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Encapsulation of antibiotics may improve treatment of intracellular infections by prolonging antibiotic release and improving
antibiotic uptake into cells. In this study, liposome-encapsulated ciprofloxacin for inhalation (CFI) was evaluated as a postexpo-
sure therapeutic for the treatment of Coxiella burnetii, the causative agent of Q fever. Intranasal treatment of male A/Jola (A/J)
mice with CFI (50 mg/kg of body weight) once daily for 7 days protected mice against weight loss and clinical signs following an
aerosol challenge with C. burnetii. In comparison, mice treated twice daily with oral ciprofloxacin or doxycycline (50 mg/kg) or
phosphate-buffered saline (PBS) lost 15 to 20% body weight and exhibited ruffled fur, arched backs, and dehydration. Mice were
culled at day 14 postchallenge. The weights and bacterial burdens of organs were determined. Mice treated with CFI exhibited
reduced splenomegaly and reduced bacterial numbers in the lungs and spleen compared to mice treated with oral ciprofloxacin
or doxycycline. When a single dose of CFI was administered, it provided better protection against body weight loss than 7 days of
treatment with oral doxycycline, the current antibiotic of choice to treat Q fever. These data suggest that CFI has potential as a
superior antibiotic to treat Q fever.

Coxiella burnetii is a Gram-negative intracellular bacterium and
the etiological agent of the disease Q fever. Q fever is prevalent

throughout the world, with the exception of New Zealand, and is
a zoonosis that typically presents as an acute, self-limiting febrile
disease or atypical pneumonia in humans (1). In addition, there
are several recent reports of outbreaks among military personnel
serving in Iraq and Afghanistan, and C. burnetii is listed as a cate-
gory B agent by the Centers for Disease Control and Prevention
(CDC) (2–4). Recovery from acute disease usually occurs
within 2 weeks and can be accelerated by treatment twice daily
with oral doxycycline. However, delays in diagnosis of acute Q
fever or an incorrect diagnosis often result in ineffective or
inappropriate antibiotic treatment (5). C. burnetii can also cause
a chronic form of disease which is a severe, and sometimes life-
threatening, manifestation, often characterized by endocarditis or
hepatitis (6). Chronic infections are treated with a combination of
doxycycline and chloroquine for at least 18 months and up to 4
years (7). A recent fatal case of Q fever was caused by a doxycy-
cline-resistant strain, and cases presenting with endocarditis are
associated with frequent relapses, despite antibiotic treatment (8,
9).

Encapsulation of antibiotics in delivery vesicles, such as lipo-
somes, has been shown to enhance drug availability and activity
and reduce toxicity in general (10), and antibiotics delivered by
inhalation particularly display these characteristics (11). Cipro-
floxacin is a broad-spectrum fluoroquinolone that demonstrates
in vitro bactericidal effects against several respiratory pathogens,
including C. burnetii, Mycobacterium tuberculosis, and Neisseria
meningitidis (12–14). However, oral or intravenous delivery of
ciprofloxacin results in a suboptimal pharmacokinetic profile in
the lower respiratory tract, and emergence of antibiotic resistance
makes treatment problematic (15–17). Formulations of lipo-
some-encapsulated ciprofloxacin have been developed and
shown to improve antibiotic efficacy in Francisella tularensis,

Mycobacterium avium, and Streptococcus pneumoniae in vivo mod-
els (18–21).

The liposome-encapsulated ciprofloxacin tested in this study,
ciprofloxacin for inhalation (CFI), is an advanced formulation
specifically designed for inhalation that has already been shown to
be highly efficacious in vivo against several intracellular patho-
gens, specifically F. tularensis LVS and Schu S4 strains (22) and
Yersinia pestis CO92 strain (K. A. Hamblin, J. D. Blanchard, C.
Davies, and S. V. Harding, presented at the 19th Congress of the
International Society of Aerosols in Medicine, April 2013, Chapel
Hill, NC) in mouse models of lung infection.

In this study, we report for the first time the evaluation of
antibiotic efficacy in an aerosol murine model of Q fever. The
efficacy of CFI, ciprofloxacin, and doxycycline as postexposure
therapeutics were compared, and single-dose pharmacokinetic
profiles were determined.

MATERIALS AND METHODS
Bacteria. C. burnetii strain Nine Mile was grown axenically in ACCM-2 in
250-ml Erlenmeyer flasks containing 100 ml medium (23). Cultures were
incubated at 37°C, shaking at 75 rpm for 6 days, with a GENbox microaer
atmosphere generator (bioMérieux, France) to displace oxygen. Bacteria
were harvested by centrifugation at 10,000 � g at 21°C for 20 min and
resuspended in sterile phosphate-buffered saline (PBS) at a concentration
of approximately 1 � 109 genome equivalents (GE)/ml. All manipulations
of C. burnetii were carried out in a class III microbiological safety cabinet
complying with the 2000 European standard EN 12469 (24). Using the
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criteria within the “Proposed Framework for the Oversight of Dual Use
Life Sciences Research: Strategies for Minimizing the Potential Misuse of
Research Information” (25) by the National Science Advisory Board for
Biosecurity (NSABB), this research does not fall into any of the categories
for dual-use research of concern.

Bacterial enumeration. C. burnetii was enumerated using real-time
PCR (RT-PCR) targeting the sod gene using the forward primer TCTTC
AACAATGCAGCACAACAT and reverse primer TGAAGCCAATTCGC
CAGAA. The probe sequence was CATTTTATTGGCACTGCATGAGCC
CTG, and the probe was covalently labeled at the 5= end with the reporter
dye 6-carboxyfluorescein (FAM) and at the 3= end with the quencher dye
black hole quencher 1 (BHQ-1). Chromosomal DNA was extracted by
addition using Qiagen QIAmp DNA minikit/blood mini/tissue depend-
ing on the sample type. Real-time PCR mixtures comprised 2 �l template
DNA, forward primer (900 nM), reverse primer (900 nM), probe (250
nM) and ABI Fast TaqMan mastermix. PCR cycling conditions comprised
3 min at 95°C, 30 s at 60°C, followed by 50 two-step cycles, with 1 cycle
consisting of 15 s at 95°C and 30 s at 60°C. For each PCR, a control of
linearized synthetic plasmid that contains a single copy of the target was
included. The synthetic plasmid was quantitated after linearization and
purification using a ND-2500 NanoDrop spectrophotometer. For each
reaction, a standard curve of the synthetic plasmid was run in duplicate in
the range 1 � 107 GE/ml to 1 � 102 GE/ml. Plasmid concentration of 1 �
101 GE/ml in triplicate is used as a lower-limit check in every assay. The
lower limit of detection for this assay is 2.5 � 103 GE/ml culture or 4.4 �
101 GE/mg spleen or 2.2 � 101 GE/mg lung/liver/testes.

Mice. Groups of age-matched male A/Jola (A/J) mice (Charles River)
were housed on a 12-h day-night light cycle, with food and water available
ad libitum in an Advisory Committee on Dangerous Pathogens (ACDP)
(United Kingdom) level 3 flexible-film isolator, complying with the 2000
European Standard EN 12469 (24), and allowed to acclimatize before
challenge. All procedures were conducted under a project license ap-
proved by internal ethical review, and in accordance with both the Animal
(Scientific Procedures) Act (1986) (26) and the 1989 Codes of Practice for
the Housing and Care of Animals used in Scientific Procedures (27).

Antimicrobial agents. Ciprofloxacin (Bayer, Newbury, United King-
dom) or doxycycline hyclate (Sigma-Aldrich, United Kingdom) were dis-
solved in distilled water to a working concentration of 25 mg/ml or 40
mg/ml, respectively. Ciprofloxacin for inhalation (CFI) was provided by
Aradigm Corporation (Hayward, CA, USA) and diluted in PBS to a work-
ing concentration of 25 mg/ml. All antibiotics were prepared freshly each
day prior to dosing.

Infection of mice and antibiotic efficacy studies. Mice were chal-
lenged with an aerosol produced from 10-ml suspension of C. burnetii at
a concentration of 2.3 � 109 GE/ml (study 1), 6 � 109 GE/ml (study 2), or
1 � 1010 GE/ml (study 3) using the AeroMP-Henderson apparatus. The
challenge aerosol was generated using a six-jet Collison nebulizer (BGI,
Waltham, MA) operating at 15 liters/min. The aerosol was mixed with
conditioned air in the spray tube and delivered via a head-only exposure
chamber. Samples of the aerosol were taken using an AGI-30 (Ace Glass
Inc., USA) at 6 liters/min containing PBS and an aerodynamic particle
sizer (TSI Instruments, Ltd., Bucks, United Kingdom); these processes
were controlled and monitored using the AeroMP management platform
(Biaera Technologies, LLC, Frederick, MD). A back titration of the aerosol
samples taken at the time of challenge was performed using RT-PCR as
described above. Direct bacterial enumeration was used to calculate the
presented dose using a derived respiratory minute volume of 19.9 ml
estimated using the average weight of the animals (28).

For study 1, groups of six infected mice were observed, and clinical
signs (piloerection, arched back, dehydration, eyes shut, wasp-waisted
appearance, immobile, and death) and weight were evaluated twice daily.
Mice were culled on days 3, 4, 5, 6, 7, 8, 9, 11, and 13 postchallenge (p.c.),
and the lungs, spleen, liver, testes, and blood were aseptically removed.
Organs were weighed and homogenized using a Precellys24 homogenizer,
and bacteria were enumerated using RT-PCR as described above. Anti-

body titers were determined using Q fever phase I IgG and phase II IgM
Novalisa kits (Novatec, Germany).

For study 2, groups of 10 infected mice were treated from 24 h p.c. for
7 consecutive days with 40 �l of a 25-mg/ml ciprofloxacin (50 mg/kg of
body weight) solution administered orally via pipette twice daily (12-h
intervals) or as 40 �l of a 25-mg/ml solution of CFI (50 mg/kg) delivered
once daily (24-h intervals) by intranasal (i.n.) instillation using a pipette.
Control mice received PBS orally twice daily for 7 days postchallenge. At
day 14 p.c., mice were culled, and the lungs and spleens were aseptically
removed. The lungs and spleens were weighed, and half the organ was
placed in 10% neutral buffered formalin for histological analysis. The
remaining organ was homogenized using a Precellys24 instrument, and
bacteria were enumerated using RT-PCR as described above. Mice were
monitored as discussed above for study 1.

For study 3, groups of 20 infected mice were treated from 24 h p.c. for
1, 3, or 7 consecutive days with 25 �l of a 40-mg/ml (50-mg/kg) doxycy-
cline solution administered orally via pipette twice daily (12-h intervals)
to mimic treatment of human Q fever or as CFI delivered once daily (24-h
intervals) by i.n. instillation (as described above for study 2). Control mice
received PBS orally twice daily for the same number of days postchallenge as
the respective treatment groups. At day 7 or 14 postchallenge, 10 mice from
each treatment group were culled, and the lungs and spleens were aseptically
removed and weighed. Mice were monitored as described above for study 1,
and the organs were processed as described above for study 2.

Pharmacokinetic studies. Ciprofloxacin was administered to mice
(n � 30) by the oral route at a dose of 50 mg/kg. Groups of three mice were
culled at 10 min, 20 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 4 h, 8 h, and 24 h
after dosing.

Doxycycline was administered to mice (n � 30) by the oral route at a
dose of 50 mg/kg. Groups of three mice were culled at 10 min, 20 min, 30
min, 45 min, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h after dosing.

CFI was administered to mice (n � 30) by the i.n. route at a dose of 50
mg/kg. Groups of three mice were culled at 1 min, 15 min, 30 min, 2 h, 4
h, 8 h, 12 h, 16 h, 20 h, and 24 h after dosing.

Lungs and blood samples were collected from all animals immediately
postmortem. All blood samples were heparinized and centrifuged to sep-
arate the plasma fraction from the whole blood. Samples were immedi-
ately frozen and stored at �80°C until further analysis. Three untreated
control mice were included with each antibiotic group.

Histopathology. Samples of lung and spleen were processed and embed-
ded in paraffin wax. Sections were cut at 5 to 6 �m and stained with hema-
toxylin and eosin. Microscopic lesions in lung and spleen were assessed and
recorded as within normal limits (where C. burnetii-associated lesions were
not detected) or minimal, mild, moderate, and marked where C. burnetii-
associated lesions were detected. The slides were assessed independently
by two pathologists in a blind manner (unaware of the treatment).

Determination of antibiotic concentrations in plasma and lung tis-
sues by liquid chromatography-mass spectrometry (LC-MS). Lung
samples were weighed and mixed with 3 � the volume of 0.1% (vol/vol)
aqueous formic acid. Tissue was homogenized in a Precellys24-Dual bead
homogenizer using 2.8-mm beads for two 20-s cycles at 5,000 rpm. The
lung homogenate was mixed with an equal volume of 1-�g/ml internal
standard solution (ciprofloxacin-d8 hydrochloride hydrate or demeclo-
cycline hydrochloride hydrate; Fluka, United Kingdom), and 2 volumes of
dichloromethane were added. The plasma samples were mixed with an
equal volume of internal standard solution and 3 volumes of acetonitrile.
Following centrifugation, the supernatant was removed and reduced in
volume to remove the acetonitrile using a centrifugal evaporator (Gene-
vac Ltd., Ipswich, United Kingdom) and injected onto the LC-MS system
consisting of an Agilent 1100 binary pump (Agilent Technologies UK
Ltd., Wokingham, United Kingdom), CTC PAL injector (Presearch Ltd.,
Basingstoke, United Kingdom), Sciex API3000 LC-MS (AB Sciex, War-
rington, United Kingdom) using an ACE-3–C18HL 20- by 2.1-mm col-
umn (Hichrom, Theale, United Kingdom) and a gradient mobile phase.
Mobile-phase solvent A consisted of 0.1% (vol/vol) aqueous formic acid
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in water, and mobile-phase solvent B consisted of 0.1% (vol/vol) aqueous
formic acid in acetonitrile. The initial mobile-phase composition was 95%
solvent A and 5% solvent B. For ciprofloxacin analysis, the gradient was
increased from 1 to 4 min to 95% solvent B, maintained for 1 min, then
decreased back to 5% solvent B, and maintained for 3 min. For doxycy-
cline analysis, the gradient was increased from 1 to 8 min to 55% solvent B,
maintained for 1 min, then decreased back to 5% solvent B, and main-
tained for 3 min. The solvents were pumped at a flow rate of 250 �l/min.
The LC-MS system was controlled by Analyst software (AB Sciex, United
Kingdom). Calibration curves were prepared in naive mouse plasma or
lung tissue samples, using reference standards ciprofloxacin (�98%;
Fluka, United Kingdom) and doxycycline hyclate (�98%; Sigma-Al-
drich) and consisted of 11 points from 1 ng/ml to 20,000 ng/ml. All cali-
bration curves had r of �0.99 and were fitted using linear regression with
1/x2 weighting.

Pharmacokinetic calculations. The pharmacokinetic parameters ter-
minal half-life (t1/2), rate of clearance (CL), maximum concentration
(Cmax), time of maximum concentration (Tmax), and area under the con-
centration-time curve (AUC) were determined by noncompartmental
pharmacokinetic analysis using WinNonlin Phoenix (v6.1; Pharsight
Corp., USA) on mean concentration data. The relative bioavailability of
oral ciprofloxacin and i.n. ciprofloxacin quantified in lung homogenate
was calculated using an equation adapted from Rowland and Tozer (29),
with the error associated with the relative bioavailability equation adapted
from Taylor (30).

Statistical analysis. All statistical analysis was performed using SPSS
v18.0 (IBM). All graphs were produced using Graphpad Prism v5. Anal-
ysis of mouse body weight loss compared to controls was carried out using
a parametric univariate model of variance and Bonferroni’s post test. Bac-
terial burden data were first transformed by log10 and then analyzed using
a univariate linear model and Bonferroni’s post test. Organ weight (as a
percentage of body weight) was first transformed by square root function
and then analyzed using a univariate linear model and Bonferroni’s post
test. The validity of the univariate model approach (general linear model
[GLM]) was tested by Levene’s test for unequal variance. Statistical signif-
icance was indicated as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001.

RESULTS
Study 1 (development of a murine model of Q fever). In order to
establish a model suitable for antibiotic efficacy studies, mice were
challenged by the aerosol route with a mean presented dose of 5 �
106 GE of C. burnetii. Infected mice showed clinical signs between
5 and 9 days after challenge, exhibiting ruffled coats, arched backs,
and a wasp-waisted appearance. In addition, weight loss was ap-
parent in all animals from day 5 postchallenge, with peak weight
loss observed between days 7 and 8. In order to characterize the
pathogenesis of disease over time, groups of six mice were culled at

FIG 1 Efficacy of ciprofloxacin or CFI against C. burnetii in vivo (n � 10).
Mean percentage change in body weight of mice infected with 2.8 � 106 GE of
C. burnetii per ml and treated with free ciprofloxacin (by oral administration)
or CFI (by i.n. administration) for 7 days postchallenge.
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multiple time points after challenge, and the organs were har-
vested. During the 13-day course of this experiment, no signifi-
cant changes in organ weight in uninfected mice were observed
(sampled at 0, 7, and 13 days; P � 0.981 for the spleen and P �

0.795 for the lung). In contrast, the weights of both the spleen and
the lung (but not liver and testes) from infected mice increased
over time (P � 0.001) (Table 1), with the difference in the spleen
weight becoming statistically significant at day 8 postinfection

FIG 2 Weight and bacterial colonization of lungs and spleen at day 14 p.c. (n � 10). (A) Weight of lungs and spleens from mice challenged with 2.8 � 106 GE
of C. burnetii per ml and treated with PBS, free ciprofloxacin, or CFI for 7 days. (B) Bacterial colonization of lungs and spleens from mice challenged with 2.8 �
106 GE of C. burnetii/ml and treated with PBS, free ciprofloxacin, or CFI for 7 days. Values are means � standard errors (error bars). Values that are significantly
different from the value for the ciprofloxacin control are indicated by asterisks as follows: �, P � 0.05; ���, P � 0.001.

FIG 3 Hematoxylin-and-eosin-stained spleen and lung tissues from mice at day 14 p.c. (A) Lung from a mouse treated with PBS for 7 days. Moderate
granulomatous alveolitis is present. (B) Lung from a mouse treated with CFI for 7 days. Moderate granulomatous alveolitis is present. (C) Spleen from a mouse
treated with PBS for 7 days. The sites of moderate, multifocal, granulomatous lesions are indicated by black arrows. (D) Spleen from a mouse treated with CFI
for 7 days. The sites of minimal granulomatous lesions are indicated by black arrows. Bar, 200 �m.
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(P � 0.001) and the difference in the lung weight becoming sta-
tistically significant at 5 days (P � 0.033). C. burnetii was isolated
from all tissues postchallenge, with consistently high levels of bac-
teria (105 to 106 GE/ml) in the lungs. The bacterial burden in the
spleen, liver, testes, and blood increased throughout the course of
infection (Table 1). In addition, all infected mice culled at day 13
had developed antibodies to C. burnetii phase I and II antigens
(phase I IgG titers of �1:200; phase II IgM titers from 1:200 to
1:1,600).

Study 2 (in vivo efficacy of free ciprofloxacin and CFI). The
efficacy of ciprofloxacin or CFI for the treatment of mice infected
with C. burnetii was determined (Fig. 1). Mice were challenged
with a mean presented dose of 2.8 � 106 GE and treated with free
ciprofloxacin or PBS lost almost 20% body weight by day 7 post-
challenge (p.c.) and exhibited clinical signs such as piloerection
and arched backs from days 4 to 9 p.c. In contrast, mice treated
with CFI were significantly protected against weight loss from day
4 p.c. (P � 0.001) and showed no clinical signs of disease.

Infection of mice with C. burnetii significantly increased the
weight of the spleen and lungs (P � 0.001; data not shown). Treat-
ment with CFI significantly moderated lung and spleen weight
increases compared to treatment with ciprofloxacin or PBS (con-
trols) at day 14 p.c. (P � 0.05 for the lung; P � 0.001 for the spleen;
Fig. 2A). In addition, while mice treated with PBS were colonized
with approximately 105 to 106 GE/ml or 104 to 105 GE/ml in the
lungs or spleen, respectively, treatment with CFI reduced bacterial
numbers by 10- to 100-fold, which was significant in the lungs
(P � 0.001; Fig. 2B).

On histological examination, in the lungs of all challenged an-
imals, focal or diffuse granulomatous alveolitis was observed, and
the severity of alveolitis was similar in treated and PBS control
groups (Fig. 3A and B). In the spleen, multifocal granulomatous
foci were observed in mice treated with free ciprofloxacin or in
PBS control groups (Fig. 3C), but reduced severity or absence of
lesions was observed following treatment with CFI (Fig. 3D).

Study 3 (in vivo efficacy of doxycycline and CFI). Doxycycline
is the standard antibiotic of choice to treat Q fever. Thus, the
efficacy of 1 day, 3 days, and 7 days of doxycycline or CFI treat-
ment postchallenge of mice challenged with a mean presented
dose of 7 � 106 GE of C. burnetii was determined (Fig. 4). Mice
treated with PBS lost 15% body weight by day 7 p.c., and 80% of
the mice exhibited clinical signs such as piloerection at least once
during the postchallenge period. Mice treated with doxycycline
for 1 day, 3 days, or 7 days also lost 13 to 15% body weight; how-
ever, there was a delay in initiation of weight loss of 1, 3, or 7 days,
respectively, compared to PBS-treated control mice. In all doxy-
cycline treatment groups, 70% of mice exhibited clinical signs that
correlated with peak weight loss. In contrast, mice treated with
CFI had significantly reduced weight loss from day 8 p.c. com-
pared to the corresponding doxycycline treatment regime (Fig. 4A
and B) (P � 0.001). In addition, from day 12 to day 14 p.c., mice
treated with a single dose of CFI had significantly reduced weight
loss compared to mice treated with doxycycline for 1, 3, or 7 days
(P � 0.01). The proportion of mice treated with CFI presenting
with clinical signs ranged from 50% (1 day of CFI treatment) to
0% (7 days of CFI treatment).

Treatment with CFI for 7 days significantly moderated lung
weight increases compared to treatment with doxycycline for 7
days at day 14 p.c. (P � 0.01; Fig. 5A). Spleen weight gain of
CFI-treated mice was significantly moderated compared to PBS-

treated control mice (P � 0.05), but not doxycycline-treated mice.
In addition, mice treated with CFI for 7 days had significantly
reduced bacterial numbers in the lungs and spleen compared to
mice treated with doxycycline for 7 days (P � 0.001; Fig. 5B).

On histopathological examination, in the lungs of all chal-
lenged animals, focal or diffuse granulomatous alveolitis was ob-
served, with no differences observed between control and treated
animals (Fig. 6A and B). In the spleen, multifocal granulomatous
foci were observed in mice in the PBS control group, and lesion
severity was reduced in mice receiving CFI, but not in mice receiv-
ing doxycycline (Fig. 6C and D).

Pharmacokinetic profile. In order to determine drug concen-
trations in treated mice, ciprofloxacin, doxycycline, and CFI were
administered to naive animals. Animals were culled at set time
points over a 24-h period, and lungs and plasma samples were
collected postmortem. The concentration of ciprofloxacin after
oral administration decreased rapidly over time in both the lungs
and plasma, with terminal half-lives of 1.3 and 0.8 h, respectively
(Fig. 7). Pharmacokinetic parameters are shown in Table 2. In
contrast, mice receiving i.n. CFI had 100-fold-greater concentra-
tion of drug in the lung, with an extended terminal half-life of 4.1
h. In addition, the Cmax of CFI in the lung was higher than that of
oral doxycycline. Importantly, the AUC in the lung following CFI
administration was almost 3 orders of magnitude greater than the
AUC following the same dose of oral ciprofloxacin, resulting both
from the superior Cmax and the duration in the lung. The relative
bioavailability of oral ciprofloxacin in the lung compared to i.n.
CFI is 0.0014; in contrast, the relative bioavailability of oral cipro-
floxacin in the plasma compared to i.n. CFI is 0.363.

FIG 4 Efficacy of doxycycline or CFI against C. burnetii in vivo (n � 10) versus
PBS-treated control mice. Mean percentage change in body weight of mice
infected with 7 � 107 GE of C. burnetii/ml and treated with CFI (A) (by i.n.
administration) or free doxycycline (Dox) (B) (by oral administration) for 1
day, 3 days, or 7 days postchallenge.
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DISCUSSION

The recommended antibiotic used in the treatment of Q fever is
doxycycline, a bacteriostatic tetracycline used to treat several re-
spiratory diseases, including pneumonic plague and anthrax (31).

Antibiotic activity against C. burnetii can be determined in embry-
onated eggs, tissue culture, animal models, and more recently in
axenic media (23, 32). The susceptibility of C. burnetii, in vitro, to
doxycycline has been determined with a MIC ranging from 0.05 to

FIG 5 Weight and bacterial colonization of lungs and spleen at day 14 p.c. (n � 10). (A) Weight of lungs and spleens from mice challenged with 7 � 106 GE of
C. burnetii/ml and treated with doxycycline or CFI for 7 days. (B) Bacterial colonization of lungs and spleen from mice challenged with 9.68 � 107 GE of C.
burnetii/ml and treated with doxycycline or CFI for 7 days. Values are means � standard errors. Values that are significantly different from the value for the
doxycycline control are indicated by asterisks as follows: ��, P � 0.01; ���, P � 0.001.

FIG 6 Hematoxylin-and-eosin-stained spleen and lung tissues from mice at day 14 p.c. (A) Lung from a mouse treated with PBS for 7 days. Mild granulomatous
alveolitis is present. (B) Lung from a mouse treated with CFI for 7 days. Mild granulomatous alveolitis is present. (C) Spleen from a mouse treated with PBS for
7 days. Mild granulomatous lesions are present (indicated by white arrows). (D) Spleen from a mouse treated with CFI for 7 days. Mild granulomatous lesions
are present (indicated by white arrows). Bars, 200 �m.
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2 �g/ml (14, 33). Treatment of chronic Q fever endocarditis with
doxycycline alone resulted in �50% mortality and frequent re-
lapse and requires the addition of alkalinization agents, such as
hydroxychloroquine (7, 34). In addition, at least one doxycycline-
resistant C. burnetii strain has been isolated from a patient who
died following unsuccessful antibiotic treatment (6). Although
ciprofloxacin is not commonly used to treat acute Q fever, it has
been used to successfully treat Q fever endocarditis (35, 36). In
vitro, the MIC of ciprofloxacin is slightly higher than the MIC of
doxycycline (1 to 4 �g/ml), and resistance to fluoroquinolones has
been observed in some clinical isolates of C. burnetii (14, 33, 36).
To date, there is only one report evaluating antibiotic treatment in
an animal model of Q fever (37). Therefore, the development of

novel methods to overcome resistance and improve treatment of
Q fever is desirable.

In order to assess the efficacy of novel antibiotics against C.
burnetii in vivo, an aerosol model of Q fever was established. There
are several reported animal models of C. burnetii infection, using
invertebrates, mice, guinea pigs, and nonhuman primates (38,
39). A/J mice have been previously shown to be the most suscep-
tible immunocompetent mouse strain, and the aerosol route of
infection is of relevance to the majority of human Q fever cases
(40). The model is nonlethal, and therefore, five alternative pa-
rameters were used in order to monitor progression of disease,
namely, weight loss, clinical signs, organ weight, bacterial burden,
and histopathology. Weight loss and clinical signs were used as key
indicators of disease severity, as all infected mice showed signifi-
cant weight loss and reproducible clinical signs, such as piloerec-
tion and arched backs. These signs resolve, in the absence of treat-
ment, within 14 days of infection, which is a similar length of time
to resolution of acute disease in human Q fever cases (32). The
lungs and spleen were selected for monitoring, as both exhibited a
significant increase in weight and high levels of bacteria through-
out the course of C. burnetii infection. In addition, these organs
are of particular relevance, as the lungs are the foci of infection
following an aerosol challenge, and the spleen may provide an
indication of the extent of dissemination of the bacteria during a
systemic infection.

Using this murine model, we report for the first time that doxy-
cycline acts to delay the onset of body weight loss, reduce clinical
signs, and reduce pathology associated with Q fever. However,
following the cessation of doxycycline treatment, infected mice
still succumb to infection. This is unlikely to be due to toxicity of
oral doxycycline and instead may be due to relapse of infection
due to suboptimal antibiotic treatment. A possible reason for this
is that A/J mice are deficient in C5 complement and subsequently
may not be able to clear the infection. Alternatively, this could be
attributed to the antibiotic mechanism of action, with doxycycline
having a bacteriostatic mode of action that may also explain why
relapse is often observed in Q fever patients, in particular associ-
ated with cessation of the antibiotic regime (7). We have also
confirmed that, when given by the oral route, ciprofloxacin is not
an appropriate treatment for acute Q fever. However, we have
identified a novel, encapsulated formulation of ciprofloxacin, spe-
cifically designed for inhalation that enables pulmonary delivery
into the lung, which significantly improves efficacy in a mouse
model of C. burnetii infection. Mice treated with CFI exhibit sig-
nificantly reduced, rather than delayed, body weight loss through-

FIG 7 Profiles of the drug concentration in the plasma (A) or lungs (B) of
mice (n � 3 per time point) after i.n. administration of CFI or oral adminis-
tration of ciprofloxacin or doxycycline. All compounds were given at a dose of
50 mg/kg. Values are means � standard errors.

TABLE 2 Pharmacokinetic parameters in mice for intranasal CFI or oral ciprofloxacin or doxycyclinea

Antibiotic Formulation Route Sampling site
Terminal
half-life (h)

Clearance (g/h/kg
or liter/h/kg)b Cmax (�g/ml) Tmax (h) AUC0–t (�g · h/ml)c

Doxycycline PBS vehicle Oral Lung 3.6 1,015 6.4 2 43.6
Plasma 3.5 2.1 3.4 2 21.3

Ciprofloxacin PBS vehicle Oral Lung 0.8 14,500 3.0 0.17 4.9
Plasma 1.3 25.4 1.4 0.5 2.4

CFI i.n. Lung 4.1 131 483 2 3,461
Plasma 2.2 8.5 1.7 0.017 6.5

a All antibiotic doses were 50 mg/kg. Values are means for three individual animals per time point.
b Clearance is shown in grams/hour/kilogram for the lung and in liters/hour/kilogram for plasma.
c AUC0 –t, area under the concentration-time curve from 0 h to the last measurable concentration.
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out the course of the study compared to mice treated with doxy-
cycline or with PBS (control).

Other in vivo studies have demonstrated the broad-spectrum
antibiotic activity of CFI. It is highly efficacious against several
intracellular pathogens, specifically F. tularensis LVS and Schu S4
strains (22) and Y. pestis CO92 strain (K. A. Hamblin, J. D. Blan-
chard, C. Davies, and S. V. Harding, presented at the 19th Con-
gress of the International Society of Aerosols in Medicine, April
2013, Chapel Hill, NC), with only a single dose being needed to
provide full protection against all three pathogens in mouse mod-
els of lung infection. This formulation is also very efficacious
against the extracellular pathogen Pseudomonas aeruginosa and
has completed multiple phase 2 clinical trials for infection in cystic
fibrosis and non-cystic fibrosis bronchiectasis patients (41, 42).

Encapsulation of drugs in liposomes has been shown to be
effective for the pulmonary delivery of various therapeutic agents,
including antibiotics (11, 19, 43, 44). Liposomes are taken up by
phagocytic cells, improving delivery of antibiotics into the pri-
mary site of infection for facultative intracellular pathogens, such
as C. burnetii (45). In vivo, C. burnetii multiplies in monocytes
within an acidic vacuole, and most antibiotics, including doxycy-
cline and ciprofloxacin, exhibit reduced activity in such a low-pH
environment (46, 47). Encapsulation of antibiotics enhances in-
tracellular uptake and subsequent accumulation to higher thera-
peutic levels within the intracellular site of infection. Inhaled lipo-
somally encapsulated antibiotics can be a particularly attractive
means to provide high sustained concentrations at the sites of
action within the respiratory tract, reducing local side effects and
systemic exposure and providing more convenient therapy such
as once-daily dosing (11) and smaller number of total doses ad-
ministered for prophylaxis or treatment as shown in this paper
and previous studies with CFI (22).

As shown in this study, in addition to improving uptake into
cells, encapsulation of ciprofloxacin allows effective delivery by
the i.n. route, resulting in high initial concentrations of antibiotic
in the lungs. This is demonstrated by the Cmax for CFI in the lungs,
which is 100-fold higher than for free ciprofloxacin or doxycy-
cline. Previous studies have also shown that free ciprofloxacin is
ineffective when delivered by the i.n. or aerosol route, whereas
liposome-encapsulated ciprofloxacin, which is specifically devel-
oped for inhalational delivery, has been shown to be efficacious at
50 mg/kg (19, 21). This is because unencapsulated ciprofloxacin is
rapidly absorbed and cleared from the lungs (19, 21). The en-
hanced therapeutic efficacy of CFI can therefore be partly attrib-
uted to the increased initial retained dose of antibiotic in the lungs
(21). This property is particularly important for the treatment of
diseases such as Q fever, where the initial site of infection is the
lung. We have shown that treatment with CFI also improves the
overall exposure within the lungs over a 24-h period, as demon-
strated by the increased area under the curve (AUC) (~1,000-fold)
compared to free ciprofloxacin. Delivery of ciprofloxacin in a li-
posome results in a sustained release of antibiotics, indicated by a
prolonged half-life both in the lungs and in plasma. In addition,
the bioavailability of ciprofloxacin in the lungs was improved by
99.9% when delivered in the encapsulated formulation compared
to oral ciprofloxacin.

We also evaluated the effect of length of antibiotic treatment
on outcome of disease. The length of treatment with doxycycline
correlates with a delay in body weight loss and clinical signs. How-
ever, the length of treatment with CFI correlates with overall prog-

nosis of disease, with mice receiving 7 days treatment exhibiting
minimal weight loss and no clinical signs. This result, taken to-
gether with the use of a single daily dose of CFI compared to a
twice-daily dose of doxycycline, indicates that fewer doses of CFI
may be required to treat Q fever. The CDC currently recommends
100 mg of doxycycline, given orally, twice daily for 14 days for
treating acute Q fever. The efficacy of doxycycline has been corre-
lated with the AUC pharmacokinetic parameter (48). Published
average human AUCs for plasma following 100-mg oral dose of
doxycycline range from 13 to 40 mg · h/liter (49). The selected
doxycycline dose in the AJ mouse model, 50 mg/kg, results in an
average plasma AUC within this range (21.3 mg · h/liter). The
differences observed in organ weight and bacterial burden be-
tween doxycycline- and CFI-treated mice were less marked. Both
antibiotics did not significantly reduce lung or spleen organ
weight compared to the PBS-treated control mice; in fact,
treatment with doxycycline appeared to increase bacterial
numbers within organs compared to the PBS-treated control
mice. This finding may be due to using RT-PCR to detect re-
sidual bacterial DNA in the organs. An alternative method to
enumerate viable bacteria would be to plate organ homoge-
nates onto ACCM-2 agarose (23).

In conclusion, our study demonstrates that liposome encapsu-
lation of ciprofloxacin allows effective pulmonary delivery and
improves efficacy of an alternative antibiotic against C. burnetii
infection. Furthermore, we report that treatment of infected mice
with encapsulated ciprofloxacin shows significant improvements
over doxycycline, the current treatment for Q fever. We have de-
veloped an animal model suitable for testing novel antibiotic ther-
apies, which will allow evaluation and progression of next-gener-
ation antimicrobial treatments against Q fever.
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