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Resolvin D1 and Aspirin-Triggered Resolvin D1 Promote
Resolution of Allergic Airways Responses

Alexandre P. Rogerio,* Oliver Haworth,* Roxanne Croze,* Sungwhan F. Oh,’
Mohib Uddin,* Troy Carlo,* Michael A. Pfeffer,* Rebekah Priluck,*
Charles N. Serhan,” and Bruce D. Levy*'

Asthma is a disease of airway inflammation that in most cases fails to resolve. The resolution of inflammation is an active process
governed by specific chemical mediators, including D-series resolvins. In this study, we determined the impact of resolvin D1 (RvD1)
and aspirin-triggered RvD1 (AT-RvD1) on the development of allergic airway responses and their resolution. Mice were allergen
sensitized, and RvD1, AT-RvD1 (1, 10, or 100 ng), or vehicle was administered at select intervals before or after aerosol allergen
challenge. RvD1 markedly decreased airway eosinophilia and mucus metaplasia, in part by decreasing IL-5 and IxkBa degradation.
For the resolution of established allergic airway responses, AT-RvD1 was even more efficacious than RvD1, leading to a marked
decrease in the resolution interval for lung eosinophilia, decrements in select inflammatory peptide and lipid mediators, and more
rapid resolution of airway hyperreactivity to methacholine. Relative to RvD1, AT-RvD1 resisted metabolic inactivation by macro-
phages, and AT-RvD1 significantly enhanced macrophage phagocytosis of IgG-OVA—coated beads in vitro and in vivo, a new
proresolving mechanism for the clearance of allergen from the airways. In conclusion, RvD1 and AT-RvD1 can serve as important
modulators of allergic airway responses by decreasing eosinophils and proinflammatory mediators and promoting macrophage
clearance of allergen. Together, these findings identify D-series resolvins as potential proresolving therapeutic agents for allergic

responses. The Journal of Immunology, 2012, 189: 000-000.

sthma is a chronic inflammatory disease of the airways

without curative therapy (1). Allergen-induced airway

responses are common in asthma and notable for in-
filtration and accumulation of eosinophils and T lymphocytes in
the airways. These leukocytes, as well as lung-resident cells, can
produce soluble mediators that promote airway inflammation,
mucus metaplasia, and hyperresponsiveness, which are cardinal
features of asthma (1). Most patients with asthma have symptoms
that are readily controllable by standard asthma therapies, in-
cluding B,-adrenergic agonists, low doses of inhaled cortico-
steroids, or leukotriene modifiers (1). However, 5-10% of asth-
matic individuals have poorly controlled disease with frequent
exacerbations or symptoms that are refractory to current therapy (2).
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During inflammation, the essential w-3 fatty acid docosahex-
aenoic acid (DHA; C22:6) is available for enzymatic transfor-
mation to several anti-inflammatory and proresolving mediators,
including D-series resolvins (3). Proresolving mediators are gen-
erated from DHA in asthmatic airways (4) and during experi-
mental allergic airway responses (4, 5), and these DHA-derived
mediators can promote clearance of eosinophils and T cells (4, 6).
Epidemiological evidence has uncovered a significant relationship
between dietary fish ingestion and a lower prevalence of allergy
and asthma (7), and DHA is enriched in cold-water fish. In ad-
dition, DHA is present in airway mucosa, and, in comparison with
healthy individuals, mucosal levels of DHA decrease in asthmatic
individuals, particularly in relation to the w-6 fatty acid arach-
idonic acid (C20:4) (8). Resolvin D1 (RvD1) is enzymatically de-
rived from DHA and has recently been identified to inhibit neu-
trophil activation (9-11), regulate cytokines (12, 13), and protect
after ischemia-reperfusion second organ injury (14, 15) and LPS-
induced acute lung injury (16). In this study, we determined the
actions of RvD1 and its aspirin-triggered epimer RvD1 (AT-
RvD1) on the course and resolution of allergic airway responses
in a murine experimental model of asthma.

Materials and Methods

Animals

After approval by the institutional review board of Harvard Medical Area
(protocol 03618), 5-7-wk-old FVB male mice (body weights 20-25 g;
Charles River Laboratories) 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 Nu-
trition International) containing 4.5% total fat with 0.26% w-3 fatty acids
and <0.01% C20:4 and were provided water ad libitum.

Murine asthma model

Mice were sensitized by i.p. injection on protocol days 0 and 7 with 10 pg
OVA (Grade III; Sigma-Aldrich) plus 1 mg aluminum hydroxide as ad-
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juvant (Sigma-Aldrich) in 0.2 ml saline. On protocol days 14, 15, 16, and
17, mice were aerosol challenged with 6% (w/v) OVA for 25 min/d (as
in Ref. 17). Some mice received RvD1 (10 ng) or vehicle (0.01% (v/v)
ethanol) in saline by i.v. injection 1 h before mice were euthanized on
protocol day 18 after first sensitization. In a second cohort, mice received
RvDI1 (1-100 ng) or vehicle (0.1% (v/v) ethanol) in saline by i.v. injection
30 min before OVA aerosol challenge on days 14, 15, 16, and 17 after the
first sensitization. Analyses were performed 24 h after the last OVA neb-
ulization. In a third cohort, mice received RvD1 (10-100 ng), AT-RvD1
(100 ng), or vehicle (0.1% (v/v) ethanol) alone by i.v. injection on protocol
days 18, 19, and 20, and tissue samples were obtained for analyses during
the resolution phase of the model on protocol days 21 and/or 25. In a
fourth cohort, mice received RvD1 (100 ng), AT-RvD1 (100 ng), or vehicle
(0.5% [v/v] ethanol) intranasally in 20 .l saline on protocol days 18, 19,
and 20, and tissue samples were analyzed on protocol day 21. Doses were
chosen based on prior reports with the E-series resolvin El in this model
(17) and with RvD1 and AT-RvD1 in murine models of acute inflammation
(11). Resolution was quantitated by calculation of the resolution index
(time interval from maximum to half-maximum) for bronchoalveolar la-
vage fluid (BALF) eosinophils (as in Refs. 17, 18).

Bronchoalveolar lavage

BAL was performed with two 1-ml aliquots of PBS with 0.6 mM EDTA.
Cells in BALFs were resuspended in PBS and counted using a hemocy-
tometer. Cytospin preparations were done by cytocentrifugation (265 X g;
StatSpin), and cells were stained with Wright—Giemsa (Sigma-Aldrich) for
quantification of leukocyte subsets; at least 200 cells per slide were counted.

Histology and immunohistochemistry

In select animals, lungs were collected, fixed with 10% (v/v) buffered
formalin at a perfusion pressure of 20 cm H,0, and embedded in paraffin
for staining with H&E or periodic acid-Schiff (PAS) reagent (Sigma-
Aldrich) (as in Ref. 17). Additional sections were immunostained for
rabbit anti-mouse ALX/FPR2 (1:50; Santa Cruz Biotechnology) and its
isotype control, labeled with biotinylated goat anti-rabbit IgG (1:100;
Santa Cruz Biotechnology), and developed using the Vectastain Elite ABC
kit (Vector Laboratories) and diaminobenzidine (Sigma-Aldrich) as a sub-
strate. National Institutes of Health Imagel] 1.36b imaging software (Na-
tional Institutes of Health, Bethesda, MD) was used to quantitate ALX/
FPR2 receptor abundance. Scores for peribronchiolar inflammatory cell
infiltrates in sections from each lung were graded as in Bilsborough et al.
(19)—namely, a score of O indicated the absence of inflammatory cell
infiltrates; a score of 1, less than five layers of inflammatory cells in <50%
of the bronchiolar submucosa; 2, more than five layers of inflammatory
cells in <50% of the bronchiolar submucosa; 3, less than five layers of
inflammatory cells in >50% of the bronchiolar submucosa; and 4, more
than five layers of inflammatory cells in >50% of the bronchiolar sub-
mucosa (19). To quantitate the level of mucus expression in the airway, the
number of PAS staining (PAS*) cells in individual bronchioles was counted
as described previously (20).

Measurement of lung resistance

For measurement of airway hyperresponsiveness, mice were anesthetized
with sodium pentobarbital (80 mg/kg, i.p.) and mechanically ventilated with
a FlexiVent mouse ventilator (SciReq), and aerosolized methacholine (0, 1,
3, 10, 30, and 100 mg/ml) was delivered in-line through the inhalation port
for 10 s. Lung resistance was determined as the mean of 10 measurements
obtained for each concentration of methacholine and reported as the percent
increase from baseline (PBS nebulization). No BAL or histological analysis
was performed on mice undergoing measurement of airway hyperrespon-
siveness.

Cytokines and lipid mediators

Samples of cell-free BALF (centrifuged for 10 min at 300 X g) were
assigned an individual code, and peptide mediators were measured by bead
array (Aushon BioSystems) and lipid mediators by ELISA (leukotriene B,
[LTB,4] [Cayman Chemical] and lipoxin A4 [LXA,4] [Neogen]).

Western blots

Lungs were homogenized with a hand-held glass dounce. Samples were
denatured, and equal amounts of protein (50 pg) were loaded per lane prior
to electrophoresis with 12% (w/v) SDS-PAGE gels. After transfer onto a
polyvinylidene difluoride membrane (0.2 pwm pore size) using the Mini-
PROTEAN 3 apparatus (Bio-Rad), immunoblots were probed with primary
Abs to IkBa (1:1000 dilution; Santa Cruz Biotechnology) followed by a
donkey anti-rabbit IgG conjugated to HRP (1:5000 dilution; GE Health-

care) and were visualized using ECL (GE Healthcare). An Ab against
B-actin (1:500 dilution; Santa Cruz Biotechnology) was used as a loading
control. The immunoblotted membranes were detected using a Chemilu-
minescence Substrate kit (Thermo Scientific) and visualized on the Fluo-
rChem HD2 Imaging System (Alpha Innotech). Densitometric analysis
was performed using integrated density analysis provided by AlphaEaseFC
software.

Gene expression

Lungs were obtained and snap frozen. RNA was extracted with TRIzol
(Invitrogen) and reverse transcribed. The cDNA was used as a template for
the amplification of murine ALX/FPR2 (GenelD: 14289) by real-time
PCR using a Stratagene real-time PCR machine (model Mx 3005; Stra-
tagene). Fold change was calculated as 274ACT for the difference between
the cycle threshold (Cr) value for the gene of interest and the respective Cr
value for ppia (ACt) compared with day 0.

Lung macrophage isolation and allergen clearance

Macrophages from control or OVA-sensitized and -challenged animals were
obtained at protocol day 21 from BAL as described previously (21).
Phagocytosis was determined in vitro using AMJ2-C8 (murine alveolar
macrophages cell line; American Type Culture Collection) or freshly ob-
tained murine alveolar macrophages (mAlvMacs). As in Ref. (22), cells
were placed on coverslips in 96-well plates (2 X 10° cells/well) in media
(RPMI 1640 plus 10% FCS containing L-glutamine and antibiotics) and in-
cubated overnight at 37°C. Nonadherent cells were removed, and mAlvMacs
were supplemented with fresh medium. Macrophages (cell line or from
BAL) were treated with RvD1, AT-RvDI1 (0.1, 10, or 100 nM), or vehicle
(ethanol <0.01%) and incubated in the dark (20 min, 37°C). Rabbit anti-
OVA IgG-Ab—coated polybead microsphere beads were prepared (ac-
cording to the manufacturer’s instructions [Polysciences]) and added to the
cells at a ratio of 13 beads/cell. Immediately (time 0) or after 15 min, cells
were washed with PBS and paraformaldehyde (4%) was added. After
30 min, cells were washed again with PBS, and FITC-conjugated goat anti-
rabbit Ab (1:150) was added (35 min, room temperature, in the dark).
Supernatants were removed, and after washing in PBS, the cells on the
coverslips were mounted for fluorescent microscopy. Beads were counted
in both light and fluorescence images that were acquired for =50 cells in
each incubation. Because Abs are not membrane permeable, only adherent
noninternalized beads are fluorescent. This allows for distinction between
internalized and cell-adherent beads. To quantify particle internalization,
the number of surface-bound beads was counted from the fluorescence
images, and the total number of beads from the nonfluorescent images. The
phagocytosis index was determined by subtracting the number of fluo-
rescent beads from the total number of beads (nonfluorescent images) to
derive the number of internalized beads. For each cell counted, the number
of internalized beads was divided by the total number of beads to derive its
phagocytosis index.

Macrophage phagocytosis of allergen in vivo

Mice were sensitized to OVA as described above. On protocol day 14, RvD1
(100 ng), AT-RvD1 (100 ng), or vehicle (0.1% [v/v] ethanol) alone was
administered i.p. in 100 .l sterile saline (as in Ref. 18). After 5 min, rabbit
anti-OVA IgG-Ab—coated beads were injected i.p. The number of beads
was ~13 latex beads per macrophage based on the anticipated total number
of macrophages (~1 X 10°) expected from control mice (nonstimulated)
(23). After 15 min, peritoneal contents were collected by lavage (2 X 3 ml
aliquots of PBS with 0.6 mM EDTA). Paraformaldehyde was immediately
added (4% final concentration) to peritoneal lavage fluids. After 30 min,
cells were washed with PBS, and FITC-conjugated goat anti-rabbit Ab
(1:150) was added (35 min, room temperature, in the dark). After centri-
fugation (265 X g, 5 min), the supernatants were removed, and cells were
washed in PBS. Cells were mounted for fluorescent microscopy by cyto-
spin (265 X g; StatSpin), and the phagocytosis index was calculated as
described above.

RvD1 and AT-RvD1 further metabolism and inactivation

AMIJ2-C8 cells were suspended (2 X 10%/ml) in PBS with CaCl,, MgCl,,
and dextrose (10 mM) and warmed (37°C, 5 min) prior to incubation for
30 min (37°C) in the presence of RvDI1, AT-RvD1 (100 nM), or vehicle
(ethanol 0.1%). Indomethacin (100 pM; Sigma-Aldrich) was added to
select cells just prior to RvD1. Reactions were stopped with 2.5 volumes of
iced methanol and stored at —20°C (=12 h) until extraction. d4-PGE, was
added as an internal standard to calculate recovery during C18 solid-phase
column extraction. The methyl formate eluate was taken for liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based quantita-
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tion of RvD1, AT-RvD1, and the RvD1 metabolite 17-oxo-RvD1 (as in Refs.
11, 24). Briefly, metabolism to 17-oxo-RvD1 was determined by monitoring
at mass-to-charge ratio (m/z) 373 and the presence of at least three addi-
tional prominent daughter ions, including m/z 355 [-H,O]; 337 [-2H,0];
329 [373-CO,]; 275 [373-CHO-CH,-(CH),-CH,-CHj;]; 231 [373-CHOH-
CH,-(CH),-CO,]; and 141 [CHO-CH,-(CH),-(CH,),-COO-]. The quanti-
ties of 17-oxo-RvD1 relative to its precursors (RvDI1, AT-RvDI1) were
expressed as percent conversion to the metabolite.

Statistical analysis

Statistical significance was assessed by the Student ¢ test and one-way
ANOVA. When significant differences were identified, individual com-
parisons were subsequently performed with the Tukey’s test. The p values
<0.05 were considered significant.

Results

RvD1 counters the development of allergic airway responses

To determine if RvD1 could regulate allergic airway inflammation,
a single dose of RvD1 (10 ng) or vehicle (0.01% ethanol) was given
i.v. to animals on protocol day 18 after allergen sensitization and
challenge with OVA. Leukocytes in the airways were measured 1 h
later in BALFs. Total BALF cells were decreased after i.v. RvD1,
with significant decrements in BALF eosinophils and lymphocytes
(Fig. 1A). BALF eosinophils were decreased by ~60% from 1.45 =
0.33 (vehicle) to 0.57 = 0.10 (RvD1) (mean X 10%ml + SEM for
n=7;p < 0.05), and BALF lymphocytes were also decreased by
~60% from 2.4 = 0.6 (vehicle) to 0.87 £ 0.2 (RvD1) (mean X
10°/ml = SEM for n = 7; p < 0.05). In OVA-naive animals, BALF
eosinophils were undetectable, and BALF lymphocytes were 0.49 =
0.22 (mean X 10°/ml * SEM for n = 3) (Fig. 1).

To determine if RvD1 could prevent the development of allergic
airway responses, 1, 10, or 100 ng or vehicle (0.1% ethanol) was
given to sensitized animals i.v. 30 min prior to each daily allergen
aerosol challenge for a period of 4 d (see Materials and Methods).
RvD1 again led to significant decrements in BALF total cells, in
particular eosinophils (Fig. 1B). A total of 10 ng of RvD1 was the
most potent dose. Of interest, the magnitude of RvD1’s inhibition
at this dosing schedule was similar to a single administration given
1 h prior to BAL (Fig. 1A, 1B). The RvD1 dose-response rela-
tionship for inhibition of BALF eosinophils and lymphocyte num-
bers appeared to be bell-shaped as neither 1 nor 100 ng of RvD1
was more effective than 10 ng. In contrast, RvD1 gave a dose-
dependent increase in BALF macrophages (Fig. 1B).

Leukocyte infiltration into the lung parenchyma was markedly
decreased by RvD1. Histopathological analyses revealed the RvD1
(10 ng, i.v.) decreased leukocyte accumulation in the peribronchial
regions and decreased mucus metaplasia in bronchial epithelial
cells (Fig. 2A—C). Cell-free BALFs were analyzed by cytokine
bead array and ELISA to determine the impact of i.v. RvDI on
levels of select inflammatory mediators. RvD1 administration led
to significantly lower levels of IL-5, ~60% lower than vehicle
(Fig. 2D). Levels of IL-4, IL-13, and thymus and activation reg-
ulated chemokine (TARC) were also decreased but did not reach
statistical significance at this sample size. There was no significant
effect of RvD1 on eotaxin, IL-10, IFN-y, or LXA4. RvD1 (10 ng)
significantly reduced lung IkBa degradation (Fig. 2E). In addition,
airway hyperresponsiveness to inhaled methacholine was damp-
ened by RvD1 (10 ng, i.v.), reaching statistical significance only at
100 mg/ml methacholine (Fig. 2F).

RvD1 can interact with ALX/FPR2 receptors to transduce, in
part, its counterregulatory actions (9, 10, 25), so the expression
of murine ALX/FPR2 receptors in the lung was determined by
quantitative PCR and immunohistochemistry. Compared to base-
line mice prior to allergen sensitization and challenge (ACt 6.37 =
0.33), lung ALX/FPR2 expression was decreased at both peak
inflammation (protocol day 18) (ACt 7.05 £ 0.20) and early res-
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FIGURE 1. RvDlI decreases allergic lung inflammation. (A) Mice were
sensitized and challenged with OVA prior to one dose of RvD1 (10 ng, i.v.)
or vehicle 1 h before BAL on protocol day 18 (fop panel). Total leukocytes
and leukocyte subsets were enumerated (see Materials and Methods). (B)
A second cohort of sensitized and challenged mice received RvD1 (1-100
ng, i.v.) or vehicle (V) 30 min prior to OVA aerosol challenge on 4 suc-
cessive d (protocol days 14-17) (top panel), and BALF leukocytes were
enumerated on protocol day 18. The dashed black line indicates the cells
from OVA-naive, nonallergic control mice. Results represent the mean *
SEM of two or more independent experiments with three or more mice per
group per experiment. *p < 0.05 versus vehicle.

olution (protocol day 21) (ACy 7.43 = 0.24; p < 0.05 for n = 3,
mean = SEM). These findings were consistent with a fold change
of 0.64 (day 18) and 0.49 (day 21), respectively, in gene expres-
sion. Lung immunohistochemistry for ALX/FPR2 abundance gave
similar findings as quantitative PCR. Prominent ALX/FPR2 stain-
ing was present at baseline in airway epithelial cells and alveolar
macrophages and decreased during the allergic airway responses
at protocol days 18 and 21 (Fig. 2G, 2H).

RvD1 and AT-RvD1 enhance the resolution of airway
inflammation

In view of RvD1’s protective actions in the airway, we next de-
termined the influence of RvD1 and its aspirin-triggered 17(R)-
epimer (AT-RvD1) on the resolution of established airway inflam-
mation (Fig. 3). After animals were OVA sensitized and aerosol

2102 ‘2 AInC uo ewoy-e)iues ap aJoLedng 1su Je /6o’ jounwuwf/:dny wouy papeoumod


http://jimmunol.org/

4 PRORESOLUTION EFFECTS OF RvD1 AND AT-RvD1 IN THE AIRWAYS

Control Vehicle

IL-5 (pg/ml)
=]
o o o
*
IL-4 (pg/ml)
o B8838
IL-13 (pg/ml)
- N w
o o o

V RvD1 0 VRvD1

60 50 40
E EY E 30
2 40 B 30 El
S g
% 50 e 20 T
3 2 10 g
s £
0 0
V RvD1 V RvD1 V RvD1
M 74
f g
4
ALX (V3
400x ‘4
7.
't
8

Control Protocol day 18

Inflammation score
o =

D ™
o O

pas*t cells/airway
N B
o o o

300 E

o
o
*

TARC (pg/ml)

= N

o o

o o
Ratio lkBa/p-actin
°© o 3

0 -
V RvD1 F V RvD1
Q
% A1200 -o-Vehicle
500 ® 2 9o /*®RvD1 10ng
= 23
E 400 > 8 600
& 300 S5
5 200 £ 300
3 100 2 0
0 0 1 310 30100
V RvD1 Methacholine (mg/ml)

w B
o o

(IOD/area)

=
o

fl
d-h-."

T

Control d18

Relative abundance
ALX/FPR2 receptor

o

Protocol day 21

FIGURE 2. RvDl prevents the development of allergic airway responses. Allergen-sensitized mice received RvD1 (10 ng, i.v.) or vehicle 30 min prior to
OVA aerosol challenge on 4 successive d (protocol days 14—17). (A) On protocol day 18, lung tissue inflammation was assessed by H&E staining (original
magnification X200), and the presence of mucus metaplasia was determined by PAS reagent (original magnification X400) staining of lung sections.
Arrows indicate mucus-containing (magenta) goblet cells. Quantitative measures of inflammation (B) and mucus metaplasia (C) were determined in lung
sections (see Materials and Methods). BALF levels of peptide and lipid mediators were measured by immunoassay (D), and lung IkBa was determined by
Western blotting (E) (see Materials and Methods). (F) Mean lung resistance (percent of baseline) after aerosolized methacholine was determined by
Flexivent (see Materials and Methods). (G) Representative images for identification of ALX/FPR2 receptors by immunohistochemistry in lung sections
from control mice and protocol days 18 and 21 (original magnification X400). (H) Relative abundance of lung ALX/FPR2 staining in the lung. Results
represent the mean = SEM of two or more independent experiments with three or more mice per group per experiment. *p < 0.05 versus vehicle, *p < 0.05

versus control. Br, Bronchus.

challenged, RvD1 (10-100 ng), AT-RvD1 (100 ng), or vehicle
(0.1% ethanol) was administered i.v. for 3 consecutive days
(protocol days 18-20), and no further allergen challenges were
performed (Fig. 3A). BALF leukocytes were enumerated on days
21 and 25. During resolution (day 21), RvD1-treated mice dis-
played a dose-dependent decrease in total BALF cells with asso-
ciated changes in eosinophils, macrophages, and lymphocytes
(Fig. 3B). Compared to RvDl, an equivalent dose (100 ng) of
AT-RvD1 led to even more significant decrements in BALF total
cells, eosinophils, and lymphocytes (Fig. 3B). With AT-RvD1,
BALF eosinophils decreased from 1.17 = 0.07 (vehicle) to 0.42 =
0.08 (AT-RvD1) (mean X 10%ml = SEM for n > 6; p < 0.05). In
addition, AT-RvD1 decreased BALF lymphocytes from 2.05 *=
0.52 (vehicle) to 0.67 £ 0.2 (AT-RvD1) (mean X 10°/ml = SEM
for n > 6; p < 0.05). At day 25, BALF eosinophil and lymphocyte
numbers were near baseline. Of interest, AT-RvD1 led to small,
but significant, decreases in eosinophils and increases in macro-
phages at this time point (Fig. 3B).

The resolution interval is defined as the time required for cell
numbers to decrease to 50% of the maximum at peak inflammation
(18), and in vehicle-exposed mice, the endogenous resolution in-
terval for BALF eosinophils was ~4.5 d (Fig. 3C, 3D). RvD1-
treated mice displayed a modestly decreased resolution interval
for BALF eosinophils (<4 d for 100 ng) (Fig. 3C). Of note, the
resolution interval for BALF eosinophils was markedly decreased
with AT-RvD1 to ~2 d to ~45% of the resolution interval with
vehicle (Fig. 3D), indicative of more rapid resolution of acute
allergic inflammation.

To determine the impact of airway delivery, mice were given
daily intranasal RvD1 (100 ng), AT-RvD1 (100 ng), or vehicle
(0.5% ethanol) on protocol days 18-20. Exposure to AT-RvD1, but
not RvDI1, at this dose led to significant decreases in BALF
eosinophils at day 21 (Fig. 3E). BALF eosinophils decreased from
1.86 = 0.27 (vehicle) to 0.83 =+ 0.15 (AT-RvD1) (mean X 10%ml +
SEM for n > 5; p < 0.05). Intranasal AT-RvDI1 also increased
BALF macrophages and lymphocytes. Overall, significant differ-
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FIGURE 3. RvDI and AT-RvD1 promote the resolution of airway inflammation. RvD1 (10 or 100 ng), AT-RvD1 (100 ng), or vehicle was administered
(i.v.) to OVA-sensitized and -challenged mice on protocol days 18-20 after cessation of OVA exposure (A), and BALF total cells, eosinophils, macro-
phages, and lymphocytes were evaluated on protocol day 21 (B). The dashed black line indicates the cells from OVA-naive, nonallergic control mice. The
resolution interval (R;) for RvD1 (100 ng) (C) and AT-RvD1 (100 ng) (D) for BALF eosinophils was determined. (E) RvD1 (100 ng), AT-RvD1 (100 ng), or
vehicle was administered directly to the airway (intranasal) in OVA-sensitized and -challenged mice on protocol days 18-20 after cessation of OVA
exposure. BALF total cells, eosinophils, macrophages, and lymphocytes were evaluated on protocol day 21. Results represent the mean = SEM for two or
more independent experiments with three or more mice per group per experiment. *p < 0.05 versus vehicle, *p < 0.05 versus RvDI.

ences were not obtained for changes in total BALF cell numbers
(Fig. 3E).

AT-RvD1 accelerates the resolution of lung inflammation and
airway mucus metaplasia and hyperresponsiveness

The proresolving actions of AT-RvDI1 for airway leukocytes were
also evident for lung inflammation and airway mucus metaplasia
and hyperresponsiveness. AT-RvD1 was more potent than RvDl1
for each of these metrics (Fig. 4). Lung histopathology demon-
strated that AT-RvD1 facilitated the resolution of leukocyte infil-
tration with less reactive bronchial epithelial cells and mucus
metaplasia, as detected by H&E and PAS staining, respectively
(Fig. 4A, 4B). These changes were quantitated by determining an
inflammation score (see Materials and Methods ) and enumerat-
ing the numbers of PAS™ cells in the airways, both of which were
significantly reduced with AT-RvD1 (Fig. 4B). In addition, mice
treated with AT-RvD1 displayed significant protection from
methacholine-induced increases in mean lung resistance (Fig. 4C).
Thus, AT-RvD1 gave potent proresolving actions for allergic air-
way responses.

AT-RvDI treatment regulates airway mediators

To uncover proresolving mechanisms, BALF levels of peptide and
lipid mediators were measured during early resolution (protocol

day 21). Exposure to both RvD1 and AT-RvD1 led to significantly
decreased levels of IL-17, LTB,4, and TGF-p (Fig. 5A-C). AT-
RvD1 alone led to significant decrements in eotaxin and TARC
(Fig. 5D, 5E), and RvD1 gave significant regulation of IL-5 and
IL-23 (Fig. SF, 5G). AT-RvD1 also decreased both of these
mediators, but the results did not reach statistical significance at
this sample size. No significant changes were observed in IL-10,
MIP-1a, IL-13, IL-4, or IFN-y (Fig. SH-L). Because RvD1 reg-
ulates specific miRNAs to decrease NF-«kB signaling in acute
inflammation (12), and RvD1 downregulated IkBa degradation to
prevent the development of allergic responses (Fig. 2E), the im-
pact of AT-RvD1 and RvD1 on this measure of NF-kB pathway
activation was next determined during resolution. In contrast to
their administration during induction of the airway inflammation,
neither AT-RvD1 nor RvD1 led to significant changes in IkBa
degradation at this resolution time point (Fig. SM).

RvD1 is metabolized by alveolar macrophages

Recombinant eicosanoid oxidoreductase and murine lung rapidly
converts RvD1 to an inactive 17-oxo-RvD1 metabolite, and AT-
RvD1 resists this rapid inactivation (11). Because the in vitro
and in vivo results with AT-RvD1 were more potent than RvD1,
the metabolism of these compounds was next determined with a
murine alveolar macrophage cell line (AMJ2-C8). Cells were ex-
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FIGURE 4. Impact of RvD1 and AT-RvDI on the HaE
resolution of airway inflammation, mucus, and hy- 200x
perreactivity. (A) Lung tissue sections were obtained
at protocol day 21 from mice given RvD1 (100 ng),
AT-RvD1 (100 ng), or vehicle and stained with H&E
(original magnification X200) or PAS reagent (orig-
inal magnification X400) (see Materials and Meth- PAS
ods). Arrows indicate examples of mucus-containing 400x
(magenta) goblet cells. (B) Quantitative analyses of
lung inflammation and bronchial PAS-positive cells
in lung sections were performed (see Materials and
Methods). (C) Airway hyperresponsiveness to aero-

w

solized methacholine was assessed on day 21 by 25
measuring the mean lung resistance (percent of o 20
baseline) (see Materials and Methods). Results g

represent the mean = SEM for two or more inde- 5 5
pendent experiments with three or more mice per é 10
group per experiment. *p < 0.05 versus vehicle. Br, E
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posed (30 min, 37°C) in vitro to either RvD1 or AT-RvDI. Lipids
were extracted and taken to LC-MS/MS for analyses of RvD1 and
AT-RvD1 metabolism (see Materials and Methods). In parallel,
some cells incubated with RvD1 were also exposed to indometh-
acin, which inhibits the eicosanoid oxidoreductase (25), an enzyme
that is highly expressed in the lung (26) and capable of converting
the alcohol at carbon 17 position to a ketone (9) (Fig. 6A). Met-
abolic inactivation of AT-RvD1 by the mAlvMacs was signifi-
cantly decreased relative to RvD1 (63.8 = 7.5% with AT-RvD1
versus RvD1, mean £ SEM for n = 3; p < 0.05). Indomethacin
also decreased RvD1 inactivation by ~25% (Fig. 6B).
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AT-RvDI enhances macrophage clearance of allergen by
phagocytosis

Because AT-RvDI increased BALF macrophages in vivo during
resolution (Fig. 3), and macrophages play important proresolving
roles in clearing inflamed tissues (24), the impact of AT-RvD1 and
RvD1 on macrophage phagocytosis of allergen was determined.
AMIJ2-C8 cells (in vitro) and mAlvMacs that were isolated from
BALF on protocol day 21 from control animals or mice that were
OVA sensitized and aerosol challenged (ex vivo) were exposed to
IgG-OVA coated beads (see Materials and Methods; Fig. 6C). In

(W)

6
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0 1 FIGURE 5. RvDl and AT-RvD1 se-
H lectively regulate inflammatory media-
3 tors during resolution of allergic inflam-
mation. (A-L) BALF levels of peptide
E ) and lipid mediators were measured in
2 OVA-naive, nonallergic control mice
; (white) and on protocol day 21 in mate-
z ! rials obtained from mice given RvDI1
(100 ng; gray), AT-RvD1 (100 ng; black),
0 or vehicle (hatched) (see Materials and
|— Methods). (M) Lung tissue was obtained
200 . .
. on protocol day 21 during resolution and
E150 was subjected to Western blotting anal-
2 yses for IkBa (see Materials and Meth-
; 100 ods). Results represent the mean = SEM
L5 for two or more independent experiments
with three or more mice per group per
0

experiment. *p < 0.05 versus vehicle.
nd, Not detected.
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FIGURE 6. AT-RvDI1 resists metabolic inactiva- £ 100
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pound. (C) Macrophage phagocytosis of allergen was
determined using rabbit anti-OVA IgG-coated beads
(2 pm) that are detectable by light microscopy. In C
nonpermeabilized cells, a fluorophore-tagged Ab
(FITC-conjugated goat anti-rabbit Ab) was used to
distinguish adherent (fluorescent) from internalized
(nonfluorescent) beads (original magnification X1000).
A phagocytosis index was calculated after 15 min in
the presence of RvDI1, AT-RvDI (0.1, 10, and/or
100 nM), vehicle (V), or media alone (M) using
AMIJ2-C8 cells in vitro (D) or mAlvMacs (E, F) ex
vivo that were isolated from BALF of control (E) or
OVA-sensitized and -challenged (F) mice (protocol
day 21) (see Materials and Methods). The dashed
black line indicates the baseline phagocytosis index.
(G) The phagocytosis index was determined in vivo
in OVA-sensitized or control mice 15 min after i.p.
injection of OVA IgG-coated beads. In some ani-
mals, RvD1 (100 ng), AT-RvD1 (100 ng), or vehicle
(0.1% ethanol) were given i.p. 5 min before intro-
duction of the beads. Results represent the mean *
SEM for two or more independent experiments.
#p < 0.05 versus vehicle, *p < 0.05 versus RvD1.
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m
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the nanomolar range, AT-RvD1 increased the macrophage phago-
cytosis index within 15 min (37°C) for allergen-coated beads (Fig.
6D-G). The increased phagocytosis index was concentration de-
pendent for AT-RvD1 with AMJ2-C8 cells (Fig. 6D). AT-RvD1
also increased the allergen phagocytosis index for mAlvMacs from
control and OVA allergic mice (Fig. 6E, 6F). It was not feasible to
deliver the OVA-coated beads to alveoli in live animals, so the
in vivo allergen phagocytosis index was determined for peritoneal
macrophages in OVA-sensitized mice. AT-RvD1 also significantly
increased this proresolving functional response in vivo.

Discussion

In this study, we have provided evidence for both anti-inflammatory
and proresolving actions for RvD1 and its epimer AT-RvD1 in
allergic airway responses. When given to OVA-sensitized and
aerosol-challenged mice, RvD1 reduced the development of al-
lergic airway responses. RvD1 most potently regulated eosino-
philia with decreases in levels of IL-5, an important Th2 cytokine
that serves as a chemoattractant and activator of eosinophils. BALF
levels of the related Th2 cytokines IL-4 and IL-13 were also de-
creased, and IkBa in the lung was significantly increased by
RvD1, suggesting decreased activation of NF-kB. RvD1 also re-
duced bronchial mucus metaplasia with a more modest effect
on airway hyperresponsiveness to methacholine. Levels of the
counterregulatory mediators IL-10 and LXA, were not increased,
indicating nonredundant anti-inflammatory signaling circuits for
RvD1.
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To determine if these anti-inflammatory properties for RvD1
would also enhance the resolution of allergic airway responses,
RvD1 was given after allergen sensitization and challenge was
complete. RvD1 led to significant decrements in allergic lung
inflammation 1 h after administration and during early resolution,
leading to an ~10% decrease in the eosinophil resolution interval.
An equivalent dose of AT-RvD1 (100 ng, ~0.005 mg/kg) provided
significantly greater proresolving actions, decreasing the eosino-
phil resolution interval by >50%, an approximate doubling of the
pace of resolution relative to RvD1. Both AT-RvD1 and RvD1 can
serve as an agonist at ALX/FPR2 receptors to transduce, in part,
their proresolving actions (9, 10, 25, 27). ALX/FPR2 was broadly
expressed in airway epithelial cells and alveolar macrophages and
dynamically regulated during allergic airway responses that led to
decreased receptor abundance. These changes are similar to those
observed in human asthma (28). In addition to regulation of ALX/
FPR2 receptors, proresolving signaling can also be decreased by
metabolic inactivation of RvD1 and AT-RvD1 (11). Although en-
zymatically generated from DHA by distinct biosynthetic path-
ways, RvD1 and AT-RvD1 are diastereomers, differing only in
stereochemistry at carbon 17 (reviewed in Ref. 29). This change in
stereochemistry for AT-RvD1 provides a significant increase in the
compound’s #,, in vivo, secondary to resistance to metabolic in-
activation by eicosanoid oxidoreductases (11, 25). In this study,
AT-RvD1 had a decreased rate of metabolic inactivation relative to
RvD1, which likely contributed to AT-RvD1’s enhanced in vitro
and in vivo pharmacological actions. In addition, the reduced ef-
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ficacy of airway administration relative to the i.v. route was no-
table given the capacity for lung macrophages to inactivate both
RvD1 and AT-RvDI.

During resolution, AT-RvD1 led to significant decrements in
select inflammatory mediators, namely BALF IL-17, eotaxin,
TARC, TGF-B, and LTB,4. Unlike when given prior to aerosol
challenge, neither RvD1 nor AT-RvD1 significantly changed lung
IkBa during resolution. In the setting of allergen-driven inflam-
mation, inhaled allergen needs to be cleared to facilitate resolu-
tion. AT-RvD1 increased alveolar macrophage phagocytosis of
allergen-coated beads in vitro in a concentration-dependent man-
ner, and AT-RvD1 increased the peritoneal macrophage allergen
phagocytosis index in vivo. Alveolar and peritoneal macrophages
differ in several respects, in particular their uptake of particulate
and soluble Ag that is spatiotemporally regulated in the airway
(30-32). Because of safety concerns delivering the beads directly
into the airway and the animals had been systemically sensitized
by i.p. injection, peritoneal macrophages were chosen for in vivo
analysis. A potential caveat to our findings is that the increased
phagocytic capacity of peritoneal relative to alveolar macrophages
may overestimate the role of lung macrophages in vivo in the
clearance of allergen delivered directly into the respiratory tract;
however, AT-RvD1 promoted increased allergen engulfment by
both peritoneal macrophages in vivo and alveolar macrophages
in vitro. Together, these results point to more rapid allergen clear-
ance by AT-RvDI-exposed macrophages as a proresolving mech-
anism for allergic airway responses, including airway inflammation,
mucus metaplasia, and hyperresponsiveness to methacholine.

The development of airway inflammation in asthma is charac-
terized by leukocyte accumulation and in many individuals is
notable for a Th2 cytokine gene expression signature (33). Among
the inflammatory mediators implicated in eosinophil recruitment
are the Th2 cytokine IL-5 and eotaxins (2). In addition, NF-xkB
activation plays an essential role in the development of airway
eosinophilia in this model of asthma (34). LTB, can also serve as
an eosinophil chemoattractant, as LTB, receptor (BLT1)-deficient
mice do not develop eosinophilic inflammation or airway hyper-
responsiveness in an experimental asthma model (35). In this
study, we have identified RvD1 and AT-RvD1 as potent regulators
of murine IL-5, eotaxin, and LTB, and eosinophil accumulation
after allergen challenge. Eosinophils are a significant source of the
profibrotic growth factor TGF-B1 (36) that contributes to airway
remodeling in asthma pathogenesis (37, 38). The decrease in eosi-
nophils and TGF-$3 levels by RvD1 and AT-RvD1 suggest a ben-
eficial action in preventing airway remodeling, but further study
using RvD1 stable analogs in longer term models is needed to
address this outcome.

In the murine experimental model used in this study, the timely
resolution of allergic airway responses is governed by regulation of
IL-17, not Th2 cytokines (17). This is in sharp contrast to the
pivotal roles for Th2 cytokines during the development of allergic
lung inflammation. IL-17 can be generated by several cell types in
asthmatic lung, most notably Th-17 cells that are a subset of CD4™"
Th cells characterized by the production of IL-17 and for which
population expansion and survival depends upon IL-23. IL-17 has
been linked to the pathogenesis of many inflammatory diseases, is
present in the airways of asthmatic patients, and can induce lung
inflammation, airway hyperreactivity, and mucus production (17,
39-42). Similar to resolvin E1 and LXA, stable analog (17),
RvD1 and AT-RvD1 also regulated IL-17 to promote resolution.
Also like RVE1, RvD1 decreased BALF IL-23 during resolution.
In addition to decreasing the generation of prophlogistic media-
tors, proresolving mediators are defined in part by enhancing
macrophage-mediated clearance of inflamed tissue (29), and in

this study, AT-RvD1 enhanced the phagocytic uptake of IgG-OVA-
coated beads by macrophages in vitro and in vivo. Thus, mecha-
nisms for RvD1 and AT-RvD1 actions are distinct for preventing
the development of allergic airway responses (i.e., decreased Th2
cytokines and NF-kB) and in promoting their resolution (i.e.,
regulation of IL-23 and IL-17 and increased allergen clearance).

In conclusion, these results demonstrate protective anti-inflam-
matory and proresolving actions for D-series resolvins in airway
inflammation. RvD1 and AT-RvD1 decreased eosinophil recruit-
ment and activation, Th2 cytokines early and Th17 cytokines late,
airway mucus metaplasia, and airway hyperreactivity to methacho-
line, and AT-RvD1 promoted the resolution of allergic airway re-
sponses by enhancing allergen clearance. Together, these results
point to D-series resolvins as a candidate therapeutic modality in
allergic disorders and provide a window into potential mechanisms
for the association between changes in airway mucosal w-3 fatty
acids and asthma.
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