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Abstract: The timing of the initiation of antibiotic treatment has been shown to impact the clinical
outcome of many bacterial infections, including Q fever. Delayed, suboptimal or incorrect antibiotic
treatment has been shown to result in poor prognosis, resulting in the progression of acute disease to
long-term chronic sequalae. Therefore, there is a requirement to identify an optimal, effective thera-
peutic regimen to treat acute Q fever. In the study, the efficacies of different doxycycline monohydrate
regimens (pre-exposure prophylaxis, post-exposure prophylaxis or treatment at symptom onset or
resolution) were evaluated in an inhalational murine model of Q fever. Different treatment lengths (7
or 14 days) were also evaluated. Clinical signs and weight loss were monitored during infection and
mice were euthanized at different time points to characterize bacterial colonization in the lungs and
the dissemination of bacteria to other tissues including the spleen, brain, testes, bone marrow and
adipose. Post-exposure prophylaxis or doxycycline treatment starting at symptoms onset reduced
clinical signs, and also delayed the systemic clearance of viable bacteria from key tissues. Effective
clearance was dependent on the development of an adaptive immune response, but also driven by
sufficient bacterial activity to maintain an active immune response. Pre-exposure prophylaxis or
post-exposure treatment at the resolution of clinical signs did not improve outcomes. These are the
first studies to experimentally evaluate different doxycycline treatment regimens for Q fever and
illustrate the need to explore the efficacy of other novel antibiotics.
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1. Introduction

Coxiella burnetii, the causative organism of Q fever, is an intracellular Gram-negative
bacterium that is endemic worldwide and survives for long periods in the environment. It
has a very low infectious dose, with a single bacterium calculated as being able to cause
disease. C. burnetii is shed in huge quantities in ruminant birth products, for example,
infected goat placentas contain 109 genome equivalents (GE)/gram of tissue [1]. The
majority of human infections are by the inhalation of contaminated particles, and therefore
Q fever presents a significant hazard to military personnel deployed in dry, dusty areas
such as Afghanistan, where farmed ruminants are ubiquitous [2]. Q fever is difficult to
diagnose (requiring multiple blood samples and specialized laboratory facilities), and
acute infections can significantly affect a soldier’s performance (in the short term) but also
have the potential to lead to long-term chronic complications. Therefore, the efficacious
treatment of both acute and chronic disease is a high priority for military operations, and
as personnel are often deployed to high-risk areas, the possibility of chemoprophylaxis
should be considered [2]. Delord et al. suggested that doxycycline as chemoprophylaxis
for malaria prevention will prevent most rickettsial diseases in travelers, although this is
not evidence-based [3]. To date, there have been no published data to support the efficacy
of antibiotic treatment in Q fever prevention.
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First-line treatment (within the UK) for acute Q fever is doxycycline hyclate, typically
given for 14 days and only started once an individual has symptoms [4]. Tetracycline
administration within the first three days of illness can reduce the duration of the fever by
up to 50% [5]. Doxycycline hyclate is associated with side effects such as gastrointestinal
irritation and skin sensitivity, which often lead to incomplete treatment courses. Doxycy-
cline monohydrate has been shown to be better tolerated [6] but is more expensive in the
UK. There is a suggestion that the inadequate treatment in the acute phase can increase the
chance of progression to chronic Q fever [7]. A retrospective analysis of the UK military Q
fever cohort returning from Afghanistan between 2009 and 2014 suggests a delay in the
initiation of doxycycline for greater than 5 days after symptom onset is associated with an
increased likelihood of developing Q fever fatigue syndrome (unpublished data). Delayed
post-exposure therapy has been advocated based on a single human paper showing doxycy-
cline treatment should be delayed until the onset of symptoms to prevent relapse following
treatment completion and to allow full immunity to develop [8]. However, there have
been no large human or animal trials investigating the optimum timing for the initiation of
antibiotic therapy after exposure to C. burnetii.

Approximately 2% of infections with C. burnetii lead to chronic infection and 20% of
symptomatic infections lead to Q fever fatigue syndrome [7]. To reduce the likelihood of
developing chronic infection, the effective treatment of Q fever could be judged not just by
the relief of symptoms, but also on systemic clearance and allowing the development of
protective immunity. A study following the cardiac surgery of individuals known to have
had Q fever found increased antibody levels in 17% of individuals but no illness, suggesting
a resurgence of the infection controlled by an effective immune response [9]. Acute Q fever
has been modelled in a large range of different animals [10], none of which fully represent
human disease. The most widely used models are various strains of mice where disease is
often mild and self-limiting, e.g., A/J male mouse [11], and the BALB/C mouse [12], or
the Guinea pig, where the disease is frequently fatal [13]. Improved models are perhaps
best represented in non-human primates, e.g., rhesus macaques [14] or marmosets [15],
which have closer immunological and genetic similarities to humans [16]. Previously, using
the A/J mouse model of Q fever, we have demonstrated that 7 days of treatment with
doxycycline hyclate initiated at 24 h post-exposure reduced clinical signs compared to a
PBS control [17]. However, it did not decrease bacterial burden in either the lungs or spleen
at the end of the study (day 14), as assessed by PCR. Despite the apparent initial resolution
of disease, data from our model also showed body weight loss towards the end of our
study, suggesting a resurgence of the infection following the cessation of treatment due to
the bacterial static nature of doxycycline. Doxycycline hyclate was also poorly tolerated by
the mice, causing drug-associated weight loss, complicating the analysis of weight data
and occasionally resulting in mice reaching the humane end point.

In this study, we used the A/J mouse model to evaluate the alternative, better-tolerated
formulation of doxycycline: doxycycline monohydrate. Experimentally, both the minimum
inhibitory concentration (MIC) and the in vitro efficacy in a cell infection assay were
comparable between the two formulations (MIC: <0.04 µg/mL, in vitro: 0.2 µg/mL) [18].
We also extended the treatment time to 14 days to better mimic human treatment regimens
and evaluated the impact of alternative treatment timings (pre-exposure prophylaxis, post-
exposure prophylaxis, treatment at onset of clinical signs and after resolution of clinical
signs). These timings were chosen to represent real-life scenarios, for example, military
personnel are sometimes prescribed doxycycline as anti-malarial prophylaxis and therefore
might already be taking doxycycline when exposed (pre-exposure prophylaxis). The
initiation of treatment at day 2 post-exposure represented preventative treatment when a
probable source has been located, such as a lab-acquired infection or outbreak at a local goat
farm. Day 5 post-exposure treatment represented the onset of clinical symptoms, the point
at which someone might seek treatment, and day 10 was included to determine if clearance
could be improved by treating after the resolution of primary clinical symptoms. These
treatments were assessed for their ability to achieve the following: prevent or ameliorate
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disease (weight loss and clinical signs); moderate the development of adaptive immunity
(cell-mediated response and antibody production); and control the ongoing innate immune
response (circulating IFNγ levels). Viable counts made at key time points were used to
monitor bacterial clearance and recovery versus resurgence or reinfection in both the lung
(as the primary site of infection) and the spleen (as an indicator of systemic clearance).

Furthermore, the dissemination of viable bacteria into other organs of interest was also
assessed, and these included the brain, testes, bone marrow and adipose tissues. The brain
was included because, in human disease, severe headaches are a common feature of acute
Q fever, possibly due to febrile illness and dehydration, but neurological complications
such as meningitis and meningoencephalitits have also been documented [19]. The testes
were assessed to gain further information on the sexual transmissibility of the bacteria [20].
Confocal imagery was used to determine how sperm cells, which have minimal cytoplasm,
could harbor the C. burnetii bacterium. C. burnetii DNA is commonly found in bone marrow
biopsies at all stages of the disease [21,22], and both bone marrow and adipose tissue have
been postulated as potential sanctuary sites for recrudescence of the disease [23,24].

2. Results
2.1. Dissemination of Bacteria Following Aerosol Challenge in the A/J Mouse Model of Q Fever

As part of study one, the A/J mouse model was further developed and characterized
in order to more fully evaluate antibiotic treatment and clearance. Mice were challenged
via the aerosol route with a mean presented dose of 1 × 107 GE C. burnetii (calculated to be
a mean retained dose of 6.7 × 104 GE) and treated with water for 14 days post-challenge.
Clinical signs were monitored, and bacterial dissemination characterized in seven tissues
at six time points post-challenge. Mice lost weight peaking at day 8 and recovering by day
11 (Figure 1). There was also evidence of the failure to gain weight due to the handling
associated with the water treatment which occurred before the typical C. burnetii-associated
weight loss onset at day 5 PC. All mice showed some clinical signs of infection (ruffled fur
and occasional hunched appearance) from day 5 to 12. Groups of five mice were euthanized
at day 5, 8, 12, 15, 19 and 35 post-challenge (PC), and organs aseptically removed. Lung
weights peaked at day 8 but were normal by day 15. Spleen weights peaked between day 8
and 12 and were still enlarged at day 35 (mean 0.394% of bodyweight day 35 PC vs. 0.291%
of bodyweight uninfected control p < 0.05). The lungs and spleens had the highest viable
counts on day 5 to 8 PC. The counts in the spleens declined rapidly with the majority of
animals having cleared viable bacteria from their spleens by day 19 PC. Clearance from the
lungs took much longer, with viable bacteria isolated from two of the five animals on day
35 PC.

Viable bacteria were isolated from all the tissues tested (Figure 2), with the highest
proportion of mice infected on day 8 PC. All mice had bacteremia at the peak of infection,
with the majority having PCR-positive blood until at least day 12. Viable bacteria were
isolated from the majority of brain tissue samples, and for an extensive period, from the
earliest time point tested (day 5 PC) until at least day 12 or 15 PC. Additionally, viable
bacteria were found within the testis homogenates. A visual (microscopic) examination
detected excessive extracellular material on the sperm head (Figure 3B) compared to the
smooth finish of the healthy uninfected sperm (Figure 3A). The sperm themselves appeared
uninfected, with C. burnetii bacteria visible in the accompanying white cells observed in two
mice on day 8 PC that were also culture-positive (Figure 3C,D). However, the inflammatory
response of extracellular debris was observed in the majority of samples taken during the
peak of infection days 5–8.
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represents the time point where 1 mouse was euthanized due to reaching a humane end point. Five 

mice were euthanized at each of the marked time points and selected tissues homogenized and 

cultured to obtain viable counts; lung (green diamond) and spleen (purple diamond) expressed as 

cfu/g of tissue. LOD: limit of detection. 

Viable bacteria were isolated from all the tissues tested (Figure 2), with the highest 

proportion of mice infected on day 8 PC. All mice had bacteremia at the peak of infection, 

with the majority having PCR-positive blood until at least day 12. Viable bacteria were 

isolated from the majority of brain tissue samples, and for an extensive period, from the 

earliest time point tested (day 5 PC) until at least day 12 or 15 PC. Additionally, viable 

bacteria were found within the testis homogenates. A visual (microscopic) examination 

detected excessive extracellular material on the sperm head (Figure 3B) compared to the 

smooth finish of the healthy uninfected sperm (Figure 3A). The sperm themselves ap-

peared uninfected, with C. burnetii bacteria visible in the accompanying white cells ob-

served in two mice on day 8 PC that were also culture-positive (Figure 3C,D). However, 

the inflammatory response of extracellular debris was observed in the majority of samples 

taken during the peak of infection days 5–8. 

Figure 1. Weight loss in A/J mice following an aerosol challenge of C. burnetii of a mean retained
dose of 6.7 × 104 GE and treated with 50 µL of water twice daily orally starting either from 1 day
prior (dark red triangle) or from day 5 post-challenge (pale red triangle) to 14 days PC. Data shown
are the mean percentage weight loss from baseline +/− standard error of the mean (SEM). The arrow
represents the time point where 1 mouse was euthanized due to reaching a humane end point. Five
mice were euthanized at each of the marked time points and selected tissues homogenized and
cultured to obtain viable counts; lung (green diamond) and spleen (purple diamond) expressed as
cfu/g of tissue. LOD: limit of detection.
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Figure 2. Heat map illustrating the dissemination of C. burnetii in A/J mice challenged via the aerosol
route with a mean retained dose of 6.7 × 104 GE of C. burnetii. The heat map shows the number of
mice in which bacteria were detected by either culture (cfu) or by PCR at different time points. The
groups were provided with water but no antibiotic therapy. X denotes sample not tested. LOD was
approx. 20 cfu/spleen, 10 cfu/lung, 20 cfu/mL blood and below 50 cfu for all other tissues; detection
by PCR was approx. 50 GE/tissue.
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Figure 3. Spermatozoa from male A/J mice visualized by confocal microscopy. (A) Representative
image of healthy spermatozoa from an unexposed A/J mouse. (B) Representative image of sper-
matozoa from a mouse exposed to an aerosol challenge of a mean retained dose of 6.7 × 104 GE of
C. burnetii on day 8 PC. There is abnormal inflammatory debris over the head and midpiece of the
spermatozoa, but no evidence of C. burnetii. (C) A collection of spermatozoa and surrounding cells
from within the testicles. C. burnetii can be seen within an adjacent cell but no C. burnetii attached
to the spermatozoa. (D) As image C without light image, more clearly demonstrating the bacteria
in the adjacent cell and not attached to the spermatozoa. (Blue = DAPI, DNA stain; green = mouse
anti-C. burnetii LPS monoclonal FITC stain; space bar in red = 5 µm).

2.2. Evaluation of Alternative Doxycycline Treatment Lengths (7 vs. 14 Days) Initiated Pre- or
Post-Challenge in the A/J Mouse Model of Q Fever (Study 1)

The efficacy of doxycycline therapy initiated at either symptom onset (day 5 PC) or as
a pre-exposure prophylaxis (one day prior to challenge) was compared to a water-treated
control group (WC). Additionally, the effect of different treatment lengths on disease
outcome was assessed by treating infected mice for either 7 or 14 days. All treatment
regimens effectively prevented or ameliorated infection-associated weight loss (Figure 4).
Mice given pre-exposure prophylaxis suffered a small (2%) weight loss associated with
treatment before challenge, but they experienced no further weight loss (significantly
different from the WC group from day 6 to day 10). However, they did display some fur
ruffling from days 7 to 8 PC. The mice starting treatment on day 5 were already showing
some clinical signs, such as fur ruffling and weight loss. The weight loss stopped on day
6 PC (significantly different from WC on days 7 to 9), and fur ruffling stopped by day 10.
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There was no difference in weight gain or clinical signs between 7 and 14 days treatment,
but those treated prior to exposure gained weight quicker from days 18 to 28 PC (significant
for the 7 day pre-exposure treatment group only).
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Figure 4. Weight loss in A/J mice challenged via the aerosol route with a mean retained dose of
6.7 × 104 GE of C. burnetii, and 7 or 14 days treatment with doxycycline monohydrate (DM) starting
on day −1 (pale blue diamonds: 7 days, solid blue diamonds: 14 days treatment) or day 5 (pale green
diamonds: 7 days, solid green diamonds: 14 days treatment) PC. Red line: water-treated control
group (WC). Groups of 5 were euthanized at 8, 12, 15 and 19 days PC (dotted lines) and 10 at end of
study time points. Statistically significant differences in the weights compared to the control group
were determined by a two-way RM ANOVA with Tukey’s multiple comparisons where *** p < 0.001.

Systemic spread was determined by the enumeration of bacterial colonization in tissues
from mice euthanized at key time points, either 24 h after the completion of respective
7-day or 14-day therapy regimes, or at the end of the study (Figure 5A,B). Viable bacteria
were found in the spleens and lungs but not in other tissues (brain, bone marrow, testis,
adipose tissue nor blood). Splenomegaly was only significant in the pre-exposure, 7 days
of treatment group, and only on day 35 PC (compared to naïve p < 0.05), despite the lack
of cultivable bacteria. On day 15, following 14 days of treatment starting pre-exposure, it
was not possible to culture bacteria from the spleens and only 3/5 mice had infected lungs.
However, by day 35, there was some evidence of resurgence of the disease, 3/8 mice had
infected spleens and 7/8 had infected lungs. Despite this, there were no accompanying
clinical signs. It is possible that bacteria were also able to spread systemically during
treatment in the post-treatment regime (1/5 mice on day 12 had infected spleens compared
to 1/4 by day 19). In the same period, the water-treated control group had achieved a
marked improvement with the number of mice with infected spleens declining from 5/5 to
1/5, suggesting that doxycycline treatment might have inhibited systemic clearance.



Antibiotics 2023, 12, 914 7 of 18

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 19 
 

Systemic spread was determined by the enumeration of bacterial colonization in tis-

sues from mice euthanized at key time points, either 24 h after the completion of respec-

tive 7-day or 14-day therapy regimes, or at the end of the study (Figure 5A,B). Viable bac-

teria were found in the spleens and lungs but not in other tissues (brain, bone marrow, 

testis, adipose tissue nor blood). Splenomegaly was only significant in the pre-exposure, 

7 days of treatment group, and only on day 35 PC (compared to naïve p < 0.05), despite 

the lack of cultivable bacteria. On day 15, following 14 days of treatment starting pre-

exposure, it was not possible to culture bacteria from the spleens and only 3/5 mice had 

infected lungs. However, by day 35, there was some evidence of resurgence of the disease, 

3/8 mice had infected spleens and 7/8 had infected lungs. Despite this, there were no ac-

companying clinical signs. It is possible that bacteria were also able to spread systemically 

during treatment in the post-treatment regime (1/5 mice on day 12 had infected spleens 

compared to 1/4 by day 19). In the same period, the water-treated control group had 

achieved a marked improvement with the number of mice with infected spleens declining 

from 5/5 to 1/5, suggesting that doxycycline treatment might have inhibited systemic 

clearance.  

The levels of circulating IFNγ (in the blood) were determined at each of the time 

points (Figure 5C). Pre-exposure prophylaxis prevented any bacterial growth or activity 

which resulted in no elevation of IFNγ above the naïve control levels (day 8 pre-7D, Figure 

5C). Treatment starting on day 5 reduced the level of circulating IFNγ detected on day 12 

to 1/10 of that detected for the WC group, which may have been sufficient to reduce the 

innate immune response. 

 

 

Figure 5. Clinical detail of C. burnetii-challenged, doxycycline-treated mice. Bacterial colonization in 

(A) lung and (B) spleen after treatments and at study end (day 35). LOD was approx. 20 cfu/organ. 

Pre-treated blue diamonds (pale blue: 7 days, solid blue: 14 days treatment) or treatment starting on 

day 5: green diamonds (pale green: 7 days, solid green: 14 days treatment). WC (water-treated con-

trol) group: red diamonds. Groups were 5 for inter-study time points and 10 for end of study. (C) 

Corresponding levels of circulating IFNγ, significance from naïve samples by ANOVA, ** p < 0.01 

Figure 5. Clinical detail of C. burnetii-challenged, doxycycline-treated mice. Bacterial colonization in
(A) lung and (B) spleen after treatments and at study end (day 35). LOD was approx. 20 cfu/organ.
Pre-treated blue diamonds (pale blue: 7 days, solid blue: 14 days treatment) or treatment starting
on day 5: green diamonds (pale green: 7 days, solid green: 14 days treatment). WC (water-treated
control) group: red diamonds. Groups were 5 for inter-study time points and 10 for end of study.
(C) Corresponding levels of circulating IFNγ, significance from naïve samples by ANOVA, ** p < 0.01
and *** p < 0.001. (D) IgG antibody titers to phase I coxiella (coxevac) on day 35. All challenged groups
produced significant levels of antibody above the background present in naïve sera (p < 0.001).

The levels of circulating IFNγ (in the blood) were determined at each of the time points
(Figure 5C). Pre-exposure prophylaxis prevented any bacterial growth or activity which
resulted in no elevation of IFNγ above the naïve control levels (day 8 pre-7D, Figure 5C).
Treatment starting on day 5 reduced the level of circulating IFNγ detected on day 12 to
1/10 of that detected for the WC group, which may have been sufficient to reduce the
innate immune response.

On day 35, anti-phase I coxiella IgG titers were measured (Figure 5D). All infected
groups raised significant levels of anti-Coxiella antibodies compared to naïve (p < 0.001);
however, the levels achieved by the group receiving 16 days of treatment including pre-
treatment had significantly lower antibody levels than the water-treated group (p < 0.05).

2.3. Impact of Initation of Doxycycline Treatment at Different Times Pre- and Post-Challenge on
Clinical Signs in the A/J Mouse Model of Q Fever (Study 2)

Study one demonstrated that 14 days of treatment initiated at symptom onset reduced
bacterial load and dissemination which may result in the reduced likelihood of long-term
colonization and chronic disease. In order to further refine the optimum post-exposure
treatment window, additional time points (day 2, 5, 10 PC) for the initiation of therapy
were compared in study 2. Mice were euthanized 14 days after the completion of treatment
(day 28 to 35 PC).

To further determine the effect of oral dosing on weight loss in this model, a group
of unchallenged water-treated mice was included. This control treatment prevented the
weight gain that normally occurs in uninfected mice, presumably a detrimental effect of
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handling. Once the treatment stopped, on day 16 (Figure 6A black line) the mice started
to gain weight in the expected manner. Infection combined with water treatment resulted
in coxiella-associated weight loss from day 6 to day 12 PC (Figure 6A red line, significant
on days 8, 9 and 10 PC), and other characteristic signs of disease, such as ruffled fur, from
day 3 to 13 PC (Figure 6C). This group also did not properly start to gain weight until the
treatment and handling had stopped. Following the cessation of treatment, the two groups
gained weight in a comparable manner.
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(A) Weight loss as a percentage of baseline for water-treated challenged control group (red line) and
unchallenged water-treated control group (black line). Doxycycline treatment starting on day 2 (blue)
and day 5 (green). (B) Weight loss for treatment starting on day 10 (grey line) and one day before
challenge (purple) compared to challenged water-treated group. (C) Number of mice per group
showing mild clinical signs of ruffled fur. S denotes mice presenting with more severe signs such as
hunched posture. The mean weight changes from baseline with standard error of the mean (SEM)
are presented. Significant differences in weights were determined by a two-way RM ANOVA with
Tukey’s multiple comparisons; p < 0.01 ** and p < 0.001 ***.

Doxycycline treatment starting at either day 2 (blue line, Figure 6A) or day 5 PC (green
line, Figure 6A) was effective at controlling weight loss from infection, with neither group
suffering more weight loss than that experienced by the unchallenged water-treated control
group (Figure 6A). However, the majority of mice showed some signs of illness: ruffled fur
or unkempt appearance from day 4/5 until day 17 when treatment started on day 2, and
marginally worse (from day 7 to 30) when treatment started on day 5, although for either
group, these signs were reduced compared to the infected control mice (Figure 6C). Once
treatment stopped, the animals gained weight in the normal manner.

Starting treatment late in the infection, on day 10 PC, further illustrated the detrimental
effect that the handling had on the mice, although the percentage of weight loss attributable
to disease (that lost between day 5 and 8) remained unaffected (Figure 6B). The clinical signs
for this group, although marginally better than for the infected control group, continued
for the entire duration of their treatment (day 26) (Figure 6C).

The prophylaxis treatment starting one day prior to the challenge resulted in greater
initial weight loss than that observed in either of the water treatment groups (significant on
the day of challenge and day 6 PC p < 0.05), prior to the onset of the effect from infection
(Figure 6B). However, doxycycline appeared to prevent weight loss from infection, with the
mice slowly gaining weight from day 5, although they had ruffled fur from day 3 to day 16.
Once treatment stopped, this group recovered at a comparable rate to the control groups.

2.4. Impact of Initation of Doxycycline Treatment at Different Times Pre- and Post-Challenge on
Bacterial Clearance in a Mouse Model of Q Fever

At the end of the study, 14 days after the end of treatment, the animals were euthanized.
There was some evidence of splenomegaly in the pre-treated (mean 0.427% of bodyweight
p < 0.05) mice and those whose treatment started on day 10 (0.431% of bodyweight p < 0.01)
compared to the naïve controls (0.291% of bodyweight), but not compared to the water-
treated infected controls (0.357% of bodyweight). Treatments starting day 2 or 5 did not
result in measurable splenomegaly 28 days later. Spleen and lung samples were assessed for
viable bacteria and indicated that treatment with doxycycline may have had a detrimental
effect on bacterial clearance, in particular in the lung (Figure 7A). Starting treatment before
the challenge did not prevent systemic spread, with this group fairing worse than those
starting treatment on day 2. The initiation of treatment on day 5, at the onset of clinical
signs, resulted in poorer clearance than the initiation of treatment on day 2, perhaps as
a result of the much higher counts by the unchecked bacterial replication at the time of
starting treatment. The lungs from the treatment start on day 5 were significantly more
colonized than those from the treatment start on day 2, despite having 3 days longer to
clear (2.56 × 103 cfu/g vs. 6.78 × 102 cfu/g p = 0.038). The water-treated group appeared
to have better clearance than those whose treatment started on day 10, with 6/6 lungs still
infected and a mean count of 3.19 × 102 cfu/g.

Compared to study 1, treatment initiation on day 5 was also detrimental to bac-
terial clearance from the spleen. In total, 4/6 spleens were infected with a mean of
2.06 × 103 cfu/g on day 33, whereas 4/5 spleens from the WC group (from study 1) were
clear (below LOD) by day 19 and all by day 35.
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The spleens were also used as a source of T cells, to assess the presence of any specific
cell-mediated immunity. Too few cell populations survived well enough to assess the
activity in the prophylaxis group, but in all other treatment groups, all animals produced
IFNγ following exposure to the heat-killed phase I coxiella. The majority of animals
regardless of treatment start produced more IFNγ to heat-killed coxiella than to the control
stimulant ConA (Figure 7B), suggesting a specific adaptive immune response, compared to
the naïve animals which were more responsive to ConA than inactivated coxiella.

3. Discussion

The time point at which antibiotic therapy is initiated is critical to ensuring the effective
amelioration of clinical symptoms, clearance of the bacterial infection and prevention
of latent infection or relapse. If the antibiotic is given too late, then the bacteria may
have disseminated, colonized a range of tissues and caused bacteremia, sepsis or even
death. In the case of Q fever, a delay in treatment has also been shown to result in a
higher likelihood of serious chronic disease, such as Q fever chronic fatigue syndrome
or endocarditis [7,22,25]. If the antibiotic is administered inappropriately, either too early
or at a high concentration, then side effects may be observed, including gastrointestinal
issues, skin sensitivity or immune modulation [6]. The studies reported here experimentally
compare different doxycycline treatment regimens in a robust in vivo model of inhalational
Q fever for the first time. The results from these studies may be used to optimize future
treatment regimens in a range of clinical scenarios and thus improve medical outcomes.

Further developing the A/J mouse model by determining viable counts has provided
new insight into Q fever. Severe headaches commonly occur in up to 87% of acute Q
fever cases [26], often attributed to febrile illness and dehydration. The isolation of viable
bacteria from brain tissue, however, suggests a more direct effect, not reported before. The
colonization of the bone marrow has been reported before in both mice and man [22,27] and
in adipose tissue in mice [24]; therefore, this study confirms these tissues’ ability to harbor
bacteria with potentially long-term consequences. The blood samples were all positive
by PCR from day 5 to day 8 PC (peak of disease), indicating the utility of this as an early
diagnostic test for acute Q fever prior to seroconversion.

Another confirmatory finding was the presence of viable C. burnetii within the semen
samples and the possibility of sexual transmission [20,28]. However, our images suggest
that the coxiella resides within the cytoplasm of associated white cells, rather than extra-
cellularly attached on the head of the sperm [28]. Small numbers of white cells are normally
present in semen samples [29], and due to the method of collection, we cannot enumerate
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those we detected. We observed the same abnormal appearance of the sperm previously
reported [28], but we suggest that it is an inflammatory response to infection. The presence
of the inflammatory extracellular material on the head of the sperm would presumably
cause temporary infertility [30].

The successful treatment of Q fever should be judged on two criteria: relief of acute
symptoms (fever, headache, etc.) and prevention of long-term sequelae of either Q fever
fatigue syndrome (QFS) or chronic Q fever (CQF). QFS is characterized by persistent fatigue
following an acute Q fever infection, leading to substantial morbidity, and occurring in
up to 60% of patients for periods exceeding 6–12 months [31]. Whereas CQF, occurring in
up to 5% of Q fever infections, is most often presented as endocarditis, a life-threatening
condition [32]. The severity of the acute Q fever (especially in cases requiring hospitaliza-
tion) and the duration of symptoms are associated with a worse long-term health status
including QFS [25]. However, only 38% of CQF patients recall the acute infection [32].
Both conditions are thought to be caused by bacteria persisting in immunologically privi-
leged/sanctuary sites, although QFS appears to be driven by antigens without the presence
of viable bacteria [23,33]. Our model does not cover the long-term outcomes of infec-
tion, but there is increasing evidence to suggest a connection between the failure to raise
sterilizing immunity and either QFS or CFS [25].

In our model, all doxycycline treatment regimens were effective at limiting the weight
loss associated with Q fever, and at reducing the occurrence of viable bacteria (to below our
detection limits) in tissues such as bone marrow and adipose. Doxycycline monohydrate
was better tolerated than our previously used doxycycline hyclate formulation [17], result-
ing in reduced drug-induced clinical signs such as fur ruffling. This may have resulted in a
more successful treatment, as previously we have seen some weight loss starting around
day 14 after a course of 7 days of treatment, suggestive of the resurgence of the infection.
There was still some drug-related weight loss in the pre-treatment group; however, doxy-
cycline as chemoprophylaxis in this model was also detrimental in terms of the immune
response and clearance. Equally, there appeared to be no benefit from treatment after the
acute infection.

The efficacy of treatment, as primarily quantified by weight loss prevention, once signs
of clinical infection were noted (Figure 4) was particularly impressive, resulting in the relief
of signs within 24 h of the start of treatment. In human Q fever, doxycycline has been shown
to resolve fever within 2–3 days compared to a mean of 12.5 days of fever in untreated
patients [34]. The optimum time to start treatment following exposure to C. burnetii is not
known. A small study from the 1950s in humans following deliberate exposure found that
oxytetracycline initiated at the point of fever onset stopped symptoms after 24–48 h [35].
Short-term (7 days) treatment started late in the incubation period but before the onset of
fever prevented any symptoms from developing, whilst treatment initiated earlier, within
24 h of exposure, merely prolonged the incubation period [35], in a manner similar to
the effect previously observed with 7-day doxycycline hyclate treatment for this mouse
model [17].

Doxycycline is a bacteriostatic agent and therefore only acts to inhibit the growth of
C. burnetii. In order to clear this intracellular bacterium, an innate and adaptive immune
response is also required [35]. Therefore, treating the disease too early in the incubation
period may prevent sufficient stimulation of the immune system to develop an adaptive
response, and therefore lead to persistent or quiescent infection. The results of these series
of studies in the A/J mice model support this theory. Treatment starting after two days of
unchecked bacterial growth (i.e., before the onset of signs) was sufficient to trigger a whole
immune response due to the high infectious dose required in mouse models. With-holding
treatment until the occurrence of signs (day 5 rather than day 2) appears to be detrimental
in this model, resulting in less bacterial clearance presumably due to the greater bacterial
burden at the initiation of treatment. However, treatment with doxycycline at any time
point led to a reduction in the rate of bacterial clearance compared to the control group,
which may be a route for developing chronic infection.
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Doxycycline also has immunosuppressive effects: recently, it has been demonstrated
to limit IFNγ production by PBMCs and specifically T cells [36,37]. Good production of
IFNγ is considered to be the critical first step in initiating control over C. burnetii growth
and triggering the development of an adaptive immune response [38]. Studies in BALB/C
mice suggest bacteria are cleared from day 10 onwards, coinciding with antigen-induced
IFNγ production by splenocytes and the emergence of IgM phase II-antibodies [39]. In
our study, circulating IFNγ in water-treated control mice peaked earlier, between day
5 and 8, so the immune activation on day 5 should have been well underway. Even
starting treatment post-recovery (day 10) appeared to have had a detrimental effect on
clearance. We postulate that exposure to doxycycline limited bacterial replication to a level
of complete dormancy. This reduced the stimulation to the immune system, resulting in
near normal levels of circulating IFNγ. In turn, this slowed the bacterial clearance, an
activity provided by the innate immune response. However, once the adaptive immune
response was initiated, it continued to develop, resulting in all groups appearing to have
comparable C. burnetii-specific immune functions (CMI and antibody).

There are limitations to using a mouse model to inform the optimum time point to
start treatment because the model described here is not wholly representative of human
disease [10]. The majority of human infections are thought to be caused by the inhalation
of just a few bacteria [8,40], it can take weeks to develop fever and around 40% of cases are
symptom-free [41]; this scenario is difficult to model experimentally. C. burnetii is known to
have a number of immune-evasion strategies [42] which might be rendered ineffectual by
the high initial infection rates (as described here), leading to a relatively intense stimulation
of the immune system.

Therefore, it could be hypothesized that the reduced rate of clearance might impact
the development of long-term conditions. Along with slower clearance, we have some
evidence of bacteria being trafficked systemically during treatment both in this study
with doxycycline and previously with Finafloxacin, another bacteriostatic antibiotic [43].
Despite extending the infection model out to more than 35 days, complete clearance of
the infection was not seen in any of the treated groups. It is a real possibility that delayed
clearance post-treatment allowed low level systemic spread and recolonization of immune
privileged sites at levels too low for our detection. Our results might suggest that in acute
disease, for cases resulting in only mild clinical signs, there might be some benefit in not
taking doxycycline.

This model does not explore the characteristics of chronic Q fever infection, such as
endocarditis [44], and therefore cannot predict the development of chronic Q fever. It is
also not able to inform on the human equivalent clinical threshold for treatment to prevent
chronic infection. In the absence of being able to perform large human trials to investigate
the optimal start points for doxycycline therapy, further studies utilizing the mouse model
are required to identify a novel bactericidal antimicrobial agent. A bactericidal antimicrobial
would significantly reduce the likelihood of recrudescence of infection after antimicrobials
are stopped.

Despite the limitations of this model, the data presented here do not support the use
of doxycycline as a prophylactic nor as a treatment to help clear any residual infection if
the individual has recovered (and is symptom-free) from the acute infection. Instead, these
studies indicate that post-exposure doxycycline treatments starting on either day 2 or day 5
were optimal, with reduced clinical signs, but also delayed the systemic clearance of viable
bacteria. The earliest, but not prophylactic, treatment was the most effective. Effective
clearance was dependent on the development of an adaptive immune response, but also
driven by sufficient bacterial activity to maintain an active immune response. Despite this,
and the fact that the animals receiving only 7 days of treatment showed no signs of relapse
post-treatment, there are sufficient human data to recommend continuing with the 14-day
treatment regime [35,45]. In addition, we recommend the preferential use of doxycycline
monohydrate due to improved tolerance.
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4. Materials and Methods

Mice. Groups of age-matched male 8–10-week-old (20–22 g) A/Jola mice (Envigo,
Huntington, UK) were housed on a 12 h day-night light cycle, with food and water avail-
able ad libitum in an Advisory Committee on Dangerous Pathogens (ACDP, UK) level 3
compliant rigid walled isolator and allowed to acclimatize for 7 days before challenge. All
procedures were conducted under a project license approved by an internal ethical review,
and in accordance with both the UK Animal (Scientific Procedures) Act (1986) and the 1989
Codes of Practice for the Housing and Care of Animals used in Scientific Procedures.

Challenge. Aerosols were generated using a 3-jet Collison nebulizer, containing a
volume of 20 mL of Coxiella burnetii NMI at a concentration of 1 × 108 cfu/mL, controlled
and conditioned to 50% (±5%) relative humidity, by an AeroMP platform system (Biaera
Technologies, Hagerstown, MD, USA) [46]. Animals were exposed to the aerosol for a total
of 10 min, with sampling achieved for 1 min at the mid-point of the challenge (4.5–5.5 min)
using an all-glass impinger (AGI-30; Ace Glass, Vineland, NJ, USA) containing 10 mL
phosphate-buffered saline.

concentration per L o f air =
(conncentration per mL)× (sampler volume)
(sampler f low rate)× (sampling duration)

A maximum of 20 animals were exposed in any single aerosol exposure, and were
physically restrained in holding tubes, enabling nose-only exposure to the aerosol. The
calculated, presented challenge dose was determined using the serial diluted bacterial
enumerations from the aerosol samples, and Guyton’s formula for the respiratory volumes
of laboratory animals (20 mL min−1) [47].

Presented dose = concentration per L o f air×minute respiratory volume× challenge duration

A retained dose of 40% of the presented dose was also calculated [48].

Retained dose = presented dose× 0.4

Treatment studies. A schematic of the studies is shown in Figure 8.
Study 1: The post-challenge groups of 15 mice were treated from 5 days post-challenge

(PC), for either 7 or 14 days with oral doxycycline monohydrate dissolved in distilled water
(105 mg/kg twice daily). The pre-challenge groups started treatment 24 h before challenge
and continued treatment until 7 or 14 days after challenge with the same dose. Previously
determined pharmacokinetic data were used to calculate that this would achieve the human
equivalent dose [11]. The control groups of mice were treated with comparable volumes of
distilled water (WC). At the end of the treatment period, blood and tissues were collected
from 5 mice from each group. Blood was collected by cardiac puncture under inhaled
anesthesia with halothane, and then mice were euthanized by cervical dislocation. The
remaining mice were observed until 35 days PC. Both studies had groups of water-treated
challenged controls. At cull points, organs such as the lung, spleen, brain, bone marrow,
adipose (from around peritoneal cavity), testicles and blood were aseptically removed,
homogenized through a 45 µm filter into 1 mL of PBS, serially diluted and cultured for
viable bacteria. Bacterial DNA was also determined by PCR. One mouse was euthanized
for reaching the humane end point of weight loss of greater than 25% and displaying
clinical signs of a lack of responsiveness.

Study 2: Groups of 6 mice were treated 24 h pre-, 2 days, 5 days or 10 days post-
challenge (PC), and this continued for 14 days (15 days for the pre-treatment group) with
doxycycline monohydrate (105 mg/kg twice daily). The control groups of challenged
and unchallenged mice were treated with comparable volumes of water (WC). Mice were
observed for clinical signs (ruffled skin, arched back, dehydration and wasp-waisted
appearance) and weighed daily for a further 14 days after the cessation of treatment days,
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when they were euthanized by cervical dislocation and the lungs and spleens removed for
viable counts.
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Figure 8. Schematic of the mouse studies 1 and 2 illustrating dosing schedules and sample points
(D = doxycycline and W = water control); group colors match those used in results. Numbers along
the top denote time point (in days) with the challenge occurring on day 0. Column 2 gives number of
mice per group.

Sperm microscopy. Excised testicles were aseptically cut into pieces in 1 mL of PBS
above a 45 µm filter and left for 20 min to allow the sperm to swim through the filter. A
50 µL subsample was taken from below the filter for microscopy, and the remaining sample
was recombined and homogenized as above to provide a viable count. The microscopy
subsample was inactivated in 4% PFA, permeabilized (BD Biosciences, Oxford, UK) and
stained with the FITC-conjugated anti-Coxiella antibody (BBI, Salisbury, UK) and the nuclear
stain, DAPI (Life technologies, Paisley, UK). Samples were viewed with a Zeiss LM-10
fluorescent microscope.

Bacteria. C. burnetii NMI (RSA493) was cultured axenically in ACCM-2 (Sunrise
Science Products, San Diego, CA, USA) for 7 days, and shaken at 75 rpm in a sealed
container with a GENbox microaer atmosphere generator (bioMérieux, Marcy-l’Étoile,
France) to produce challenge stock [11]. The bacteria were centrifuged at 10,000× g for
20 min, resuspended in PBS at a concentration of approximately 1× 109 cfu/mL and stored
frozen. For enumeration from tissues, samples were plated on ACCM-2 agar, supplemented
with 0.5 mM tryptophan [49] and incubated statically at 37 ◦C for 10 days (in 5% CO2 and
2.5% O2). The limit of detection (LOD) was dependent on organ size and was approx.
200 cfu/g in study 1 and 20 cfu/g in study 2, due to increased plating to determine
clearance. Counts were also determined by PCR in study 1 using the com1 gene [17].
Challenge enumeration post-aerosolization was determined by PCR.

Enumeration by PCR to calculate genome equivalents (GE). C. burnetii was enumerated
using RT-PCR targeting the com1 gene (forward primer, CGACCGAAGCATAAAAGTCAATG;
reverse primer, ATTTCATCTTGCTCTGCTCTAACAAC; probe, TTATGCGCGCTTTCGAC-
TACCATTTCA). The probe was covalently labelled at the 5′ end with the reporter dye FAM
and at the 3′ end with the quencher dye BHQ-1. The primers and probe were purchased
(ATDBio Southampton UK). Chromosomal DNA was extracted by using the Qiagen QIAmp
DNA mini kit/blood and tissue (Qiagen Manchester UK). The RT-PCR comprised 12 µL
template DNA, forward primer (900 nM), reverse primer (300 nM), probe (200 nM) and
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PCR master mix containing 0.04 U JumpStart Taq DNA polymerase 21 µL (Sigma-Aldrich,
Gillingham, UK), 0.2 mM dNTPs, 8% w/v glycerol, 4 mM MgCl2, 50 mM Tris/HCl, 1 mg
BSA ml21 and 0.5 mM EGTA. PCR cycling conditions comprised 3 min at 95 ◦C and 30 s at
60 ◦C, followed by 50 two-step cycles of 15 s at 95 ◦C and 30 s at 60 ◦C. Standard curves
were made by spiking naïve tissue/blood with serial dilutions of viable bacteria, and
extracted as above.

Serum IFNγ quantification. Serum samples were stored frozen at −80 ◦C until ana-
lyzed. The levels were determined using the ProcartaPlex™ multiplex immunoassay kit
(ThermoFisher, Paisley, UK), used according to the manufacturer’s instructions and read
on a Luminex™ machine.

Antibody determination. Total IgG was quantified by ELISA from sera taken on
day 35 PC. Coxevac (inactivated veterinary Coxiella burnetii vaccine, European Medicines
Agency, The Netherlands) was used for the antigen to coat 96-well plates (50 µL/well
diluted 1:2 in carbonate coating buffer (Sigma-Aldrich, Gillingham, UK) to give approx.
1 × 108 GE/mL). The ELISA was performed in the standard manner, briefly: plates were
incubated at 4 ◦C overnight, blocked with 2% skimmed milk powder (in PBS with 0.5%
Tween (Sigma, Gillingham, UK), washed and incubated (at 37 ◦C for 2 h) with a dilution
series of serum starting at 1:50. Plates were washed again, and antibody binding was
detected by mouse anti-IgG horseradish peroxidase (Sigma-Aldrich, Gillingham, UK). The
mean of duplicate values was considered positive if greater than the mean + 2 SD of the
negative sera.

Cell-mediated restimulation. Splenic tissue taken on day 35 PC was gently homog-
enized and passed through a 40 µm sieve into 1 mL of sterile Leibovitz’s L-15 medium
supplemented 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and
10% (v/v) FCS (all Sigma-Aldrich, Gillingham, UK). Splenocytes were stimulated with
either concanavalin A (ConA, Sigma-Aldrich, Gillingham, UK) at a final concentration of
2.5 µg/mL, Coxevac (inactivated veterinary Coxiella burnetii vaccine, European Medicines
Agency, The Netherlands) concentration of 1 × 108 GE/mL or media as a negative control.
Twenty-five microliters per well of the splenocytes was added to 175 µL of stimulants in
the complete L-15 medium and incubated at 37 ◦C for 24 h, and the supernatant frozen at
−80 ◦C until assayed for IFN-γ production by ELISA (MABTEC, Nacka Strand, Sweden),
following the manufacturer’s instructions.

Statistical analysis. Significant differences in the levels of secreted IFNγ or antibody
production were determined by ANOVA, and differences in weight loss profiles were
determined by a two-way RM ANOVA with Tukey’s multiple comparisons. The statistical
analysis was performed by Graph Pad Prism version 8.

Author Contributions: Conceptualization, I.H.N. and M.S.B.; methodology, I.H.N., A.O.W. and
M.G.H.; validation, I.H.N., A.O.W. and M.G.H.; formal analysis, M.G.H. and K.A.C.; investigation,
K.A.C., A.O.W. and M.G.H.; data curation, K.A.C. and M.G.H.; writing—original draft preparation,
K.A.C., A.O.W. and M.G.H.; writing—review and editing, I.H.N., A.O.W., M.G.H., K.A.C. and M.S.B.;
visualization, M.G.H. and K.A.C.; supervision, I.H.N. and M.S.B.; project administration, I.H.N.;
funding acquisition, I.H.N., K.A.C. and M.S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the UK Ministry of Defence.

Institutional Review Board Statement: Animals were kept in accordance with the UK Animals
(Scientific Procedures) Act 1986. Codes of Practice for the Housing and Care of Animals used in
Scientific Procedures 1989. The licence application underwent approval by the local ethical review
process with the Dstl Animal Welfare and Ethical Review Body (AWERB) before submission and
approval with the UK Home Office and Animal Procedures Committee (an independent committee
that offers advice to The UK Secretary of State of the ethics of the proposed work).

Informed Consent Statement: Not applicable.

Data Availability Statement: None available.



Antibiotics 2023, 12, 914 16 of 18

Acknowledgments: We acknowledge Tom Laws for his support with the statistical analysis. We
acknowledge the animal technologists for supporting the mice studies.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Joulié, A.; Sidi-Boumedine, K.; Bailly, X.; Gasqui, P.; Barry, S.; Jaffrelo, L.; Poncet, C.; Abrial, D.; Yang, E.; Leblond, A.; et al.

Molecular epidemiology of Coxiella burnetii in French livestock reveals the existence of three main genotype clusters and suggests
species-specific associations as well as regional stability. Infect. Genet. Evol. 2017, 48, 142–149. [CrossRef] [PubMed]

2. Bailey, M.S.; Trinick, T.R.; Dunbar, J.A.; Hatch, R.; Osborne, J.C.; Brooks, T.J.; Green, A.D. Undifferentiated febrile illnesses
amongst British troops in Helmand, Afghanistan. J. R. Army Med. Corps 2011, 157, 150–155. [CrossRef] [PubMed]

3. Delord, M.; Socolovschi, C.; Parola, P. Rickettsioses and Q fever in travelers (2004–2013). Travel. Med. Infect. Dis. 2014, 12, 443–458.
[CrossRef] [PubMed]

4. Anderson, A.; Bijlmer, H.; Fournier, P.-E.; Graves, S.; Hartzell, J.; Kersh, G.J.; Limonard, G.; Marrie, T.J.; Massung, R.F.; McQuiston,
J.H. Diagnosis and management of Q fever—United States, 2013: Recommendations from CDC and the Q Fever Working Group.
Morb. Mortal. Wkly. Rep. Recomm. Rep. 2013, 62, 1–29.

5. Hall, C.J.; Richmond, S.J.; Caul, E.O.; Pearce, N.H.; Silver, I.A. Laboratory outbreak of Q fever acquired from sheep. Lancet 1982, 1,
1004–1006. [CrossRef] [PubMed]

6. Tan, K.R.; Magill, A.J.; Parise, M.E.; Arguin, P.M. Doxycycline for malaria chemoprophylaxis and treatment: Report from the CDC
expert meeting on malaria chemoprophylaxis. Am. J. Trop. Med. Hyg. 2011, 84, 517–531. [CrossRef] [PubMed]

7. Kampschreur, L.M.; Delsing, C.E.; Groenwold, R.H.; Wegdam-Blans, M.C.; Bleeker-Rovers, C.P.; de Jager-Leclercq, M.G.;
Hoepelman, A.I.; van Kasteren, M.E.; Buijs, J.; Renders, N.H.; et al. Chronic Q fever in the Netherlands 5 years after the start of
the Q fever epidemic: Results from the Dutch chronic Q fever database. J. Clin. Microbiol. 2014, 52, 1637–1643. [CrossRef]

8. Benenson, A.S.; Tigertt, W.D. Studies on Q fever in man. Trans. Assoc. Am. Physicians 1956, 69, 98–104.
9. Marrie, T.J.; Cunning, J.; Durnford, P. Reactivation of Q fever following cardiac surgery. Eur. J. Clin. Microbiol. Infect. Dis. 1992, 11,

833–836. [CrossRef]
10. Bewley, K.R. Animal models of Q fever (Coxiella burnetii). Comp. Med. 2013, 63, 469–476.
11. Norville, I.H.; Hatch, G.J.; Bewley, K.R.; Atkinson, D.J.; Hamblin, K.A.; Blanchard, J.D.; Armstrong, S.J.; Pitman, J.K.; Rayner, E.;

Hall, G.; et al. Efficacy of liposome-encapsulated ciprofloxacin in a murine model of Q fever. Antimicrob. Agents Chemother. 2014,
58, 5510–5518. [CrossRef] [PubMed]

12. Feng, J.; Hu, X.; Fu, M.; Dai, L.; Yu, Y.; Luo, W.; Zhao, Z.; Lu, Z.; Du, Z.; Zhou, D.; et al. Enhanced protection against Q fever in
BALB/c mice elicited by immunization of chloroform-methanol residue of Coxiella burnetii via intratracheal inoculation. Vaccine
2019, 37, 6076–6084. [CrossRef] [PubMed]

13. Russell-Lodrigue, K.E.; Zhang, G.Q.; McMurray, D.N.; Samuel, J.E. Clinical and pathologic changes in a guinea pig aerosol
challenge model of acute Q fever. Infect. Immun. 2006, 74, 6085–6091. [CrossRef] [PubMed]

14. Waag, D.M.; Byrne, W.R.; Estep, J.; Gibbs, P.; Pitt, M.L.; Banfield, C.M. Evaluation of cynomolgus (Macaca fascicularis) and rhesus
(Macaca mulatta) monkeys as experimental models of acute Q fever after aerosol exposure to phase-I Coxiella burnetii. Lab. Anim.
Sci. 1999, 49, 634–638. [PubMed]

15. Nelson, M.; Salguero, F.J.; Hunter, L.; Atkins, T.P. A Novel Marmoset (Callithrix jacchus) Model of Human Inhalational Q Fever.
Front. Cell. Infect. Microbiol. 2021, 10, 621635. [CrossRef] [PubMed]

16. Zhang, X.L.; Pang, W.; Hu, X.T.; Li, J.L.; Yao, Y.G.; Zheng, Y.T. Experimental primates and non-human primate (NHP) models of
human diseases in China: Current status and progress. Dongwuxue Yanjiu 2014, 35, 447–464. [CrossRef]

17. Clay, K.A.; Hartley, M.G.; Armstrong, S.; Bewley, K.R.; Godwin, K.; Rayner, E.; Vipond, J.; Bailey, M.; Atkins, T.P.; Norville, I.H.
Evaluation of the Efficacy of Doxycycline, Ciprofloxacin, Levofloxacin, and Co-trimoxazole Using In Vitro and In Vivo Models of
Q Fever. Antimicrob. Agents Chemother. 2021, 65, e0067321. [CrossRef]

18. Clay, K.A. Antibiotic Therapy as Prevention and Treatment of Q Fever. Ph.D. Thesis, University of Warwick, Coventry, UK, 2019.
19. Bernit, E.; Pouget, J.; Janbon, F.; Dutronc, H.; Martinez, P.; Brouqui, P.; Raoult, D. Neurological involvement in acute Q fever: A

report of 29 cases and review of the literature. Arch. Intern. Med. 2002, 162, 693–700. [CrossRef]
20. Milazzo, A.; Hall, R.; Storm, P.A.; Harris, R.J.; Winslow, W.; Marmion, B.P. Sexually transmitted Q fever. Clin. Infect. Dis. 2001, 33,

399–402. [CrossRef]
21. Alwis, L.; Balan, K.; Wright, P.; Lever, A.; Carmichael, A. Bone marrow involvement in Q fever—Detection by fluorine-18-labelled

fluorodeoxyglucose PET. Lancet Infect. Dis. 2009, 9, 718. [CrossRef]
22. Marmion, B.P.; Storm, P.A.; Ayres, J.G.; Semendric, L.; Mathews, L.; Winslow, W.; Turra, M.; Harris, R.J. Long-term persistence of

Coxiella burnetii after acute primary Q fever. QJM 2005, 98, 7–20. [CrossRef] [PubMed]
23. Marmion, B.P.; Sukocheva, O.; Storm, P.A.; Lockhart, M.; Turra, M.; Kok, T.; Ayres, J.; Routledge, H.; Graves, S. Q fever: Persistence

of antigenic non-viable cell residues of Coxiella burnetii in the host—Implications for post Q fever infection fatigue syndrome and
other chronic sequelae. QJM 2009, 102, 673–684. [CrossRef] [PubMed]

https://doi.org/10.1016/j.meegid.2016.12.015
https://www.ncbi.nlm.nih.gov/pubmed/28007602
https://doi.org/10.1136/jramc-157-02-05
https://www.ncbi.nlm.nih.gov/pubmed/21805764
https://doi.org/10.1016/j.tmaid.2014.08.006
https://www.ncbi.nlm.nih.gov/pubmed/25262433
https://doi.org/10.1016/S0140-6736(82)92001-3
https://www.ncbi.nlm.nih.gov/pubmed/6122819
https://doi.org/10.4269/ajtmh.2011.10-0285
https://www.ncbi.nlm.nih.gov/pubmed/21460003
https://doi.org/10.1128/JCM.03221-13
https://doi.org/10.1007/BF01960885
https://doi.org/10.1128/AAC.03443-14
https://www.ncbi.nlm.nih.gov/pubmed/25001305
https://doi.org/10.1016/j.vaccine.2019.08.041
https://www.ncbi.nlm.nih.gov/pubmed/31477436
https://doi.org/10.1128/IAI.00763-06
https://www.ncbi.nlm.nih.gov/pubmed/17057087
https://www.ncbi.nlm.nih.gov/pubmed/10638499
https://doi.org/10.3389/fcimb.2020.621635
https://www.ncbi.nlm.nih.gov/pubmed/33585288
https://doi.org/10.13918/j.issn.2095-8137.2014.6.447
https://doi.org/10.1128/AAC.00673-21
https://doi.org/10.1001/archinte.162.6.693
https://doi.org/10.1086/321878
https://doi.org/10.1016/S1473-3099(09)70113-6
https://doi.org/10.1093/qjmed/hci009
https://www.ncbi.nlm.nih.gov/pubmed/15625349
https://doi.org/10.1093/qjmed/hcp077
https://www.ncbi.nlm.nih.gov/pubmed/19556396


Antibiotics 2023, 12, 914 17 of 18

24. Bechah, Y.; Verneau, J.; Ben Amara, A.; Barry, A.O.; Lépolard, C.; Achard, V.; Panicot-Dubois, L.; Textoris, J.; Capo, C.; Ghigo,
E.; et al. Persistence of Coxiella burnetii, the agent of Q fever, in murine adipose tissue. PLoS ONE 2014, 9, e97503. [CrossRef]
[PubMed]

25. Morroy, G.; Keijmel, S.P.; Delsing, C.E.; Bleijenberg, G.; Langendam, M.; Timen, A.; Bleeker-Rovers, C.P. Fatigue following Acute
Q-Fever: A Systematic Literature Review. PLoS ONE 2016, 11, e0155884. [CrossRef]

26. Esmaeili, S.; Golzar, F.; Ayubi, E.; Naghili, B.; Mostafavi, E. Acute Q fever in febrile patients in northwestern of Iran. PLoS Negl.
Trop. Dis. 2017, 11, e0005535. [CrossRef]

27. Melenotte, C.; Lepidi, H.; Nappez, C.; Bechah, Y.; Audoly, G.; Terras, J.; Raoult, D.; Brégeon, F. Mouse Model of Coxiella burnetii
Aerosolization. Infect. Immun. 2016, 84, 2116–2123. [CrossRef]

28. Kruszewska, D.; Tylewska-Wierzbanowska, S.K. Coxiella burnetii penetration into the reproductive system of male mice, promoting
sexual transmission of infection. Infect. Immun. 1993, 61, 4188–4195. [CrossRef]

29. Djordjevic, D.; Lalic, N.; Vukovic, I.; Nale, D.; Micic, S. Sperm Quality and Seminal Biochemical Parameters in Infertile Men with
and without Leukocytospermia. Andrology 2018, 7, 197. [CrossRef]

30. Kruger, T.F.; Acosta, A.A.; Simmons, K.F.; Swanson, R.J.; Matta, J.F.; Veeck, L.L.; Morshedi, M.; Brugo, S. New method of
evaluating sperm morphology with predictive value for human in vitro fertilization. Urology 1987, 30, 248–251. [CrossRef]

31. Ayres, J.G.; Wildman, M.; Groves, J.; Ment, J.; Smith, E.G.; Beattie, J.M. Long-term follow-up of patients from the 1989 Q fever
outbreak: No evidence of excess cardiac disease in those with fatigue. QJM Int. J. Med. 2002, 95, 539–546. [CrossRef]

32. Kampschreur, L.M.; Dekker, S.; Hagenaars, J.C.; Lestrade, P.J.; Renders, N.H.; de Jager-Leclercq, M.G.; Hermans, M.H.; Groot,
C.A.; Groenwold, R.H.; Hoepelman, A.I.; et al. Identification of risk factors for chronic Q fever, The Netherlands. Emerg. Infect.
Dis. 2012, 18, 563–570. [CrossRef] [PubMed]

33. Sukocheva, O.A.; Marmion, B.P.; Storm, P.A.; Lockhart, M.; Turra, M.; Graves, S. Long-term persistence after acute Q fever of
non-infective Coxiella burnetii cell components, including antigens. QJM 2010, 103, 847–863. [CrossRef] [PubMed]

34. Kersh, G.J. Antimicrobial therapies for Q fever. Expert. Rev. Anti Infect. Ther. 2013, 11, 1207–1214. [CrossRef] [PubMed]
35. Tigertt, W.D.; Benenson, A.S.; Gochenour, W.S. Airborne Q fever. Bacteriol. Rev. 1961, 25, 285–293. [CrossRef] [PubMed]
36. Smith-Norowitz, T.A.; Weaver, D.; Norowitz, Y.M.; Hammerschlag, M.R.; Joks, R.; Durkin, H.G.; Kohlhoff, S. Doxycycline

suppresses Chlamydia pneumoniae induced interferon-gamma responses in peripheral blood mononuclear cells in children with
allergic asthma. J. Infect. Chemother. 2018, 24, 470–475. [CrossRef] [PubMed]

37. Florou, D.T.; Mavropoulos, A.; Dardiotis, E.; Tsimourtou, V.; Siokas, V.; Aloizou, A.M.; Liaskos, C.; Tsigalou, C.; Katsiari, C.;
Sakkas, L.I.; et al. Tetracyclines Diminish In Vitro IFN-γ and IL-17-Producing Adaptive and Innate Immune Cells in Multiple
Sclerosis. Front. Immunol. 2021, 12, 739186. [CrossRef]

38. Andoh, M.; Zhang, G.; Russell-Lodrigue, K.E.; Shive, H.R.; Weeks, B.R.; Samuel, J.E. T cells are essential for bacterial clearance,
and gamma interferon, tumor necrosis factor alpha, and B cells are crucial for disease development in Coxiella burnetii infection in
mice. Infect. Immun. 2007, 75, 3245–3255. [CrossRef]

39. Schoffelen, T.; Herremans, T.; Sprong, T.; Nabuurs-Franssen, M.; van der Meer, J.W.; Joosten, L.A.; Netea, M.G.; Bijlmer, H.A.; van
Deuren, M. Immunogenicity of the Q fever skin test. J. Infect. 2014, 69, 161–164. [CrossRef]

40. Brooke, R.J.; Kretzschmar, M.E.; Mutters, N.T.; Teunis, P.F. Human dose response relation for airborne exposure to Coxiella burnetii.
BMC Infect. Dis. 2013, 13, 488. [CrossRef]

41. Kampschreur, L.M.; Hagenaars, J.C.; Wielders, C.C.; Elsman, P.; Lestrade, P.J.; Koning, O.H.; Oosterheert, J.J.; Renders, N.H.;
Wever, P.C. Screening for Coxiella burnetii seroprevalence in chronic Q fever high-risk groups reveals the magnitude of the Dutch
Q fever outbreak. Epidemiol. Infect. 2013, 141, 847–851. [CrossRef]

42. van Schaik, E.J.; Chen, C.; Mertens, K.; Weber, M.M.; Samuel, J.E. Molecular pathogenesis of the obligate intracellular bacterium
Coxiella burnetii. Nat. Rev. Microbiol. 2013, 11, 561–573. [CrossRef] [PubMed]

43. Hartley, M.G.; Norville, I.H.; Richards, M.I.; Barnes, K.B.; Bewley, K.R.; Vipond, J.; Rayner, E.; Vente, A.; Armstrong, S.J.; Harding,
S.V. Finafloxacin, a Novel Fluoroquinolone, Reduces the Clinical Signs of Infection and Pathology in a Mouse Model of Q Fever.
Front. Microbiol. 2021, 12, 760698. [CrossRef]

44. Palmer, S.R.; Young, S.E. Q-fever endocarditis in England and Wales, 1975–81. Lancet 1982, 2, 1448–1449. [CrossRef] [PubMed]
45. Dijkstra, F.; Riphagen-Dalhuisen, J.; Wijers, N.; Hak, E.; Van der Sande, M.A.; Morroy, G.; Schneeberger, P.M.; Schimmer, B.;

Notermans, D.W.; Van der Hoek, W. Antibiotic therapy for acute Q fever in The Netherlands in 2007 and 2008 and its relation to
hospitalization. Epidemiol. Infect. 2011, 139, 1332–1341. [CrossRef]

46. Hartings, J.M.; Roy, C.J. The automated bioaerosol exposure system: Preclinical platform development and a respiratory dosimetry
application with nonhuman primates. J. Pharmacol. Toxicol. Methods 2004, 49, 39–55. [CrossRef] [PubMed]

47. Guyton, A.C. Measurement of the respiratory volumes of laboratory animals. Am. J. Physiol. 1947, 150, 70–77. [CrossRef]
48. Harper, G.J.; Morton, J.D. The respiratory retention of bacterial aerosols: Experiments with radioactive spores. J. Hyg. 1953, 51,

372–385. [CrossRef] [PubMed]
49. Sanchez, S.E.; Vallejo-Esquerra, E.; Omsland, A. Use of Axenic Culture Tools to Study Coxiella burnetii. Curr. Protoc. Microbiol.

2018, 50, e52. [CrossRef]

https://doi.org/10.1371/journal.pone.0097503
https://www.ncbi.nlm.nih.gov/pubmed/24835240
https://doi.org/10.1371/journal.pone.0155884
https://doi.org/10.1371/journal.pntd.0005535
https://doi.org/10.1128/IAI.00108-16
https://doi.org/10.1128/iai.61.10.4188-4195.1993
https://doi.org/10.4172/2167-0250.1000197
https://doi.org/10.1016/0090-4295(87)90246-9
https://doi.org/10.1093/qjmed/95.8.539
https://doi.org/10.3201/eid1804.111478
https://www.ncbi.nlm.nih.gov/pubmed/22469535
https://doi.org/10.1093/qjmed/hcq113
https://www.ncbi.nlm.nih.gov/pubmed/20639288
https://doi.org/10.1586/14787210.2013.840534
https://www.ncbi.nlm.nih.gov/pubmed/24073941
https://doi.org/10.1128/br.25.3.285-293.1961
https://www.ncbi.nlm.nih.gov/pubmed/13921201
https://doi.org/10.1016/j.jiac.2018.02.004
https://www.ncbi.nlm.nih.gov/pubmed/29615379
https://doi.org/10.3389/fimmu.2021.739186
https://doi.org/10.1128/IAI.01767-06
https://doi.org/10.1016/j.jinf.2014.03.008
https://doi.org/10.1186/1471-2334-13-488
https://doi.org/10.1017/S0950268812001203
https://doi.org/10.1038/nrmicro3049
https://www.ncbi.nlm.nih.gov/pubmed/23797173
https://doi.org/10.3389/fmicb.2021.760698
https://doi.org/10.1016/S0140-6736(82)91341-1
https://www.ncbi.nlm.nih.gov/pubmed/6129519
https://doi.org/10.1017/S0950268810002621
https://doi.org/10.1016/j.vascn.2003.07.001
https://www.ncbi.nlm.nih.gov/pubmed/14670693
https://doi.org/10.1152/ajplegacy.1947.150.1.70
https://doi.org/10.1017/S0022172400015801
https://www.ncbi.nlm.nih.gov/pubmed/13096745
https://doi.org/10.1002/cpmc.52


Antibiotics 2023, 12, 914 18 of 18

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Results 
	Dissemination of Bacteria Following Aerosol Challenge in the A/J Mouse Model of Q Fever 
	Evaluation of Alternative Doxycycline Treatment Lengths (7 vs. 14 Days) Initiated Pre- or Post-Challenge in the A/J Mouse Model of Q Fever (Study 1) 
	Impact of Initation of Doxycycline Treatment at Different Times Pre- and Post-Challenge on Clinical Signs in the A/J Mouse Model of Q Fever (Study 2) 
	Impact of Initation of Doxycycline Treatment at Different Times Pre- and Post-Challenge on Bacterial Clearance in a Mouse Model of Q Fever 

	Discussion 
	Materials and Methods 
	References

