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Summary

Recruitment of immune cells to infection sites is a critical component of the
host response to pathogens. This process is facilitated partly through interac-
tions of chemokines with cognate receptors. Here, we examine the importance
of fractalkine (CX3CL1) receptor, CX3CR1, which regulates function and
trafficking of macrophages and dendritic cells, in the host’s ability to control
respiratory infections with Mycobacterium tuberculosis or Francisella
tularensis. Following low-dose aerosol challenge with M. tuberculosis,
CX3CR17~ mice were no more susceptible to infection than wild-type
C57BL/6 mice as measured by organ burden and survival time. Similarly,
following inhalation of F. tularensis, CX3CR1™~ mice displayed similar organ
burdens to wild-type mice. CX3CR17~ mice had increased recruitment of
monocytes and neutrophils in the lung; however, this did not result in
increased abundance of infected monocytes or neutrophils. We conclude
that CX3CR1-deficiency affects immune-cell recruitment; however, loss of
CX3CRI1 alone does not render the host more susceptible to M. tuberculosis or
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Introduction

Respiration moves 15 000 litres of air over the extensive epi-
thelial surface of the human airway each day [1]. As a result,
the lung environment is prone to routine exposure to foreign
particles and potentially harmful microorganisms. Because
respiratory function is essential for life, it is critical that the
host responds to foreign material and maintains a sterile
environment in the lung. The host accomplishes this through
a combination of physical barriers, phagocytic cells, microbi-
cidal molecules and molecular signals that facilitate commu-
nication among these various components. Often the initial
response to an invading pathogen within the lung is recogni-
tion and phagocytosis by macrophages and dendritic cells
(DCs). If these cells are unable to dispose efficiently of the
pathogenic invader, cytokine signals are produced which lead
to the recruitment of monocytes and neutrophils from the
bloodstream to infected tissues. Monocytes are the precursors
to mature macrophages [2—4] and DCs [5], so during an
immune response they replenish apoptotic or necrotic cells as

well as provide increased numbers of phagocytic cells to aid in
controlling infection. Neutrophils are terminally differenti-
ated, highly phagocytic cells that are among the first circulat-
ing cells to migrate into infected tissues and they utilize both
oxygen-dependent and oxygen-independent mechanisms to
combat invading microorganisms.

The chemokine receptor CX3CRI1 and its ligand, fracta-
lkine (CX3CL1), are important for directing cell migration
from the bloodstream into tissues. During infection, endot-
helial cells respond to inflammatory signals such as tumour
necrosis factor-o, interleukin-1, lipopolysaccharide and
interferon-y by activating expression and secretion of frac-
talkine, a transmembrane protein [6]. Through the inter-
action of fractalkine with CX3CR1 on the surface of
circulating cells, particularly monocytes and T cells, capture
and migration of these cells into infected tissues is facili-
tated [6-8].

Interestingly, CX3CRI1 and its ligand fractalkine are also
implicated in the pathogenesis of atherosclerosis. Atheroscle-
rotic plaques are associated with increased infiltration of
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monocytes and T cells [9,10], and individuals with coronary
artery disease display increased expression of CX3CR1 and
CX3CL1 [11]. Mice lacking CX3CR1 have decreased devel-
opment of atherosclerosis [12—-14]. Importantly, a CX3CR1
mutation is associated with protection from coronary artery
disease [15]. Thus, CX3CR1 has been proposed as a thera-
peutic target for the prevention of atherosclerosis. One
caveat of such treatment is the potential for increased sus-
ceptibility to infectious diseases.

Monocyte, neutrophil and lymphocyte recruitment is
often a critical component of the immune response to pul-
monary bacterial pathogens. Here we examine the impact
of CX3CRI-deficiency during infection with the respira-
tory pathogens, Mycobacterium tuberculosis or Francisella
tularensis. Both organisms are intracellular pathogens that
cause pulmonary disease; however, the nature of infection
and host response of the two bacteria differs. M. tuberculosis
establishes a chronic infection in which host control depends
on an adaptive T cell response and granuloma formation
[16]. The granulomas are comprised primarily of macroph-
ages and T cells and they serve to control M. tuberculosis
replication and spread [17]. In M. tuberculosis infection,
chemokines could play important roles in the early innate
immune response, development of an adaptive immune
response and/or formation of granulomas. E tularensis
causes an acute respiratory infection where innate immune
cell recruitment is a significant component of host control
[18]. E tularensis infection leads to delayed recruitment of
monocytes and neutrophils which become the predominant
host cell during the later stages of disease [18]. In this study,
we examine disease outcomes following inhalation of M.
tuberculosis and F. tularensis in mice deficient for CX3CR1
and assess the contribution of CX3CR1 to monocyte and
neutrophil migration to the lung during the disease course.

Materials and methods

Bacterial strains

The M. tuberculosis H37Rv was used in this study. To prepare
the strain for infection, H37Rv was grown in Middlebrook
7H9 broth (Becton, Dickinson and Company, Sparks, MD,
USA) with 0-2% glycerol, 1x albumin dextrose saline (ADS)
and 0-05% Tween 80. F. tularensis live vaccine strain (LVS)
was obtained from the Centers for Disease Control and Pre-
vention (Atlanta, GA, USA). LVS was maintained on choco-
late agar supplemented with Isovitalex (BD Biosciences, San
Jose, CA, USA). Green fluorescent protein (GFP)-expressing
strains contained a modified pKK214gfp plasmid [18].

Mouse strains

Female CX3CR17~ mice 10-20 weeks old were bred at the
University of North Carolina (UNC). These animals were
bred 12 generations onto C57BL/6 [13]. Splenocytes from
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these mice did not contain CX3CR1 transcript and did not
bind CX3CL1 [13]. C57BL/6 mice aged 38—45 days were
purchased from Charles River Laboratories™ or bred at
UNC. The mice were maintained in sterile microbarrier
cages with autoclaved chow and water.

Aerosol infection with M. tuberculosis

The bacteria were cultured to mid-log phase [optical density
(OD) ~ 0-5-1-0] in the standard media. The cultures were
washed once and resuspended in phosphate-buffered saline
(PBS) with 0-05% Tween 80 to a concentration of le7
colony-forming units (CFU)/ml. Fifteen ml of the bacterial
suspension was placed into the nebulizer jar of a whole body
exposure aerosol chamber (Mechanical Engineering Work-
shop, Madison, WI, USA). Mice were exposed for 15 min.
This resulted in delivery of approximately 250 CFU to each
mouse. At each time-point, four mice were killed from each
infected group by CO, asphyxiation and the organs removed
and homogenized in PBS 0-05% Tween 80 with 100 ng/ml
cycloheximide and 50 pg/ml carbinicillin. The homogenates
were plated onto 7H10 ADS Gly plates with 10 mg/ml cyclo-
heximide for CFU enumeration.

Intranasal infection with F. tularensis

C57BL/6 or CX3CR17" mice were inoculated with Fran-
cisella diluted in sterile PBS and enumerated by Klett reading
or OD600. Target inoculation dose of 1000 CFU was verified
by plating and counting inoculum on chocolate agar. Mice
were anaesthetized with avertin until unresponsive to a toe
pinch, and 50 pl of bacterial suspension was dispensed onto
anterior nares of the mouse. Previous results suggest that this
is an effective procedure for establishing a pulmonary Fran-
cisella infection [18]. All experiments involving animals were
conducted in accordance with animal care and use guide-
lines, and animal protocols were approved by the Institu-
tional Animal Care and Use Committee at UNC Chapel Hill.

Lung cell isolation

Mice were anaesthetized with avertin + heparin (1000 U/ml)
and perfused with 4-7 ml of PBS + heparin (200 U/ml) until
lungs were fully blanched. The trachea was cannulated using
a 16-gauge blunt-tipped needle, and lungs were inflated with
approximately 1 ml of the neutral protease, dispase (BD
Biosciences). The trachea was tied off with surgical sutures
and lungs were removed and incubated in 3-0 ml dispase at
room temperature for 45 min. Tracheas were removed, and
lungs were transferred to a Petri plate along with 7 ml of
PBS + DNasel (250 pg/ml) and tissue was teased apart using
forceps. Cells were swirled gently in the Petri plate for
1-2 min, and the suspension was filtered through 40-um
mesh. Filtered suspensions were pelleted by centrifugation at
300 g for 5 min at 4°C and resuspended in 1 ml red blood cell
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lysis solution for 2 min at room temperature before adding
9 ml PBS to neutralize osmolarity. Cells were pelleted and
resuspended in PBS and enumerated.

Staining of lung cells for flow cytometry

Cells were kept on ice and all incubations were performed at
4°C. Lung cells were incubated in 2.4G2 culture supernatant
for 20 min to block Fc receptors. Cells (10°) were stained with
the following fluorescently labelled antibodies to cell surface
components, F4/80 phycoerythrin (PE) (clone BMS8; eBio-
science, San Diego, CA, USA), GR-1 peridinin chlorophyll
(PerCP) (clone RB6—8C5; BD Biosciences), CD11b PE-Cy7
(clone M1/70; eBioscience) and CD11c Alexa 647 (clone
N418; eBioscience) in flow buffer (1% bovine serum albumin
and 0-09% sodium azide in PBS) for 30 min. Cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS
for 30 min. After fixation, cells were washed and resuspended
in PBS and stored at 4°C until analysis by flow cytometry.

Flow cytometry of lung cells and data analysis

Cells were analysed using a CyAn™ ADP LX 9 colour flow
cytometer (Dako, Glostrup, Denmark). Data were analysed
using Summit version 4.3 (Dako). Compensation was per-
formed using lung cells stained with each labelled antibody
individually, and gates were drawn based on n—1 controls.
Each data bar represents the mean of six mice for inocula-
tions of wild-type C57BL/6 mice, four mice for LVS-infected
CX3CR1™" mice and two mice for PBS-inoculated
CX3CR17" mice with error bars representing the standard
deviation of the mean. Significance was determined using an
unpaired two-tailed t-test. P-values of <0-05 were character-
ized as significant.

Identifying lung cell types

Cell types were identified based on differential staining with
fluorescently labelled antibodies to F4/80, CD11b, CD11c
and GR-1, as described previously [18]. Monocytes were
defined as F4/80"", CD11b™4 CD11c"°" and GR-1"""™ with
low forward- and side-scatter. Neutrophils were defined as
F4/80"", CD11b"¢, CD11c"" and GR-1™¢" with low forward-
scatter and heterogeneous side-scatter properties. F4/80*
cells that were CD11c""CD11b"" were classified as alveolar
macrophages while F4/80""CD11b"¢" cells were classified as
CD11b"¢" macrophages. F4/80™"CD11c"¢" cells were classi-
fied as DCs and subdivided into CD11b**™¢ DCs and
CD11b"&" DCs.

Results

Aerosol infection of CX3CR17~ mice with
M. tuberculosis

Using CX3CR17" mice and wild-type C57BL/6 mice, the role
of CX3CR1 in controlling M. tuberculosis infection was

tested using a low-dose aerosol infection model. Both strains
of mice were infected via the aerosol route with the virulent
M. tuberculosis H37Rv strain (~250 CFU). In three indepen-
dent experiments, groups of mice were killed at various
times post-infection and the bacterial burden in the lungs,
livers and spleens was determined by plating organ homo-
genates and enumerating CFU (Fig. 1a).

As expected for H37Rv infection of C57BL/6 mice, we
observed significant growth in lungs during the early phase
of infection followed by a period of persistence in which the
number of bacilli remained constant over time. This latter
phase of infection correlates with the onset of an effective T
cell-mediated immune response [19]. The same growth
pattern was observed in lungs of H37Rv-infected CX3CR17~
mice infected in parallel. However, in all three experiments
the lungs of CX3CR1™" mice exhibited a slightly higher
number of CFU than the lungs of C57BL/6 mice (1-9-
fold = 0-3 standard error) at the day 7 time-point (P < 0-05).
This modest increase in bacterial burden was restricted to
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Fig. 1. (a) Bacterial burden in lungs of wild-type (C57BL/6) and
CX3CRI17" mice infected with Mycobacterium tuberculosis H37Rv.
Error bars represent standard deviation of the mean. A representative
experiment of the three performed is presented. *P < 0-05. (b)
Long-term survival of M. tuberculosis infected wild-type (C57BL/6)
and CX3CR17" mice. The data reflect percentage survival over time of
a group of six C57BL/6 mice and nine CX3CR1™~ mice.
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this early time-point and observed only in lungs. By day 21
post-infection, no significant difference existed between the
bacterial burden of lungs of C57BL/6 and CX3CR1™" mice.
Similarly, there was no statistically significant difference in
bacterial recovery at days 56 or 154. At all time-points, his-
tological examination of infected lung tissue revealed no
difference in severity, extent of inflammation or granuloma
formation (data not shown). There were also no differences
in liver or spleen bacterial burdens at any time-point tested
(data not shown). Long-term survival of infected animals
was also monitored and revealed no difference between
CX3CR17" and C57BL/6 mice. The mean survival time of
C57BL/6-infected animals was 235 days versus 245 days for
CX3CR17 mice (Fig. 1b). Together, these experiments dem-
onstrate that in a low-dose aerosol infection CX3CR1 defi-
ciency does not change tuberculosis disease outcome.

Inhalation tularaemia in CX3CR1-deficient mice

To assess the importance of CX3CR1 during pneumonic
tularaemia, CX3CR1™~ mice were inoculated intranasally
with 1000 CFU of F. tularensis LVS. At this dose, C57BL/6
mice develop disease, but will recover and clear the infection
(data not shown) [20]. In this way, we can assess the impor-
tance of CX3CRI1 in the host’s ability to control the
infection. Three and 7 days post-inoculation, lungs, liver and
spleen were harvested from infected mice to determine bac-
terial organ burdens in wild-type C57BL/6 versus CX3CR1™"
mice. On day 3, logarithmic bacterial growth was evident in
the lungs of both wild-type and CX3CR17" mice (Fig. 2) and
similar numbers of bacteria were recovered from each mouse
strain. Dissemination from the lung to liver and spleen, a

mCX3CR1-/—
oC57BL/6

CFU/organ (log,,)

Day3 Day7 Day3 Day7 Day3 Day7
Lung Liver Spleen

Input: 108 CFU LVS

Fig. 2. Bacterial burden in lungs, liver and spleen from wild-type and
CX3CR17" mice infected with Francisella tularensis live vaccine strain
(LVS). Error bars represent standard deviation of the mean.
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hallmark of tularaemia, had also occurred to a similar extent
by day 3 for wild-type and CX3CR17~ mice.

Bacterial burdens in the lung did not continue to
increase from days 3 to 7, indicating that the immune
system was controlling the infection (Fig.2). During a
lethal infection, logarithmic bacterial growth continues in
the lungs between days 3 and 7 [21]. Bacterial burdens in
all organs were similar between mouse strains at day 7.
These data indicated that the absence of CX3CR1 did not
alter disease progression of pulmonary tularaemia, and
mice deficient for CX3CR1 controlled Francisella infection
similarly to wild-type mice.

Cellular response to Francisella in the lungs of
CX3CRI1-deficient mice

Given that CX3CR1-fractalkine interactions play a role in
monocyte recruitment to infected tissues, we tested whether
cell recruitment to the lung in response to pulmonary infec-
tion was altered in CX3CR1™" mice. Using fluorescently
labelled antibodies specific for F4/80, CD11b, CD11c and
GR-1, we identified and analysed populations of monocytes,
neutrophils, macrophages and DCs using flow cytometry. No
increase in monocyte number was observed on day 1 follow-
ing inhalation of Francisella by wild-type or CX3CR1™~ mice
(Fig. 3a). On day 3, monocyte recruitment to the lung was
evident for both wild-type and CX3CR17~ mice; however,
the degree of recruitment differed between mouse strains.
There was a 2-2-fold increase in monocyte number between
days 1 and 3 post-inhalation in wild-type mice and a 4-9-fold
increase in CX3CR17" mice. At both time-points there were
more monocytes in mock-inoculated CX3CR17~ mice than
in wild-type mice (P < 0-05), indicating that CX3CR1™~ mice
had more resident monocytes within the lung.

There was no increase in neutrophil numbers in the lung
at day 1 for infected wild-type mice compared with PBS-
inoculated mice (Fig. 3b). However, infected CX3CRI17~
mice displayed significantly more neutrophils at day 1 than
mock-infected CX3CR17" mice or LVS-infected wild-type
mice (P < 0-05). From days 1 to 3, the number of neutrophils
increased by 3-5-fold in wild-type mice and an additional
2-2-fold for CX3CR1™" mice. Also, there were more neutro-
phils in the lungs of CX3CR1-deficient mice on day 3 than in
wild-type mice (P < 0-05). These data demonstrate that in
CX3CR1-deficient mice there is earlier and increased neu-
trophil influx in response to inhaled Francisella in compari-
son with wild-type mice.

Once monocytes enter into tissue, they have the ability to
differentiate into macrophages [4] or DCs [5]. Therefore, we
also examined the number of these cell types within infected
wild-type or CX3CR17~ mice. In response to Francisella
infection, CX3CR17~ mice did not have increased numbers
of CD11b"¢" macrophages from days 1 to 3, whereas wild-
type mice did (Fig. 3c). Alveolar macrophage numbers also
stayed constant within CX3CR17"~ mice, whereas wild-type
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mice exhibited a decrease in this population during disease
(P<0-05) (Fig. 3d). With regard to DCs, CX3CR1™" mice
had similar numbers of CD11b"*™¢ DCs in the lung at days
1 and 3 compared with wild-type mice; however, CD11b"s"
DC numbers increased significantly during these time-
points only in CX3CR17" mice (P < 0-05) (Fig. 3e and f).

Francisella-infected cells following inhalation by
CX3CRI1™ mice

Following inhalation, Francisella survives and replicates
within multiple cell types in the lung including epithelial
cells, macrophages, DCs, monocytes and neutrophils [18].
Because CX3CR17" mice had higher numbers of monocytes
and neutrophils recruited to the lung in response to Fran-
cisella infection, this could result in a greater number of these
cells becoming infected in CX3CR17~ mice compared with
wild-type mice. We infected C57BL/6 and CX3CR1™" mice
with LVS expressing GFP, which enabled the identification of
infected lung cells. On day 1 following inhalation, we
detected < 10 GFP* neutrophils in the lungs of either mouse
strain (Fig. 4b). By day 3 there were approximately 100 000
infected neutrophils in the lungs of each mouse strain, indi-
cating that neutrophils become infected to the same extent in
CX3CRI1-deficient mice as in wild-type mice. It also indi-
cates that despite there being increased neutrophil numbers
in the lungs of CX3CR17" mice early during infection, there
are no increased numbers of infected neutrophils. Similarly,
there was no significant difference in the number of infected
monocytes in the lungs of CX3CR1™" mice when compared
with wild-type mice, despite there being increased monocyte

C57BL/6 C57BL/6 CX3CR1 CX3CR1

C57BL/6 C57BL/6 CX3CR1 CX3CR1

recruitment during infection in a CX3CR1-deficient back-
ground (Fig. 4a).

Absence of CX3CR1 had no impact on the number
of Francisella-infected alveolar macrophages (Fig. 4d).
However, CX3CR17" mice had fewer infected CD11b"s"
macrophages on day 3 (Fig. 4c). This may be related to the
observation that there was no increase in this population in
the lungs of infected CX3CR1”" mice during disease. There
were initially fewer infected CD11b"™¢ DCs in CX3CRI-
deficient mice than wild-type; however, by day 3 similar
numbers of infected DCs were found in the lungs of each
mouse strain (Fig. 4e). Infected CD11b"¢" DC numbers were
similar between mouse strains (Fig. 4f).

These data, taken together, indicate that the absence of
CX3CR1 impacts the recruitment of monocytes and neutro-
phils from the bloodstream into the lung, and this alteration
could impact the population dynamics of macrophages and
DCs during infection of bacterial pathogens. However, these
dissimilarities did not result in an appreciable difference in
disease outcome following inhalation of the pulmonary bac-
terial pathogens, M. tuberculosis and F. tularensis.

Discussion

An important component of the innate immune response is
the recruitment and extravasation of circulating inflamma-
tory cells into infected tissues. Here we demonstrate that the
absence of the fractalkine receptor, CX3CR1, does not have
an appreciable impact on disease outcome during pulmo-
nary infections with M. tuberculosis or F. tularensis. While
this indicates that CX3CRI is not essential for host control of
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these infections, it does not rule out any contribution for
CX3CR1 as there may exist functional redundancy with
other chemokine receptors [22]. Similar to our results, when
alow-dose M. tuberculosis infection model is employed, mice
deficient in chemokine receptors CCR2 and CCRS5 exhibit no
defect in the control of infection [23,24]. The true contribu-
tion of chemokine receptors to disease outcome may be
revealed only once mice lacking multiple chemokine recep-
tor genes are tested.

As an alternative approach to investigate a role for CX3CR1
in host response to pulmonary infection, we evaluated cell
recruitment to the lungs during infection with Francisella.
The absence of CX3CRI resulted in elevated numbers of
monocytes and neutrophils being present in the lungs of
infected animals during the later stages of pulmonary
tularaemia. This is somewhat surprising, as the known func-
tion of CX3CRI1 is to facilitate binding of monocytes and
other CX3CL1-expressing cells to endothelial cells which pre-
cedes migration into infected tissues. Therefore, we might
have expected to observe fewer monocytes recruited to the
lung during pulmonary tularaemia in CX3CR1-deficient
mice. However, there is precedence for increased cell recruit-
ment in the absence of chemokine receptors. In studies with
CCR5-deficient mice following infection with M. tuberculo-
sis, increased lymphocyte migration is observed [24].

We were also surprised to observe an effect of CX3CR1-
deficiency on neutrophil influx. CX3CRI1 is not expressed
highly on neutrophils, nor does fractalkine stimulate migra-
tion of these cells [6,7]. Therefore, it is unclear why the
absence of CX3CR1 would impact upon the kinetics or mag-
nitude of the neutrophil response. One explanation for
the increased inflammatory-cell recruitment observed in

CX3CR1 LVS BL/6 LVS CX3CR1LVS

CX3CR1-deficient mice is that mice lacking chemokine
receptors might have higher serum or tissue levels of corre-
sponding chemokines that may act similarly on analogous
receptors. CX3CR17" mice have 300-fold higher levels of
fractalkine circulating in the blood than wild-type mice [25],
which could support this hypothesis. Elevated fractalkine
levels could lead to increased interactions with other
chemokine receptors important for cell recruitment and
extravasation such as CCR2 and CCR5. Additionally, it is
plausible that the levels of other chemokines, such as CCL2
or CCLS5, or cytokine profiles could be altered in CX3CR1-
deficient mice which could impact upon cell recruitment in
response to infection.

After receiving an intranasal dose of 1000 CFUs of Fran-
cisella LVS, C57BL/6 mice will recover and eventually clear
the bacterial infection. During a fatal infection, the bacterial
burden in lungs, liver and spleen continues to increase expo-
nentially from days 3 to 7, whereas in recovering animals the
number of Francisella decreases during this time-point
[20,26]. In mice lacking CX3CR1, the Francisella organ
burden declined from days 3 to 7, indicating that mice could
recover from tularaemia similarly to mice with wild-type
levels of the receptor. Despite differences in the abundance of
various cell populations between CX3CR1 expressing and
deficient strains, the make-up of Francisella-infected cells
was not affected. These data indicate that CX3CRI plays a
role in regulating inflammatory cell recruitment to the lung;
however, it is not critical in the disease outcome of F.
tularensis.

Studies by Liu et al. demonstrated that CX3CR1-deficient
mice are less likely to develop intimal hyperplasia follow-
ing femoral artery injury because of decreased monocyte
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infiltration at the perturbation site [27]. CX3CR1-deficiency
has been implicated similarly in protection from coronary
artery disease and internal carotid artery occlusive disease
[15]. CX3CR1™"" mice display reduced atherosclerotic plaque
burden [28]. Therefore, targeting CX3CRI1 has been pro-
posed as a potential drug target for acute and chronic vas-
cular injuries, such as restenosis and atherosclerosis. One
potential problem with this treatment would be the potential
increased susceptibility to infectious pathogens because of
decreased or altered immune cell infiltration. CX3CR1-
deficient mice have demonstrated increased susceptibility to
Salmonella infections [29]. Results presented here demon-
strate that, at least for the respiratory human pathogens M.
tuberculosis and F. tularensis, the ability to control infection is
not impeded by a deficiency of CX3CRI, indicating that
targeting CX3CR1 for the treatment of heart disease may be
a viable method.
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