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Human Q fever is recognized as a worldwide public health problem. It often occurs by inhalation of air-
borne aerosols contaminated with Coxiella burnetii, a gram-negative intracellular bacterium, mainly from
domestic livestock. In this study, we analyzed the possibility to establish mucosal and systemic immunity
against C. burnetii infection using a pulmonary delivery of chloroform-methanol residue of C. burnetii
(CMR) vaccine. Mice were immunized by the intratracheal inoculation of CMR (IT-CMR) or the subcuta-
neous injection of CMR (SC-CMR), and the immunized mice were challenged with C. burnetii by the intra-
tracheal route. The levels of IFN-c, IL-12p70, IL-5, and IL-4 in the IT-CMR group in splenic T cells
stimulated ex vivo were significantly higher than in the SC-CMR group. Significantly elevated sIgA to C.
burnetii was detected in the bronchoalveolar lavage fluid of mice immunized by IT-CMR but not by SC-
CMR, which might have contributed to the significant reduction in C. burnetii load and pathological
lesions in the lungs of the mice after the challenge of C. burnetii. These results suggest that compared with
SC-CMR in mice, IT-CMR was more efficient to elicit cellular and lung mucosal immune responses against
aerosol infection of C. burnetii.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Q fever is a worldwide zoonotic disease caused by Coxiella bur-
netii, a gram-negative intracellular bacterium. The typical manifes-
tations of ruminant Q fever are abortion and infertility, and the
infected ruminants represent a major resource of human infection.
Human Q fever usually manifests as an acute flu-like and often
self-limiting illness or less frequently as a chronic disease in the
form of endocarditis or hepatitis [1]. Between 2007 and 2011, the
largest outbreak of Q fever ever described occurred in the Nether-
lands, with >4000 reported human cases and at least 24 deaths [2],
which showed that Q fever could become a major public health
problem in the world.

A whole-cell formalin-inactivated Q fever vaccine (Q-vax�) has
been used in immunization of abattoir and agricultural workers in
Australia for more than twenty years. The possibility of adverse
reactions in the persons with previous exposure to C. burnetii has
prevented its use elsewhere [3]. A Q fever vaccine of chloroform-
methanol residue of C. burnetii (CMR) developed by the US Army
Research Institution was thought to be an efficacious alternative
to Q-vax, as the efficacy of the CMR vaccine had been shown in
mice, rodents, sheep, non-human primates, and human volunteers
with clearly less adverse reactions [4–7]. However, the production
of CMR from embryonic cells is difficult due to the complex proce-
dures of culturing and purifying the organism. Recently, progress
in the host-cell free cultivation of C. burnetii has facilitated the pro-
duction of CMR [8–10].

Usually, subcutaneous injection is a convenient way to inocu-
late Q fever vaccines in animals and humans. In the natural C. bur-
netii infection in humans, the pathogen mainly enters the lung via
respiratory route, and thus optimal protection against the respira-
tion pathogen requires induction of specific immunity in the lung,
where tissue-resident memory T cells and specific antibodies play
important roles in the rapid recognition and clearance of the
pathogen in the organ [11–13]. The vaccines administered via the
lung show more comparable bio-availability and rapid onset time
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than alternative routes [14]. Pulmonary vaccination has been sug-
gested as a mimic of natural infection to improve local immunity at
the site of infection, and it can induce long-lasting systemic and
mucosal immune responses against respiratory pathogens [15–18].

Although great efforts have been made on the development of
safe and effective Q fever vaccines [10,19–22], little is known about
the role of a specific mucosal immune response against C. burnetii
infection in the lung. Recent studies on C. burnetii infection sug-
gested that local immune defense mechanism in the lung, espe-
cially neutrophils and activated macrophages, have a pivotal role
in the early control of C. burnetii aerosol infection [23,24]. Taken
together, these findings prompted us to explore whether the intra-
tracheal inoculation of Q fever vaccine could rapidly and effectively
induce a specific mucosal immune response in the lung and
thereby improve protection against C. burnetii aerosol infection.
In the present study, the CMR vaccine was chosen to immunize
mice [7,25] by the intratracheal inoculation or the subcutaneous
injection (due to its effectiveness and improved safety profiles in
pre-clinical testing [4,5]), and the specific humoral and cellular
immune responses following vaccination, as well as the bacterial
burden and pathological lesion after C. burnetii challenge, were
analyzed in the immunized mice. We found that the intratracheal
inoculation of CMR induced higher levels of C. burnetii-specific IgA
responses in the lung and ex vivo splenic T cell responses and lower
levels of bacterial burden and pathological lesion in lung after C.
burnetii aerosol infection compared with the subcutaneous injec-
tion of CMR.

2. Materials and methods

2.1. Cultivation of C. burnetii and preparation of CMR

C. burnetii Xinqiao strain (phase I) and Grita strain (phase II)
were cultivated in the acidified citrate cysteine medium-2
(ACCM-2) for two passages as described previously [9]. The phases
of C. burnetii were confirmed by SDS-PAGE analysis of extracted
LPS (Fig. S1) as described previously [26]. The purified C. burnetii
organisms of Xinqiao strain [27] were inactivated with formalin
and extracted three times with chloroform-methanol (4:1) to
obtain the CMR fraction according to the procedures described pre-
viously [10].

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2019.08.
041.

2.2. Animals

Female BALB/c mice (6–8-week of age) were purchased from
Vital River Laboratories (Beijing, China). All infectious experiments
were conducted in the animal biosafety level-3 laboratory (ABSL-3)
and carried out according to the guidelines of the authors’ institu-
tion. All of the animal experiments were performed with the per-
mission of Institute of Animal Care and Use Committee (IACUC)
at the Academy of Military Medical Sciences (AMMS), and all
Fig. 1. The study design (A) and the Micro Sprayer (B) used for intratracheal inoc
efforts were made to minimize mice suffering. The ethical approval
number was IACUC of AMMS-13-2017-017.
2.3. Animal immunizations

BALB/c mice were randomly divided into four groups (28 mice
per group). Mice [19,28] were immunized three times at 3-week
intervals (Fig. 1A) with a mixture of 20 lg of CMR [20] and 20 lg
of CpG (CpG oligodeoxynucleotide, Invitrogen, MA), a promising
mucosal adjuvant [29–32], in PBS by the intratracheal inoculation
(IT-CMR) or by the subcutaneous injection (SC-CMR). Mice immu-
nized with 20 lg of CpG in PBS by the intratracheal inoculation (IT-
CpG) or by the subcutaneous injection (SC-CpG) served as negative
controls. For the intratracheal inoculation, mice were anesthetized
by the intraperitoneal injection of 100 mg/kg body weight pento-
barbital sodium and then supported by a nylon band under its
upper incisors and restrained on a slanted board (60 �C from the
horizontal direction). The tracheal opening was visualized by
inserting a laryngoscope (Huironghe Company, Beijing, China);
the Micro Sprayer (Huironghe Company, Beijing, China) (Fig. 1B),
which is capable of ejecting liquid particles with a particle size of
5.02 ± 0.35 mm, was inserted 25 mm from the larynx (near the tra-
cheal bifurcation) of the mouse. At each immunization, 50 ll of
CMR solutions was aerosolized into the lungs by depressing the
Micro-Sprayer plunger with a constant force. For the subcutaneous
injection, 100 ll of the inoculum was subcutaneously injected into
the inner thigh of each mouse.
2.4. Determination of specific antibodies by ELISA

Four mice per group were sacrificed 21 days after each immu-
nization; the serum and bronchoalveolar lavage fluid (BAL) from
each mouse were collected. The titers of immunoglobulin (Ig)Gs
and secretory IgA (sIgA) to phase I or II antigen of C. burnetii were
determined in each serum and BAL sample by enzyme-linked
immunosorbent assay (ELISA). Briefly, 96 well plates (Nunc, Shang-
hai, China) were coated overnight with 1 � 108 genome equiva-
lents (GE) of the inactivated C. burnetii phase I or II whole cell
antigen (phase I or II antigen) in 100 ll carbonate buffer and then
blocked with 1% bovine serum albumin (BSA) at 37 �C for 2 h. Each
serum was 2-fold serially diluted from 1:100 to 1:102,400, and
each BAL sample was 2-fold serially diluted from 1:1 to 1:2,048.
One hundred microliters of the diluted sera or BAL was added to
each well of the plates and incubated with phase I or II antigen
at 37 �C for 45 min. After that, the plates were washed with
phosphate-buffered saline containing 0.1% Tween-20 (PBST) for
five times and then incubated with 100 ll (1:10,000 dilution) of
sheep anti-mouse IgG or IgA secondary antibodies conjugated with
horseradish peroxidase (Abcam, Cambridge, MA) at 37 �C for
45 min. After five washes, the antibody titers to phase I or II anti-
gen were detected by a TMB substrate kit. Absorbance at 450 nm
was analyzed by a UVM 340 microplate reader (Asys Hitech GmbH,
Eugendorf, Austria).
ulation. BAL, bronchoalveolar lavages; dpi, days post-primary immunization.
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2.5. Proliferation and cytokine production of T cells

Four mice per group were sacrificed at each of the time points
described above, and their spleens were collected individually. T
cells with high purity (>97%) were isolated from the suspensions
of each spleen and plated into 24 well plates (Corning, Corning,
NY) in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented
with 10% FCS (Hyclone, Logan, UT) at the concentration of 5 � 106

cells/mL per well as previously described [20]. Then 20 lg of CMR,
2.5 lg of ConA (positive control), or cell culture medium only (neg-
ative control) was added to each well and incubated with T cells at
37 �C and 5% CO2 for 48 h. After that, 200 ll of the supernatant
from each well was collected for detection of tumor necrosis factor
(TNF)-a, interferon (IFN)-c, interleukin (IL)-4, IL-5, IL-6, and IL-
12p70 using Essential Th1/Th2 Cytokine 6-Plex Mouse Panel kits
(eBioscience, San Diego, CA). Finally, the proliferation of T cells in
the wells was detected by Cell Counting Kit-8 (CCK-8, Dojindo,
Tokyo, Japan) as described previously[20].
2.6. Protective efficacy of intratracheal inoculation of CMR

On day 63 after the primary immunization, six or seven mice
per group were challenged with a sublethal dose of living organ-
isms (C. burnetii Xinqiao strain, 1 � 108 GE per mouse) [28] in liq-
uid aerosol via intratracheal inoculation described above. Fourteen
days after the challenge, mice were sacrificed. The sera from each
group were collected, and antibody responses against phase I or
II antigen were determined by ELISA as described above. The body
and spleen of each mouse were weighted, and C. burnetii genome
copies in samples from each lung and the spleen were determined
by a real-time quantitative polymerase chain reaction (qPCR) as
described previously [33].
Fig. 2. Antibody responses to C. burnetii phase I or phase II antigen determined by ELISA.
CMR, or SC-CpG on days 21, 42, and 63 after primary immunization and 14 days after chal
on days 21, 42, and 63 after primary immunization. The reciprocal titers of IgGs to phase
sera (B); the reciprocal titers of IgGs to phase I antigen in mouse BALs (C); and the reci
presented as mean with SEM of n = 4 samples per group. Data between groups were
Student-Newman-Keuls test. *P < 0.05; **P < 0.01; ***P < 0.001.
2.7. Histopathology

The lung and spleen tissues of mice were collected at different
experimental time points. Each organ tissue was immediately fixed
in formalin after being removed and then embedded in paraffin;
the embedded tissue was sliced; and the slices on the slides were
stained with hematoxylin-eosin (HE). The pathological alterations
in the tissue slices were observed under light microscopy. The
thickness of the alveolar wall was measured by Nano Measurer
software (version 1.2) with the scale length of 100 lm as a
standard.

2.8. Statistical analyses

All statistical analyses were performed using SAS statistical
software (version 9.1, SAS Institute Inc., Cary, NC). The differences
in C. burnetii loads, the ratio of spleen weight to body weight, the
thicknesses of alveolar walls, and the levels of antibodies, cytoki-
nes, or T cell proliferation between two groups of mice were
assayed using the two-way variance (ANOVA) procedure, followed
by LSD and Student-Newman-Keuls test. Comparisons were con-
sidered significantly different if P < 0.05.

3. Results

3.1. Humoral immune responses induced by intratracheal inoculation
of CMR

To compare the humoral immune responses between mice
immunized by IT-CMR and SC-CMR, the titers of IgGs to C. bur-
netii phase I or II antigen were determined by ELISA in sera col-
lected from mice 21 days after each immunization. As a result,
Sera were collected from four mice of each group immunized by IT-CMR, IT-CpG, SC-
lenge. Bronchoalveolar lavage fluid (BAL) was collected from four mice of each group
I antigen in mouse sera (A); the reciprocal titers of IgGs to phase II antigen in mouse
procal titers of sIgA to phase I antigens of mouse BALs (D). The antibody titers are
compared using the analysis of two-way variance (ANOVA) and then followed by
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IgGs to phase I or II antigen in mice immunized by IT-CMR or SC-
CMR were detected at low levels on day 21 after primary immu-
nization and were significantly lower than on day 42, while IgGs
to phase I or II antigen in mice immunized with CpG were unde-
tectable (Fig. 2A and B). The level of the specific IgGs in sera of
mice on day 63 after primary immunization by IT-CMR or SC-
CMR was significantly higher than on day 42 (P < 0.01, Fig. 2A).
On day 14 after challenge, the specific IgGs levels in sera of mice
immunized by IT-CMR were higher than those of mice immu-
nized by SC-CMR; however, the specific IgGs level in the sera of
IT-CMR group was not significantly different from that of the
SC-CMR group at each time point described above (P > 0.05,
Fig. 2A and B).
3.2. Lung mucosal immune responses induced by intratracheal
inoculation of CMR

To know whether the intratracheal inoculation of CMR could
induce a specific mucosal immune response in the lungs of mice,
the IgGs and sIgA to phase I antigen in the BAL of mice were
determined by ELISA. The very low levels of specific IgGs were
determined in BAL on day 21 after primary immunization by
IT-CMR or SC-CMR (Fig. 2C). The level of specific IgGs in BAL
on day 63 was significantly higher than that on day 21 after pri-
mary immunization by IT-CMR (P < 0.05), while the IgGs level of
BAL on day 63 after primary immunization by SC-CMR was not
significantly higher than on day 21 (P > 0.05, Fig. 2C). Mean-
Fig. 3. The levels of cytokines and the proliferation of T cells. T cells were individually
immunization and stimulated with CMR for 48 h, and then the level of IFN-c (A), TNF-a (B
proliferation level of T cells (F) was determined by CCK-8. Data are presented as mean
Significant differences between groups were found by two-way variance (ANOVA), then
the groups are labeled with different letters (a, b or c), but there is no significant differe
while, the specific sIgA was determined as early as on day 21
after primary immunization by IT-CMR, which was increased
on day 42 and significantly augmented on day 63 (P < 0.05
Fig. 2D). However, a very low level of specific sIgA was deter-
mined in the BAL from mice on day 42 or day 63 after primary
immunization by SC-CMR, which was lower or significantly
lower than in the corresponding BAL from mice immunized by
IT-CMR (Fig. 2D).
3.3. Cellular immune response induced by intratracheal inoculation of
CMR

To determine the specific cytokine responses and the T cell pro-
liferation induced by IT-CMR or SC-CMR immunization, splenic T
cells isolated from the immunized mice were stimulated ex vivo
with CMR, and then the supernatant and cells were detected by
Luminex assay and CCK-8 assay respectively. The level of each
cytokine secreted by the T cells frommice on day 21 or day 42 after
primary immunization by IT-CMR was not significantly different
from that of mice immunized by SC-CMR (data not shown). How-
ever, on day 63 after primary immunization, the levels of IFN-c, IL-
12p70, IL-4, and IL-5 secreted by the T cells from mice immunized
by IT-CMRwere significantly higher than the respective levels from
mice immunized by SC-CMR (Fig. 3A and C–E). The proliferation
level of T cells of mice immunized by IT-CMR was modestly higher
compared with that of SC-CMR-immunized mice (P > 0.05)
(Fig. 3F).
isolated from the spleens of four mice from each group on day 63 after primary
), IL-12p70 (C), IL-4 (D), or IL-5 (E) was determined in the supernatant of T cells. The
with SEM of n = 4 samples per group. The bar represents the SEM of four samples.
followed by Student-Newman-Keuls test. Significant differences (P < 0.05) between
nce (P > 0.05) if two bars share a letter.
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3.4. Intratracheal inoculation of CMR caused slight pathological lesions
in lungs

To evaluate the safety of the intratracheal inoculation of CMR,
three mice per group were sacrificed on days 21, 42, and 63 after
primary immunization, and the pathological alterations in their
lungs and spleens were examined. In the lungs of mice immunized
by IT-CMR or SC-CMR, the alveolar walls and inflammatory cell
infiltration on day 63 after primary immunization were slightly
thicker or more severe than on day 21 and day 42 (Fig. 4 and
S2); there was no significant difference in the thickness of the alve-
olar walls between mice immunized by IT-CMR and SC-CMR. The
red and white pith in the spleens of mice immunized by IT-CMR
or SC-CMR were evenly distributed, and the morphology of leuko-
cytes in the white pith was normal (data not shown).

3.5. Immunoprotection against C. burnetii induced by intratracheal
inoculation of CMR

The protective efficacy of the intratracheal inoculation of CMR
was evaluated by analyzing the bacterial burdens and pathological
Fig. 4. Pathological changes of mice after immunization. Twenty-one days after each im
conventional histopathological methods. The pathological alterations of lungs were obser
alveolar walls were observed in the lungs of mice in each group (original magnification
changes in the spleens and lungs as well as the splenomegaly of
mice immunized by IT-CMR or IT-CpG on day 14 after challenge
with C. burnetii. For splenomegaly, mice immunized by IT-CMR
were significantly slighter than IT-CpG-immunized mice (Fig. 5A
and B). Moreover, the C. burnetii genome copies in the lungs and
spleens of mice immunized by IT-CMRwere in a significantly lower
number than in mice immunized by IT-CpG (Fig. 5C and D). In
addition, C. burnetii genome copies in the spleens of mice immu-
nized by SC-CMR were also in a significantly lower number than
in mice immunized by SC-CpG, but the bacterial load in the lungs
of mice immunized by SC-CMR was not markedly lower than that
of the control mice, and it was higher than that of mice immunized
by IT-CMR (Fig. 5C). After challenge with C. burnetii, epithelial
degeneration, inflammatory cell infiltration, and chronic intersti-
tial inflammation were observed in the lungs of mice immunized
by IT-CMR or SC-CMR. However, the pathological lesions in the
lungs of mice immunized by IT-CMR were markedly slighter than
those of mice immunized by SC-CMR (Fig. 6), and the alveolar walls
in the lungs of mice immunized by IT-CMR were significantly thin-
ner than those of mice immunized by SC-CMR (Fig. S2). The red
pulp hyperplasia of the spleens in mice immunized by IT-CMR or
munization, three mice per group were sacrificed, and their lungs were treated by
ved in the HE-stained sections under light microscopy. On day 63, slightly thickened
s 400, bar = 100 lm).



Fig. 5. Protection against C. burnetii induced by intratracheal inoculation of CMR. Mice immunized with CpG or CMR by the intratracheal inoculation or the subcutaneous
injection were challenged with 1 � 108 GE C. burnetii (Xinqiao strain, phase I). Fourteen days after challenge, the spleens were photographed (A), and the ratio of spleen
weight to body weight of each mouse was calculated (B). The C. burnetii genome copies of the lung (C) and spleen (D) were determined by qPCR analysis. The data are
presented as the mean of n = 6 or 7 mice per group, and the standard error was indicated by the error bar. Data comparisons were performed with two-way variance (ANOVA)
and then followed by Student-Newman-Keuls test. Significant differences (P < 0.05) between the groups are labeled with different letters (a, b or c), but there is no significant
difference (P > 0.05) if two bars share a letter.
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SC-CMR was slighter than that in corresponding control mice
(Fig. S3).
4. Discussion

The disease of Q fever typically occurs following inhalation of
contaminated aerosols, resulting in an initial pulmonary infection.
To mimic natural infection of C. burnetii and study the lung
response against this infection, several animal models of C. burnetii
infection have been developed by using the whole-body aerosol
inhalation exposure system [23,34,35]. Following aerosol expo-
sure, C. burnetii enters the lungs via the intratracheal route, initially
replicating within the lungs, and then spreads through the blood to
other organs such as the livers and spleens [34]. In the present
study, mice were infected with C. burnetii via the intratracheal
inoculation using a Micro Sprayer Aerolizer. Fourteen days after
challenge with C. burnetii by the intratracheal inoculation, a large
amount of C. burnetii and severe pathological lesions were found
in the lungs of mice immunized with CpG, suggesting the mice
were acutely infected by C. burnetii via the intratracheal route.
Earlier studies have reported that the formalin-inactivated C.
burnetii phase I vaccine could induce B cells to produce protective
IgGs [36]. In the present study, the level of IgGs to C. burnetii phase
I or II antigen in mice immunized by IT-CMR was comparable to
that in mice immunized by SC-CMR, demonstrating that IT-CMR
immunization was efficient to induce a specific humoral immune
response. Many studies have proven that T-cell-mediated immu-
nity is critical for the clearance of intracellular C. burnetii
[19,20,22], since IFN-c and TNF-a secreted by antigen-specific T
cells can directly induce the production of nitric oxide and reactive
oxygen species (ROS) in host cells to exert their toxic effects on
phagocytosed bacteria. In the present study, after ex vivo stimula-
tion with CMR, the splenic T cells frommice immunized by IT-CMR
produced significantly higher levels of Th1 cytokines (IFN-c and IL-
12p70) and Th2 cytokines (IL-4 and IL-5), as well as a moderately
higher level of T-cell proliferation than those of splenic T cells from
mice immunized by SC-CMR. Th1 and Th2 cells are the main
subsets of CD4 helper T cells and regulate cellular and humoral
immunity, respectively, and therefore our results indicated that
the IT-CMR vaccination was more effective in inducing the specific
T cell responses compared with the SC-CMR vaccination.



Fig. 6. Pathological lesions in the lungs of immunized mice after challenge. Fourteen days after challenge with C. burnetii, 6 or 7 mice per group were sacrificed, and the lungs
and spleens of mice were fixed in formalin. The pathological alterations of lungs were observed in the HE-stained sections under light microscopy. Epithelial degeneration
(arrow a), inflammatory cell infiltration (arrow b), and chronic interstitial inflammation (arrow c) were observed in the lungs of mice in the four groups (original
magnifications 200 (A) or 400 (B), bar = 100 lm).
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At the mucosal epithelium, sIgA is the predominant Ig isotype
and exerts superior neutralization activity for its extracellular
immune exclusion effect and pIgR-mediated cytosolic Fc
receptor-participated intracellular pathogen neutralization activ-
ity. The importance of mucosal IgA during pathogen infection
and its ability to neutralize virus in infected epithelial cells has pre-
viously been proven [37,38]. Furthermore, C. burnetii-specific IgA
was detectable in both acute and chronic Q fever patients [39] as
well as in vaccinators following Q fever vaccination [40]. In this
study, a significantly higher level of sIgA was determined in the
BAL of mice immunized by IT-CMR but not by SC-CMR, indicating
that the IT-CMR vaccination was superior to the SC-CMR vaccina-
tion in inducing an antigen-specific mucosal immune response.

In the present study, the protective efficiency induced by the
IT-CMR vaccination was evaluated in mice. After challenging with
a sublethal dose of C. burnetii, the bacterial burdens in the lungs of
mice immunized by IT-CMR but not by SC-CMR were significantly
lower than in mice immunized by IT-CpG or by SC-CpG. Moreover,
the pathological lesions in the lungs of mice immunized by IT-CMR
were markedly slighter than those of mice immunized by SC-CMR.
These data indicate that IT-CMR vaccination may improve bacterial
clearance in the lung compared to SC-CMR vaccination, although
alterations in the overall protective efficacy have not been fully
elucidated. The IT-CMR vaccination might improve lung bacterial
clearance via inducing specific mucosal immune response to pro-
duce a high level of sIgA, which might play a crucial role in the
inhibition of primary intratracheal infection of C. burnetii. Con-
versely, systemic and mucosal IgG responses and bacterial burdens
in the spleen were not significantly different between IT-CMR and
SC-CMR, suggesting that the SC-CMR vaccination was as effective
as the IT-CMR vaccine in regards to control of bacterial dissemina-
tion. Further experiments will be needed to test whether the
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IT-CMR vaccination can completely prevent C. burnetii dissemina-
tion from the lung to other organs.

The CMR vaccine was reported to contain some components
responsible for adverse reactions in human volunteers when
administrated at a high dose (150 lg or more) [4]. Therefore, the
immunization safety of IT-CMR still needs to be carefully evalu-
ated. In the present study, a slight pathological change was found
in the lungs of mice immunized by IT-CMR, which was not as sev-
ere as that found in mice immunized by SC-CMR, indicating that
20 lg CMR per mouse was a proper dose for the intratracheal inoc-
ulation of mice.
5. Conclusions

In the present study, compared with the SC-CMR vaccination,
the IT-CMR vaccination induced significantly higher levels of C.
burnetii-specific lung IgA response and ex vivo splenic T cell
response, which might contribute to the reduced C. burnetii load
and alleviate the pathological lesion in the lungs of mice immu-
nized by IT-CMR after C. burnetii aerosol challenge. This suggests
that, compared to the SC-CMR vaccination, the IT-CMR vaccination
is more efficient to elicit the specific cellular immune response and
lung mucosal immune response against C. burnetii aerosol infection
in mice. We report the first evaluation using a mouse model of the
protective ability and immunization safety of IT-CMR. Our study
will enrich our understanding on mucosal immune response
against C. burnetii infection, and also provide a potential route for
intratracheal vaccine delivery against other intracellular bacteria
transmitted by respiratory aerosols.
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