig. 7B). In the studies depicted
herein, sCD14 was administered only at the time of challenge
and the first day after infection. Therefore, it was possible that
the continued administration of CD14 was required to aid

FIG. 6. CD14 aids in elicitation of proinflammatory cytokines in vivo. (A) Alveolar macrophages, lung DC, and peritoneal cells from naïve mice
were assessed for cell surface expression of CD14 by flow cytometry. Peritoneal cells expressed uniform levels of CD14 on their cell surface. In
contrast, alveolar macrophages and lung DC were weakly positive for CD14 on their cell surface. (B) CD14 facilitates production of cytokines
following in vivo infection with F. tularensis SchuS4. Mice were infected with F. tularensis SchuS4 in the presence of sCD14. Uninfected, treated
animals served as negative controls. Additional controls consisted of SchuS4-infected and uninfected mice that received PBS. Two days after
infection, cytokines present in lung and spleen homogenate were quantified. Administration of sCD14 did not significantly change the amount of
cytokine detected in lungs or spleens from uninfected mice. SchuS4-infected mice treated with PBS also failed to produce any significantly different
concentrations of cytokines compared to uninfected controls. In contrast, SchuS4-infected animals treated with sCD14 had significantly more
TNF-� (P 	 0.0034) and IL-6 (P 	 0.0346) in their lungs compared to the PBS-treated, SchuS4-infected controls. No significant difference in
cytokine production among any groups was noted in samples obtained from the spleen. Data are representative of two experiments of similar
design. The symbols show the values for individual mice, and the mean value for a group of mice is indicated by a short horizontal line.
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survival of mice infected with SchuS4. Thus, we also tested the
ability of sCD14 to provide protection against SchuS4 infection
when administered for the first 3 days after infection. Contin-
uous administration of sCD14 also failed to significantly en-
hance survival of mice infected with SchuS4 (data not shown).

Administration of exogenous sCD14 into the airways of F.
tularensis SchuS4-infected mice was required for production of
proinflammatory cytokines and control of bacterial replication
and dissemination within the first few days of infection, but it
had little impact on the survival of SchuS4-infected mice. How-
ever, the cytokine production and control of SchuS4 replica-
tion observed in conjunction with delivery of sCD14 was likely
due to activation of specific effector cells already present in the
lung rather than recruitment of cells from the periphery.

The absence of CD14 does not exacerbate pulmonary
SchuS4 infections. Since addition of sCD14 aided in early
control of F. tularensis SchuS4 infections, it was possible that
the complete absence of CD14 may result in even further
diminished recognition of SchuS4 in the host, which in turn
may exacerbate disease. To determine how the absence of
CD14 might affect pulmonary SchuS4 infections, we evaluated
the kinetics of bacterial replication, host response to infection,
and survival in wild-type and CD14�/� mice following i.n.
SchuS4 infection. There was no difference in bacterial loads in
the lung and spleen at 2 or 4 days after infection in CD14�/�

mice compared to wild-type controls (Table 1). There was no

difference in survival in mice with intranasal SchuS4 infection;
all 10 wild-type control mice and 10 CD14�/� mice died. The
wild-type controls survived for 4.60 
 0.16 days, and the
CD14�/� mice survived for 4.55 
 0.15 days. Furthermore, no
difference in cytokine production, overall survival, or cellular
infiltrate among CD14�/� mice compared to wild-type controls
following SchuS4 infection were observed (Table 2 and data
not shown). Thus, in agreement with our in vitro data, CD14
was not required for uptake and replication of strain SchuS4 by

FIG. 7. sCD14 aids in control of F. tularensis SchuS4 replication and dissemination, but not in survival of infection. Mice were infected with
F. tularensis SchuS4 in the presence of sCD14. SchuS4-infected mice that received PBS served as negative controls. (A) At the time points
indicated, the bacterial loads in their lungs and spleens were determined. Mice treated with sCD14 had significantly fewer bacteria in their lungs
compared to PBS controls at each time point assessed. In contrast to PBS-treated controls, sCD14-treated mice did not have any detectable
bacteria in their spleens 48 and 72 h after infection. Values that were significantly different (P � 0.05) from the value for the PBS-treated control
are indicated (*). (B) sCD14 failed to enhance survival following SchuS4 infection. Values are means plus SEM (error bars). Data are
representative of two experiments of similar design.

TABLE 1. Absence of CD14 does not affect replication of
F. tularensis SchuS4 in vivoa

Organ Mice (n 	 4) DPIb No. of CFU/organ (105)
(mean 
 SEM)

Lung WTc 2 1.31 
 0.263
4 39.8 
 9.34

CD14�/� 2 2.89 
 1.64
4 35.7 
 4.45

Spleen WT 2 0.408 
 0.320
4 518 
 114

CD14�/� 2 0.101 
 0.0327
4 619 
 63

a Mice were challenged with 50 CFU of F. tularensis SchuS4 intranasally.
b DPI, day postinfection.
c WT, wild type.
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host cells in vivo. Additionally, complete absence of CD14 did
not significantly alter the outcome of infection. However, our
data clearly demonstrate that supplementation of sCD14 to the
airways plays an important role in initial recognition and con-
trol of SchuS4 replication and dissemination during the early
stages of pneumonic tularemia.

DISCUSSION

Francisella tularensis infections can be characterized by a
biphasic inflammatory response. At the outset of infection,
when the bacteria are primarily confined to the site of inocu-
lation, there is little evidence of inflammation or production of
detectable proinflammatory cytokines. However, shortly after
the bacteria have disseminated and have begun to replicate in
peripheral tissues, inflammation becomes evident and, in the

setting of lethal disease, contributes to the death of infected
hosts (20, 27). The mechanisms by which Francisella evades
initiating early proinflammatory responses are not fully under-
stood. Similarly, the direct contribution of Francisella in the
induction of inflammation at the end of infection is equally
poorly characterized.

In this report, we demonstrate that evasion of induction of
early inflammatory responses by virulent F. tularensis in both
primary target cells in vitro and pulmonary tissues in vivo is
partially dependent on the absence of CD14. Supplementation
of CD14 in vitro to target cells most likely to be present at the
site of infection, i.e., dendritic cells, or in vivo directly at the
site of inoculation, i.e., the lung, resulted in increased produc-
tion of several proinflammatory cytokines. Importantly, CD14-
mediated production of proinflammatory cytokines in vivo cor-
related with modest, but significant, control of bacterial
replication and dissemination. The lack of control of bacterial
replication in vitro may be explained by the absence of addi-
tional effector cells capable of responding to the initial wave of
proinflammatory cytokines via production of other soluble me-
diators that stimulate killing in target cells. For example, pre-
liminary data generated in our laboratory suggest that F. tula-
rensis SchuS4 inhibits the ability of infected cells to respond to
certain proinflammatory cytokines (e.g., TNF-�) and undergo
activation. Thus, control of F. tularensis SchuS4 may rely on
indirect activation via other, uninfected effector cells. In sup-
port of this hypothesis, previous reports suggest that efficient
killing of intracellular F. tularensis requires production of
IFN-� and that the source of IFN-� during the critical early
stages of infection is NK cells (42). However, optimal produc-
tion of IFN-� by NK cells typically requires IL-12p70 secreted
from resident macrophages and/or DC (reviewed in reference
57). Thus, it is reasonable to speculate that while production of
proinflammatory cytokines, such as TNF-� and IL-12, follow-
ing addition of CD14 to cells or tissues is the first step toward
killing SchuS4, it is not sufficient on its own. Rather, early
control of SchuS4 infection requires induction of IFN-� by
other, uninfected host cells responding to IL-12. Our in vitro
culture consisted only of DC or monocytes and lacked IFN-�-
producing “effector” cells. Thus, although CD14 facilitated
increased production of several proinflammatory cytokines,
cells capable of responding to these cytokines via secretion of
more potent stimulating cytokines were not present and no
control of SchuS4 replication was observed. In vivo, the full
complement of cells, both target and effector, are present at
the site of infection. Therefore, it is possible that the IL-12
present in CD14-treated, SchuS4-infected mice activated resi-
dent NK cells to produce IFN-�, resulting in modest control of
SchuS4 replication.

The production of cytokines following pulmonary F. tularen-
sis SchuS4 infection is tightly correlated with the recruitment
of effector cells, such as granulocytes and monocytes (21, 30).
However, this recruitment does not typically occur until 3 days
after infection (21, 30). Rather, at the outset of infection, the
primary pulmonary cell types infected are alveolar macro-
phages and dendritic cells, both of which lack CD14 (11, 30)
(Fig. 6). In fact, in one report, SchuS4 was not even detected in
resident granulocytes during the first day of infection (30).
Thus, an additional explanation for the early control of SchuS4
in the lungs and spleens of sCD14-treated animals is that there

TABLE 2. Production of cytokines in the lungs and spleens of wild-
type and CD14�/� mice following F. tularensis SchuS4 infectiona

Organ Cytokine Mice Infection Cytokine concn (pg/ml)
(mean 
 SEM)

Spleen IFN-� WTb NIc 3.52 
 1.803
CD14�/� NI 3.46 
 0.685
WT SchuS4 1,107 
 341
CD14�/� SchuS4 2,245 
 158

MCP-1 WT NI 65.48 
 6.96
CD14�/� NI 59.38 
 8.16
WT SchuS4 4,965 
 1,317
CD14�/� SchuS4 7,196 
 837

MIP-1� WT NI 4.650 � 4.653
CD14�/� NI BLDd

WT SchuS4 359.8 
 131
CD14�/� SchuS4 626.0 
 32.43

IL-6 WT NI BLD
CD14�/� NI BLD
WT SchuS4 5,566 
 3,231
CD14�/� SchuS4 11,814 
 1,910

TNF-� WT NI 121.7 
 21.61
CD14�/� NI 76.87 
 23.05
WT SchuS4 1,302 
 773
CD14�/� SchuS4 4,054 
 1,783

Lung IFN-� WT NI BLD
CD14�/� NI BLD
WT SchuS4 513.4 
 45.57
CD14�/� SchuS4 1,280 
 396.8

MCP-1 WT NI 35.28 
 8.57
CD14�/� NI 40.49 
 5.719
WT SchuS4 3,440 
 166
CD14�/� SchuS4 2,731 
 992

MIP-1� WT NI BLD
CD14�/� NI BLD
WT SchuS4 210.2 
 22.5
CD14�/� SchuS4 310.6 
 79.3

IL-6 WT NI BLD
CD14�/� NI BLD
WT SchuS4 966.0 
 170
CD14�/� SchuS4 3,848 
 1,833

TNF-� WT NI 46.93 
 3.70
CD14�/� NI 46.50 
 3.581
WT SchuS4 364.4 
 59.95
CD14�/� SchuS4 446.7 
 97.18

a Mice were infected with 50 CFU of F. tularensis SchuS4. The organs were
collected 4 days after infection.

b WT, wild type.
c NI, not infected (uninfected controls treated with PBS).
d BLD, below the level of detection.
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was early recruitment of effector cells, such as granulocytes and
monocytes, into these organs. However, we did not observe
recruitment of granulocytes or monocytes following adminis-
tration of sCD14 into either the lung or spleen. Thus, our data
indicate that the cells responsible for producing proinflamma-
tory cytokines in the presence of CD14 are resident alveolar
macrophages and dendritic cells.

Our studies also suggest that the dependence on CD14 for
elicitation of early inflammatory responses in vivo may be
unique to F. tularensis. Previous reports examining the role of
CD14 in other pulmonary bacterial infections have suggested
that the presence of this receptor plays a deleterious role in
control of bacterial replication and dissemination. For exam-
ple, mice lacking CD14 controlled pulmonary Burkholderia
pseudomallei infections significantly better than wild-type mice
did (63). Similarly, CD14 was found to contribute to mortality
and development of pulmonary pathology observed in mice
infected with Mycobacterium tuberculosis (62). However, it
should be noted that in both of these examples the bacteria
typically elicit a strong inflammatory response during the early
stages of infection and that this response is thought to contrib-
ute to the overall pathology of disease mediated by these
microorganisms. To better assess the contribution of CD14 in
infections mediated by Gram-negative bacteria that do not
typically elicit strong inflammatory responses, we examined the
effects CD14 has on production of cytokines and chemokines
by human dendritic cells and monocytes following infection
with B. abortus. In contrast to F. tularensis SchuS4, addition of
sCD14 to human DC infected with B. abortus failed to elicit
production of cytokines and chemokines from these mamma-
lian cells (see Fig. S1 in the supplemental material). However,
the presence of CD14 did appear to play a role in the recog-
nition of B. abortus by human monocytes (see Fig. 1 in the
supplemental material). Thus, the role of CD14 in recognition
of B. abortus is cell type dependent. This suggests that the
requirement for CD14 in the recognition of strain SchuS4 by
both dendritic cells and monocytes is unique to this virulent
bacterium.

Given the effect CD14 had on the induction of proinflam-
matory cytokines during the first few days of infection, it is
possible that this receptor contributes to the overwhelming
production of cytokines that is typically associated with mor-
tality in F. tularensis SchuS4-infected hosts (20, 27). However,
SchuS4-infected CD14�/� mice were not more susceptible to
SchuS4 infection and did not have significant differences in the
amount of cytokine detected in target tissues at the end stage
of disease compared to wild-type controls (Tables 1 and 2).
The disparity of these data with results examining the role of
CD14 at the outset of infection is similar to a phenomenon
described in other bacterial infections. Earlier reports exam-
ining the roles for cell surface receptors in the recognition of
soluble and particulate bacterial antigens demonstrated that
CD14 was capable of recognizing both soluble and particulate
antigens. In contrast, another cell surface receptor complex
known to interact with bacterial antigens, CD11b/CD18, re-
sponded only to particulate antigen (26). These observations
were extended by examining the contribution of CD14 and
CD11b/CD18 during different stages of infection with Neisseria
meningitidis. In that study, stimulation of host cells by small
numbers of bacteria (representing the early phase on infec-

tion) was dependent on CD14. In contrast, activation of host
cells by large numbers of bacteria (representing the terminal
stage of disease) was CD14 independent (31). Additional re-
ports have shown that CD11b/CD18 enhances responses against
intact bacteria and can compensate for the absence of CD14
in the recognition of these microorganisms (43). Thus, while
CD14 appears to be critical for recognition of F. tularensis
SchuS4 at the outset of infection, production of proinflamma-
tory cytokines at the end of disease, when high numbers of
bacteria are present in a variety of tissues, was CD14 indepen-
dent and may require signaling through other receptors, such
as CD11b/CD18.

CD14 acts as a coreceptor for both TLR2 and TLR4/MD-2
(25, 37, 65). Thus, it is likely that the CD14-dependent secre-
tion of cytokines from human and mouse cells following F.
tularensis SchuS4 infection is due to enhanced interaction of
SchuS4 antigens with either TLR2 or TLR4/MD-2. Further,
since the contribution CD14 makes in elicitation of cytokine
production occurs early after infection with SchuS4, it was also
likely that the antigens interacting with this molecule are
present on the surface of the bacterium. Specific TLR agonists
present in SchuS4 have not been formally reported. However,
recent reports examining the ability of intact, attenuated sub-
species of Francisella, e.g., F. tularensis LVS, and their associ-
ated antigens to stimulate TLR-dependent responses have re-
vealed several TLR2 and TLR4/MD-2 agonists in the membranes
of these bacteria.

The two TLR4/MD-2 agonists found in F. tularensis LVS are
LPS and the heat shock protein, DnaK (HSP70) (4, 23). LPS
associated with both F. tularensis LVS and SchuS4 is tetraac-
ylated and, therefore, is a very poor TLR4 agonist (46). Ini-
tially, it was assumed that poorly acylated LPS failed to interact
with CD14, ultimately interfering with efficient delivery of LPS
to the TLR4/MD-2 complex. However, it has been shown that
the number of acyl groups present on LPS molecules does not
impact their ability to interact with CD14 (44). Rather, the
presence of six or more acyl groups is essential for interaction
of LPS with the MD-2 portion of the TLR4/MD-2 complex
(44). Thus, the weak activity tetraacylated LVS and SchuS4
LPS have in TLR4/MD-2 stimulation is not dependent on CD14
but on the absence of acylation required for triggering TLR4/
MD-2 responses. Therefore, a predominate role for Francisella
LPS in mediating inflammatory responses via CD14 and TLR4
seems unlikely.

The other TLR4/MD-2 agonist present in attenuated sub-
species of Francisella tularensis is the heat shock protein DnaK,
also known as HSP70 (4). Heat shock proteins, e.g., HSP60
and HSP70, are present in both pro- and eukaryotic systems
and have been widely recognized as TLR4/MD-2 and TLR2
agonists that require CD14 for efficient delivery to the TLRs
(53, 59–61). Both HSP60 and HSP70 are secreted by F. tula-
rensis into culture medium, but only HSP60 has been found to
be secreted during intracellular infection (41). Further, HSP60,
but not HSP70, is located in the periplasmic membrane of F.
tularensis (32). Thus, although HSP70 has been formally iden-
tified as a TLR4 agonist, the absence of secretion of this
antigen during intracellular infections suggest that its role in
elicitation of early inflammatory responses may be fairly min-
imal. Rather, HSP60 represents a more likely candidate anti-

VOL. 78, 2010 CD14 AND IMMUNE RESPONSES TO VIRULENT F. TULARENSIS 165



gen for stimulation of CD14-dependent TLR4/MD-2 and/or
TLR2 responses following infection with viable, intact bacteria.

Earlier studies have shown that live, intact F. tularensis LVS
induces inflammatory responses primarily through TLR2 (19).
Since that initial observation, several lipoproteins from F. tu-
larensis LVS have been identified as TLR2 agonists (55). These
lipoproteins include Tul4 and FTT1103 and appear to require
heterodimerization of TLR2 and TLR1 for optimal elicitation
of proinflammatory cytokines from mammalian cells. Interest-
ingly, these studies did not address the requirement for CD14
in elicitation of cytokines by Francisella lipoproteins. Thus,
both Tul4 and FTT1103 could contribute to the production of
cytokines and chemokines we observed herein, but the specific
contribution of CD14 will need to be determined.

The failure of F. tularensis SchuS4 to elicit production of
proinflammatory cytokines and chemokines early after infec-
tion is believed to contribute to the overall virulence of this
bacterium. The mechanisms by which F. tularensis SchuS4
evades this early detection are not well characterized and rep-
resent a significant hurdle in the development of novel thera-
peutics and vaccines. Data presented herein demonstrate, for
the first time, that elicitation of early inflammatory responses
in the lung strongly correlates with modest control of SchuS4
replication and dissemination. Furthermore, we show that in-
duction of these early proinflammatory responses in vitro and
in vivo was dependent on CD14. Together, our data suggest
that identification of host molecules, such as CD14, that con-
tribute toward the early detection of F. tularensis SchuS4 may
aid in development of novel therapeutics for treatment of this
aggressive, virulent bacterium.
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