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Abstract

Bacterial pneumonia is a leading cause of morbidity and mortality worldwide. Host responses to
contain infection and mitigate pathogen-mediated lung inflammation are critical for pneumonia
resolution. Aspirin-triggered resolvin D1 (AT-RvD1; 75,8R,17 R trihydroxy-4Z,9E,11E,13Z,15E,
19Z docosahexaenoic acid) is a lipid mediator that displays organ protective actions in sterile lung
inflammation, and regulates pathogen-initiated cellular responses. Here, in a self-resolving murine
model of Escherichia coli pneumonia, lipid mediator metabololipidomics performed on lungs
obtained at baseline, 24 hours and 72 hours after infection uncovered temporal regulation of
endogenous AT-RvD1 production. Early treatment with exogenous AT-RvD1 (1 hr post-infection)
enhanced clearance of E.coli and Pseudomonas aeruginosa in vivo, and lung macrophage
phagocytosis of fluorescent bacterial particles ex vivo. Characterization of macrophage subsets in
the alveolar compartment during pneumonia identified efferocytosis by infiltrating macrophages
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(CD11bHi CD11c°%) and exudative macrophages (CD11bHi CD11cH!). AT-RvD1 increased
efferocytosis by these cells ex vivo, and accelerated neutrophil clearance during pneumonia /in
vivo. These anti-bacterial and pro-resolving actions of AT-RvD1 were additive to antibiotic
therapy. Taken together, these findings suggest that the pro-resolving actions of AT-RvD1 during
pneumonia represent a novel host-directed therapeutic strategy to complement the current
antibiotic centered approach to combatting infections.
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Resolution; pneumonia; macrophage; lipid mediator; AT-RvD1

Introduction

One critical function of the acute inflammatory host response to infection is delivery of
leukocytes to sites of tissue injury to protect the host from microbial invasion and restore
homeostasis. If unrestrained in both amplitude and duration, persistent lung and airway
infiltration by neutrophils can result in collateral injury to healthy bystander tissue, leading
to organ damage and loss of function2. In health, inflammatory responses are self-limited
with essential fatty acid derived specialized pro-resolving mediator (SPM) signaling pivotal
to the arrest of inflammation and initiation of resolution®. Aspirin-triggered resolvin D1 (AT-
RvD1; 7S,8R,17R trihydroxy-4Z,9E,11E,13Z,15E,19Z docosahexaenoic acid) was first
identified as a product of aspirin acetylated cyclooxygenase-23: 4. It is now clear that AT-
RvD1 is a docosahexaenoic acid (DHA) derived SPM that can also be produced
endogenously in the absence of aspirin by a second pathway initiated by cytochrome P450
enzymes®. AT-RvD1 potently decreases acute lung inflammation after mucosal injury®;
however, its role in pneumonia remains to be characterized.

Bacterial pneumonia is a leading cause of mortality and morbidity worldwide, accounting
for over 110 million years of life lost in 20107. Gram-negative bacterial pneumonia is the
most common life-threatening hospital acquired infection®. In the United States, pneumonia
causes more disease and death than any other infection, and there has been little change in
pneumonia-associated mortality for more than five decades®. Currently, antibiotics are the
cornerstone of therapy; however, the rise of antibiotic-resistant microorganisms emphasizes
a need for a new approach that augments host defense mechanisms to microbial invasionl©.
Stimulation of bacterial clearance and counter regulation of inflammatory responses are
defining features of SPMs!L. Given its potent actions in regulating sterile lung
inflammation®, and pathogen-initiated cellular responses 7 vitro'2, we hypothesized that the
SPM AT-RvD1 would be produced during pneumonia to limit infection and ensuing
inflammatory responses.

Alveolar macrophages are tissue resident cells with key functions in pathogen recognition,
initiation of host defense via protective inflammation, and in clearance of invading
microbes!. Additional macrophage subsets infiltrate the alveolar space during the course of
pathogen-mediated acute lung inflammation?3 to augment the resident macrophage
protective actions'4. Of interest, macrophages carry the biosynthetic and molecular circuitry

Mucosal Immunol. Author manuscript; available in PMC 2016 November 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abdulnour et al.

Page 3

to produce and respond to SPMX. Here, in a self-resolving murine model of Escherichia coli
(E. coli) pneumonia, AT-RvD1 was produced in a temporally regulated and enhanced gram-
negative bacterial clearance and resolution of pathogen-initiated lung inflammation.

Materials and methods

Materials

Mice

AT-RvD1 (7S58R,17 R-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid) was
obtained from Cayman Chemical (Ann Arbor, MI, USA) and validated just prior to use with
L.C-MS-MS and physical criteria reported earlier!®. £. coli (06:K2:H1) strain ATCC 19138
and Pseudomonas aeruginosa (P, aeruginosa, HER-1018) strain ATCC BAA-47 were
obtained from the American Type Culture Collection (Manassas, VA, USA). E. coli particles
conjugated with pHrodo were purchased from Life Technologies (Carlsbad, CA, USA).
Lipopolysaccharide (LPS, £. coli 055:B5), ciprofloxacin, and hydrochloric acid (HCI) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). FACS antibodies were obtained from
eBioscience (San Diego, CA, USA): F4/80 (BM8); Biolegend (San Diego, CA, USA):
CD11b (M1/70), and Ly6G (1A8); BD Biosciences (San Diego, CA, USA): CD11c (HL3),
CD45 (30-F11). Permeabilization buffer was purchased from eBioscience.

C57BL/6 male mice (8-10 wk old, body weights 20-25 g; Charles River Laboratories,
Wilmington, MA, USA) were housed in isolation cages in pathogen-free conditions on a
light—dark cycle with light from 7:00 to 20:00 at 25°C. Mice were fed a standard diet
(Laboratory Rodent Diet 5001; PMI Nutrition International, St. Louis, MO, USA)
containing 4.5% total fat with 0.3% w-3 fatty acids and <0.02% C20:4 and were provided
water ad libitum. All studies were reviewed and approved by the Harvard Medical Area
standing committee on animals.

Murine model of gram-negative bacterial pneumonia

Live gram-negative bacteria (E. colior P. aeruginosa, 1 x 106 CFU in 25 pl saline) were
instilled selectively into the left mainstem bronchus of anesthetized mice (C57bl/6, male, 8-
10 weeks; Charles River) as in16. Mice received AT-RvD1 (100 ng, 1V) or vehicle (<0.1%
(vol/vol) ethanol in saline) 1 hr after intra-bronchial £. colior P. aeruginosa. In select
experiments, mice received ciprofloxacin (0.2, 2, or 20 mg/kg, IP) or vehicle in addition to
AT-RvD1, 1 hr after intra-bronchial £. coli. In separate experiments, animals were treated
with AT-RvD1 (100 ng, IB) or vehicle via a repeat tracheostomy surgery 24 and 36 hrs after
high-dose intra-bronchial £. coli (2x108 CFU). A high dose of £. coliwas used to induce
neutrophil infiltration comparable to LPS-induced lung inflammation. In pathogen-mediated
acute lung inflammation experiments, animals were treated with £. co/i LPS (0.3 mg/kg, 50
ul in saline, IB). In sterile acute lung inflammation experiments, hydrochloric acid (HCI,
0.1N, pH ~1.0, 50 pul I1B) was administered as in’.

Bacterial CFU determination

At select time-points after intra-bronchial bacteria (£. coli or P. aeruginosa), lungs were
collected aseptically and homogenized in 2.5 ml of ice-cold sterile saline. Aliquots of serial
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dilutions were plated LB-agar plates. After incubation for 24 hrs at 37°C, colonies were
counted and results were expressed as CFU per whole lungs.

Lipid mediator metabololipidomics

Lung tissue isolates were disrupted gently in methanol then processed for LC-MS-MS as
inl7. AT-RvD1 levels were monitored and quantified with multiple reaction monitoring
(MRM) developed using signature ion fragments for AT-RvD1 (m/z = 375/141) and ds-
RvD, (m/z = 380/141)15. Quantification was carried out on the basis of the peak areas
obtained with MRM transitions and linear calibration curves for synthetic mediators, and
deuterated standards for recoveries?®.

Bronchoalveolar lavage

At timed intervals, mice were euthanized and the trachea exposed. A 20-gauge angiocatheter
was inserted into the trachea and the lungs were lavaged with two separate 1 ml volumes of
ice-cold PBS with 0.6 mM EDTA. The bronchoalveolar lavage (BAL) fluid was pooled,
centrifuged at 500 x g for 5 minutes at 4°C to pellet the cell fraction. The cell pellet was
resuspended in cold PBS.

FACS analysis and cell sorting

BAL cells were obtained after centrifugation of pooled BAL fluid, and the cell pellet was
stained with fluorochrome-labelled antibodies to obtain a leukocyte differential; neutrophils
(CD45* F4/80~ Ly6G* CD11b"), infiltrating macrophages (iMacs; CD45* SScHigh F4/80*
CD11cl% CD11b*), exudative macrophages (ExMacs; CD45* SScHigh F4/80+ CD11cHigh
CD11b"), and resident alveolar macrophages (rAM; CD45* F4/80* SScHigh cD11cHigh
CD11b"). Cell counts were obtained by adding a known amount of fluorescent counting
beads (CountBright, Life Technologies) to the BAL cell pellet prior to flow cytometry as per
the manufacturer’s recommendations, and normalized to lavage. FACSCanto Il (BD
Biosciences) and FlowJo Ver. 10 software (Tree Star, Ashland, OR, USA) were used for
analyses. In some experiments, five BALFs were pooled and F4/80 positive macrophage
subsets cells were sorted with > 95% purity, using FACSaria (Beckton-Dickinson). The
sorted populations were used for ex vivo efferocytosis assays. For sorting of macrophage
subsets, BALF obtained 72 hrs after intra-bronchial LPS was used, as LPS resulted in the
highest maximal number of macrophages (see Results) allowing for a better yield of each
macrophage subset using fluorescence activated cell sorting.

Determination of bioactive molecule levels in BALF

Select cytokines were measured in aliquots of pooled BALF using a bead-based
immunoassay as per the manufacturer’s instructions (LEGENDPIex by Biolegend, San
Diego, CA, USA). Lipocalin 2 levels in BAL fluid were determined by enzyme-linked
immunosorbent assay (Lipocalin 2 Quantikine ELISA Kit, R&D Systems, Minneapolis,
MN, USA). LPS levels in BAL fluid were determined using a Limulus Amebocyte Lysate
endotoxin quantitation kit (ThermoFisher Scientific, Cambridge, MA). All measurements
were normalized to volume of pooled BAL fluid.
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Ultra-thin lung sections

Lung sections were prepared as described previously18, Briefly, after euthanasia of naive
animals by isoflurane overdose, the lungs were exposed and slowly perfused free of blood
with 5 ml HBSS. The lungs were then inflated with 1.2 ml agarose (low melting point, Life
Technologies, NY) in HBSS (1.5%) via a tracheal catheter (model 20G Intima, Becton
Dickinson). After the agarose solidified, one lung lobe was separated and sectioned into 150
um-thick slices using a tissue slicer (VF-300; Precisionary Instruments, Greenville, NC).
Lung slices were incubated at 5% CO2, 37C in DMEM/F-12 supplemented with penicillin-
streptomycin (Invitrogen, Cambridge, MA) overnight.

Phagocytosis assay

Ultra-thin lung sections were washed in HBSS then stained with anti-CD11c (FITC) and
treated with AT-RvD1 (10 nM) for 30 minutes at 37°C. The lung sections were then washed
before addition of £. coli particles conjugated to pHrodo red dye (100 ug/ml, Life
Technologies, NY). To maximize the sensitivity in detecting an increase in phagocytosis, a
dose-response curve of £. coli particles per lung section was performed to have as little
phagocytosis as possible by untreated lung sections. Sections were observed with Nikon
Eclipse TS 100 epi-fluorescence microscopy with filter sets for indicator dye of Phrodo Red
(green excitation) or FITC (blue excitation) at 0 and 60 minutes after addition of the £. coli
particles. Images were then overlayed, and CD11c* cells were enumerated. Phagocytosis
was quantified as the ration of CD11c™ £. coli* cells over CD11c™* cells.

Macrophage efferocytosis

Macrophage efferocytosis was quantified as previously described®. Briefly, neutrophils
were obtained from peritoneal lavage fluid obtained 4 hrs after zymosan A (1 mg, IP) —
induced murine peritonitis, and labeled with carboxyfluorescein diacetate-succinimidyl ester
(CFDA; 10uM, 30 min, 37°C) and cultured overnight (serum free media) to induce apoptosis
(confirmed by >95% Annexin V+ 7AAD- surface expression by flow cytometry, data not
shown). Murine alveolar macrophage subsets were sorted from BALF obtained 72 hrs after
IT LPS according to the gating strategy detailed above and allowed to adhere in a 96-well
plate for one hour at a density of 2.5 x 104 cells/well. The macrophages were then incubated
with AT-RvD1 for 30 minutes at 37°C before the addition of apoptotic neutrophils (1.25 x
10° cells/well, macrophage to neutrophil ratio of 1:5). After 60 minutes of co-incubation,
trypan blue (1:2) was added to quench CFDA in extracellular neutrophils, and the number of
phagocytosed cells (i.e., intracellular) was determined using a FLX-800 (Biotek, Inc) plate
reader (Molecular Devices) by monitoring fluorescence emission at 525 nm.

Histopathology and immunohistochemistry

Lung tissue was fixed by inflation with Zinc Fixative (BD Pharmingen, San Diego, CA,
USA) at a transpulmonary pressure of 20 cm H,O and embedded in paraffin. For
histological analysis, lungs were collected 0, 24, and 48 hrs after £. coliinstillation and
paraffin-embedded 5-um sections of lungs were cut and stained with H&E for light
microscopy. In order to detect bacteria, £. coli staining was performed using an anti-£. coli
antibody (GeneTex, CA) and an anti-rabbit secondary antibody (Abcam, MA). Leica
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DFC480 and Leica QWin Standard V3.4.0 (Leiica Microsystems Ltd) were used for
microscopic analysis.

Statistical analysis

Results

All data are expressed as means + SD. Comparisons between groups were conducted using
ANOVA and Student’s t test as appropriate. A level of p < 0.05 was considered to indicate
statistical significance. Statistics were performed using Graphpad Prism 6.0 for Windows
(San Diego, CA). For multivariate statistical analysis, principal component analysis (PCA)
was performed using SIMCA 13.0.3 software (Umetrics, Umea, Sweden) following mean
centering and unit variance scaling of lipid mediator amounts as in®. The score plot shows
the systematic clusters among the observations (closer plots presenting higher similarity in
the data matrix). Loading plots describe the magnitude and the manner (positive or negative
correlation) in which the measured LM-SPM contribute the cluster separation in the score
plot.

Endogenous AT-RvD1 is produced during self-resolving E. coli pneumonia

To determine endogenous SPM production during lung infection, we used a self-resolving
model of £. coli pneumonia. After intra-bronchial instillation of £. coli (see Methods), the
resultant CFU at 6 hrs (154.5x108 + 26.4x103 CFU, mean + SD) and 24 hrs (3.0x103
+2.7x103, mean + SD) were consistent with effective bacterial clearance (Figure 1a).
Neutrophil counts peaked at 24 hrs (450.3x103 + 161.1x103 cells/BALF, mean + SD) and
returned to near baseline within 72 hrs (15.2x103 + 3.9x103 cells/BALF, mean + SD)
(Figure 1a). At 48 hrs post-infection, neutrophil counts were approximately half-maximal
(210.8x103 + 84.4x103 cells/BALF, mean + SD) and macrophage counts peaked (353.5x103
+50.0x103 cells/BALF, mean = SD). Within 72 hours, macrophage numbers also returned to
near baseline (124.4x103 + 40.3x103 cells/BALF, mean + SD) (Figure 1a). £. coliwas not
detected in murine peripheral blood (data not shown). Murine lungs were obtained 0, 24, and
72 hrs after £. coliinfection and SPM were extracted from lung homogenates for lipid
mediator (LM) metabololipidomic analysis (see Methods). In this murine model of bacterial
pneumonia, LM metabololipidomic profiling of lung tissue revealed temporal regulation of
SPM production with several mediators increasing after infection (Table 1). Each of the
mediators was identified in accordance with established criteria, including LC retention time
and diagnostic ions in MS/MS. A principal component analysis (PCA, see Methods and
referencel®) gave distinct clustering for lipid mediator profiles obtained from 24 hrs and 72h
hrs (Figure 1b—c). The loading plot demonstrated that SPM levels were selectively regulated
and associated with the resolution phase (i.e., 72 hours) (Figure 1c). Of note, AT-RvD1
showed tight clustering among samples, as indicated by little deviation along principal
component 2 (Figure 1c). After £. coliinfection, lung AT-RvD1 was determined by LC-
MS/MS criteria (Figures 1d—e) and progressively increased at 24 and 72 hrs (~11.2 fold
increase 72 vs 0 hrs) (Figure 1f and Table 1).
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AT-RvD1 enhances gram-negative bacterial clearance after lung infection

Temporal regulation of endogenous AT-RvD1 during pneumonia suggested it might exert
host protective mechanisms during lung infection, so we next investigated its actions on
bacterial clearance /n vivo. Treatment of animals with AT-RvD1 (100 ng 1V, ~ 4 pg/kg) one
hour after infection led to a marked decrease in lung £. coli compared to untreated animals
(Figures 2a, S1a) and significant reductions in lung bacterial burden at 6 hrs (25.6%
decrease, Figure 2b) and 24 hrs (90.3% decrease, Figure 2c) after infection. The increased
clearance of £. coliwas associated with increased physical activity in AT-RvD1 treated
animals as early as 6 hours after infection (see Supplementary Movie 1 in the online
supplement). AT-RvD1 had no direct antimicrobial activity on bacterial cultures (data not
shown). Of interest, AT-RvD1 also selectively regulated BALF cytokine levels with
significant decreases in IL-6 (Figure 2d) and TNFa (Figure 2e). Levels of IL-1a, MCP-1,
and IL-10 were not significantly changed by AT-RvD1 (Figure S1b). In addition to E. coli
AT-RvD1 significantly increased lung P aeruginosa bacterial clearance (61.6% decrease in
CFU 6 hrs after infection, Figure 2f).

AT-RvD1 increases macrophage phagocytosis of E. coli particles in situ

To determine mechanisms for AT-RvD1’s anti-microbial actions, we examined lung
macrophage-mediated killing. To this end, fresh ultra-thin sections of perfused lungs from
naive mice were stained with a fluorochrome labeled anti-CD11c antibody and treated with
AT-RvD1 or vehicle. These lung slices from naive animals have preserved airway and
alveolar architecture and tissue resident cells, including macrophages. No granulocytes were
present (see Methods). £. coli particles conjugated with a pH-sensitive reporter were
incubated with the lung sections for 60 min. The reporter is designed to indicate engulfment
of the £. coli particles into acidic phagolysosomes?C. A dilute concentration of particles was
used to minimize background phagocytosis of £. coli particles during this time interval in
vehicle exposed control lung sections (Figures 3a and c). Incubation with AT-RvD1 (10 nM,
60 min) significantly increased phagocytosis by CD11c+ lung macrophages (Figures 3b and

c).

AT-RvD1 increases levels of the anti-microbial peptide lipocalin 2

Since Aderem and colleagues found that the antimicrobial peptide lipocalin 2 plays
important roles in host responses to £, co/P1), we next determined the impact of AT-RvD1
on BAL fluid lipocalin 2 levels. Six hours after £. coli infection, lipocalin 2 was
significantly increased (336.4 ng/ml + 158.2, mean £ SD, P < 0.05) relative to uninfected
mice (38.27 ng/ml £ 20.56, mean + SD, Figure 3d). AT-RvD1 further increased BAL
lipocalin 2 levels (553.0 ng/ml + 346.6, P < 0.05, Figure 3d).

Macrophage subsets during self-resolving lung infection

Neutrophil clearance occurred concomitant with increased AT-RvD1 levels and lung
macrophage numbers (Figure 1), suggesting regulation of macrophages by AT-RvD1 for
resolution of pathogen-initiated lung inflammation. CD11b and CD11c surface expression
by BALF macrophages after £. coli infection was determined using flow cytometry, leading
to the identification of three lung macrophage subsets in the alveolar compartment (Figure
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4a); infiltrating macrophages (iMacs, CD11¢-% CD11b"), exudate macrophages (ExMacs,
CD11cHi CD11b*), and resident alveolar macrophages (rAM, CD11cHi CD11b") (Figure
4b). The presence of iMacs and ExMacs was transient, peaking 48 hrs after infection
(7.1><10315.2 iMacs/BALF, 35.2+17.23 ExMacs/BALF at 48 hrs, mean+SD.), while rAM
numbers did not significantly change (Figures 4c—d). iMacs and ExMacs were also
identified in self-resolving acid-induced sterile lung injury (Figure S2a), and LPS-induced
lung inflammation (Figure S2b). Intra-bronchial LPS resulted in a higher maximal number
of macrophages compared to £. coli infection and HCI-induced lung injury (Figure S2c).
Specific intracellular Ly6G immunostaining of BALF macrophages obtained 48 hrs after £.
coliinfection (Figures 5a-b), and 72 hrs after intra-bronchial LPS (Figures S3a—b), showed
a significant increase in Ly6G+ iMacs and ExMacs, but not in rAM.

AT-RvD1 promotes efferocytosis by macrophages

To determine if AT-RvD1 regulates this pro-resolving macrophage action!!, macrophage
subsets were sorted from BALF obtained 72 hrs after LPS, exposed to AT-RvD1 (10 nM, 30
min, 37°C) then incubated with fluorescent apoptotic neutrophils for 1 hr. Phagocytosis of
apoptotic neutrophils was then determined by measuring intracellular macrophage
fluorescence (see Methods). AT-RvD1 significantly increased efferocytosis by iMacs, and to
a lesser extent by ExMacs (Figure 5c). We next examined the impact of AT-RvD1 on
neutrophil clearance /n vivo. Animals were treated with AT-RvD1 (100 ng, IB) for increased
alveolar delivery to macrophages. When given at 24 hrs and 36 hrs, AT-RvD1 (IB)
significantly decreased BAL neutrophils after £. coli (25.0%, Figure 5d) and in separate
experiments after LPS (38.1%, Figure S3c). Collectively, these findings demonstrate that
AT-RvD1 promotes clearance of apoptotic neutrophils by macrophage subsets and
accelerates alveolar neutrophil clearance for resolution of pathogen-mediated lung
inflammation.

AT-RvD1 enhances bacterial clearance in combination with antibiotics

To determine if AT-RvD1 actions on host responses to £. coliinfection provide additional
benefit to antibiotics, mice were treated 1 hr after £. coliwith AT-RvD1 (100 ng, 1V),
ciprofloxacin at its 1C5q dose for £. coli (0.2 mg/kg, IP) (Figure S4a), or both AT-RvD1 and
ciprofloxacin (see Methods). Lung CFUs were significantly decreased in mice treated with
AT-RvD1 (24.9% reduction compared to untreated mice) (Figure 6a). In addition, mice that
received both AT-RvD1 and ciprofloxacin had significantly less CFU than mice treated with
antibiotics alone (Figure 6a). Of note, AT-RvD1 significantly decreased BAL fluid LPS
(2.7+£0.7 EU/mI BAL fluid, mean + SD, P < 0.05) compared to untreated animals (5.5+0.7
EU/mI BAL fluid, mean + SD, Figure 6b). In sharp contrast, ciprofloxacin alone did not
decrease BAL fluid LPS (5.6£0.7 EU/mI BAL fluid, mean £ SD) despite the decrease in
CFU (Figures 6a—b). In combination with ciprofloxacin, AT-RvD1 decreased the LPS levels
(4.1+0.6 EU/mI BAL fluid, mean + SD, P < 0.05, Figure 6B). Moreover, AT-RvD1 treatment
significantly decreased BALF neutrophils 48 hrs after infection (55.0% reduction in BALF
neutrophil counts compared to untreated animals, Figure 6b), whereas antibiotic therapy had
no significant impact on BALF neutrophils (Figure 6b). Combined AT-RvD1 and antibiotic
treatment was additive and resulted in the lowest BALF neutrophil count (70% reduction in
BALF neutrophil count compared to untreated animals, Figure 6b). At 48 hrs post-infection,
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BALF neutrophil numbers were half-maximal and declining with macrophages rising to
roughly equal numbers (Figure 1a). As an index to tissue resolution, the BALF macrophage
to neutrophil ratio was 1.3 in vehicle control mice and increased to 1.7 with AT-RvD1
(P=0.06, Figure 6c). Ciprofloxacin alone did not significantly impact the macrophage to
neutrophil ratio (1.2); however, the ratio was significantly increased to 2.6 by combination of
ciprofloxacin and AT-RvD1 (P<0.05, Figure 6c¢). Histological examination of animals at this
time point after infection revealed decreased cellularity and alveolar wall edema in animals
treated with AT-RvD1 compared to vehicle exposed animals and animals treated with
ciprofloxacin alone (Figure 6d). Collectively, these results indicate that AT-RvD1 enhanced
antibiotic-mediated bacterial clearance, and decreased pathogen-initiated lung inflammation.

Discussion

Bacterial clearance and counter-regulation of pathogen-mediated inflammation define
resolution of bacterial pneumonia®. While antibiotics are crucial for the former, they have
little impact on clearance of inflamed tissue. Results presented herein demonstrate that
endogenous AT-RvD1 levels increased during self-resolving £. coli pneumonia, suggesting a
role for AT-RvD1 during lung catabasis. Exogenous AT-RvD1 treatment enhanced clearance
of two gram-negative bacteria /n vivo, in part via increased bacterial particle phagocytosis by
resident macrophages and increased tissue levels of the anti-microbial peptide lipocalin 2. In
addition, AT-RvD1 engaged macrophage subsets for phagocytosis of apoptotic neutrophils,
increased alveolar neutrophil clearance, and decreased alveolar LPS levels. When combined
with antibiotic therapy, AT-RvD1 further enhanced bacterial clearance, mitigated antibiotic-
mediated LPS release, and promoted resolution of £. co/F-initiated lung inflammation.

Lipid mediator metabololipidomics profiling of the resolving exudates allows for sensitive
detection of endogenous SPM production?. In the present work, metabololipidomic profiling
identified temporal and selective regulation of SPM during bacterial pneumonia. Levels of
several SPM were increased during the resolution phase (from 24 to 72 hrs after infection,
Figure 1a), likely a result of increased precursor availability in the resolving exudate?2 23,
and biosynthetic enzyme activation24. Principal component analysis identified several SPM
that contributed to time-point separation, in particular AT-RvD1. Biosynthesis of AT-RvD1
in the absence of aspirin exposure is likely initiated via oxygenation at the carbon-17
position of DHA by cytochrome p450 enzymes®, which are abundant in the lungs2®. Indeed,
animals deficient in CYP1 monooxygenases demonstrate decreased levels of 17-hydroxy-
DHAZ6, Increased resistance to metabolic inactivation of AT-RvD1 relative to its 17 carbon
position epimer RvD1 may account for its more consistent levels in the PCA loading plot
and a pharmacological advantage for pneumonia®.

Resolution of lung mucosal inflammation is a defining characteristic of SPM?27,
Eicosapentaenoic acid-derived resolvin E1 (RvE1) promotes the resolution of allergic
airway inflammation28, arachidonic acid-derived 15-epi-lipoxin A4 enhances resolution of
acute lung injury2®, and DHA-derived maresin 1 protects lung function during acid-induced
lung injuryl’. AT-RvD1 decreases nuclear factor-kB signaling for organ protection after
sterile acute lung inflammation®, and attenuates pro-inflammatory signaling in human
airway epithelial cells30. These anti-inflammatory and pro-resolving actions are not
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immune-suppressive during bacterial infectionl!. Indeed, select DHA-derived resolvins and
their counter-regulatory circuits enhance bacterial clearance by leukocytes3?, and protect
from polymicrobial murine sepsis3132, In the lung, RVE1 treatment attenuates mucosal
injury and protects animals from aspiration pneumonial®. Results presented herein uncover
direct AT-RvD1 actions on host-mediated anti-bacterial responses, and concomitant pro-
resolving actions, emphasizing that SPMs are leads for multi-pronged therapy against
bacterial pneumonia. Mechanisms for enhancing bacterial clearance include stimulating
leukocyte phagocytosis of the offending agent!L. In allergic airway inflammation, AT-RvD1
increases macrophage phagocytosis of antigen-coated particles33, and RvD1 increases
neutrophil phagocytosis of bacteria during extra-pulmonary infection34. Our results
demonstrated an increase in macrophage phagocytosis of bacterial particles in live lung
tissue. In addition to enhancing phagocyte function, AT-RvD1 increased levels of the
antimicrobial peptide lipocalin 2 to provide an additional mechanism for mucosal host
defense. Of note, metabololipidomic profiling of infected lungs demonstrated regulation of
additional SPMs. Their contribution to host protection during pneumonia is under
investigation.

In addition to their defensive role against bacterial invasion, macrophages are crucial
effectors of resolution of inflammation?. Examination of peritoneal macrophages during
peritonitis identified a subset of macrophages with a M2 signature present only during
resolution3®, and a subset of CD11b-° macrophages that emigrate to nearby lymphoid
organs for termination of inflammation3®. Both peritoneal macrophage subtypes had
decreased phagocytic ability. In the lung, macrophage phenotyping during resolving
inflammation has identified two distinct subsets in addition to rAM13: 14, Their activation
markers are intermediate between M1 and M2, and both demonstrate increased CD11b
expression. Findings presented here indicate that these macrophage subsets appear during
resolution of pathogen-initiated lung inflammation and efferocytose apoptotic neutrophils.
As such, iMacs and ExMacs are distinct from resolving macrophages identified during
peritoneal inflammation. In our model of pathogen-initiated lung inflammation, their time
course positions them for roles in the resolution of inflammation, as they infiltrate into the
alveolar space during neutrophil clearance. Towards this end, ExMacs release IL1ra for
organ protection during bacterial pneumonial4. In addition, results presented here
demonstrate efferocytosis of apoptotic neutrophils by iMacs and ExMacs. Furthermore, AT-
RvD1 regulation of iMacs and ExMacs efferocytosis of apoptotic neutrophils uncovered a
role for these macrophages as SPM cellular targets to promote pneumonia resolution. Of
note, the analyses here were focused on BALF macrophages; however, myeloid-derived
suppressor cell -like cells are in lung interstitium after bacterial pneumonia and also
participate in tissue resolution by efferocytosis3’.

Pneumonia continues to have a substantial impact on the global burden of disease with
elevated mortality”, and increasing prevalence of antibiotic-resistant bacteria38, in particular
gram-negative bacteria in nosocomial infections®. Therapies targeting host-responses to
infection offer the possibility of augmenting antibiotics to improve outcomes®. Anti-
inflammatory therapies, such as corticosteroids, have not proven successful3?, likely
secondary to concomitant immune suppression. In sharp contrast to immunosuppressive
agents, SPM engage endogenous resolution pathways that enhance bacterial host defense.
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Macrophages carry the dual effector functions of host defense and pro-resolutionl?, thus
represent ideal cell-based therapeutic targets. Results presented here show that antibiotic
treatment alone had little effect on the resolution of lung inflammation, in part related to
persistent increases in LPS likely induced by the bactericidal actions of ciprofloxacin0. AT-
RvDL1 significantly promoted resolution through macrophage activation for phagocytosis,
decreased BAL fluid LPS, and increased BAL fluid lipocalin 2 (an important anti-microbial
peptide for £. coli host defense?l). In conjunction with AT-RvD1’s protective actions on
lung barrier integrity and mechanics®, these new pro-resolving mechanisms in bacterial
defense emphasize roles for SPM in promoting resolution of pathogen-initiated tissue
inflammation3L: 34, and help further distinguish pro-resolution from anti-inflammation1.

In summary, our findings have uncovered new roles for AT-RvD1 in promoting resolution of
gram-negative bacterial pneumonia. In this study, the DHA-derived lipid mediator AT-RvD1
was endogenously produced in a temporally regulated manner, enhanced bacterial clearance
by direct actions on lung macrophages and lipocalin 2, and promoted the resolution of
inflammation by directly increasing efferocytosis of apoptotic neutrophils by macrophage
subsets in the alveolar space. These actions augmented antimicrobial therapy, thus offering a
potential new host-directed therapeutic approach to the global threat of bacterial pneumonia
that emphasizes endogenous resolution signaling pathways.
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ARDS acute respiratory distress syndrome

AT-RvD1  Aspirin-triggered resolvin D1 (7S,8R,17R-trihydroxy-docosa-4Z,9E,11E,
137,15E,19Z hexaenoic acid)

CFU colony-forming units
E. cali Escherichia coli

ExMacs exudative macrophages

iMacs infiltrating macrophages
IP intra-peritoneal

IB intra-bronchial

v intra-venous
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Figure 1. Endogenous AT-RvD1 is produced during bacterial pneumonia
(a) Time course of murine lung CFU, and BAL neutrophils and macrophages, at indicated

time points after infection (£. cof/i; 108 CFU, IB). Results expressed as mean + SD, n > 5
mice in two independent experiments, * P < 0.05 vs 0 and 72 hrs. (b—f) Lipids were
extracted from murine lungs 0, 24, and 72 hrs after infection and LM-SPM profiles were
obtained using LC-MS/MS metabololipidomics as in Methods. (b) Two-dimensional score
plot and (c) loading plot of a principal component analysis of murine LM-SPM signature
profiles. The white ellipse in the score plot denotes 95% confidence regions. (d)
Representative multiple reaction monitoring (MRM) chromatogram (m/z = 375>141) and (e)
MS/MS spectrum, obtained from infected murine lung, used for the identification of AT-
RvD1 (75,8R,17 R-trihydroxy-docosa-4Z,9E,11E,13Z,15E,19Z-hexaenoic acid). (f) AT-
RvDL1 levels in murine lungs during pneumonia (n = 4 per time point, mean + SD, * P < 0.05
vs 0 hrs).
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Figure 2. AT-RvD1 enhances bacterial clearance
(a) Representative lung sections from control mice, and 24 hrs after infection and treatment

with AT-RvD1 or vehicle stained with an anti- £. coli antibody. Arrowheads indicate £. coli,
bar =50 um, inset bar = 10 um. Lung £. co/i CFU counts (b) 6 hrs and (c) 24 hrs after
infection (108 CFU, IB) in mice treated with AT-RvD1 or vehicle. Levels of (d) IL-6 and (e)
TNF-a 6 hrs after infection determined by bead-based immunoassay. (f) Lung P, aeruginosa
CFU counts 6 hrs after infection (108 CFU, IB) in mice treated with AT-RvD1 or vehicle. In
all experiments, AT-RvD1 (100 ng, IV) or vehicle (< 0.1% EtOH in saline vol/vo, IV) were
given 1 hr after £. coli. Results are expressed as mean = SD n= 4-7 per group. * P < 0.05
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Figure 3. AT-RvD1 increases bacterial phagocytosis by CD11c™ lung cells
Ultra-thin perfused lung sections were obtained from naive mice, stained with anti-CD11c,

and treated with AT-RvD1 (10 nM, 45 minutes, 37°C) or vehicle. Sections were then co-
incubated with £. coliparticles labelled with a pH-sensitive probe (100 pug/ml, 60 minutes,
RT) and imaged using a fluorescence microscope. Particle dose was chosen to give minimal
phagocytosis in vehicle treated sections. Representative images of (a) control and (b) AT-
RvD1 treated lung sections. (c) Proportion of CD11c+ lung cells participating in
phagocytosis of £. coli particles. * P < 0.05. (d) Lipocalin 2 levels in BAL fluid 6 hrs after
E. coliinfection determined by ELISA. Results are expressed as mean £ SD 7= > 8 sections
per group in two independent experiments. * P < 0.05 vs vehicle treated un-infected mice, #
P < 0.05 vs vehicle treated infected mice.
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Figure 4. Macrophage subsets during E. coli pneumonia
BAL was obtained from mice at determined time-points after £, co/i infection (108 CFU, IB)

for macrophage subset enumeration by flow cytometry. (a) Representative flow cytometry
dot plots from BAL gated on macrophages (SScH CD45* F4/80*). (b) Identification of
macrophage subsets based on CD11b and CD11c surface expression as infiltrating (iMacs,

CD11cto% cD11bHi), exudative (ExMacs, CD11cHi CD11bM), and resident Alveolar
Macrophages (rAM, CD11cHi CD11b"). Time course of BAL macrophage subset (c)

fractions and (d) counts. Results are expressed as mean + SD. /7= 10 mice per group from 2

independent experiments, * P < 0.05
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Figure 5. Recruited macrophages participate in efferocytosis of neutrophils during resolution of
pathogen-mediated inflammation

(a) Representative dot plots and (b) bar-graph of intracellular Ly6G staining gated on
macrophage subsets in BAL obtained 48 hrs after infection. Results are expressed as mean +
SD. n= 4 sections per group in two independent experiments. (c) Percent increase in
efferocytosis of apoptotic neutrophils by macrophage subsets after treatment with AT-RvD1
compared to vehicle (10nM, 30 min, 37°C). Macrophage and apoptotic neutrophil
preparations are detailed in Methods. Results are expressed as mean = SD. 7= > 10 per
group. # P < 0.05 vs vehicle treated (d) Neutrophil count in BAL obtained from mice 48 hrs
after high-dose infection (£. cofi, 2x10% CFU, 1B) and treatment with AT-RvD1 (100ng, IB)
24 and 36 hrs after £. coli. Results are expressed as mean + SD. 7= 10 mice per group from
2 independent experiments. In all figures, * P < 0.05
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Figure 6. AT-RvD1 enhances bacterial clearance in combination with antibiotics
(a) Lung CFU counts and (b) BAL fluid LPS concentrations (Endotoxin Units/ml BAL

fluid) 6 hrs after £. coliinfection, and (c) BALF neutrophils and (d) BALF macrophage to
neutrophil ratio (a resolution index) 48 hrs after infection with £, co/i (10% CFU, IB) in mice
treated with AT-RvD1 (100 ng, 1V, 1 hr after infection) or vehicle (< 0.1% EtOH in saline
vol/vol), with or without ciprofloxacin (0.2 mg/kg, IP, 1 hr after infection). Results are
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expressed as mean + SD. 7= 5-7 per group. * P < 0.05 (e) Representative hematoxylin and
eosin stains of murine lungs 48 hrs after infection. 7= 3 per group.
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