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Type I Interferon Counters or Promotes Coxiella burnetii Replication
Dependent on Tissue

Jodi F. Hedges, Amanda Robison, Emily Kimmel, Kelly Christensen, Erin Lucas, Andrew Ramstead, Mark A. Jutila

Department of Microbiology and Immunology, Montana State University, Bozeman, Montana, USA

Coxiella burnetii is an intracellular pathogen and the cause of Q fever. Gamma interferon (IFN-v) is critical for host protection
from infection, but a role for type I IFN in C. burnetii infection has not been determined. Type I IFN supports host protection
from a related pathogen, Legionella pneumophila, and we hypothesized that it would be similarly protective in C. burnetii infec-
tion. In contrast to our prediction, IFN-« receptor-deficient (IFNAR ™/ ~) mice were protected from C. burnetii-induced infec-
tion. Therefore, the role of type I TFN in C. burnetii infection was distinct from that in L. pneumophila. Mice treated with a dou-
ble-stranded-RNA mimetic were protected from C. burnetii-induced weight loss through an IFNAR-independent pathway. We
next treated mice with recombinant IFN-a (rIFN-a). When rIFN-a was injected by the intraperitoneal route during infection,
disease-induced weight loss was exacerbated. Mice that received rIFN-« by this route had dampened interleukin 13 (IL-1) ex-
pression in bronchoalveolar lavage fluids. However, when rIFN-a was delivered to the lung, bacterial replication was decreased
in all tissues. Thus, the presence of type I IFN in the lung protected from infection, but when delivered to the periphery, type I
IFN enhanced disease, potentially by dampening inflammatory cytokines. To better characterize the capacity for type I IFN in-
duction by C. burnetii, we assessed expression of IFN-f transcripts by human macrophages following stimulation with lipopoly-
saccharide (LPS) from C. burnetii. Understanding innate responses in C. burnetii infection will support the discovery of novel

therapies that may be alternative or complementary to the current antibiotic treatment.

here is growing recognition of both beneficial and detrimental

outcomes of type I interferon (IFN) signaling in bacterial in-
fections. Type I IFNs clearly promote infection with Listeria
monocytogenes (1), Mycobacterium tuberculosis (2), and Staphylo-
coccus aureus (3) and are disadvantageous to the host. In contrast,
recent evidence suggests that type I IFNs are critical for host pro-
tection from Streptococcus pneumoniae and Pseudomonas aerugi-
nosa infection (4). Coxiella burnetii is an intracellular bacterial
pathogen of the lung and the cause of Q fever. Acute Q fever is
associated with flu-like symptoms that can lead to a complicated
chronic infection potentially involving endocarditis, hepatitis, or
chronic fatigue (5). Because of these common symptoms, Q fever
has been misdiagnosed and underreported in the United States
(6). Initially classified as a member of the genus Rickettsia, C. bur-
netii has been reclassified as a member of the Gammaproteobacte-
ria and is closely related to Legionella pneumophila (7).

A role for type [ IFN in L. pneumophila has been characterized
(8-10). Treatment of cultured macrophages with type I IFN pro-
tects the cells from in vitro infection by L. pneumophila (10), and
this protection was independent of gamma interferon (IFN-y)
signaling (8). Furthermore, type I IFN-a receptor-deficient
(IFNAR™'7) macrophages were more permissive to L. preuno-
phila infection in vitro than were wild-type cells (11). There was no
difference in bacterial detection in the lungs when TFNAR2 ™/~
and wild-type mice were compared 48 h after L. pneumophila in-
fection (12), nor was there a difference in lung bacterial burden
between wild-type and IFNAR /™ mice (13). Despite this, most
reports suggest that type I IFN supports cellular resistance to L.
pneumophila infection.

Proinflammatory cytokines are expressed in Q fever in human
patients (14, 15) and following injection of inactivated bacteria in
mice (14, 15). Expression of tumor necrosis factor alpha (TNF-a)
occurs soon after bacterial sensing and is associated with a reduc-
tion in C. burnetii replication in human macrophages. Production
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of the anti-inflammatory mediator interleukin 10 (IL-10), which
downmodulates TNF-a, reverses this effect (16). Whereas TNF-«
and IL-6 are innate cytokines produced early, expression of IL-10
appears to occur later in infection and has largely been associated
with development of chronic Q fever in human patients (14, 17,
18). IFN-y, produced by T cells and natural killer cells, is critical
for protection of mice from C. burnetii infection and eventual
clearance of the bacteria (18-21). A primary downstream effect of
type I IEN signaling production is increased expression of IL-10,
resulting in dampened responses and cytokine expression (22).
Type I IFN can also dampen inflammasome signaling (23), and
this is a primary mechanism by which type I IFN promotes infec-
tion with M. tuberculosis (2, 24). Thus, in some situations, type I
IFN can be distinctly anti-inflammatory, resulting in a state that
can promote infection. The pro- or anti-inflammatory role of type
I IFNs during Q fever has not been addressed.

Type I IFNs are likely to be produced during C. burnetii infec-
tion, as would be expected with an intracellular pathogen. For
example, injection of inactivated phase I C. burnetii cells protected
mice from infection with a variety of type I IFN-sensitive viruses,
but not a type I IFN-insensitive virus (15). Also, a fraction ex-
tracted from C. burnetii under investigation as a potential vaccine

Received 18 December 2015 Returned for modification 15 January 2016
Accepted 1 April 2016

Accepted manuscript posted online 11 April 2016

Citation Hedges JF, Robison A, Kimmel E, Christensen K, Lucas E, Ramstead A,
Jutila MA. 2016. Type | interferon counters or promotes Coxiella burnetii replication
dependent on tissue. Infect Immun 84:1815-1825. doi:10.1128/IAL.01540-15.

Editor: C. R. Roy, Yale University School of Medicine
Address correspondence to Jodi F. Hedges, jodi.hedges@gmail.com.
Copyright © 2016, American Society for Microbiology. All Rights Reserved.

iai.asm.org 1815


http://dx.doi.org/10.1128/IAI.01540-15
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.01540-15&domain=pdf&date_stamp=2016-4-11
http://iai.asm.org

Hedges et al.

was proposed as a broad-spectrum antiviral prophylactic therapy
because it strongly induced type I IFN and protected mice from
viral infection (25). In this case, it was determined that both type I
IFNs and IFN-vy were induced by the fraction. Thus, it appears that
phase I C. burnetii induces expression of type I IFNs, but a role for
type I IFNs in innate protection against C. burnetii has not been
characterized. While infection of human cells with C. burnetii in
vitro does not induce overt expression of inflammatory cytokines
(26), here, we demonstrated that the lipopolysaccharide (LPS)
from the Nine Mile phase I (NMI) strain of C. burnetii can induce
expression of IFN-@ transcripts in human cells. The cytokine is
also induced during intracellular infection by M. tuberculosis, pri-
marily through induction of intracellular pathways following cell
damage (27). Similarly, as C. burnetii NMI modifies the phagoly-
sosome and replicates in infected macrophages, bacterial compo-
nents, such as type IV effector proteins, are eventually released
into the cytoplasm (28). We hypothesized that type I IEN produc-
tion during C. burnetii infection is beneficial and promotes bacte-
rial clearance. The most compelling support for this hypothesis is
the fact that infection with L. pneumophila, a close relative of C.
burnetii (7), induces type I IFNs, and these cytokines provide in-
nate immune protection from infection (13).

To address the role of type I IFNs during C. burnetii infection,
we utilized a mouse model of infection with the virulent NMI
strain. Contrary to our original hypothesis, our results suggested
that type I IFN signaling promoted C. burnetii replication and
pathogenesis. IFNAR-deficient mice were significantly protected
from weight loss following NMI infection and harbored fewer
bacteria in their spleens. When treated with poly(I-C), a potent
innate agonist that primarily induces type I IFN and other innate
cytokines, wild-type and TFNAR ™/~ mice were protected from
infection. Thus, poly(I-C) protected through a mechanism that
was independent of type I IFN. To directly address the role of a
specific type I IFN, we then treated mice with recombinant type I
IFN-«a (rIFN-a). In this case, the outcome of the infection de-
pended on the route of rIFN-a delivery. When delivered intra-
peritoneally (i.p.), rIFN-a enhanced C. burnetii disease, whereas
intratracheal (i.t.) rIFN-a delivery to the lung protected mice
from infection. Unlike the case with L. pneumophila, our results
suggest that type I IFN does not always protect against C. burnetii
replication in vivo, and rather, may promote infection outside the
lung. Interventions in the type I IFN signaling pathway that en-
hance proinflammatory cytokine expression represent novel ther-
apeutic approaches to counter C. burnetii infection.

MATERIALS AND METHODS

Bacterial strain, mice, and in vivo infection. C. burnetii strain NMI
(RSA493) was kindly donated by Robert Heinzen at Rocky Mountain
Laboratories, Hamilton, M T, USA. All work with the NMI strain was done
in a CDC-certified biosafety level 3 (BSL-3) facility approved for category
B select agent use. All animal procedures performed were approved by the
Institutional Animal Care and Use Committee of Montana State Univer-
sity, Bozeman, MT. The mice (at least 5 mice per group) were 6- to 12-
week-old C57BL/6 (wild-type) or IFNAR ™/~ (onaC57BL/6 background)
mice. For all experiments, the mice were lightly anesthetized with isoflu-
rane and inoculated i.t. with 1 X 10*to 1 X 10> genome equivalents (GE)
of NMI suspended in 100 pl sterile phosphate-buffered saline (PBS). The
mice were weighed daily and sacrificed between 1 and 30 days postinfec-
tion. The data shown are the average percentages of the starting weights of
all the mice in the group. In some experiments, mice were treated with
poly(I-C) i.p. (50 pg) or i.t. (10 pg) or recombinant universal type I IFN
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i.p. (rIEN-a; 20,000 to 200,000 U/kg of body weight; R&D Systems) or i.t.
(200,000 U/kg). Treatments were on day 1 postinfection and subsequently
during infection on alternating days.

Purification of C. burnetii DNA. One-half of the spleen and all but the
left lobe of the lung were weighed, homogenized in Hanks balanced salt
solution (HBSS), and centrifuged at 500 X g for 5 min. The tissue cell
pellets were suspended in 1 ml water, vortexed for 1 min, and then cen-
trifuged again. The supernatant fluids were centrifuged at 14.2 X g for 30
min to pellet the bacteria. The supernatant fluids were decanted, and the
pelleted bacteria were suspended in 1 ml PBS, vortexed for 1 min, and
centrifuged at 500 X g for 5 min to pellet the cellular debris. The super-
natant fluids were again centrifuged at 14.2 X g for 30 min to wash and
pellet the bacteria. The supernatant fluids were decanted, and the bacterial
pellet was stored at —20°C until DNA extraction.

At these time points and infectious doses, there are enough bacteria in
lungs and spleens to detect using PCR and too many to easily count using
histological staining. In contrast, in livers and hearts, there are insufficient
bacteria to detect with PCR, but infectious foci can be enumerated on
histological sections. To assess and compare bacterial burdens in spleen
and lung tissue under various experimental conditions, quantitative PCR
(qPCR) was performed as previously reported (29, 30). Briefly, whole
sample DNA was extracted using an UltraClean Microbial DNA isolation
kit (MoBio Laboratories, Inc.) following the manufacturer’s protocol. Ge-
nome copies of bacterial DNA were determined by amplification of rpoS
gene copies, as previously reported (29, 30). This gene was amplified in a
quantitative real-time PCR with SYBR green PCR master mixture from
Applied Biosystems (in vivo; BSL-3) and the Applied Biosystems 7500
real-time PCR system.

Immunohistochemistry. Unless otherwise indicated, PCR results
were confirmed with immunofluorescent bacterial staining of histological
sections from lung, liver, heart, and spleen. The left pulmonary lobe, the
right lateral liver lobe, and half the spleen from each infected mouse were
harvested for histology. The tissues were fixed in 10% formalin overnight,
followed by 70% ethyl alcohol (EtOH) overnight, and then processed and
embedded in paraffin. Serial 5-pm sections were cut, deparaffinized with
xylene, and rehydrated. Immunostaining was performed at room temper-
ature. Cells in paraffin-embedded tissue sections were incubated with 100
mM glycine for 20 min and then rinsed with PBS. Proteinase K (Dako,
Carpinteria, CA) was then applied for 6 min. Samples were washed with
Tris-buffered saline (TBS) and blocked with Rodent Block M (Biocare
Medical, Concord, CA, USA) for 30 min. They were then washed with TBS
with 0.05% Tween 20 (TBST) before being incubated with polyclonal
rabbit anti-C. burnetii at 1:8,000 in 0.5% TBST for 1 h at room tempera-
ture. After being washed again with TBST, a Rabbit on Rodent AP-Poly-
mer (Biocare Medical, Concord, CA, USA) antibody was added for 30
min. Immunodetection was performed with Permanent Red (Dako,
Carpinteria, CA) for 2 min and stopped with water. Tissues were coun-
terstained with hematoxylin, and coverslips were mounted with aqueous
Vectamount AQ mounting medium (Vector Laboratories, Burlingame,
CA). Images were acquired using a Nikon DS-Ri-1 camera mounted on a
Nikon Eclipse 801 microscope, and the bacterial burden was determined
by counting the vacuoles containing bacteria in 20 random fields at X20
or X40 magnification and verified to be within a cell wall by bright-field
microscopy. Hematoxylin and eosin (H&E) staining was done following
the manufacturer’s protocol. Pictures were taken and analyzed by a
blinded histotechnician. Counts of fluorescently stained vacuoles con-
taining bacteria in the lung and spleen sections closely confirmed the DNA
PCR results, unless otherwise stated, and there were no substantial day 9
pathological differences in these in vivo infections (data not shown). Of
note, most stained day 9 lung sections contained too many infected vac-
uoles to enumerate.

Cytometric bead array. Cytokines in bronchoalveolar lavage (BAL)
fluid and serum were quantified using the BD Cytometric Bead Array (BD
Biosciences). Initial experiments assessed the cytokines in a 7-plex: IL-12,
IFN-v, IL-10, IL-17, granulocyte-macrophage colony-stimulating factor
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(GM-CSF), granulocyte colony-stimulating factor (G-CSF), and IL-1.
Subsequent experiments were expanded to include in an 11-plex: IL-12,
IFN-v, IL-10, IL-17, G-CSF, IL-1B, IL-2, KC, IL-6, TNF-a, and CD62L.
BAL fluids and sera were minimally diluted, and the assay was performed
according to the manufacturer’s instructions. Data were analyzed using
BD FCAP Array software, Microsoft Excel, and GraphPad (Prism).

Stimulation of human cells. Studies involving blood from human
subjects were carried out in compliance with guidelines of the Montana
State University Institutional Review Board, and as such, each subject
signed informed consent documentation. Leukocytes were separated
from whole blood using Histopaque 1077 (Sigma-Aldrich) according to
the manufacturer’s instructions. Blood was collected with ACD solution B
anti-coagulant tubes (BD Biosciences). Whole blood was diluted 1:2 with
HBSS and underlaid with Histopaque 1077. The tubes were centrifuged,
and the resulting bufty layer containing peripheral blood mononuclear
cells (PBMCs) was aspirated. The cells were washed once with HBSS, and
then red blood cells (RBCs) were removed by water lysis and the cells were
cultured in human macrophage colony-stimulating factor (M-CSF) (60
ng/ml) at starting concentrations of 5 X 10° cells/ml for up to 1 week in
X-vivo 15 medium (Lonza) before stimulation. C. burnetii NMI LPS
(kindly provided by Michael Minnick, University of Montana) was ex-
tracted using the method of Westphal and Jann (31). Using this
method with no further purification steps, there is a potential for
contamination of the LPS with other bacterial components. The cells
were stimulated with C. burnetii NMI LPS (6 X 10~ * endotoxin units
[EU]/ml) and E. coli LPS (Sigma; used at a standard dose of 10 ng/ml, or
approximately 100 EU/ml).

Cells were stimulated for 6 to 18 h and lysed for RNA extraction and
transcript analyses. RNA from human cells was extracted and purified
using an RNeasy minikit (Qiagen), including elimination of genomic
DNA, according to the manufacturer’s instructions. Real-time reverse
transcription (RT)-PCR was performed using Superscript II (Invitrogen
Life Technologies) and ~700 ng of RNA according to the manufacturer’s
protocol. The relative specific mRNA in the cells was quantified by mea-
suring SYBR green incorporation during real-time quantitative RT-PCR
using the relative standard curve method. Each RT reaction mixture (1 pl)
was used in the 25-pl real-time PCRs performed in triplicate. Primers
specific for the human genes encoding IFN-f3, IL-1(3, and -actin were
designed using NCBI Primer-BLAST. The PCR was set up and cycled, data
were collected on the MyiQ Single-Color Real-Time PCR detection sys-
tem, and calculations were performed using standard curves for each
primer pair and normalized to B-actin detection as described in the man-
ufacturer’s protocol (Bio-Rad). Data are presented as fold induction of
transcripts over those from control cells treated with medium only.

Statistical methods. Statistical significance is based on comparisons
made using two-way analysis of variance (ANOVA) or the unpaired Stu-
dent t test. Two-way ANOVA comparisons take into account differences
between mouse strains or treatments and the change that occurs over time
postinfection.

RESULTS

IFNAR-deficient mice are protected from C. burnetii infection.
We utilized virulent NMI infection in wild-type and IFNAR ™/~
mice to determine the role of type I IFN signaling during in vivo
infection with C. burnetii. Mice were infected with C. burnetii
NMI at a range of doses from 10> to 10° bacteria per mouse deliv-
ered intratracheally, the most relevant infection route (32).
Weight loss during a 9-day disease course was assessed as the pri-
mary indicator of disease progression. At each dose, wild-type
mice lost significantly more weight than did IFNAR ™'~ mice (Fig.
1A). Atday9 postinfection, tissues were harvested and assessed for
damage and bacterial burden. Despite the more severe weight loss
seen in wild-type mice, there were no differences in tissue weights,
tissue damage, or bacterial counts between the two mouse strains
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at day 9 after infection (data not shown). Serum was collected at
day 9 postinfection, and a 7-plex panel of cytokines was assessed.
The only notable differences detected included IL-10, where wild-
type mice expressed more of the cytokine than did IFNAR-defi-
cient mice but the overall quantities of the cytokine were very low
(Fig. 1B). Also, there was a significant increase in G-CSF in sera
from ITFNAR ™/~ mice compared to sera from wild-type mice.
There were few differences in expression of other cytokines as-
sessed in the sera of wild-type and IFNAR ™/~ mice (Fig. 1B).
While the 9-day experiments were important for determining dif-
ferences in weight loss between the strains as a measure of disease
severity, the interval and dose were clearly not optimal for assess-
ing differences in bacterial counts or cytokine expression.

In an attempt to better resolve differences in bacterial replica-
tion, we next infected the two mouse strains with a lower dose of
bacteria (10* bacteria per mouse) and assessed tissues for bacterial
burden at 6 days postinfection. Day 6 was chosen because it was
the earliest time at which disease symptoms (weight loss) were
apparent (Fig. 1A, left). Tissues, BAL fluids, and sera were col-
lected for assessment of bacterial GE and cytokine quantification.
In this case, there was no difference in bacterial GE in the lungs,
but there were significantly fewer bacteria detected in the spleens
of IFNAR ™/~ mice (Fig. 1C). Thus, as suggested by weight loss
differences, mice lacking IFN signaling appear to be relatively pro-
tected from C. burnetii replication. Although differences between
the two strains in serum cytokines were not detected, there were
substantial differences detected in the BAL fluids. As shown in Fig.
1D, IENAR '~ mice had substantially reduced expression of 7 of
11 cytokines tested. Finally, we also assessed weight loss trends
over alonger period. There was little to no detection of IL-2, IL-17,
or IL-10 in these samples. During a 30-day monitoring period
after infection with 10° GE of C. burnetii, similar weight trends
were maintained; IFNAR ™/~ mice remained healthier than wild-
type mice (Fig. 1E). Bacteria were measured at day 30 postinfec-
tion in lungs and spleens, but there were no differences between
the two strains (data not shown), similar to day 9 postinfection.
Thus, it appears that while C. burnetii replicates in the lungs of
IFNAR-deficient mice, the mice also clearly mount a diminished
innate immune cytokine response. These studies were consistent
with IFN signaling promoting C. burnetii replication outside the
lung, in particular.

Treatment of mice with poly(I:C) during C. burnetii infec-
tion. Developmental differences between wild-type and IFNAR
mice may be a reason for differences in innate responses; thus, to
demonstrate that type I IFN enhances infection in vivo, we next
utilized poly(I-C) treatment, which is commonly used to induce
expression of type I IFN. Mice were treated at day 0 and on alter-
nate days during the 9-day course of infection (with 10> GE C.
burnetii) with poly(I-C) delivered either intratracheally or intra-
peritoneally. Surprisingly, poly(I-C) delivered by either route sig-
nificantly alleviated disease by diminishing weight loss in wild-
type mice (Fig. 2A) and thus provided a benefit to the treated mice.
Poly(I:C) was also protective in NMI-infected IFNAR-deficient
mice (Fig. 2B). A similar outcome resulted following infection of
mice with 10* bacteria (data not shown). Poly(I-C) treatment did
notresult in differences in bacterial-load detection at day 9 postin-
fection (data not shown). Poly(I-C) is a potent innate agonist, and
although it is well known for inducing type I IFN, it has been
shown to have immune-enhancing effects other than type I [FN
signaling (33). Our data suggest that immune pathways induced
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FIG 1 IFNAR-deficient mice have less severe disease and diminished bacterial replication, despite decreased inflammatory cytokines. (A) Infection of wild-type
(WT) mice was compared to that of IFNAR ™/~ mice at three difference infectious doses, and in each case, the IENAR /~ mice were protected from C.
burnetii-induced weight loss compared to wild-type mice. Weight loss differences between the groups over the entire course of infection were compared by
two-way ANOVA. (B) Following infection with 10* bacteria, cytokines in serum were assessed at day 9 postinfection. The only significant differences in a total
of 7 assessed cytokines in the sera are shown in the two rightmost graphs. (C) Mice were infected with 107 bacteria, and tissues were collected at day 6
postinfection. Spleens and lungs were assessed for bacterial burden. (D) Cytokines in BAL supernatant fluids, collected 6 days postinfection, were quantified.
IFNAR ™/~ mice had decreased inflammatory cytokines in the lungs. (E) Differences in weight loss that were observed 9 days postinfection continued until day
30 postinfection. [IFNAR ~/~ mice recovered faster from C. burnetii-induced weight loss after infection with 10> GE. (F) There were no differences in C. burnetii
GE as detected by PCR 30 days postinfection. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. The error bars indicate standard
deviations.
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netii and treated by the i.t. or i.p. route with poly(I-C) had diminished disease
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ing that poly(I-C) protects through a mechanism that is independent of
IFNAR. The data are representative of the results of at least 2 replicate exper-
iments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.

by poly(I:C) that are independent of IFNAR signaling can protect
against C. burnetii-induced weight loss.

Treatment of mice with intraperitoneal rIFN-a during C.
burnetii infection. Since poly(I-C) treatment reduced weight loss
independently of type I IEN following infection, we utilized a
more specific approach to IFN signaling by measuring the effect of
rIFN-a delivery on weight loss and bacterial replication following
in vivo infection with C. burnetii. rIFN-a was injected i.p. on the
day of infection and every other day thereafter for the 9-day infec-
tion course. For this study, two different rIFN-a doses were tested.
The mice that received the lower dose (20,000 U/kg, approxi-
mately 400 U per mouse) by i.p. injection did not differ in weight
loss from those injected with saline (Fig. 3A). Mice injected with
4,000 U experienced significantly greater weight loss than saline-
injected mice. As shown in Fig. 3A, mice infected with 10° bacteria
lost weight on day 6, but those treated with rIFN-a began to lose
weight 1 day earlier. This dose of IFN-a did not induce weight loss
in uninfected mice (Fig. 3A). These observations concerning
weight loss were not accompanied by significant differences in
bacterial counts in the spleens or lungs at day 9 following an in-
fectious dose of 10> bacteria or at day 6 following infection with
10> bacteria (Fig. 3B and C). Different counts of macrophages,
lymphocytes, neutrophils, and eosinophils in BAL fluids also in-
dicated no differences in these cell subsets in the BAL fluids at day
6 postinfection with 10* bacteria (data not shown). Cytokines
were measured in the sera and BAL fluids of mice treated i.p.
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with IFN-a at day 6 postinfection with 10* bacteria. The only
significant differences were in the expression of G-CSF and
IL-1B in BAL fluids (Fig. 3D). While G-CSF and IL-13 were not
detected at days 1 and 3 postinfection, they were induced by
NMI infection at day 6 postinfection. Peripheral treatment
with rIFN-a caused a reduction in G-CSF and IL-13 in BAL
fluids (Fig. 3D). Thus, peripheral injection of rIFN-a resulted
in enhanced weight loss and a subtle decrease in two potentially
protective cytokines in the lung.

Treatment of mice with intratracheal rIFN-« during C. bur-
netii infection. Because the lung is the route for a majority of C.
burnetii infections, we also treated mice with rIFN-a by the i.t.
route to study a tissue-specific response. Surprisingly, and in con-
trast to peritoneal treatment, delivery of rIFN-a to the lung pro-
tected against bacterial replication. Mice were infected with 10°
bacteria and treated intratracheally with 4,000 U rIFN-« on the
day of infection and every other day thereafter. The difference in
weight loss between saline- and cytokine-treated groups was not
significant, and treatment with rIFN-« alone, in the absence of
infection, did not result in weight loss (Fig. 4A). At day 9 postin-
fection, fewer bacterial GE were detected by PCR in the spleens of
treated mice, whereas there was not a significant difference in the
lungs (Fig. 4B and C). Histological staining of liver sections indi-
cated that there were also significantly fewer bacteria in the livers
of mice treated i.t. with IFN-a (Fig. 4D). To refine this experi-
ment, mice were similarly treated with either saline or rIFN-a and
infected with 10 bacteria for 6 days. There was no weight loss with
this dose of bacteria in this short time frame. PCR analyses sug-
gested that rIFN-a-treated mice had similar amounts of bacteria
in the spleens but significantly fewer bacteria in the lungs (Fig. SA
and B). Histological staining of livers and spleen sections, how-
ever, indicated that there were significantly fewer bacteria in both
tissues in rIFN-a-treated mice (Fig. 5C). The PCR results from the
spleen shown in Fig. 5A suggest that the type I IFN-treated mice
segregated into two distinct groups. This may suggest differences
in how mice respond to an injection of a bolus of recombinant
type I IFN. However, such segregation was not seen in our histo-
logical stains of the same tissues. As such, at this time, we do not
know the reason for the segregation seen in Fig. 5A or if this is a
consistent observation. These data from the spleens are a rare case
in which the results from PCR and histological quantification are
not the same. However, the data from all the tissues taken together
clearly support the idea that treatment with type I IFN in the lung
protects against bacterial replication both in the lung and in other
tissues. The morphologies of cell populations contained in BAL
fluids were also analyzed. Type I IFN treatment did not appear to
change the number of macrophages recruited to or replicating in
the lung but resulted in significantly fewer neutrophils. This sug-
gests that the lungs of type I IFN-treated mice were less inflamed
than those of mice treated with saline. Whether this is a cause of
decreased numbers of bacteria or an effect of less bacterial repli-
cation in the lung is not known.

Induction of IFN-f transcripts in human cells by NMI LPS
stimulation. Our experiments comparing wild-type mice to
IFNAR ™™ mice suggest that type I IFN is induced and has a func-
tion during C. burnetii infection. However, the virulent form of C.
burnetii is known to have very subtle and noninflammatory effects
on human cells because of the unique branched terminal sugar-
containing O-polysaccharide chain on the LPS molecule (26, 34).
To understand the potential for induction of type I IFN during C.
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burnetii infection in human disease, we utilized human macro-
phages to assess transcript changes induced by C. burnetii NMI
LPS stimulation compared to E. coli LPS stimulation. Macro-
phages were differentiated using M-CSF, and then the cells were
treated with medium or LPS from either C. burnetii NMI or E. coli.
The fold induction of transcript expression over untreated cells
was calculated for IFN-B and IL-1[3, with normalization to B-ac-
tin transcripts. Consistent with findings described in the literature
with extracts from phase I organisms (15, 25), LPS from the viru-
lent strain of C. burnetii increased expression of IFN- transcripts
by about 2-fold compared to human cells treated with control
medium after stimulation for 12 h. Cells were also stimulated for 6
or 18 h, and this increased expression of IFN- was not apparent
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at these intervals (Fig. 6). At the same 12-h interval, E. coli LPS at
a greater but commonly used EU concentration did not affect
IEN-P transcripts but caused a dramatic increase in IL-1 tran-
script expression that was not affected by NMI LPS. Similarly,
using differentiated mouse macrophages, NMI LPS did not result
in expression of TNF-«, IL-6, or CXCL10, whereas E. coli LPS
robustly induced expression of these proteins (data not shown).
Because of the greatly diminished capacity of LPS from C. burnetii
NMI to activate cells (34), the detection of even a small but con-
sistent increase in I[FN- transcripts in human cells in response to
NMI LPS stimulation is notable. Our data support induction of
type I IFN by C. burnetii and the idea that the cytokine can affect
infection differently depending on the location in the body.
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DISCUSSION

Type I IEN is induced by L. pneumophila and suppresses its repli-
cation in macrophages (10, 13). The mechanism was demon-
strated to be independent of IL-13, which protects from L. pneu-
mophila infection. Here, we have demonstrated that type I IFN
promotes C. burnetii replication in the periphery but may counter
infection in the lung. This was a surprising finding, since these
bacteria are genetically closely related (7), and both cause primary
infections in the lung. Wild-type mice had more severe weight loss
due to infection than did IFNAR-deficient mice, as well as in-
creased bacteria in spleens, but not the lung, at day 6 postinfec-
tion. This suggests that when the bacteria exit the lung, type I IFN
signaling may promote their dissemination and/or replication.
Cytokine expression in BAL fluids was generally dampened in the
absence of type I IFN signaling (in IENAR ™/~ mice), yet this state
did not promote bacterial replication in the lung. Thus, these cy-
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tokines, more highly expressed in wild-type mice, are apparently
not effective in the defense against C. burnetii infection and may
be a side effect that promotes weight loss. Diminished inflamma-
tory cytokines may be the reason for better outcomes of C. burnetii
infection in terms of weight loss in IFNAR-deficient mice. Inter-
estingly, despite an increased innate cytokine response in the lung
in wild-type mice, it appears that IFN signaling in the periphery
promoted bacterial replication so that more bacteria were mea-
sured in wild-type spleens. Developmental or microbiome differ-
ences may affect disease outcomes in these two strains. For exam-
ple, we consistently observe that healthy IFNAR "/~ mice have
smaller spleens than do wild-type mice (unpublished observa-
tion). Since type I IFN affects hematopoiesis (35, 36), develop-
mental differences between IFNAR-deficient and wild-type mice
that affect cell activation likely exist. However, IFNAR deficiency
did not appear to affect the pool of susceptible macrophages in the
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lung and their capacity to be infected by C. burnetii. Because of
these questions and uncertainties, we utilized alternative methods
to investigate a role for type I IFN in C. burnetii infection: induc-
tion by poly(I-C) and injection of rIFN-a.

We expected to detect strong expression of IL-10, and changes
to the expression of the cytokine in response to changes in type I
IFN, in our studies. Expression of IL-10 is a well-characterized
anti-inflammatory consequence of type I IFN signaling (37). Also,
IL-10 is increased in patients with Q fever and serves to suppress
TNF-a expression (16). Furthermore, it has been demonstrated
that mice that express excess IL-10 are more susceptible to C.
burnetii infection than are wild-type mice (18). There was a slight
decrease in IL-10 in IFNAR-deficient mice compared to wild-type
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FIG 6 Human inflammatory transcripts changed in response to NMI LPS
treatment in vitro. Human macrophages (n = 4 donors) were treated with
medium only, NMI LPS, or E. coli LPS for 6, 12, or 18 h. RNA was extracted,
and transcripts encoding IFN-B, IL-13, and B-actin were assessed by qPCR.
After normalization to B-actin expression, the fold increase over controls
treated with medium only was calculated. Transcripts expressing IFN-f3 were
increased by an average of 2-fold over the medium-only control following 12 h
of NMI LPS stimulation, but not after 6 h of stimulation, and diminished from
2-fold after 18 h of stimulation. The transcripts were unaltered by E. coli LPS
stimulation at these time points. In contrast, IL-1f transcripts were strongly
increased by E. coli LPS after 12 h of stimulation and were not changed using
NMI LPS. *, P < 0.05; ****, P < 0.0001. The error bars indicate standard
deviations.
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mice, but the expression levels of the cytokine were very low in
general. Possibly, the reagents for detecting IL-10 in these in vivo
studies are less efficient than those designed to detect other cyto-
kines or IL-10 expression and function are localized tissue mi-
croenvironment-specific effects, and thus, its detection in BAL
fluids and serum is difficult. Considering that antibodies to IL-10
are used in patients to alter immunity (38), experiments involving
in vivo blockade of IL-10 in C. burnetii infection may warrant
investigation.

In most, if not all, cases reported in the literature, treatment
with poly(I-C) results in outcomes similar to those of treatment
with recombinant type I IFN, presumably due to the fact that
poly(I-C) primarily stimulates type I IFN expression. However, in
virulent C. burnetii infection, poly(I-C) treatment protected from
C. burnetii pathogenesis in an IFN-independent manner, but bac-
terial replication did not appear to be altered. Poly(I-C) can also
stimulate other pathways, including the NF-kB pathway (33), and
the downstream effects of this stimulation can vary, depending on
the cytokine and the costimulatory milieu (39). Even a slight in-
crease in IFN-y would be highly protective against C. burnetii
infection (20, 40). The results with poly(I-C) introduce the possi-
bility that stimulation with other innate agonists may be effective
for use against C. burnetii infection. Considering the length of
time currently required for antibiotic treatment of chronic C. bur-
netii infection, it is worth considering alternative or complemen-
tary approaches that might diminish the duration or dose of anti-
biotic treatment or increase the effectiveness of the current dose.

When rIFN-a was delivered to the periphery, infection with C.
burnetii was enhanced, consistent with findings using IFNAR-de-
ficient mice. The only detectible differences in cytokine expression
were decreases in G-CSF and IL-13, and these cytokines were not
detected at days 1 or 3 postinfection. Considering that IFNAR-
deficient mice were protected from C. burnetii-induced weight
loss, we expected exacerbated weight loss following treatment
with rIFN-a. Usually, however, increased weight loss is due to
increased, not decreased, inflammatory cytokines. The decreased
inflammatory cytokine expression detected in the lung following
peripheral type I IFN treatment may be localized to and specific to
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that tissue. Although chronic Q fever patients have increased ex-
pression of IL-1B (21) and C. burnetii likely subverts the inflam-
masome and downstream effects to facilitate intracellular replica-
tion, little is known about the interactions between this pathway
and C. burnetii (41). These results are the first to suggest the in-
duction of IL-1B during acute C. burnetii infection in mice and
that type I IFN treatment can dampen its expression. IL-1p pro-
tects macrophages from intracellular infection in part by enhanc-
ing TNF signaling (42). The observation that type I IFN promotes
C. burnetii replication and decreases expression of IL-13 is similar
to that described for M. tuberculosis infection, in which bacterial
replication is promoted by type I IFN and a critical balance be-
tween type I IFN and IL-1f exists (2). This inverse relationship
between type I IFN and IL-1( has also been demonstrated in the
absence of infection (23). IL-1 is likely to have a role in innate
protection from C. burnetii infection because C. burnetii is an
obligate intracellular pathogen that targets macrophages, al-
though IL- 1 appears to be less effective later when the infection is
chronic (21).

When delivered to the lung, type I IFN in the lung was protec-
tive from C. burnetii infection in all tissues assessed, suggesting a
tissue-specific response for the cytokine. Similarly, type I IFN pro-
motes inflammatory responses in the respiratory tract following
respiratory syncytial virus (RSV) infection (43). In contrast, dur-
ing influenza virus infection, type I IFN decreased proinflamma-
tory cytokines, which was directly linked to robust IL-10 expres-
sion. The expression of IL-10 likely depends on several other
factors in addition to type I IFNs. In our experiments, IL-10 ex-
pression was minimal, and the presence of intact type I IFN sig-
naling seems to have promoted the expression of inflammatory
cytokines in wild-type mice. In contrast, when type I IFN was
delivered to the lung, significantly decreased neutrophils indi-
cated decreased inflammatory cytokine presence, yet the treat-
ment protected against infection. Similarly, although i.p. rIFN-a
treatment promoted peripheral infection, it also had specific anti-
inflammatory effects in the lung, resulting in decreases in G-CSF
and IL-1P. Thus, the mechanism for protection in the lung may be
subtle activation of specific or infected cells by the combination of
bacterial infection and type I IFN that occurs in the absence of
overt inflammation.

The literature suggests C. burnetii has the capacity to trigger
production of type I IEN, but the precise mechanism has not been
determined (15, 25). One way to induce the cytokine is LPS sig-
naling through Toll-like receptor 4 (TLR4). Signaling down-
stream of TLR4 through a MyD88-independent pathway known
as Toll-IL-1 receptor (TIR) domain-containing adaptor-inducing
IFN-B (TRIF) induces expression of type I IFN (44). The LPS
molecule of C. burnetii is distinct from other LPS molecules be-
cause it is hypoacylated (45). Whereas normally acylated LPS
structures stimulate mouse and human TLR4s similarly, hypoacy-
lated LPS has been shown to have a greatly diminished inflamma-
tory capacity when interacting with human TLR4 compared to
mouse TLR4 (46). As such, hypoacylated LPS from Yersinia pestis
induced blunted inflammatory responses through human TLR4
compared to mouse TLR4 (46). Thus, it may be that the inflam-
matory state induced by C. burnetii infection in mice is distinct
from that induced in humans. We utilized human cells to deter-
mine if type I IFN could be expressed in response to C. burnetii
LPS in comparison to E. coli LPS. We confirmed that, unlike E. coli
LPS, C. burnetii NMI LPS induced few inflammatory products,
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but after 12 h of stimulation, expression of IFN-[3 transcripts in-
creased. Other researchers have determined that a 10-fold-higher
concentration of LPS (100 ng/ml) induces IFN-f transcriptsat 1 h
posttreatment in vitro, which is diminished at later time points
(47, 48). Similarly, we identified a specific interval (12 h of stim-
ulation) in which C. burnetii LPS induces IFN-B. During infection
in vivo, this response is likely less uniform and more robust. Thus,
in human cells, NMI LPS could potentially stimulate the TRIF
pathway to induce type I IFN.

Q fever is relatively rare compared to many other infectious
diseases but is likely underreported and misdiagnosed (6, 49). Not
only are people who engage in agricultural work at risk for infec-
tion, but Q fever is increasingly prevalent in military populations.
Furthermore, domestic infections are also increasingly unassoci-
ated with contact with animals (49). Our data suggest that strong
systemic induction of the type I IFN pathway, as would occur
during concurrent viral infection, would enhance C. burnetii
pathogenesis and replication in humans. This is the opposite of
what would be expected with the closely related lung pathogen L.
pneumophila and underscores the need to consider the interaction
between type I IEN signaling and bacterial pathogens on a case-
by-case basis. Understanding innate responses during C. burnetii
infection will likely lead to novel complementary treatment ap-
proaches to augment the current antibiotic regimen.
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