A Al

Journals.ASM.org

Loss of Mitochondrial Protein Fusl Augments Host Resistance to
Acinetobacter baumannii Infection
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Fusl is a tumor suppressor protein with recently described immunoregulatory functions. Although its role in sterile inflammation is
being elucidated, its role in regulating immune responses to infectious agents has not been examined. We used here a murine model of
Acinetobacter baumannii pneumonia to identify the role of Fusl in antibacterial host defenses. We found that the loss of Fus1 in mice
results in significantly increased resistance to A. baumannii pneumonia. We observed earlier and more robust recruitment of neutro-

phils and macrophages to the lungs of infected Fus1 ™/~ mice, with a concomitant increase in phagocytosis of invading bacteria and
more rapid clearance. Such a prompt and enhanced immune response to bacterial infection in Fus1 ~/~ mice stems from early activa-
tion of proinflammatory pathways (NF-kB and phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin [mTOR]), most
likely due to significantly increased mitochondrial membrane potential and mitochondrial reactive oxygen species production. Signifi-
cant early upregulation of interleukin-17 (IL-17) in Fus1 ~/~ immune cells was also observed, together with significant downregulation
of IL-10. Depletion of neutrophils eliminates the enhanced antibacterial defenses of the Fus1 ~'~ mice, suggesting that ultimately it is
the enhanced immune cell recruitment that mediates the increased resistance of Fus1 /'~ mice to A. baumannii pneumonia. Taken
together, our data define the novel role for Fus1 in the immune response to A. baumannii pneumonia and highlight new avenues for
immune modulating therapeutic targets for this treatment-resistant nosocomial pathogen.

The mitochondrial protein Fus1 was first identified as a tumor sup-
pressor involved in the pathobiology of tumors associated with
chronic inflammation, such as lung cancer and mesothelioma (1-3).
However, biological and molecular functions of Fusl in healthy tis-
sues were not recognized until recently. Studying a Fusl mouse
knockout model, we identified an immunoregulatory function of
Fusl as these mice showed aberrations in immune cell subsets, devel-
oped an SLE-like autoimmunity, and showed spontaneous tumors
with age (4). Moreover, Fus1 ~/~ mice demonstrate an altered acute
inflammatory response to asbestos. Fus1~/~ immune cells exhibit
altered dynamics of pro- and anti-inflammatory cytokines (gamma
interferon [IFN-vy], tumor necrosis factor alpha [TNF-a], interleu-
kin-1a [IL-1a], IL-1B, and IL-10) and profound basal and asbestos-
induced changes in major mitochondrial parameters (reactive oxy-
gen species [ROS] production, membrane mitochondrial potential,
and UCP2 expression) (5).

The studies described above delineated roles for Fusl in auto-
immunity, tumorigenesis, and other sterile inflammatory reac-
tions. However, the contribution of Fusl to the inflammatory
response to infectious agents is not yet defined. Recent research
has highlighted mitochondria as a centrally positioned hub for
regulation of innate and adaptive immune responses (6). Mount-
ing evidence suggests that mitochondria facilitate antibacterial
immunity by generating ROS and contribute to innate immune
activation following cellular damage and stress (7). Thus, we hy-
pothesized that Fusl, as a mitochondrial resident and immuno-
regulatory protein, modulates antibacterial host defense.

Acinetobacter baumannii is an opportunistic pathogen of
growing importance in the hospital setting. This organism is
particularly problematic due to its propensity to acquire anti-
biotic resistance determinants, resulting in high rates of mul-
tidrug resistance. In fact, current multidrug resistance rates
range from 48 to 85% of isolates, with the highest rates in Asia
and Eastern Europe (8-12). The growing burden of A. bauman-
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nii-associated disease has prompted investigation of this or-
ganism’s pathogenic mechanisms, as well as the components of
the host immune response necessary for protection against A.
baumannii infection. Neutrophils play a critical role in defense
against A. baumannii infection (13). Depletion of neutrophils,
loss of neutrophil function, or disruption of signaling pathways
that promote neutrophil recruitment to the lungs renders hosts
more susceptible to A. baumannii infection (13-16). Con-
versely, increased recruitment of neutrophils to the lungs pro-
motes A. baumannii clearance and host resistance to infection
(17). Like neutrophils, alveolar macrophages are important in
mediating direct clearance of A. baumannii through phagocy-
tosis of bacteria in the lungs but also play an important role in
initiating signaling pathways that recruit neutrophils to the
lung (18). Given that Fusl modulates inflammatory parame-
ters that are typically induced upon A. baumannii infection and
the availability of a reproducible and clinically relevant A. bau-
mannii pneumonia model, we sought to define the role for Fus1
in host defenses against A. baumannii lung infections.

MATERIALS AND METHODS

Animals and housing conditions. Fus1 '~ mice were generated by A.I. in
the laboratory of M. Lerman (NCI-Frederick). The mice were extensively
backcrossed to obtain a homogenous 129sv genetic background in the
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laboratory of S. Andersen (NCI-Frederick), and mating pairs were ob-
tained from his laboratory. All animal experiments were performed ac-
cording to a protocol approved by the Institutional Animal Care and Use
Committee at Vanderbilt University. The mice were fed a standard diet.
The animals were housed four per cage in standard cages and under a
12-h-light/12-h-dark light cycle. The animals had ad libitum access to
drinking water and the normal diet throughout the experiment.

Experimental infections and tissue processing. Seven- to nine-week-
old male mice were used for all experiments unless stated otherwise. Mice
were infected using an A. baumannii pneumonia protocol established in
our laboratory (19, 20). Briefly, mice were anesthetized with an intraper-
itoneal injection of Avertin. Log-phase bacteria were suspended in phos-
phate-buffered saline (PBS) to a final density of 10”7 CFU/pl, and 30 pul of
this suspension was inoculated intranasally into anesthetized mice. Where
indicated, neutrophils were depleted by intraperitoneal injection of 250
g of rat IgG2b anti-Gr-1 monoclonal antibody RB6-8C5 in 100 .l of PBS
24 h prior to infection with a repeated injection at the time of infection.
For these experiments, the bacteria were resuspended at 10° CFU/ul to
avoid the increased mortality observed with higher inoculation doses. For
all experiments, mice were euthanized at the indicated time points postin-
fection, and lungs and spleens were aseptically harvested. For quantifica-
tion of bacterial burdens, the lungs were homogenized, and the resulting
homogenate was serially diluted and plated onto nonselective agar for
determination of the CFU. Bacterial burdens are expressed as CFU/g of
lung tissue. For the isolation of BALF cells, mice were euthanized, and the
lungs were cannulized and washed three times with 0.5 to 1.0 ml of sterile
PBS. When quantitative bacteriology was not required, lungs were either
processed for microscopy, or tissues were flash frozen and later used for
RNA and protein isolation. For microscopic analyses, the lungs were gen-
tly inflated and fixed in 10% formalin, followed by paraffin embedding
and sectioning. Sections were stained with hematoxylin and eosin (H&E)
for histological examination.

Cytospin preparation. BALF cells were routinely pretreated with am-
monium-chloride-potassium (ACK) buffer to remove erythrocytes. A to-
tal of 10> leukocytes were washed in cold 2% fetal calf serum-PBS twice
and diluted in 100 pl of cold 1% bovine serum albumin-PBS. The cells
were loaded into filter/slide cassettes and spun at 900 to 1,000 rpm for 5
min. Filters were carefully removed from their slides, and the cells were
immediately fixed in 95% alcohol for 10 min and then air dried. Cells were
stained with a Diff Quick kit, dried, and covered with cover glasses.

Real-time PCR. Total RNA was extracted from BALF cells by using a
miniRNA isolation kit (Qiagen, Inc.). First strand DNA was built on RNA
template using First Strand Kit (Invitrogen, Inc.), followed by real-time
PCRs using SYBR green PCR kit (Bio-Rad, Inc.). All primer pairs for
real-time PCR were obtained from Origene, Inc. The expression values
were normalized to the GusB housekeeping gene.

Cytokine analysis. Approximately 100 mg of lung tissue was homog-
enized in radioimmunoprecipitation assay (RIPA) lysis buffer supple-
mented with a protease inhibitor cocktail. Total protein concentrations in
lysates were determined by using a BCA quantification kit according to
the manufacturer’s recommendations (Pierce). Samples were normalized
according to total protein concentration. Cytokine concentrations in lung
lysates were determined by using a Becton Dickinson (BD) cytokine bead
array mouse inflammation kit (IL-6, IL-10, TNF-«, IL-12p70, IEN-vy, and
MCP-1) and a FACSCalibur flow cytometer according to the manufac-
turer’s protocols. Cytokine concentrations in lung lysates were calculated
from a standard curve produced using a set of purified IL-6, IL-10,
TNF-a, IL-12p70, IEN-y, and MCP-1 standards.

Complete blood analysis. Automated blood cell counts, including
white blood cells and red blood cells, hemoglobin, hematocrit, indicies,
and platelet counting were performed in the Histopathology Core Labo-
ratory, Vanderbilt University School of Medicine (VUMC).

Western blotting. For Western blotting, lung lysates were prepared by
using RIPA lysis buffer supplemented with protease inhibitor cocktail
(Sigma, Inc.). A total of 20 to 40 g of protein was loaded per lane. After
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FIG 1 Loss of Fusl function leads to reduced susceptibility to A. baumannii
infection. (a) Bacterial burden in lungs of male Fus1*’* (WT) and Fus1~/~
(KO) mice infected with A. baumannii and harvested at 48 hpi. **, P < 0.01 as
determined by two-tailed Student ¢ test. (b) Bacterial burden in the lungs of
male and female Fus1™/* and Fus1~/~ mice infected and harvested at 48 hpi
with A. baumannii.

electrophoresis using SDS-PAGE 4 to 20% gels followed by semidry trans-
fer, nitrocellulose membranes were blocked with PBS containing 0.1%
Tween 20 and 5% skimmed milk (TPBS-5% milk) and then probed over-
night with primary antibodies (1:1,000 in TPBS—5% milk). The pNFkB,
PERK1/2, total ERK1/2, PTEN, and phospho-S6 ribosomal protein anti-
rabbit antibodies and NF-«kB anti-mouse antibodies were from Cell Sig-
naling, Inc. The S6 ribosomal protein anti-mouse antibodies were from
Santa Cruz Biotechnology, Inc. The membranes were then washed with
TPBS and incubated for 1 h in TPBS—5% milk containing the correspond-
ing peroxidase-conjugated secondary antibody (1:10,000). After a wash-
ing step in TPBS, enhanced chemiluminescence (Pierce) was performed
to visualize the peroxidase-coated bands.

Cell preparation and flow cytometric analysis of AW and ROS. Sin-
gle-cell suspensions were prepared from BALF cells, and spleens were
depleted of red blood cells by using ACK buffer. Stained cells were ana-
lyzed with a FACSCalibur (BD). CellQuest (BD) and FlowJo (Tree Star,
Inc., Ashland, OR) software were used for the acquisition and analysis of
data, respectively. The production of ROS was assessed using oxidation-
sensitive 2'-7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA).
The AW was estimated by using 5,5,6,6'-tetrachloro-1,1',3,3" tetraethyl-
benzimidazolocarbocyanine iodide (JC-1; Invitrogen), a potential-de-
pendent J-aggregate-forming lipophilic cation. JC-1 is selectively accu-
mulated in mitochondria, where it forms monomers (green fluorescence,
527 nm) or aggregates, at high transmembrane potentials (red fluores-
cence, 590 nm). The cells were incubated with 0.5 pM JC-1 for 15 to 30
min at 37°C and then washed with PBS before flow cytometry. Treatment
of cells with a protonophore CCCP, 5 wM carbonyl cyanide m-chlorophe-
nylhydrazone (Sigma-Aldrich, St. Louis, MO), for 15 to 30 min at 37°C
resulted in decreased JC-1 fluorescence and was used as a positive control
for the disruption of AW.

RESULTS

Fus1 ™'~ mice are more resistant to A. baumannii infection than
Fus1*/* mice. In order to determine the role for Fusl in the im-
mune response against A. baumannii, we first infected Fus1 /"
and Fus1 ™/~ mice with A. baumannii using a pneumonia model
previously established in our laboratory. Male Fusl '~ mice were
found to be more resistant to A. baumannii infection than
Fus1™/" males (Fig. 1a). Interestingly, the same effect was not
observed in female mice (Fig. 1b). Notably, female mice exhibited
higher bacterial burdens on average compared to males, suggest-
ing a reduced ability to clear A. baumannii infection that may
mask any effect of Fus1 on bacterial killing in the lung. The results
of these infections demonstrate that the loss of Fusl leads to in-
creased resistance to A. baumannii infection and supports a pos-
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FIG 2 Histopathological analysis of A. baumannii-induced immune response in Fus1*/* (WT) and Fus1~/~ (KO) lungs at different time points after infection.
(a) 4 hpi, H&E staining. The upper row shows different magnifications of Fus1 ~/~ lungs distinguished by the presence of neutrophils in the interstitium with
minimal leukocyte margination observed in blood vessels. In contrast, the bottom row illustrates the late response to bacterial challenge in Fus1™*’* lungs
characterized by margination of leukocytes (black arrows) and perivascular edema (red arrows) in pulmonary vessels. (b) 8 hpi, H&E staining. In the left panel,
Fus1 ™/~ lungs are presented with alveolar inflammatory infiltrate composed of neutrophils and macrophages with phagocytosed or bound bacteria (arrows) and
no trace of free-floating bacteria within the alveolar spaces. In the right panel, Fus1 ™/ lungs are characterized by inflammatory infiltrates consisting primarily
of neutrophils, numerous free bacteria within alveolar spaces (arrows), and no macrophage-associated bacteria. (c) 48 hpi, H&E staining. In the upper row,
Fus1 ™/~ lungs are presented with areas of inflammation that are small and consist of neutrophils and fewer macrophages; bacteria are not observed. In the bottom
row, Fus1*/* lungs are presented with extensive inflammation in the interstitium that consists of neutrophils and macrophages filled with bound or phagocy-
tosed bacteria.

infection in the lungs. Fus1™/" lungs were characterized by prom-
inent margination of leukocytes in pulmonary vessels and by the

sible immunomodulatory role for this protein in antibacterial
host defenses.

Histopathological analysis shows early neutrophil recruit-
ment and earlier clearance of A. baumannii in Fus1~'~ mice.
Histopathological analysis of lungs and complete blood analysis
performed on mice prior to A. baumannii challenge did not show
any significant difference between WT and KO mice (data not
shown). However, at 4 h postinfection (hpi) Fusl '~ and Fus1*'*
mice developed different inflammatory responses to A. baumannii
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presence of significant areas of perivascular edema associated with
a large number of organisms in the perivenous space (Fig. 2a). In
Fus1 '~ lungs at this time point, neutrophils were already present
in the interstitium with minimal leukocyte margination observed
in blood vessels, suggesting earlier neutrophil recruitment to
Fusl ™'~ lungs. Inflammatory infiltrates in the parenchyma of
Fus1*/* lungs at 8 hpi consisted primarily of neutrophils with few
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FIG 3 Early immune response to A. baumannii infection in Fusl1 ™/~ mice is characterized by abundant immune cell infiltrate and a higher number of
macrophages. (a and b) Total numbers of immune infiltrate cells per lung at 8 and 36 hpi, respectively, infected with A. baumannii. (c and d) Differential count
of macrophages in BALF cells (c) and cytospin prep of BALF cells (d) at 8 hpi of Fus1*/* (WT) and Fusl /~ (KO) mice. Note the larger size of Fusl~/~
macrophages (red arrows) and Fus1 ™/~ macrophage-associated bacteria (insets). The data represent means = the standard errors (*, P < 0.05; **, P < 0.005) as

determined by using the Student ¢ test (n = 3 to 5 mice per group).

macrophages. Notably, there were numerous free bacteria within
alveolar spaces observed, whereas bacterial phagocytosis was seen
rarely (Fig. 2b). In the Fus1 ™'~ lungs at 8 hpi, the inflammatory
infiltrate in the alveoli was composed of both neutrophils and
macrophages. Free bacteria were not observed within the alveolar
space of Fus1~/~ lungs, whereas phagocytosis of bacteria by mac-
rophages was common, indicating earlier clearance of bacteria by
macrophages. Finally, at 48 hpi the Fus1™™ lungs still showed
extensive inflammation in the interstitium that consisted of neu-
trophils and macrophages, and their cytoplasm was filled with
phagocytosed bacteria (Fig. 2c). In Fusl’~ lungs at this time
point, only small patches of inflammation remained, and they
consisted of mostly neutrophils and fewer macrophages. Remark-
ably, lungs of Fus1 ™/~ mice were completely free of visible bacte-
ria by 48 hpi. These histopathological observations clearly indicate
thatin Fus1 /" mice, leukocytes are recruited into infected tissues
earlier; they actively phagocytose bacteria and clear the lungs at
earlier time points than observed in Fus1™/* mice.

Total cell and macrophage counts were increased in BALF
from Fus1 /'~ mice compared to Fus1*’* mice after infection.
An antibacterial immune response is characterized by an early cell
infiltration into infected organs. Thus, we counted immune cells
in the lungs of Fus1*’* and Fus1~’~ mice at 8 and 36 hpi. The
total cell count was increased in BALF from infected Fus1 /"~ mice
at both 8 and 36 hpi (Fig. 3a and b). Although neutrophils ac-
counted for the majority of the cells in BALF at 8 hpi, there was a
significant increase in the relative ratio of macrophages in BALF
from Fus1 ™/~ mice at this early time point (Fig. 3c). Large, foamy
macrophages loaded with ingested bacteria were identified in cy-
tospin preparations from the BALF of Fusl '~ mice, suggesting
that early macrophage activation and phagocytosis is impeded by
functional Fusl (Fig. 3d).
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BALF cells of infected Fus1™* and Fus1™/~ mice differ in
production of pro- and anti-inflammatory cytokines. Fus1 ™/~
mice exhibit an increased ability to clear A. baumannii from the
lung likely secondary to increased recruitment of neutrophils and
macrophages to the site of infection. In models of sterile inflam-
mation, loss of Fusl leads to alterations in pro- and anti-inflam-
matory cytokines. We examined the abundance of IL-6, IL-10,
IL-12p70, TNF-a, IFN-y, and MIP-1 in the lungs of A. bauman-
nii-infected mice at 12 and 48 hpi. We also examined the expres-
sion of IL-17 and IL-10 through real-time PCR on RNA isolated
from BALF cells at 36 hpi. Interestingly, we found no statistically
significant differences in the abundance of proinflammatory cy-
tokines at either 12 or 48 hpi, although there was a trend toward
increased IFN-y at 12 hpi and of IL-12p70 at 48 hpi (Fig. 4a).
However, RNA analyses demonstrated a significant increase in
IL-17 transcript at 36 hpi (Fig. 4b). Interestingly, IL-10, which has
both pro- and anti-inflammatory properties, was significantly in-
creased in Fusl '~ lungs at 12 hpi, but decreased compared to
Fus1*’* by 48hpi (Fig. 4a). The latter finding is consistent with
transcriptional analyses, which also demonstrated decreased sig-
nificantly IL-10 expression at 36 hpi (Fig. 4c).

BALF cells from A. baumannii-infected Fus1~'~ mice have
higher levels of reactive oxygen species (ROS), mitochondrial
membrane potential (AW) and UCP2 expression. In our earlier
work, we showed that Fus] activity in mitochondria is crucial for
maintenance of basal and stress-induced (asbestos exposure) mi-
tochondrial parameters, including ROS production, AW, and the
expression of uncoupling protein 2 (Ucp2) (5). Since ROS pro-
duced in monocytes protect mice from bacterial infections (21),
we measured the number of high ROS-producing cells in BALF
cells at 12 hpi, which corresponds to the time point of maximal
monocyte infiltration. Immune cells infiltrating lungs of Fus1 ™/~
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FIG 4 Cytokine analysis in lung lysates and BALF cells from Fus1™'* (WT) and Fus1 ™/~ (KO) mice at different time points postinfection. (a) Cytokine quantification
in whole-lung lysates from A. baumannii-infected Fus1 ™/~ and Fus1™/* mice at 12 and 48 hpi. *, P < 0.05 (one-way analysis of variance). (b and c) Real-time PCR
analysis of IL-17and IL-10transcript levels in BALF cells collected from Fus1 ™/~ and Fus1™* lungs at 36 hpi with A. baumannii. Total RNA was isolated from BALF cells,
and expression of the mRNA was analyzed by real-time PCR and normalized to the GusB gene. The bar graph shows relative levels of cytokine expression. The data
represent means * the standard errors (*, P = 0.05) as determined by using the Student # test comparing Fus1™'* to Fusl ™/~ (n = 3 to 5 mice per group).

mice encompassed twice as many cells producing high ROS levels
as those from Fus1 ™" mice (not shown). Interestingly, at 48 hpi
we did not find such a difference in ROS-producing cells between
the wild type (WT) and knockout mice (KO), suggesting that an
early increase in ROS production is crucial for early bacterial
clearance. We also measured AW in splenocytes and BALF cells of
Fus1*/* and Fus1 ™/~ mice at 36 hpi with A. baumannii. We found
that whereas the AW value of splenocytes from infected Fus1 ™/~
mice did not show a statistically significant difference from
Fus1 ™" mice, the AW value of BALF cells demonstrated a pro-
nounced difference compared to Fus1™/* mice (Fig. 5a).

Mitochondrial UCP2 controls immune cell activation via reg-
ulation of AWV that, in turn, is positively correlated with ROS pro-
duction (22, 23). Given the contribution of mROS to bacterial
killing and the observed increase in AW in Fus1 /'~ cells harvested
from A. baumannii-infected mice, we analyzed Ucp2 expression
in BALF cells from Fusl ™" and Fusl ~/~ mice at 36 hpi via real-
time reverse transcription-PCR (RT-PCR). We found that the
Ucp?2 expression level was significantly higher in Fusl™/~ cells,
suggesting that these cells are responding to increased mitochon-
drial membrane potential (Fig. 5b). Taken together, these data
demonstrate that loss of Fus1 function leads to increased AW and
ROS levels during the immune response to bacteria.

Early activation of antibacterial defense pathways in
Fus1~/~ lungs. Since our histopathological findings clearly dem-
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onstrate earlier infiltration of neutrophils and macrophages into
Fus1 ™/~ lungs upon A. baumannii infection, we analyzed activa-
tion of molecular pathways involved in early lymphocyte recruit-
ment in the infected lungs. Protein lysates from A. baumannii-
infected lungs of Fus1*/* and Fus1 ™/~ mice were analyzed at 4 hpi
for activation of the phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) pathway, the NF-kB
pathway, and the PI3K antagonist, phosphatase, and tensin ho-
molog (PTEN) pathway.

Fusl /" lungs responded to infection with an early decrease in
the PI3K antagonist PTEN level, while no PTEN changes were
observed in Fusl1 ™" mice at this time point (Fig. 6a). Consistent
with this finding, activation or phosphorylation of the PI3K/Akt/
mTOR pathway based on the S6/pS6 ratio was significantly higher
in Fus1~/~ lungs compared to Fusl1*'* lungs (Fig. 6a). Finally,
NF-kB activation (p65/pp65) in Fusl™/~ lungs was increased,
while no significant activation of the NF-kB was observed in
Fus1*/* mice at this early time point after infection (Fig. 6a).

Neutrophil depletion eliminates differences in resistance to
A. baumannii infection between Fus1*’* and Fusl ™'~ mice.
Our molecular analysis showed that loss of Fusl clearly predis-
poses lung tissues to early antibacterial responses due to early
activation of molecular machinery involved in recruitment of
neutrophils. Neutrophils are critical for host resistance to A. bau-
mannii infection (13, 15, 24). To further examine the role for early
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3 to 5 mice per group).

recruitment of neutrophils in resistance to infection in the
Fusl ™'~ mice, we depleted neutrophils prior to infection with A.
baumannii via intraperitoneal injection of anti-neutrophil anti-
bodies. Neutrophil depletion eliminated the differential clearance
of A. baumannii between Fusl1*’* and Fusl~/~ mice (Fig. 6b).
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FIG 6 Early activation of antibacterial pathways in Fus1 ™/~ lungs. (a) Activation
of markers of immune response to bacterial infection was assessed by Western
blotting on total lung lysates obtained from infected Fus1™* (WT) and Fus1 '~
(KO) mice at 4 hpi and compared to control (lanes C, uninfected) mice. Ponceau
S staining of the membrane after protein transfer is shown as a loading control.
PTEN/PI3K, NF-kB, and mTOR pathways were evaluated. Activation levels of
NF-kB and mTOR pathways were assessed by Western blot analysis of p65 and S6
protein activation. Phosphorylation of p65 (pp65) and ribosomal protein S6 (pS6)
was determined and normalized to total proteins (the activation index is shown
under each lane). Three mice (1 to 3) were examined in each infected group. (b)
Depletion of neutrophils restores the susceptibility of Fus1 ~/~ mice to A. bauman-
nii infection. The bacterial burdens in Fus1™/" and Fus1 ~/~ mice after antibody-
mediated neutrophil depletion and subsequent infection with A. baumannii were
determined. The bacterial burdens are expressed as CFU/g of lung tissue.
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17" versus Fusl ™/ “;n =

Taken together, our data demonstrate that loss of Fusl promotes
both neutrophil- and macrophage-mediated antibacterial de-
fenses in the lung.

DISCUSSION

A. baumannii is a nosocomial pathogen capable of causing life-
threatening community and health care-associated infections.
Despite significant health problems associated with this pathogen,
the components of the host immune response necessary for pro-
tection against A. baumannii infection are incompletely under-
stood. We identify here that the loss of the mitochondrial protein
Fusl augments the host response to A. baumannii, resulting in
earlier bacterial clearance and the resolution of infection.

Upon infection of the murine lung, A. baumannii induces a
robust inflammatory response including recruitment of neutro-
phils, activation of local macrophages, and the production proin-
flammatory mediators (13, 18). A delay in the early pulmonary
recruitment of neutrophils in A/J mice is associated with high
susceptibility to A. baumannii infection (24). Based on this find-
ing, it would seem plausible that the reverse of this situation would
also be true. Here we have demonstrated that recruitment of lym-
phocytes into infected lungs of Fusl '~ mice occurs earlier and
more robustly than in WT mice and that this confers augmented
resistance of Fusl ™/~ mice to A. baumannii infection. Recogni-
tion of bacterial lipopolysaccharides by Toll-like receptors (TLRs)
induces airway epithelial NF-kB activation, which promotes the
production of chemokines involved in neutrophil recruitment
and activation (25, 26). Through this mechanism, engagement of
TLRs regulates host defense following infections caused by Acin-
etobacter baumannii, Pseudomonas aeruginosa, and Mycoplasma
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pneumoniae (27-29). Our analysis of NF-kB activation in lung
tissues of infected animals showed that at 4 hpi with A. baumannii,
NF-kB was significantly phosphorylated in Fusl ™/~ mice,
whereas no phosphorylation was observed in WT mice. More-
over, lung tissues of control Fusl /'~ mice also showed some level
of NF-kB activation (Fig. 6a), suggesting that the earlier recruit-
ment of lymphocytes in response to infection may be due to a basal
preactivated NF-kB state. In agreement with these data, we re-
cently showed that in Fusl ™/~ CD4" T cells, activation of the
NF-kB pathway is prominent at a basal level that we associated
with a perturbed mitochondrial Ca®>* homeostasis and other cou-
pled mitochondrial parameters in these cells (30).

NF-kB activation depends on several factors associated with
mitochondrial activities, one of which is ROS production (31).
Earlier, we showed that Fusl KO immune cells produce higher
ROS in response to asbestos than WT immune cells (5). Here, we
found that at 12 hpi of Fus1 /"~ mice contained twice as many cells
producing higher levels of ROS than WT mice, suggesting that
further activation of NF-kB early after infection in Fus1 ™'~ mice
may be due to increased ROS production. Likewise, earlier activa-
tion/phosphorylation of the PI3K/Akt/mTOR pathways (Fig. 6a)
that is involved in chemotaxis of neutrophils may also be due to
higher ROS production in Fusl ~/~ mice (32—34). These data in-
troduce the possibility that increased ROS production in Fusl '~
mice contributes to increased NF-kB and mTOR pathway activity,
which in turn increases neutrophil recruitment (26, 27, 35-37).

It is established that activation of NF-kB results in downregu-
lation of PTEN expression (38—40). The downregulation of PTEN
leads to increased recruitment of macrophages and elevated levels
of proinflammatory cytokines and chemokines in inflamed lungs,
which, in turn, is thought to induce increased neutrophil recruit-
ment to the lungs. Conversely, depleting PTEN significantly de-
lays apoptosis and enhances the bactericidal capability of re-
cruited neutrophils (41). Consistent with these known roles for
PTEN in regulating inflammatory responses in the lungs, we ob-
served decreased PTEN expression in Fus1 ™/~ lungs following A.
baumannii infection compared to Fus1*/" lungs. In response to
pathogens and other inflammatory stimuli, neutrophils form neu-
trophil extracellular traps (NETs), which capture and kill extra-
cellular microbes (42). Deficient NET formation predisposes hu-
mans to severe infection (43, 44). The mammalian target of
rapamycin (mTOR) pathway regulates NET formation and thus is
crucial for neutrophil antibacterial defense (45). Although a direct
role for NET formation in defense against A. baumannii infection
has not been shown, NETSs contain significant levels of the Zn- and
Mn-binding protein complex, calprotectin (46, 47). Calprotectin
plays an important role in defense against A. baumannii infection
through chelation of nutrient Mn and Zn (19). We also showed
recently that expression of SI00A8 and S100A9, the components
of calprotectin complex, is 3-fold higher in Fus1 ™/~ T cells than in
Fus1*'* cells (30). Interestingly, while other groups have shown
that in WT C57BL/6 mice IL-17 does not play a significant role in
defense against A. baumannii infection, we have shown significant
upregulation of IL-17 in Fusl ™'~ mice after A. baumannii intra-
nasal challenge. Given that calprotectin is positively regulated by
IL-17, itis possible that in Fus1-deficient mice, significant upregu-
lation of IL-17 and mTOR coordinately increase calprotectin-me-
diated inhibition of A. baumannii proliferation in the lung (48). It
is possible that these conflicting data regarding the role for IL-17
in defense against A. baumannii infection may be due to differ-
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ences in the genetic background of the mice. However, it is also
possible that under normal conditions, the level of IL-17 induced by
A. baumannii is insufficient to contribute significantly to A. bauman-
nii defenses. It is only when greater levels of IL-17 are produced that
this cytokine exerts a beneficial effect on pathogen clearance.

Analyzing Fusl-dependent mitochondrial parameters (5), we
found that the membrane mitochondrial potential (AW) and
UCP2 expression in Fusl~/~ immune cells infiltrated into in-
fected lung are higher than in Fus1™/™ cells. UCP2 is a mitochon-
drial membrane protein, which regulates AW (49). UCP2 is up-
regulated in phagocytes engulfing apoptotic cells. Consistent with
this observation, loss of UCP2 reduces phagocytic capacity,
whereas UCP2 overexpression enhances phagocytosis (50). Mac-
rophages from Ucp2-deficient mice are impaired in phagocytosis
in vitro, and Ucp2-deficient mice have profound in vivo defects in
clearing dying cells in the thymus and testes (51, 52). Here, we
show that at 36 hpi Fusl '~ BALF cells, consisting mostly of
phagocytes, have increased AW and high compensatory expres-
sion of UCP2 compared to Fus1™/" cells. Since UCP2 expression
in phagocytes is positively linked to enhanced clearance of apop-
totic bodies, it is tempting to speculate that upregulation of UCP2
is one of the mechanisms mediating enhanced clearance of A.
baumannii from Fusl ™'~ lungs.

Fusl has primarily been recognized for roles in tumorigenesis,
autoimmunity and sterile inflammatory processes. Here we demon-
strate that Fus1 also plays a role in host defenses. Loss of Fusl leads to
enhanced antibacterial host defenses through enhanced immune cell
recruitment, increased IL-17 production and increased mROS and
AW generation. Our data suggest that Fus1 may act to reduce inflam-
matory responses through regulation of mitochondrial inflamma-
tory pathway, perhaps as a means of preventing excessive tissue dam-
age. Notably, Fusl '~ mice have improved antibacterial host
defenses without a significant reciprocal increase in collateral tissue
damage. Taken together, these data raise the intriguing possibility
that Fus1-dependent pathways may be targets for immune modulat-
ing therapeutics for the treatment of A. baumannii infections.
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