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Chronic obstructive pulmonary disease is characterized, in part, by chronic inflammation that persists
even after smoking cessation, suggesting that a failure to resolve inflammation plays an important role in
the pathogenesis of the disease. It is widely recognized that the resolution of inflammation is an active
process, governed by specialized proresolving lipid mediators, including lipoxins, resolvins, maresins,
and protectins. Here, we report that proresolving signaling and metabolic pathways are disrupted in lung
tissue from patients with chronic obstructive pulmonary disease, suggesting that supplementation with
proresolving lipid mediators might reduce the development of emphysema by controlling chronic
inflammation. Groups of mice were exposed long-term to cigarette smoke and treated with the pro-
resolving mediator resolvin D1. Resolvin D1 was associated with a reduced development of cigarette
smoke—induced emphysema and airspace enlargement, with concurrent reductions in inflammation,
oxidative stress, and cell death. Interestingly, resolvin D1 did not promote the differentiation of M2
macrophages and did not promote tissue fibrosis. Taken together, our results suggest that cigarette
smoking disrupts endogenous proresolving pathways and that supplementation with specialized proresolving
lipid mediators is an important therapeutic strategy in chronic lung disease, especially if endogenous
specialized proresolving lipid mediator signaling is impaired. (Am J Pathol 2015, 185: 3189—3201; http://

dx.doi.org/10.1016/j.ajpath.2015.08.008)

Chronic obstructive pulmonary disease (COPD) is a major
global health problem and a leading cause of death and
disability. Tobacco smoking remains the major causative
factor in the development of COPD; however, new evidence
suggests that household air pollution from fuel used for
indoor cooking and heating is also a significant cause.'*
COPD includes chronic bronchitis (with a clinical presen-
tation of airway constriction), small airway remodeling, and
emphysema, a pathological outcome of parenchymal
destruction due to unresolved chronic inflammation. Despite
the deadly nature of COPD, treatment options are scarce.
Current treatments, ranging from corticosteroids and bron-
chodilators to lung volume reduction surgery, are only able
to alleviate symptoms. There are no effective treatments that
reverse or even slow the progression of the ultimately fatal
course of the disease; therefore, new treatment options are
desperately needed.’ Interestingly, once chronic bronchitis
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and emphysema have developed, the disease can progress
even after the patient stops smoking.”” Therefore, it is
important to investigate the underlying resolution circuits so
that we can have a better understanding of the pathology of
COPD and can devise new and effective treatment strategies.
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Chronic inflammation is implicated as a key patholog-
ical factor in COPD, contributing to airway obstruction,
parenchymal destruction (emphysema), and activation of
proteases, oxidative and nitrosative stress, apoptosis, and
altered macrophage properties.””> COPD patients exhibit
multiple indications of chronic inflammation, including
elevated lung macrophages, neutrophils, T cells, and
proinflammatory mediators including IL-8 [chemokine
(C-X-C motif) ligand 8; CXCLS8], monocyte chemotactic
protein 1 (MCP-1/CCL2), and IL-6.”"° Oxidative stress is
also an important pathogenic factor in COPD, as reactive
oxygen and nitrogen species have long been known to
cause lipid peroxidation, protein oxidation, and DNA
mutation, eventually leading to cell cycle arrest and cell
death.” Although cigarette smoke contains numerous
short-acting reactive oxygen species and reactive nitrogen
species, it is underappreciated that inflammatory cells
themselves are a major contributor to tissue oxidative
stress in chronic inflammation. Activated macrophages and
neutrophils can produce superoxide, nitric oxide, perox-
ynitrite, hydrogen peroxide, and hypochlorite.””"® This
production generates the potential for a proinflammatory
feed-forward loop that promotes continued chronic
inflammation and tissue damage even after smoking
cessation.”

It is now widely acknowledged that the resolution of
inflammation is a programed, self-limited process governed
by a group of bioactive lipid mediators, coined specialized
proresolving lipid mediators (SPMs).” SPMs are mainly
biosynthesized from w-3 essential fatty acids, including
eicosapentaenoic and docosahexaenoic acids, and are
generally categorized into five families: lipoxins, D-series
resolvins, E-series resolvins, protectins, and maresins.’ It has
been observed that a diet enriched in w-3 essential fatty acids
improved lung function and reduced symptoms in smokers
who had COPD, suggesting potential beneficial roles of
SPMs in the lung.m Resolvin D1 (RvD1) is a D-series SPM
so named as it is biosynthesized from docosahexaenoic acid.
Previously, we reported that RvD1 inhibits acute lung
inflammation elicited by cigarette smoke exposure and
facilitates the resolution of inflammation after smoke expo-
sure by limiting inflammatory cell infiltration and promoting
macrophage phagocytosis.'' Others have shown that RvD1
attenuates LPS-induced and acid-induced acute lung injury,
as well as allergic airway inflammation.'' ~'* These results
suggest that RvD1 plays a role in resolution and homeostasis
in the lung and that RvD1 might be used for treating in-
flammatory lung disease caused by harmful inhaled toxicants
and microorganisms.

Although the role of RvD1 in acute inflammatory settings
has been investigated, whether RvD1 signaling plays a role in
chronic inflammatory diseases such as COPD remains largely
unknown. Here, we investigated whether RvD1 signaling is
involved in the pathogenesis of COPD and whether exogenous
RvD1 reduces chronic inflammation and emphysema in a
mouse model of long-term cigarette smoke exposure.
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Materials and Methods

Reagents and Antibodies

Aspirin-triggered (AT)-RvD1 (17R-RvD1; 7S, 8R, 17R-
trihydroxy-4Z, 9E, 11E, 13Z, 15E19Z-docosahexaenoic
acid) was purchased from Cayman Chemical (Ann Arbor, MI).
Rabbit anti-human lipoxin A4 receptor/formyl peptide receptor
2 (Alx/Fpr2) (ab63022), B-tubulin (ab151318), nitrotyrosine
(ab78163), and anti—8-hydroxydeoxyguanosine (8-OHdG;
Ab10802) were purchased from Abcam (Cambridge, MA).
Rabbit anti-mouse Alx/Fpr2 (sc-66901) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Phycoerythrin-
conjugated anti-mouse Gr-1 (553128), biotinylated rat anti-
mouse CD45 (553078), and CD16/CD32 (FcyIl/I receptor;
553142) were purchased from BD Pharmingen (San Jose, CA).
Alexa Fluor 488 and 647—conjugated anti-mouse F4/80
(MF48020 and MF48021, respectively) and Alexa Fluor
568—conjugated streptavidin were purchased from Life Tech-
nologies (Grand Island, NY). Anti—eicosanoid oxidoreductase
(Eor; NB200-179) was purchased from Novus Biologicals
(Littleton, CO). Anti-mouse cyclooxygenase-2 (Cox-2) anti-
body (160126) was purchased from Cayman Chemical. Rabbit
polyclonal antibody Ho-1 (SPA-896) was purchased from Enzo
Life Sciences (Farmingdale, NY).

Human Tissue Samples

Human lung tissue samples were collected from patients with
or without COPD who were undergoing diagnostic biopsy for
suspected lung mass. Tissue as distal to the lesion as possible
was used. Donors were consented based on the availability of
the surgeon and the availability of our clinical coordinator to
obtain consent and process the samples. All samples collected
for this study (four non-COPD and five COPD) are reported
here. Human tissue collection was performed under the su-
pervision of the University of Rochester Research Subjects
Review Board, and all donors gave informed written consent.
The donor characteristics are summarized in Table 1.

Lipid Mediator Profiling

C57BL/6 mice (groups of three) were exposed to dilute
mainstream cigarette smoke for 2 hours/day for 3 days, as
previously described.'' The mice were euthanized with
Avertin as described in Morphological and Morphometric
Analysis. Left lungs were each placed in cold methanol
and extracted as described followed by targeted lipid
mediator—SPM profiling using liquid chromatography with
tandem mass spectrometry. 1.1

Western Blot Analysis

Collected human lung tissues were homogenized in sterile
H,O0 supplemented with protease inhibitors (P8340; Sigma-
Aldrich, St Louis, MO) and a phosphatase inhibitor (P0044;
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Table 1  Characteristics of Lung Tissue Donors
Years since DLCO, % FEV1, % FVC, %
Donor type Age Sex Smoking quitting Diagnosis predicted predicted predicted
Non-COPD
N1 45 F Never Metastatic melanoma 79 86 91
N2 28 M Current (14 py) Metastatic osteosarcoma 72 110 118
N3 79 M Ex (64 py) 18 Metastatic colon cancer ND 86 91
N4 63 F Ex 25 Non-small cell lung cancer ND 78 84
COPD
C1 76 F Ex (58 py) 2 Non-small cell lung cancer 43 33 ND
C2 72 F Ex (35 py) 4 Adenocarcinoma 29 89 ND
3 80 M Ex (40 py) 18 No malignancy 29 44 65
C4 54 M Current (29 py) Benign hamartoma 74 ND 82
C5 60 F Ex (25 py) 8 Adenocarcinoma 52 78 ND

Years since quitting were not recorded in all patients.

F, female; M, male; COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lungs for carbon monoxide; FEV,, forced expiratory volume

in 1 second; FVC, forced vital capacity; ND, not determined or not recorded; py, pack-years.

Sigma-Aldrich). Protein concentration was quantitated using
a bicinchoninic acid detection assay (Pierce, Rockford, IL).
Western blot analysis was performed as described
previously. "’

Exposure to Cigarette Smoke and RvD1 Treatment
Regimen

All animal experiments were performed under the super-
vision of the University of Rochester University Com-
mittee on Animal Research. Groups of mice were exposed
to dilute mainstream cigarette smoke for 5 hours per day,
5 days per week, for 12 weeks. Smoke was generated
using 3R4F reference cigarettes (University of Kentucky
Reference Cigarette Program) smoked according to the
Federal Trade Commission protocol (1 puff per minute of
35-mL volume per cigarette) and diluted with filtered
room air using a Baumgartner-Jaeger CSM2072i auto-
mated smoking machine (CH Technologies, Westwood,
NJ) as previously described.''"'® The number of cigarettes
loaded in the carousel and the flow rate of dilution air
were adjusted to give a nominal smoke exposure of
250 mg/m3 total particulate matter; the mean concentra-
tion of these exposures was 265 & 48 mg/m>. Control
animals were exposed to filtered room air.

For treatment with AT-RvD1, air- and smoke-exposed mice
were assigned randomly to receive AT-RvD1 by inhalation or
1.v. injection, or vehicle only (80 mice total, 10 mice per group).
In our previous study,'’ we determined that 100 ng of AT-
RvD1 given daily over 4 days was well tolerated and effec-
tive in inhibiting acute cigarette smoke—induced inflammation.
We also conducted a pilot study (data not shown) that compared
AT-RvD1 100 ng daily to a single 500-ng dose at the beginning
of a 4-day acute-inflammation protocol and determined that the
single dose was effective for at least 4 days, with no discernable
adverse effects. Therefore, in this experiment we delivered
AT-RvD1 500 ng twice per week. AT-RvD1 was received as a
100 pg/mL solution in 100% ethanol. For inhalation, AT-RvD1
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500 ng was diluted in 40 pL of normal saline (final ethanol
concentration, 12.5%) and delivered by oropharyngeal aspira-
tion under isoflurane anesthesia.'” Control (vehicle) mice
received 40 pL of 12.5% ethanol in saline. For i.v. injection,
AT-RvD1 1000 ng was diluted in 100 pL of saline (final
ethanol concentration, 10%) and injected via the tail vein.
Control (vehicle) mice received 100 uL. of 10% ethanol in
saline. All groups of mice were treated with AT-RvDI1 or
vehicle twice per week for 12 weeks.

Morphological and Morphometric Analysis

After exposure to cigarette smoke for 12 weeks, mice were
anesthetized with an i.p. injection of Avertin (2,2,2-
tribromoethanol, 250 mg/kg), followed by exsanguination
and removal of the lungs for analysis. The right bronchus
was tied off, the right lobe was removed and used for other
analyses, and the left lobe was inflated with 0.5% low-
melting agarose at 25 cm pressure, then fixed in 10%
buffered formalin overnight. The left lobe was trimmed
randomly into four pieces. Sections (5 pm) from each cut
face were stained with hematoxylin and eosin and imaged
using a systematic random incremental sampling method."*
For measurement of mean linear intercept, 10 to 15 images
per lung were acquired with an Olympus BM-51 micro-
scope (Olympus Corporation, Center Valley, PA) fitted with
a Spot Insight Camera (Spot Imaging Solutions, Sterling
Heights, MI), using a 20x objective lens. A calibrated grid
was laid over the images, the number of times the grid
intercepted an alveolar wall was counted by two observers
(H.H. and a technician who is not an author) who were
blinded to the sample identities, and the mean linear inter-
cept was determined as previously described.'® For calcu-
lation of the ratio of surface area to lung volume, mean cord
length, total alveolar area, and septal length, a minimum of
15 images per lung were acquired using a Zeiss microscope
(10x objective lens) fitted with a AxioCam HRc camera
(Zeiss, Oberkochen, Germany) by an investigator who was
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blinded to the sample identities (H.H.). The images were
processed using MetaMorph Microscopy Automation and
Image Analysis software version 7.8.8 (Molecular Devices,
Sunnyvale, CA), with an algorithm generously gifted by
Drs. Tiru Rangasamy and Rubin Tuder."”

Lung Macrophage Isolation

Four or five right lungs from each group were digested in Hanks
balanced salt solution containing 1 mg/mL collagenase (Sigma-
Aldrich) and 25 U/mL of DNase I (Sigma-Aldrich). A single-
cell suspension was then prepared. Cells were first incubated
with CD16/32 antibody to block the Fc receptor—mediated and
nonspecific interactions. Cells were then washed and stained
with fluorescein isothiocyanate—conjugated F4/80 and
phycoerythrin-conjugated Gr-1. A FACSCanto II flow
cytometer (BD Biosciences) was used for flow cytometric
characterization of cell populations. Forward and side
scatter was used for excluding doublets and cell debris.
Mouse lung macrophages were isolated using cell-sorting
technology from the whole-mouse lung digest using an
Alexa 647—conjugated F4/80 antibody. Cell sorting was
performed with an FACSVantage SE flow cytometer
equipped with a DiVA sort option and an argon-ion laser at
488 nm excitation wavelength with a laser output of 200 mW
(BD Biosciences). The BD FACSDiVa software package
version 6.1.3 was used for data analysis (BD Biosciences).
Purity of sorted cells was >98%, as determined by flow
cytometry. Total RNA was isolated from sorted macro-
phages using the RNeasy kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s instructions.

Total Lung RNA Isolation and Western Blot Analysis

Four or five right lobes per group were cut into pieces and
used for preparing total protein lysates for Western blot
analysis and total lung RNA for quantitative PCR as described
previously.'' Primer sequences of the genes we investigated in
the study were: 116, 5'-GGCGGATCGGATGTTGTGAT-3'
(forward), 5'-GGACCCCAGACAATCGGTTG-3' (reverse);
Cxcll (keratinocyte chemoattractant), 5'-ACTGCACCCAA-
ACCGAAGTC-3 (forward), 5'-TGGGGACACCTTTTAGC-
ATCTT-3' (reverse); Ccl2 (monocyte chemotactic protein 1),
5'-TAAAAACCTGGATCGGAACCAAA-3' (forward),
5'-GCATTAGCTTCAGATTTACGGGT-3' (reverse); and
Alox15, 5'-TCCCTCAACCTAGTGCGTTTG-3 (forward),
5'-CCTCGGGAACGTCGAAGTC-3' (reverse). Primer
sequences for Argl, Mrcl, Tnfa, iNos (Nos2) and 18sSRNA
were described previously.''

TUNEL Assay

Apoptotic cells were detected by the DeadEnd Colorimetric
TUNEL System (Promega, Madison, WI) according to the
manufacturer’s recommendations. Sections were then coun-
terstained with DAPI for the detection of nuclei. Images (five
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per lung section) of the lung sections were acquired with a Zeiss
Imager Z1 (lens magnification, x20). In each image, the
number of DAPI-positive cells (blue nuclei) and apoptotic cells
(red) were counted manually by an investigator who was
blinded to the identity of the slides (H.H.).

IHC Analysis

Immunohistochemical staining of the lung tissue was performed
as previously described.'' The number of CD45-positive cells
in the lung sections (n = 3 per group and 10 fields per lung
section) were counted manually and were normalized by
number of total cells in the same microscopic field.

Statistical Analysis

Results are reported as means &= SEM. Two-way analysis
of variance with Bonferroni multiple comparisons and a
two-tailed, nonparametric 7-test with Welch’s correction
were performed using GraphPad Prism version 6.0e
(GraphPad Software, La Jolla, CA). P < 0.05 was
considered significant.

Results

RvD1 Signaling Is Altered in Human Lung Samples of
COPD

To investigate whether SPM signaling pathways are dis-
rupted in COPD in humans, we examined the expression of
several key proteins involved in RvDI1 signaling and
metabolism. The actions of RvD1 are mediated by ALX/
FPR2 and G-protein receptor (GPR)32 (Figure 1A). The
levels of expression of ALX/FPR2 and GPR32 were highly
elevated in lung samples from patients with COPD compared
with control lung samples (Figure 1, B—D). RvD1 is a bio-
logical substrate for inactivation by EOR (also called
15-prostaglandin dehydrogenase),”’ and the level of EOR
also affects the levels of other SPMs from arachidonate, such
as lipoxin A4.”"*** Control lungs showed a basal level of EOR
expression, which was significantly increased in lungs with
COPD (Figure 1, B and E). We also reported elsewhere that
RvDl1 levels were significantly decreased in bronchoalveolar
lavage fluid and serum from COPD patients compared with
those in healthy controls.”” These results suggest that at least
some SPM signaling pathways are dysregulated in COPD.

Bioactive Lipid Mediators Are Present in Mouse Lung

Previously, we showed that treatment with RvD1 inhibited
acute cigarette smoke—induced inflammation in mice."’
However, there is no information on which lipid mediators
are present in the lungs of smoke-exposed and control mice. For
this analysis we used lung tissue from mice exposed to cigarette
smoke for 3 days, as in our acute model."" Several important
proresolving lipid mediators were identified, including RvD1,
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Proresolving signaling involving resolvin D1 (RvD1) is altered in lungs from patients with chronic obstructive pulmonary disease (COPD). A: RvD1

signaling pathway, showing synthetic and degrading enzymes and receptors. B: Levels of lipoxin A, receptor/formyl peptide receptor 2 (ALX/FPR2), G-protein
receptor (GPR)32, and eicosanoid oxidoreductase (EOR) in human lung lysates were examined by Western blot analysis. Each lane represents a lung sample
from an individual donor. ALX/FPR2 and EOR were from the same blot, whereas GPR32 was from a second blot. Each individual blot was stripped and reprobed
with B-tubulin as a loading control. C—E: Levels of ALX/FPR2 (C) GPR32 (D), and EOR (E) were quantitated by densitometry and normalized to B-tubulin. Data
are expressed as means + SEM. n = 4 (control, non-COPD lungs); n = 5 (COPD lungs). *P < 0.05, **P < 0.01 by nonparametric, two-tailed t-test. 5-LO,
5-lipoxygenase; 15-L0, 15-lipoxygenase; 17-HDHA, 17-hydroxy docosahexaenoic acid; DHA, docosahexaenoic acid.

protectin D1, and 17-hydroxydocasahexaenoic acid, a pre-
cursor to RvD1 (Supplemental Figure S1).” Although the
level of RvD1 did not change with acute cigarette smoke
exposure, its presence suggests that RvD1 is a part of the
normal homeostasis mechanism in mouse lung. Taken
together, our results from human and mouse lung tissue
support our hypothesis that supplementation with exoge-
nous RvDI1 could inhibit long-term cigarette smoke—
induced lung disease.

AT-RvD1 Inhibits Long-Term Cigarette Smoke—Induced
Airspace Enlargement in Mice

For these in vivo studies, we used the 17-R epimer of RvDI1,
also known as AT-RvD1, because it is resistant to inactivation
by endogenous oxidoreductases and may have a longer
duration of biological activity in vivo.'""'**! We recently re-
ported that AT-RvDI inhibited acute cigarette smoke—
induced inflammation in mice, and accelerated resolution of
inflammation after smoking cessation.'' Here, we investigated
whether AT-RvD1 inhibits the development of cigarette
smoke—induced airspace enlargement in a well-developed
mouse model. Female A/J mice were exposed to dilute
mainstream cigarette smoke for 5 days/week for 12 weeks.”
Groups of mice were treated with AT-RvD1 twice a week
either by inhalation or by i.v. injection as described in
Materials and Methods.

The American Journal of Pathology m ajp.amjpathol.org

As previously described,” cigarette smoke induced
airspace enlargement and parenchymal destruction, as
demonstrated by histological examination and by mean
linear intercept (Figure 2, A and B, respectively). Treatment
with AT-RvD1, when given by both inhalation (Figure 2, A
and B) and i.v. injection (Supplemental Figure S2), was
associated with significantly inhibited development of
airspace enlargement. With AT-RvD1, several additional
lung morphometry parameters were preserved, including
alveolar surface-to-volume ratio (Figure 2C), mean chord
length, alveolar area, septal length, and alveolar radius
(Supplemental Figure S3). Because the efficacy of AT-
RvD1 was similar when AT-RvD1 was given by inhala-
tion or i.v. injection, we conducted our subsequent analyses
using the inhalation group.

We also investigated the effects of long-term cigarette smoke
exposure on proresolving signaling pathways. Similar to COPD
patients, mice exposed to cigarette smoke long-term showed
increased expression of Alx/Fpr2 and Eor (Figure 3A). We also
examined the expression of murine 12/15-lipoxygenase (12/
15Lox; an orthologue of human 15-LOX-1), a proresolving
enzyme that coverts precursors into several SPMs, including
RvD1.” Long-term smoke exposure was associated with
significantly reduced 12/15Lox mRNA levels (Figure 3B).
Interestingly, although treatment with AT-RvD1 was associated
with a significantly increased level of 12/15Lox mRNA, the
expression of Alx/Fpr2 or Eor were not affected (Figure 3A).
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Figure 2  Aspirin-triggered resolvin D1 (AT-RvD1) attenuates long-term
cigarette smoke—induced destructive airspace enlargement. A: Representa-
tive hematoxylin and eosin—stained photomicrographs of lung sections from
mice subjected to 12 weeks of cigarette smoke exposure with AT-RvD1 treat-
ment or without (Veh). B and C: Mean linear intercept (Lm) (B) and alveolar
surface-to-volume ratio (Sv) (C) were determined as described in Materials and
Methods. n = 5 mice per treatment group. *P < 0.05, **P < 0.01 by t-tests
with Welch’s correction.

Taken together, these results suggest that chronic smoke
exposure decreases the production of endogenous SPMs and
increases their degradation, and that, although treatment with
exogenous AT-RvDI can prevent the airspace enlargement
phenotype, it does not directly restore the endogenous SPM
pathways.

AT-RvD1 Inhibits Chronic Inflammation Elicited by
Long-Term Cigarette Smoke Exposure

Because chronic inflammation is a key factor in COPD, and
RvDl1 is known to inhibit acute lung inflammation and
injury, we hypothesized that the protective effect of
AT-RvD1 in long-term cigarette smoke exposure is due to
the inhibition of chronic inflammation.”>*>° Therefore, we
investigated whether AT-RvD1 alters the accumulation of
inflammatory cells in lungs exposed to cigarette smoke,
using immunohistochemistry analysis, flow cytometric
analysis, and quantitative PCR. Lung sections were stained
with the common leukocyte antigen CD45. In long-term
cigarette smoke-exposed lungs, the number of CD45-
positive cells in lung tissue was increased compared with
that in mice exposed to ambient air. Treatment with AT-
RvD1 was associated with a significantly reduced total
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leukocyte number in lung tissue (Figure 4, A and B). We
also determined the percentages of neutrophils and macro-
phages in lung tissue digests by flow cytometry. Cigarette
smoke can activate neutrophils and induce macrophage
recruitment, and as expected, neutrophils and macrophages
were increased in cigarette smoke—exposed lungs (Figure 4,
C and D, Supplemental Figure S4). This increase was
blunted with AT-RvD1 treatment, suggesting that both
neutrophils and macrophages are potential targets of
AT-RvD1.

To further understand how AT-RvD1 modulates chronic
inflammation, the expression of selected classic proin-
flammatory genes was analyzed by quantitative PCR of whole-
lung RNA. In the cigarette smoke—exposed lungs, levels of
1-6, Cxcll (keratinocyte chemoattractant, a murine analogue of
human IL-8), and Ccl2 (monocyte chemotactic protein 1)
mRNA (Figure 4, E—G, respectively) were highly increased.
With AT-RvDl1, the increases in 11-6 and Cxcll were inhibited,
suggesting that AT-RvD1 alleviates chronic lung inflammation
via down-regulation of these disease-relevant genes (Figure 4, E
and F). However, the expression of Ccl2 was increased by
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Figure 3  Cigarette smoke exposure dysregulates proresolving signaling
in mouse lung. A: Whole-lung lysates were analyzed by Western blot
analysis for the expression of lipoxin A, receptor/formyl peptide receptor 2
(Alx/Fpr2) and eicosanoid oxidoreductase (Eor). B-Tubulin was used as a
loading control. Original blots were cropped for illustration purposes. The
results were quantitated by densitometry and normalized to B-tubulin. B:
12/15-Lipoxygenase (12/15Lox) mRNA was determined in whole-lung RNA
by real-time PCR. Data are expressed as means + SEM. n = 3 to 5 mice per
group. *P < 0.05, ***P < 0.001 by two-way analysis of variance. RvD1,
resolvin D1; Veh, vehicle.
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Figure 4  Aspirin-triggered resolvin D1 (AT-RvD1) reduces chronic inflammation elicited by chronic cigarette smoke. A: Representative photomicrographs
of CD45-stained lung sections after exposure to air or cigarette smoke, treated with vehicle (closed squares) or AT-RvD1 (open circles). The arrow indicates
CD45™ cells in peribronchial and perivascular spaces; arrowhead, accumulated CD45™ cells in the interstitial spaces. B: (D45 cells were counted in 5 high-
power fields per mouse. C and D: Percentages of Gr-1" neutrophils (C) and F4/80" macrophages (D) were determined by flow cytometry. E—H: mRNA levels of
Il-6 (E), chemokine (C-X-C motif) ligand 1/keratinocyte chemoattractant (Cxcl1/Kc) (F), monocyte chemotactic protein 1 (MCP1/(cl2) (G), and Il-10 (H) were
quantified in whole-lung homogenates by real-time PCR. I: Levels of cyclooxygenase (Cox)-2 and intercellular adhesion molecule (Icam)-1 in mouse lung were
determined by Western blot analysis. B-Tubulin was used as a loading control. The results were quantitated by densitometry and normalized to B-tubulin. Data
are expressed as means & SEM. n = 4 mice per group (F, G, and I); n = 5 mice per group (B—E and H). *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way
analysis of variance with Bonferroni post-test.
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Aspirin-triggered resolvin D1 (AT-RvD1) reduces cigarette smoke—induced cell death. A: Representative images of lung sections stained using

terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL). The nuclei of TUNEL-positive cells were labeled in red. Tissue sections were
counterstained with DAPI to visualize cell nuclei (blue nuclei). B: TUNEL-positive cells and DAPI-stained nuclei were counted in five high-power fields per
mouse. The apoptotic index was defined as the number of TUNEL-positive cells per 100 DAPI-stained nuclei. C: Level of cleaved caspase-3 was examined by
Western blot analysis. The results were quantitated by densitometry and normalized to B-tubulin. Data are expressed as means + SEM. n = 5 mice per group
(B). ***P < 0.001 for smoke/vehicle versus smoke/AT-RvD1 by two-way analysis of variance with Bonferroni post-test (B). Veh, vehicle.

cigarette smoke but was not reduced with AT-RvD1 treatment
(Figure 4G). We also examined the expression of II-10, a
cytokine that has potent proresolving properties.””’ The
expression of II-10 was significantly up-regulated with
AT-RvDl, indicating that I1-10 is a target (Figure 4H). Finally,
we examined expression of Cox-2, a classic proinflammatory
enzyme, and intercellular adhesion molecule (Icam-1), an
adhesion molecule that contributes to neutrophil and
macrophage extravasation. The levels of expression of
Cox-2 and Icam-1 have been reported to be correlated with
the pathogenesis of COPD.” Consistent with our other re-
sults, these proteins were up-regulated with cigarette
smoke exposure, and this increase was blocked with
treatment with AT-RvD1 (Figure 41).

AT-RvD1 Attenuates Cigarette Smoke—Induced
Apoptosis in Mouse Lung

Cell death is a consequence of long-term cigarette smoke
exposure and a hallmark of emphysema.””® Because AT-
RvDl1—treated animals were protected from cigarette
smoke—induced tissue destruction and cell inflammation,
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we also examined the effect of AT-RvD1 on lung cell death.
Cigarette smoke—exposed lungs were assessed by TUNEL
staining, a marker of DNA damage associated with cell death.
Because long-term smoke exposure is known to induce cell
death, it was not surprising that the number of TUNEL-positive
cells was significantly increased in the lungs that were exposed
to long-term cigarette smoke (Figure 5, A and B).” '
AT-RvD1 was associated with reduced TUNEL staining
induced by cigarette smoke, suggesting that the reduction of
airspace destruction by AT-RvD1 may be a consequence of
reduced cell death. To further the effect of AT-RvD1 on
apoptosis pathways, we examined the expression of activated
caspase-3, a proapoptotic factor that is induced by cigarette
smoke and is increased in lungs from patients with COPD.***
Caspase- 3 showed a nonsignificant trend toward decrease
with AT-RvDI treatment (Figure 5C).

AT-RvD1 Ameliorates Long-Term Cigarette
Smoke—Induced Oxidative Stress

Oxidative stress in COPD can come from both cigarette
smoke as well as activated inflammatory cells.**” To
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examine the effect of AT-RvD1 on oxidative stress, lung
sections were stained for nitrotyrosine and §-OHdG,
markers of protein nitrosylation by reactive nitrogen species,
and DNA oxidation by reactive oxygen species. Both
nitrotyrosine and 8-OHdG were increased with long-term
cigarette smoke exposure (Figure 6, A and B). Importantly,
in AT-RvD1—treated animals, not only was the amount of
staining reduced but also the number of inflammatory cells
stained with 8-OHdG and nitrotyrosine was reduced
(Figure 6, A and B). We also analyzed protein carbonylation
by Western blot analysis. Consistent with earlier findings, the
level of protein carbonylation was increased with cigarette
smoke exposure, and this increase was alleviated with
AT-RvDI1 treatment (Figure 6C).

AT-RvD1 Treatment Does Not Promote a Macrophage
M2 Phenotype

We recently reported that AT-RvD1 promoted differentiation
of M2 macrophages in mice exposed acutely (3 days) to
cigarette smoke.'' Although M2 macrophages are believed
to be beneficial in mitigating inflammation and promoting
resolution,”**” there is evidence to suggest that M2 macro-
phages also promote fibrosis in long-term settings.”® ** To
evaluate whether AT-RvD1 promotes M2 macrophage polar-
ization in our model of long-term cigarette smoke exposure,
lung macrophages were isolated from whole-lung digests by
cell sorting, and the levels of expression of M1 and M2 markers
were quantitated using real-time PCR. In air-exposed mice,
macrophages from mice treated with AT-RvD1 exhibited
increased RNA for the M2 marker mannose receptor Mrcl
(mannose receptor, CD206) and decreased RNA for the M1
marker inducible nitric oxide synthase (Figure 7, A—D).
However, the M1 and M2 profiles of lung macrophages from
mice exposed to cigarette smoke and treated with AT-RvD1
were similar. We also evaluated collagen deposition by sta-
ining lung sections with Gomori’s trichrome. With AT-RvD1,
changes associated with fibrosis, such as interstitial deposition
of collagen fibrils, were not promoted in the presence or
absence of long-term cigarette smoke exposure (Figure 7E).

Figure 6  Aspirin-triggered resolvin D1 (AT-RvD1)-treated lung shows a
reduction in oxidative stress. A: Mice were exposed to air or cigarette
smoke and treated with vehicle or AT-RvD1, and lung sections were stained
for anti—8-hydroxydeoxyguanosine (OHdG). 8-OHdG staining (brown) is
evident in smoke-exposed mice in both epithelium (arrowheads) and
macrophages (arrows), and is reduced with treatment with AT-RvD1.
B: Lung sections from smoke-exposed and AT-RvD1—treated mice were
stained for nitrotyrosine (red). Nitrotyrosine staining is broadly distributed
in lung sections from smoke-exposed and vehicle-treated mice (Veh),
especially in the epithelium (arrowheads) and macrophages (arrows), and
is reduced with treatment with AT-RvD1. C: Protein carbonylation was
measured in lung homogenates using an OxyBlot kit following the manu-
facturer’s instructions (EMD Millipore, Billerica, MA). The same blot was
stripped and reprobed with B-tubulin as a loading control. Each lane
represents an individual mouse. Protein carbonylation was quantified by
densitometry normalized to B-tubulin. Data are expressed as means 4 SEM.
*P < 0.05 versus vehicle/smoke.
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Figure 7

Vehicle/Smoke

Aspirin-triggered resolvin D1 (AT-RvD1) neither affects macrophage phenotype nor induces fibrosis. A—D: Total RNA was isolated from lung F4/80%

macrophages and subjected to quantitative PCR to determine the levels of Arg1 (A), mannose receptor (Mrc)-1 (B), inducible nitric oxide synthase (iNos; C), and tumor
necrosis factor (Tnf)-c (D). 18sRNA was used as an internal control. E: Representative photomicrographs of lungs exposed to chronic smoking, with or without AT-RvD1
treatment, and stained for Gomori's trichrome stain. Collagen deposition was stained blue. Sections were counterstained with hematoxylin for nuclei. Data are expressed
as means & SEM. n = 4 or 5 mice per group. *P < 0.05, ***P < 0.001 versus vehicle/air by two-way analysis of variance with Bonferroni post-test.

Discussion

Chronic inflammation is a major component of COPD. It
has long been thought that COPD is marked by defective
control of inflammation, but the reasons had not been fully
elucidated.*” Here, we show for the first time that some
proresolution pathways are dysregulated both in COPD
patients and in a mouse model of long-term cigarette smoke
exposure, with increased levels of RvD1 receptors but also
increased expression of an RvDI-degrading enzyme
(Figures 1 and 3). We also show for the first time that
supplementation with AT-RvD1 not only inhibits emphy-
sema but also attenuates chronic cellular inflammation,
oxidative stress, and cell death, all of which are key in the
pathogenesis of COPD (Figures 2, 4, 5, and 6 and
Supplemental Figures S2, S3, and S4).

Although it has previously been reported that ALX/FPR2
is up-regulated in COPD,*”*” we show here for the first time
that GPR32 and EOR are also up-regulated in lung tissue
from COPD patients, and that Eor is up-regulated and 12/
15Lox is down-regulated in mice exposed to cigarette
smoke long-term. These findings support that long-term
tobacco smoke exposure affects a significant proresolution
pathway shared by humans and mice. EOR was initially
thought to degrade proinflammatory mediators such as
prostaglandin E (PGE), to reduce inflammatory responses, "’
but it is now known to also degrade proresolving mediators
including LXA 4 and RvD1.”"** PGE, also plays a proresolving
role by activating lipid class switching."” Increased EOR likely
inhibits resolution by degrading proresolving mediators and by
dampening PGE,-driven lipid class switching. Ligands for
ALX/FPR2 include the proresolving mediators LXA, and
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RvD1, and also the proinflammatory molecule serum amyloid
A.*? (Human GPR32 has no other known ligands.) The effects
of ligand binding to ALX/FPR2 are concentration, conforma-
tion, and context specific."* Levels of LXA, and RvD1 are
reduced in sputum, serum, and exhaled breath from COPD
patients and serum amyloid A is increased.”>*>*® Thus, up-
regulation of ALX/FPR2 expression, in combination with
increased EOR and decreased LXA, and RvD1, could lead to
increased proinflammatory signaling by serum amyloid A due
to a loss of competition for receptor binding by proresolving
molecules. Finally, we have also identified multiple differences
in SPMs in human exhaled breath condensate between healthy
volunteers and COPD patients, and demonstrated a significant
decrease in RvD1 in both bronchoalveolar lavage fluid and
serum from COPD patients.” Taken together, we suggest that
these data reflect an attempt to limit inflammation by up-
regulating the receptors for proresolving mediators that is
defeated by increased degradation of those mediators.

COPD is a complex inflammatory disease that includes
chronic infiltration of the lungs by inflammatory cells.” In this
study, we have demonstrated that cigarette smoke—exposed
lungs had increased macrophages and neutrophils, and that
these increases were attenuated by AT-RvD1 (Figure 4).
Inflammatory cells are major sources of proinflammatory
mediators that amplify and propagate inflammatory responses.”
It is known that proinflammatory mediators, including IL-6,
IL-8, and monocyte chemotactic protein 1, play crucial roles
in orchestrating immune responses by regulating the trafficking
of inflammatory and immune cells to the lung in response to
cigarette smoke exposure.’ In contrast, IL-10 is a profoundly
anti-inflammatory cytokine that is decreased in COPD and
other chronic lung inflammatory diseases,”’ and is up-regulated
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by RvD1.""** Previously, we reported that RvD1 attenuated the
production of the neutrophil chemoattractant IL-8 by human
lung epithelial cells by inhibiting the activation of NF-kB and
mitogen-activated protein kinase.”” RvD1 also directly inhibits
neutrophil chemotaxis.>'>° Here, we found that AT-RvD1
dramatically altered the inflammatory environment in
cigarette smoke—exposed lungs, with reductions in total
inflammatory cells, neutrophils, and the expression of
proinflammatory cytokines, Cox-2, and ICAM-1, and
increased expression of IL-10. We hypothesize that the
reduction in inflammation results from both the direct in-
hibition of neutrophil chemotaxis and activation as well as
inhibition of proinflammatory signaling by epithelial and
other lung cells, resulting in decreased levels of expression
of chemotactic factors and adhesion molecules. The specific
mechanism of action of AT-RvD1 on inflammatory cells is not
fully understood at this time; however, we recently reported that
RvD1 inhibits the release of proinflammatory signals by lung
epithelial cells by blocking the NF-kB and ERK pathways."’
AT-RvD1l may also interfere with the proinflammatory
effects of serum amyloid A binding to ALX/FPR2.

Although AT-RvD1 reduced the number of tissue mac-
rophages in smoke-exposed mice, we suspected that it might
also alter their phenotype. We and others have reported that
RvD1 promotes alternative activation of macrophages (the
M2 phenotype)' """ and that the M2 macrophages appear to
mitigate inflammation and promote the resolution of
inflammation in acute models and cell culture systems.'""’
However, some evidence suggests that in chronic diseases,
M2 macrophages may promote tissue remodeling and
repair, leading to fibrosis.”® In our model of long-term
smoke exposure with AT-RvD1 treatment, we did not find
evidence of preferential M1 or M2 activation. We hypoth-
esize that a strong M2 phenotype may be a feature of early
activation of resolution pathways in acute models, whereas
long-term AT-RvDI treatment results in a more balanced
macrophage phenotype. Importantly, there were no signs of
tissue fibrosis with AT-RvD1 treatment.

Concurrent with the reduction in cellular inflammation, AT-
RvDI1 treatment also was associated with reduced oxidative
stress and cell death. Cigarette smoke contains high levels of
free radicals and free radical—generating compounds that
contribute to oxidative stress.” However, it is also clear that a
second significant source of oxidative stress in chronic lung
disease including COPD are inflammatory cells themselves.™
Cigarette smoke and oxidative stress are both strong stimu-
lators of cell death and are key factors in the tissue destruction
seen in emphysema.***~” RvD1 itself is not an antioxidant at
the concentrations used,5 2 50 it is possible that reduced
oxidative stress and cell death is an indirect effect of a
reduction in the numbers of inflammatory cells. Alternatively,
recent evidence suggests that RvD1 has direct antiapoptotic
effects. RvD1 inhibits apoptosis caused by antibiotic-induced
ER stress in liver cells™ and also attenuates cigarette
smoke—induced cell death in murine macrophages by up-
regulating the expression of the antiapoptotic proteins B-cell
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lymphoma-2 and B-cell lymphoma-extra large.” Taken
together, we suspect that the net reductions in oxidative stress
and cell death are likely due to a combination of direct
effects of RvD1 on apoptosis signaling pathways as well as
reductions in the numbers of inflammatory cells.

Corticosteroids, currently used for controlling the
symptoms of COPD exacerbations, also block the produc-
tion of proinflammatory mediators, which may ultimately
contribute to an enhanced inflammatory pathology.”””
There is also increasing thought that therapies that target a
single mediator or cascade are unlikely to provide major
clinical benefits in patients with COPD because COPD is a
complex inflammatory disease involving multiple patho-
logical pathways and mediators.”® RvD1 and other SPMs
are naturally occurring molecules that act to ensure tissue
homeostasis by modulating the phenotypes of a wide
variety of cell types and by targeting multiple signaling
pathways.” Our study provides insight into the use of this
new genus of proresolution mediators as therapeutic re-
agents that can dampen pathological signaling pathways in
chronic inflammation and reinforce proresolving pathways
that promote a return to homeostasis.
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