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Abstract
Objective—One of the hallmarks of severe pneumonia and associated Acute Lung Injury (ALI)
is neutrophil recruitment to the lung. Leptin is thought to be up-regulated in the lung following
injury and to exert diverse effects on leukocytes, influencing both chemotaxis and survival. We
hypothesized that pulmonary leptin contributes directly to the development of pulmonary
neutrophilia during pneumonia and ALI.

Design—Controlled human and murine in vivo and ex vivo experimental studies.

Settings—Research laboratory of a university hospital.

Subjects—Healthy human volunteers and subjects hospitalized with bacterial and H1N1
pneumonia. C57Bl/6 and db/db mice were also used.

Interventions—Lung samples from patients and mice with either bacterial or H1N1 pneumonia
and associated ALI were immunostained for leptin. Human bronchoalveolar-lavage (BAL)
samples obtained after lipopolysaccharide (LPS)-induced lung injury were assayed for leptin.
C57Bl/6 mice were examined after oropharyngeal aspiration of recombinant leptin alone or in
combination with E.coli- or K.pneumonia-induced pneumonia. Leptin-resistant (db/db) mice were
also examined using the E.coli model. BAL neutrophilia and cytokine levels were measured.
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Leptin-induced chemotaxis was examined in human blood- and murine marrow-derived
neutrophils in vitro.

Measurements and Main Results—Injured human and murine lung tissue showed leptin
induction compared to normal lung, as did human BAL following LPS instillation. BAL
neutrophilia in uninjured and infected mice was increased and lung bacterial-load decreased by
airway leptin administration, whereas BAL neutrophilia in infected leptin-resistant mice was
decreased. In sterile lung injury by LPS, leptin also appeared to decrease airspace neutrophil
apoptosis. Both human and murine neutrophils migrated towards leptin in vitro, and this required
intact signaling through the JAK2/PI3K pathway.

Conclusion—We demonstrate that pulmonary leptin is induced in injured human and murine
lungs and that this cytokine is effective in driving alveolar airspace neutrophilia. This action
appears to be caused by direct effects of leptin on neutrophils.
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Introduction
Acute Lung Injury (ALI) affects approximately 200,000 patients a year in the United States
alone, with an associated mortality rate of between 37% and 60% [1]. Severe infection,
particularly pneumonia, is the most frequent risk factor for ALI [2], and this syndrome is
seen in response to a variety of bacterial and viral pulmonary pathogens. Neutrophils are key
participants in the alveolar epithelial and endothelial injury that characterizes ALI, and are
the predominant cells in alveolar edema fluid obtained from affected patients [3]. The
normal response to pulmonary infection or injury induces the controlled recruitment of
neutrophils to the lung, which are then rapidly eliminated through the induction of apoptosis
and subsequent clearance by alveolar macrophages during the resolution phase of the
inflammatory response [4]. In ALI, however, neutrophil recruitment is both exaggerated and
persistent, and neutrophil apoptosis is delayed as a consequence of alveolar cytokines and
growth factors, including IL-8 and G-CSF [5, 6]. This prolonged neutrophil life-span
contributes significantly to the protracted lung injury seen in ALI patients [7]. Thus, the key
neutrophil processes in ALI are: 1) cytokine-mediated neutrophil recruitment to the lung and
2) prolonged neutrophil survival in the lung leading to sustained inflammation and increased
tissue damage [8–10].

Although traditionally considered a mediator of metabolic homeostasis [11], the adipokine
and IL-6 family member leptin also appears to be released into the blood in the setting of
systemic inflammation [12]. However, leptin’s overall role in inflammation remains unclear.
Monocyte and macrophage activation, phagocytosis, and release of pro-inflammatory
cytokines appear to be promoted by leptin during the innate immune response [13–15], and
leptin may be required for these cells to clear bacterial pathogens [16]. In the case of
neutrophils, surface expression of leptin receptor has been reported and it has been
suggested that leptin may augment the functional responses of these cells, including
chemotaxis [17], and may delay spontaneous neutrophil apoptosis [18].

Recent studies have shown up-regulated leptin expression in bronchial epithelial cells and
alveolar macrophages in both human and murine lungs following chronic smoking-induced
lung injury [19, 20], and that leptin is increased in BAL from ARDS patients [21].
Furthermore, it has been suggested that leptin receptor activation is important in the innate
immune response to pneumonia [17, 18], as well as in the development of hyperoxia-
induced ALI in mice [22].
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Given the proposed effects of leptin on neutrophil function, we hypothesized that pulmonary
leptin is an important factor during both pulmonary inflammatory response and ALI
pathogenesis. In this study, we show for the first time that leptin expression is up-regulated
in both human and murine lung tissues in response to bacterial and viral-induced lung injury,
and further, present evidence that leptin is an important mediator of pulmonary neutrophilia
in ALI that functions via leptin-augmented neutrophil chemotaxis to and possibly delayed
clearance from the alveolar space.

Materials and Methods
Animals

Eight to twelve week old female C57Bl/6 mice (Harlan, Indianapolis, IN), and homozygous
female leptin receptor-deficient mice (BKS db/db) and heterozygous littermates (Jackson
Labs, Bar Harbor, ME), were housed in the animal facilities at the University of Vermont.
All experimental animal procedures were approved by the University of Vermont
Institutional Animal Care and Use Committee.

Human immunohistochemistry
Banked human lung specimens were analyzed from patients who died of bacterial (n=3) or
influenza A (H1N1) (n=3) pneumonias with ALI/ARDS and compared to histologically
normal lung tissue (n=3). A previously validated protocol for leptin-immunostaining using a
rabbit-anti-human leptin antibody (Santa Cruz, Dallas, TX) was used to identify leptin-
positive cells in both human and murine tissue [20].

Human pulmonary endotoxin injury
To determine human alveolar production of leptin in response to injury, alveolar lavage
samples banked from a previous study of normal healthy volunteers (n=14) exposed to
bronchoscopically-instilled endotoxin (LPS) versus saline were analyzed [23]. Briefly,
subjects were exposed to endotoxin via bronchoscopic subsegmental-instillation (4ng/kg
subject body weight in 10mL saline; E. coli strain O:113, NIH, Bethesda, MD) randomized
to either the lingula or right middle lobe of the lung, which was immediately followed by
instillation of 10mL sterile saline into a contralateral lung-subsegment. A second
bronchoscopy was performed 16h later, and both the LPS- and saline-instilled subsegments
were lavaged with 150mL saline. Previously reported lavage cell counts, and IgM and
protein concentrations [23] were compared to lavage leptin levels, as determined by ELISA
(R&D Systems), of the stored samples.

Murine exposures
Mice treated with pegylated recombinant murine leptin [19] were instilled (50μg in 100μl
sterile PBS or vehicle-control) by oropharyngeal (o.p.) aspiration under isoflurane
anesthesia. Murine influenza A (A/California/7/2009 H1N1, 3x103EIU), E. coli (O6:K2:H1
ATCC, 1x107CFU), and Klebsiella pneumonia (43816 serotype 2, ATCC, 2x103CFU)
infections were performed by either o.p. aspiration (E.coli and K.pneumoniae) or nasal-
instillation (H1N1), as described [24–26]. LPS lung injury was induced by nebulized LPS,
as described [27].

Murine lung analysis and immunohistochemistry
Airspace lavage cell counts and cytokine levels, as well as whole-lung leptin mRNA levels
and bacterial CFU where appropriate were determined at 24h (E.coli, K.pneumoniae) or 4d
(H1N1) after exposure as described in the online supplement. Leptin immunostaining was
performed on unlavaged, paraffin-embedded lungs from mice exposed to either E.coli (n=3)
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or H1N1 pneumonia (n=3), as well as matched saline-instilled control mice (n=3 for each
condition), as described for human lung samples.

Neutrophil isolation
Human blood neutrophils were isolated by dextran sedimentation and discontinuous density-
gradient centrifugation [28], and re-suspended in Krebs-Ringer-phosphate-dextrose buffer.
Morphologically-mature murine bone marrow neutrophils were isolated by discontinuous
density-gradient [29, 30].

Neutrophil chemotaxis
Neutrophil chemoattractant response to IL-8, KC (R&D), or recombinant human (R&D) or
murine [19] leptin was examined using a modified Boyden chamber (Neuroprobe) [31] with
or without pre-incubation of the neutrophils for 30min at 37°C with PI3K- or JAK2-
inhibitor (Calbiochem).

Neutrophil apoptosis
Murine airspace neutrophil apoptosis was examined using TUNEL (R&D) and flow
cytometry of lavaged mice, 6h after the induction of sterile lung injury by inhaled LPS [31].

Statistical analysis
Data were represented as mean ± SEM, and analysis of differences between experimental
groups was performed by Student t test. Wilcoxon signed-rank test was used to analyze
differences between lavage levels of leptin in subject-matched LPS- and saline-exposed lung
subsegments. Spearman rank correlation was used to determine correlations between
subjects’ lavage leptin, neutrophil, IgM, and protein levels using ‘delta’ values (LPS-treated
lung subsegment minus saline-treated lung subsegment levels) for each subject [23]. One-
way ANOVA was used for analysis of differences between conditions in chemotaxis assays
of human and murine neutrophils. All analyses were performed using Prism5 software
(GraphPad). Results with p<0.05 were considered statistically significant.

Results
Immunohistologically-detected leptin is increased in human lung tissues following
infection and injury

To determine whether alveolar leptin content is increased in the human lung following
infection and injury, lung tissue from patients with pneumonia and ALI due to either
bacterial or viral (H1N1) infection, was examined by immunohistochemistry for leptin and
compared to similarly-stained uninjured human lung samples. Limited leptin staining (blue)
was present in the uninjured lung (Fig. 1A), whereas diffuse leptin staining was observed in
lungs with bacterial and viral pneumonias (Figs. 1B and C). In particular, intense staining of
airspace macrophages was detected following acute lung injury, a finding which has
previously only been shown in response to chronic lung injury [19, 20].

Airspace leptin levels increase following endotoxin-induced lung injury in humans
To further examine human alveolar leptin induction, we measured leptin protein levels in
BAL samples from a previous study of bronchoscopic subsegmental LPS instillation in
healthy volunteers (n=14) [23]. BAL samples obtained 16h after instillation of LPS showed
significantly increased leptin levels in the LPS-exposed lung segments compared to saline-
exposed contralateral lung segments of the same subject (Fig. 2A). Furthermore, a
significant correlation was observed between airspace neutrophil accumulation and leptin
levels (Fig. 2B). Total BAL protein concentrations, a measurement of both lung injury and
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capillary leak, also correlated with leptin release (Fig. 2C). Yet, BAL IgM levels, a more
specific marker for capillary leak, did not correlate with leptin levels (Fig. 2D), suggesting
that increased airspace leptin levels correlate with alveolar injury and not leakage of serum
leptin into the airspace.

Pulmonary leptin expression increases in murine models of both E. coli and influenza A
pneumonia

To further examine the induction of leptin within the lung during infection, we determined
leptin immunostaining in lung tissue as well as airspace leptin protein levels and whole lung
leptin mRNA expression in mice. Limited leptin staining (blue) was present in the uninjured
lung (Fig. 3A), whereas diffuse leptin staining was observed in lungs with bacterial and viral
pneumonias (Figs. 3B and C) with intense staining of alveolar macrophages as well as
epithelium, similar to the findings in human lung tissue. BAL leptin protein levels were
significantly increased at both 24h after E.coli infection and 4d after H1N1 infection,
compared to saline treated control mice (Fig. 3D). A similar effect was seen on relative
leptin mRNA expression in lung tissue of these mice (Fig. 3E). Analysis of BAL leptin and
BAL albumin levels (an indicator of the degree of serum leakage) showed no correlation in
these experiments (data not shown), suggesting that airspace leptin is of pulmonary origin
and does not reflect serum leptin leakage to a significant degree.

Recombinant leptin augments airspace neutrophilia in injured and uninjured mice
We next investigated the effect of airspace leptin augmentation in models of E.coli- and
K.pneumoniae-induced pneumonia. Pulmonary neutrophilia was significantly increased at
24h after E.coli infection with instilled leptin compared to E. coli infection without (Fig.
4A), and whole lung E.coli CFU were lower in the leptin-treated mice compared to controls
(Fig. 4B). However, the latter difference did not reach statistical significance, likely related
to the limited severity of the E.coli model. Using the more aggressive pulmonary pathogen
K.pneumoniae [32, 33], leptin instillation significantly augmented bacterial clearance (Fig.
4D), while BAL neutrophil levels (Fig. 4C) were similar, possibly due to compensatory
recruitment signals in the (sicker) control mice. To investigate whether the leptin-associated
increase in BAL neutrophilia requires the induction of lung injury, we examined the effect
of leptin airway-instillation on pulmonary neutrophil recruitment in uninjured mice. Leptin
treatment led to a significant increase in total BAL neutrophil counts at both 6h and 24h
compared to control (Fig. 4E), as well as increased albumin levels, indicative of injury and
capillary leak (Fig. S1A). A similar trend was seen in E. coli and K. pneumoniae treated
mice (Figs. S1B and C), despite decreased bacterial burden in the leptin-treated lungs (Figs.
4B and D).

Leptin does not induce alveolar release of inflammatory cytokines
To distinguish whether the effects of o.p.-instilled leptin on pulmonary neutrophilia were
direct (i.e. acting on neutrophils themselves) or indirect (mediated through the induction of
inflammatory cytokines), levels of inflammatory cytokines in BAL fluid from leptin- and
control-treated uninjured and E.coli-infected mice were measured. No differences were
observed in airspace cytokine levels between PBS- and leptin-treated animals in either
uninjured (Figs. S2A and B) or E.coli-infected mice (Fig. S2C). These results suggest that
leptin-associated augmentation of airspace neutrophilia may represent a direct effect of
leptin on neutrophils themselves.
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Defective leptin signaling is associated with decreased pulmonary neutrophilia following
murine bacterial pneumonia

To determine whether leptin was not only sufficient but necessary for the development of
pulmonary neutrophilia during infection and injury, we examined the effects of defective
leptin signaling in E.coli- or K.pneumoniae-induced pneumonia in mice lacking leptin
receptor (db/db). In contrast to our findings in wild type mice (Fig. 4E), leptin instillation
alone in db/db mice did not result in significant airspace neutrophilia (Fig. S3). Pulmonary
neutrophilia was significantly decreased at 24h after E. coli infection in db/db mice
compared to their heterozygous littermates (Fig. 5A), and although whole lung E. coli CFU
were higher in the db/db mice compared to controls (Fig. 5B), this difference did not reach
statistical significance. In addition, BAL neutrophilic cytokine levels (IL-6, KC, G-CSF,
TNF-α) were the same in db/db mice compared to littermate controls (Fig. 5C), suggesting
that despite lower levels of neutrophils recruited to the airspace of db/db mice, the animals
were still capable of handling this non-lethal pneumonia model. In the Klebsiella model,
leptin receptor-deficiency led to significant impairment of bacterial clearance compared to
littermate controls (Fig. 5E). Although the difference between BAL neutrophil levels in db/
db compared littermate control mice was not significant, we found markedly increased
levels of BAL cytokines in the db/db mice compared to control (Fig. 5F), suggesting that in
the Klebsiella model, unlike the self-limited E. coli model, as infection worsens in the
absence of leptin signaling it leads to the release of additional neutrophil recruitment signals.

Leptin effects human and murine neutrophil chemotaxis in a dose-dependent manner
To establish whether a direct chemoattractant effect of leptin on neutrophils might
contribute to its in vivo effects, we examined both murine and human neutrophil chemotaxis
in vitro. A dose-dependent chemotaxis response to leptin was observed in both human and
murine neutrophils (Figs. 6A and B). This effect appears to be greater in human neutrophils
than mouse, although this may reflect the source and relative maturity of these cells (blood
vs. bone marrow).

Signaling molecules Janus kinase 2 (JAK2) and phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K) are critical for leptin-mediated neutrophil chemotaxis

To further dissect the leptin-induced chemotaxis response, we examined downstream targets
of leptin signaling in isolated murine neutrophils. Inhibition of JAK2 and PI3K effectively
abolished neutrophil chemotaxis towards leptin (Fig. 7), suggesting that neutrophil
chemotaxis to leptin requires JAK2/PI3K signaling. Neutrophil response to the CXC
chemokine KC did not require JAK2 signaling but was dependent on PI3K activation (Fig.
7), as has previously been demonstrated [34.].

Leptin delays murine airspace neutrophil apoptosis in vivo
As previous work has suggested that leptin may have an anti-apoptotic effect on neutrophils
in vitro [18, 35], we examined whether it might also serve to increase airspace neutrophilia
by delaying airspace neutrophil apoptosis in vivo. To address this possibility, we examined a
less complex, sterile lung injury model using nebulized lipopolysaccharide to induce rapid
recruitment of neutrophils to the lung. Detectable apoptotic neutrophils, which are typically
scarce in the airspace due to their rapid clearance [36], were found at low levels in both
groups but were significantly reduced in lung-injured mice treated with o.p. leptin compared
to those treated with vehicle alone (Fig. 8).
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Discussion
In this study we demonstrate the induction of leptin expression and release in both human
and murine lung during pneumonia and acute lung injury. Furthermore, we describe leptin-
mediated effects on neutrophil recruitment and potentially survival, suggesting a novel role
for pulmonary leptin in the development and persistence of airspace neutrophilia in severe
pneumonia and ALI.

Among its many effects, the adipokine leptin has recently been suggested to act as a
neutrophil chemoattractant and an anti-apoptotic molecule in humans [17, 18]. Yet, the role
of leptin in neutrophil recruitment in pneumonia and ALI has not previously been examined.
Circulating leptin levels are increased in critical illness, and evidence suggests leptin
expression increases is human lung tissue during chronic injury and inflammation [20, 37,
38], while leptin levels have been found to be elevated in BAL from hyperoxia-exposed
mice and patients with acute lung injury [21, 22, 39]. Using immunohistochemistry, we
observed intense leptin staining of both alveolar epithelium and macrophages in human
subjects with either viral or bacterial-induced lung injury. We found similar leptin staining
patterns in mouse models of both H1N1 and E. coli pneumonia, and levels of both leptin
transcription and airspace release were increased. Furthermore, we found that endotoxin-
induced lung injury in healthy human subjects leads to increased leptin content in BAL
fluid, and that these increased leptin concentrations appear to correlate with both the degree
of lung injury and levels of airspace neutrophilia. Thus, we show for the first time that
pulmonary leptin up-regulation and airspace release is a response to infection and acute lung
injury in both murine models and human disease.

The effects of leptin on pulmonary inflammatory responses remain poorly understood. Most
relevant studies have examined mouse models of leptin- or leptin receptor-deficiency.
Mancuso et al. demonstrated an impaired host defense in leptin deficient mice, and
restoration of circulating leptin levels in these mice led to improved pulmonary bacterial
clearance and survival [15, 16]. Others have shown that leptin infusion or instillation into
wild type mice augments lung inflammation in models of allergic sensitization [40] and
hyperoxia [22]. Furthermore, in recent studies of human ALI, high BAL leptin levels were
reported to be associated with greater morbidity and mortality in patients with a normal BMI
[21], suggesting a pathophysiological role for leptin in this disease.

Leptin has previously been suggested to act as a neutrophil chemoattractant [17, 41, 42] and
anti-apoptotic [18, 35] in vitro, yet little has been reported on leptin’s effects on neutrophil
behavior in vivo. In the present study, we show leptin to be an effective neutrophil
chemoattractant not only in vitro but also in vivo. We also find in vivo evidence that leptin
may further augment airspace neutrophilia in the context of injury through anti-apoptotic
effects, similar to G-CSF [6, 7]. In this setting, we note that pneumonia-associated airspace
neutrophilia is diminished in mice with impaired leptin signaling, while clearance of bacteria
is significantly impaired. Mancuso et al. previously reported impaired bacterial clearance
after K. pneumoniae infection in leptin-deficient (ob/ob) mice, suggesting an important role
for leptin in the pulmonary antibacterial host defense [15]. Our data are in agreement with
these findings; however, we show that not only the presence of leptin, but also intact leptin
signaling is critical in the pulmonary host defense.

The signaling pathways underlying leptin-induced neutrophil chemotaxis have been poorly
defined. In our work, signaling through the ‘canonical’ ObR/JAK2/STAT pathway was not
detected [43]. We find instead that the ‘alternate’ JAK2/IRS-1 and the MAPK pathways [34]
are required for leptin-induced neutrophil chemotaxis. Furthermore, this process requires
PI3K, suggesting that JAK2 instead activates IRS1/2, which has been shown to activate
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PI3K in this context [44]. Further investigation will be required to fully delineate this
process.

It has previously been suggested that increased airspace leptin levels following lung injury
may be caused by increased capillary leak and consequent serum leptin extravasation into
the airspace [40, 45]. In our examination of human airspace leptin response we used BAL
IgM as a marker of capillary leak (Fig. 2) in order to avoid the confounding effects of using
total protein, which reflects not only vascular leak, but is also an indicator of tissue injury.
However, IgM is a larger protein compared to leptin, potentially allowing leptin to cross the
alveolar/capillary membrane more readily than IgM following injury. Thus, although we
present additional data that a pulmonary source of leptin exists (including immunohistology
and whole lung quantitative PCR), our findings must be interpreted with caution. It should
also be noted that, given unclear dilution factors related to airspace lavage and the critical
role of microanatomical cytokine compartmentalization in the lung, the relevant airspace
dosing of leptin is unknown.

Our findings not only suggest that leptin participates in the host response to pneumonia and
the pathogenesis of ARDS, but may also shed light on the apparent effects of obesity and the
accompanying leptin-resistance on both of these diseases. Obesity has been shown in both
clinical studies and animal models to be associated with greater susceptibility to and poorer
outcomes from pneumonia [46, 47]. Conversely, in the case of ALI/ARDS, we and others
have shown that rising BMI reduces clinical mortality from this syndrome [48, 49], and have
implicated a blunted inflammatory response during ALI in the obese [50]. Furthermore, we
have recently reported that diet-induced obese mice have attenuated airspace neutrophilia in
response to LPS-induced lung injury [27], which appears to be multifactorial in origin. In
light of our current findings, we propose that the altered pulmonary innate immune response
seen in obesity could in part reflect impairment of neutrophil leptin-response.

Conclusion
We demonstrate up-regulation of pulmonary leptin levels in both humans and mice
following bacterial- and viral-induced pneumonia and ALI. Leptin enhances airspace
neutrophilia, an effect that appears to be independent of secondary cytokine induction. This
effect is in part mediated through leptin’s action as a neutrophil chemoattractant, but may
also include leptin-driven effects on neutrophil survival. Taken together, the present study
suggests an important role for leptin in the development of pulmonary neutrophilia
following a wide range of insults. Further studies are needed to better understand the effects
of leptin and its signaling cascades on both neutrophil development and neutrophil function
in pulmonary inflammation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Leptin expression is augmented in the lung during ALI. Immunohistochemical examination
was performed for leptin in normal human lung tissue (A), human lung tissue from an ALI
patient (B), human lung tissue from an H1N1-infected patient (C). Leptin is indicated by
blue staining and nuclei are counterstained in red. Limited leptin staining was observed in
normal human lung tissue and was localized in alveolar macrophages. Increased leptin
expression in airway macrophages (black arrows) and alveolar epithelium (red arrows) in
lung tissue of both ALI and H1N1 infected lung tissue was observed. Original magnification
x 200 (inserts x 400).
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Figure 2.
Airspace leptin levels are increased by LPS exposure in humans. Human leptin was
quantified in brochoalveolar lavage fluid from lung segments exposed to either saline
(10mL) or LPS (4ng/kg in 10mL saline) 16 h after instillation (A). The increase in leptin
expression was compared to the levels of brochoalveolar lavage neutrophils (B), total
brochoalveolar lavage protein concentration (C), and IgM levels (D). n=14 in all groups.
Data are presented as mean ± SEM, * p≤0.05 compared to control. Wilcoxon signed rank
test was used to analyze differences between paired LPS and saline instilled subsegments
from each subject (A), and Spearman rank correlation was used to analyze the relationship
between LPS-treated subsegment lavage leptin, neutrophil, protein, and IgM levels, which
were adjusted for the matched control subsegment in each subject (LPS-instilled subgement
minus saline instilled subsegment).
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Figure 3.
Leptin levels are increased in murine lungs after bacterial or viral infection.
Immunohistochemical examination was performed for leptin in normal murine lung tissue
(n=5) (A), murine lung tissue infected with E. coli (n=5) (B), and murine H1N1 infected
lung tissue (n=5) (C). Leptin is indicated by blue staining and nuclei are counterstained in
red. Leptin staining was localized in alveolar macrophages (black arrows) and alveolar
epithelium (red arrows). Original magnification x 200 (inserts x 400). Leptin levels were
determined in either brochoalveolar lavage by ELISA (D) or lung tissue by qPCR (E) from
mice exposed to either saline control (n=4), E. coli for 24h (n=8) or H1N1 for 4d (n=4).
Data are presented as mean ± SEM, * p≤0.05, ** p≤0.01 and ***p≤0.001 compared to
control.
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Figure 4.
Leptin increases pulmonary neutrophilia in E. coli pneumonia injured as well as in uninjured
mice. Total neutrophil counts in brochoalveolar lavage fluid were determined at 24h after
o.p. aspiration of control (PBS) or recombinant pegylated leptin (50 μg) in E. coli (A) and K.
pneumoniae (C) infected mice, and at 6 and 24h after o.p. aspiration of vehicle (PBS) or
recombinant pegylated leptin (50μg) in uninjured mice (E). In addition, whole lung CFU
were determined in the E.coli (B) and K.pneumoniae (D) infected mice. n=5 in all groups of
uninjured mice; n=7 in the control group and n=8 in the pegylated-leptin treated group of E.
coli pneumonia infected mice; n=10 in all groups of K. pneumonia infected mice. Data are
presented as mean ± SEM, * p≤0.05 and ** p≤0.01 compared to vehicle-exposed mice.
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Figure 5.
Defective leptin signaling decreases pulmonary neutrophilia in murine E. coli pneumonia
and increases lung CFU levels in murine K. pneumoniae infection. Total neutrophil counts
in brochoalveolar lavage fluid and whole lung CFU were determined at 24h after E. coli (A,
B) or K. pneumonia (D, E) infection in leptin receptor-deficient (db/db) mice and
heterozygote littermate controls. In addition, BAL cytokine levels were determined in db/db
and control mice after E.coli (C) or K. pneumoniae (F) infections. n=11 in all groups of
E.coli infected mice; n=7 in the control mice and n=6 in the db/db mice infected with K.
pneumonia. Data are presented as mean ± SEM, * p≤0.05, ** p≤0.01, *** p≤0.001 and ****
p≤0.0001 compared to control mice.
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Figure 6.
Leptin has a dose-dependent effect on both human and murine neutrophil migration. Human
peripheral blood derived neutrophils (A) and murine isolated bone marrow-derived
neutrophils (B) were exposed to control (C), IL-8 (100ng/mL) (human), KC (50ng/mL)
(murine), and different concentrations of human and murine leptin in a modified Boyden
chamber (n=4 for each condition). Data are presented as mean ± SEM. **** p≤0.0001 as
performed with One-way ANOVA.

Ubags et al. Page 17

Crit Care Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
JAK2 and PI3K inhibition abolish leptin-mediated neutrophil chemotaxis. Murine bone-
marrow derived neutrophils were pre-incubated with control, JAK2 (100μM) or PI3K
(50μM) inhibitor (n=4 for each condition) and were exposed to buffer control, KC (50ng/
mL) or different concentrations of murine leptin in a modified Boyden Chamber. Data are
presented as mean ± SEM. # p≤0.05, ## p≤0.01, ### p≤0.001 compared to buffer control; **
p≤0.01, *** p≤0.001 compared to no inhibitor control.
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Figure 8.
Leptin decreases murine neutrophil apoptosis in vivo. Apoptosis was determined in BAL
neutrophils at 6h after LPS exposure and o.p. pegylated-leptin (50μg) or control (PBS)
instillation by TUNEL staining (n=3 for control and n=9 for leptin treatment). Data are
presented as mean ± SEM, * p≤0.05 compared to control treated mice.

Ubags et al. Page 19

Crit Care Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


