‘ W) Check for updates

ORIGINAL RE

Eosinophil Phenotypes Are Functionally Regulated by Resolvin
D2 during Allergic Lung Inflammation

Thayse R. Briiggemann'*, Hong Yong Peh'*, Luciana P. Tavares', Julie Nijmeh', Ashley E. Shay?,
Rafael M. Rezende®, Toby B. Lanser®, Charles N. Serhan?, and Bruce D. Levy'

"Pulmonary and Critical Care Medicine, Department of Internal Medicine, 2Center for Experimental Therapeutics and Reperfusion
Injury, Department of Anesthesiology, Perioperative and Pain Medicine, and 3Ann Romney Center for Neurologic Diseases,
Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts

ORCID ID: 0000-0001-9515-5731 (B.D.L.).

Abstract

Eosinophils (Eos) reside in multiple organs during homeostasis and
respond rapidly to an inflammatory challenge. Although Eos share
chemical staining properties, they also demonstrate phenotypic and
functional plasticity that is not fully understood. Here, we used a
murine model of allergic lung inflammation to characterize Eos
subsets and determine their spatiotemporal and functional regulation
during inflammation and its resolution in response to resolvin D2
(RvD2), a potent specialized proresolving mediator. Two Eos subsets
were identified by CD101 expression with distinct anatomic
localization and transcriptional signatures at baseline and during
inflammation. CD101'°" Eos were predominantly located in a lung
vascular niche and responded to allergen challenge by moving into

Eosinophils (Eos) play important roles in
health and disease. In addition to their
homeostatic roles, including in the

early stages of lung development (1), Eos
participate in the host response to parasitic
infection (2) and the pathogenesis of asthma
and other allergic diseases (3, 4). On the basis
of their earliest identification using chemical
stains (5), Eos were considered to be a
homogeneous population of cells with
proinflammatory actions. Recently, several
reports have identified distinct subsets of Eos
with varying activation states and roles in

disease models (6). In mouse lung, CD101
expression has been used to identify tissue-
resident Eos (CD101°" Eos), which may
regulate type 2 immune responses (7, 8),
and to distinguish them from inflammatory
Eos (CD101"8" Eos), which are present in
exudates and have an activated phenotype
(6, 7). In addition, functions in tissue
homeostasis for type 2 inflammation and
Eos have recently been assigned (9). With
this growing recognition that Eos are a
heterogeneous population of immune
effectors, a more integrated understanding

the lung interstitium. CD101™¢" Eos were predominantly located in
bronchoalveolar lavage (BAL) and extravascular lung, only present
during inflammation, and had transcriptional evidence for cell
activation. RvD2 reduced total Eos numbers and changed their
phenotype and activation by at least two distinct mechanisms:
decreasing interleukin 5-dependent recruitment of CD101'°¥ Eos
and decreasing conversion of CD101'°™ Eos to CD101"¢" Eos.
Collectively, these findings indicate that Eos are a heterogeneous pool
of cells with distinct activation states and spatiotemporal regulation
during resolution of inflammation and that RvD2 is a potent
proresolving mediator for Eos recruitment and activation.

Keywords: specialized proresolving mediators; resolvin D2;
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of the spatiotemporal and functional
regulation of Eos subsets is urgently needed.
Eos differentiation, proliferation,
migration, and survival have been shown to
be centrally regulated by IL-5 (4). This
important role for IL-5 in eosinophilia has
been the basis for the development of several
anti-IL-5 targeted therapies for conditions
characterized by excess Eos numbers and
activation, such as severe asthma (10). Of
interest, anti-IL-5 therapies have only been
effective for some patients with asthma, and
despite reducing Eos numbers, evidence for
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changing Eos phenotype or function has
been challenging to demonstrate (11, 12).

Resolution of inflammation, including
type 2 inflammation, is an active process
governed by specific proresolving mediators
and cellular effectors (13, 14). A family of
specialized proresolving mediators (SPMs)
have been identified as products of essential
fatty acid metabolism (13). Recently, genetic
variation for DRV2, a high-affinity receptor
for the SPM resolvin D2 (7S,16R,17S-
trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosa-
hexaenoic acid; RvD2), was linked to asthma
risk (15). RvD2 is produced by enzymatic
conversion of docosahexaenoic acid (DHA)
via the sequential actions of 15-lipoxygenase
and 5-lipoxygenase with additional
enzymatic steps (14). Eos are the major
source of human 15-lipoxygenase (16).

The mouse ortholog of the human enzyme
is 12/15-lipoxygenase, and its role in mouse
Eos is amplified during the resolution phase
of inflammatory peritonitis (17). Of interest,
the production of 15-lipoxygenase—derived
SPMs is diminished in uncontrolled or
severe asthma (18-20).

Here, using a mouse model of self-
limited allergic lung inflammation, we
determined the spatiotemporal regulation
of Eos subsets and uncovered pivotal
proresolving roles for RvD2 in the regulation
of IL-5-induced Eos subset numbers,
phenotype, and function.

Methods

Mice

We used 6-8-week-old female wild-type
BALB/c mice from The Jackson Laboratory,
and all animal experiments were performed
in accordance with NIH Guidelines for the
Care and Use of Laboratory Animals and as
prescribed by the institutional animal care
and use commiittee at Brigham and Women’s
Hospital (2016N000357) (AAALAC 1729).

Allergic Airway Inflammation Model
Mice were anesthetized and exposed to
house dust mite (HDM) (Dermatophagoides
pteronyssinus, B70 source material; Greer
Laboratories) (100 pg) on protocol Days 0, 7,
and 14. Some mice were exposed to RvD2 or
0-1918 (Cayman Chemical) (1 mg/kg in

100 pl). Tissues and fluids were harvested at
the indicated time points (see MATERIALS AND
METHODS in the data supplement).
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Flow Cytometry

Cells from bronchoalveolar lavage (BAL)
were obtained with three aliquots of PBS
(0.5 ml each). Subsequently, lung tissue was
dissociated to obtain single-cell suspensions.
Cells were fixed and permeabilized to stain
for surface and intracellular markers using a
FoxP3 staining kit (Thermo Fisher
Scientific). A list of antibodies used for flow
cytometry can be found in the data
supplement. All flow cytometry data were
acquired on a BD FACS Fortessa device, then
analyzed using Flow]o version 10 software.

Targeted Metabololipidomics
CD101" and CD101"&" Eos were flow
sorted at Day 17 after HDM challenge and
incubated in complete media with DHA

(1 uM, 37°C, pH 7.45). Data were acquired
ona 6500 triple quadrupole QTRAP mass
spectrometer in low mass negative mode
(SCIEX) equipped with an ExionLC system
(Shimadzu) using Analyst version 1.7.1
(SCIEX). Data were analyzed and presented
as screen captures using SCIEX OS-Q
version 1.7.0.36606 (SCIEX) (see extended
MATERIALS AND METHODS in the data
supplement).

Gene Expression

Gene expression analysis was performed
using NanoString nCounter technology
(NanoString Technologies Inc.) to determine
the transcriptional profile of flow-sorted
CD101™" and CD101"8" Eos from naive and
HDM-challenged mice at Days 17 and 21 of
the HDM protocol (see extended MATERIALS
AND METHODs in the data supplement).
Expression of mouse 5-lipoxygenase (Alox5),
12/15-lipoxygenase (Alox15), and 18S
ribosomal RNA (18S rRNA) (primer
sequences are Qiagen proprietary material)
was performed by real-time quantitative PCR
(RT-gPCR) (Qiagen) (see extended
MATERIALS AND METHODS in the data
supplement).

Eos Peroxidase Assay

Flow-sorted CD101'°" and CD101"#" Eos
from HDM-challenged mice on Day 17 were
incubated with vehicle (Veh), RvD2 (10 nM),
prostaglandin D2 (PGD,; 10 nM), and RvD2
and PGD, (10 nM of RvD2 and PGD,), and
Eos peroxidase (EPO) release was measured
in cell supernatants.

Bone Marrow-derived Eos
Bone marrow-derived Eos (BMEos)
were generated as previously described (21)

(see MATERIALS AND METHODS in the
data supplement).

Statistics

Results are expressed as mean *+ SEM.
Statistical differences between two groups
were calculated by two-tailed unpaired ¢ test.
Statistical differences between three or more
groups were calculated by one-way ANOVA
and Tukey test for multiple comparisons.

P <0.05 was defined as statistically
significant.

Results

Eos Are Spatiotemporally Regulated
in a Self-Limited Model of Allergic
Lung Inflammation

To investigate Eos phenotypes and functions
over the time course of allergic lung
inflammation, mice were airway sensitized
and challenged with the common household
allergen HDM (Figure 1A). The number of
total lung Eos peaked on protocol Day 15,
which corresponds to 24 hours after the last
HDM challenge, and gradually decreased
thereafter on protocol Days 17, 21, and

28 (Figure 1B). Different anatomical
compartments of the lungs were assessed by
sampling proximal and distal airways by BAL
for comparison with lung tissue after BAL
(lung). Eos numbers peaked at Day 15

in lung and at Day 17 in BAL (Figure 1C).
Notably, BAL Eos decreased more

rapidly to lower numbers than lung Eos.
Concentrations of the Eos chemoattractant
CCL11 (eotaxin-1) were determined in

BAL and lung homogenates by ELISA. At
Day 17 of the HDM protocol, lung CCL11
concentrations were significantly increased
compared with baseline (Day 0) (Figure E1).
Of note, BAL CCL11 concentrations were
not significantly increased at this time point
(Figure E1), suggesting a role for CCL11 in
recruiting Eos from the vasculature to the
lung tissue. Together, these data suggest
distinct regulatory mechanisms for lung and
BAL Eos during allergic lung inflammation
and its resolution.

On the basis of prior reports that
defined different subsets of Eos by distinct
expression of CD11¢, CD11b, Siglec F,
and CD101 (7, 22, 23), we next identified
these Eos subsets in lung and BAL, as well
as their time course during allergic lung
inflammation. Eos numbers in BAL and lung
tissue were similar at Day 17 (Figure 1C),
so this time point was chosen for further
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Figure 1. Eosinophils (Eos) are spatiotemporally regulated in a self-limited model of allergic lung inflammation. (A) Allergic lung inflammation
model (see MeTHoDps). (B) Time course of Eos numbers in whole lung. (C) Time course of Eos numbers in BAL (red) and lung tissue after

BAL (black). (D) Representative flow cytometry plots of CD101'°" and CD101"9" Eos from lung at Day 17. Full gating strategy in Figure E2A.
(E) Representative flow cytometry plots of CD101'*" and CD101"9" Eos from BAL and lung at Days 0 and 17. Full gating strategy in Figures
E2A and E2B. (F) Representative flow cytometry plot of whole-lung CD101'°" Eos at Day O after CD45-BV421 staining (see MeTHops), with
quantification of CD45-BV421 positive or negative Eos on the right. (G) Representative flow cytometry plot of whole-lung CD101°" and
CD101"9" Eos at Day 17 after CD45-BV421, with quantification of CD45-BV421 positive or negative CD101°" and CD101"" Eos on the right.
#P<0.05 compared with Day 0. P < 0.05 compared with Day 15. ®P<0.05 compared with Day 21. *P<0.05 compared with BV421* within
same cell type (CD101°" and CD101"9"). Comparisons between two groups were performed by unpaired t test. Bars represent mean = SEM.
HDM = house dust mite.
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investigation of the Eos subsets because
sufficient cell numbers were present in

both anatomic compartments. CD101
differentially marked two main Eos subsets,
referred to as CD101'°" Eos and CD101™¢"
Eos (Figure 1D; complete flow cytometry
gating strategy is shown in Figure E2A). In
the absence of inflammation (baseline,
protocol Day 0), Eos were not present in
BAL (BAL Day 0), (Figure 1E, top left;
complete flow cytometry gating strategy is
shown in Figure E2B); however, in the lung
tissue (lung Day 0), CD101'°" Eos were
identified (Figure 1E, top right). During
inflammation (protocol Day 17), BAL Eos
were nearly all CD101"¢" Eos (BAL Day 17)
(Figure 1E, bottom left). In contrast, lung Eos
were a mixed population of CD101'°" Eos
and CD101"8" Eos (lung Day 17) (Figure 1E,
bottom right). To identify intravascular
leukocytes and distinguish them from
interstitial leukocytes that had transmigrated

into the lung, intravascular CD45-
BV421-conjugated antibody was injected
intravenously 5 to 10 minutes before
euthanasia and harvest to stain cells in the
intravascular space (see METHODS). The lung
circulation was not cleared with saline
before harvesting so that lung vascular

and interstitial compartments could be
distinguished. In naive mice at Day 0,

more than 95% of lung CD101'" Eos
stained positive for CD45 (CD45-BV4217)
(Figure 1F), suggesting that this Eos subset
was principally intravascular at baseline.
During lung inflammation on Day 17 (lung
Day 17), ~85% of the CD101'°™ Eos were
CD45-BV421" with ~14% of CD101'™™ Eos
CD45-BV421 " (Figure 1G). In contrast,
CD101"" Eos, which were only present in

the lung during inflammation (Day 17), were

~15% CD45-BV421" and ~84% CD45-
BV421~ (Figure 1G). Together, these data
indicate that lung and BAL Eos are

spatiotemporally regulated during allergic
lung inflammation and that Eos subsets exist
with specific anatomic preferential location:
CD101"" Eos intravascular and CD101"&"
Eos extravascular.

CD101'°" and CD101"'9" Eos Have
Distinct Transcriptional Signatures
To further characterize the different Eos
subsets, CD101'°" and CD101"¢" Eos were
first sorted by flow cytometry (Figure 2A).
The morphology of CD101'°" Eos was
similar at baseline (Day 0) and during
inflammation (Day 17), having a circular
nucleus and increased granule density,
whereas CD101"¢" Eos, present only
during inflammation (Day 17), had a
multisegmented nucleus and appeared to be
less granulocytic (Figure 2A). Although the
staining morphology of CD101'°" Eos was
similar at Days 0 and 17, there were several
transcriptional differences evident by
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Figure 2. CD101"°% and CD101"9" Eos have distinct transcriptional signatures. (A) Representative images of cytospin performed on flow-sorted
CD101°" Eos from Days 0 and 17 and CD101"9" Eos from Day 17 of house dust mite (HDM) protocol. Scale bars, 50 um. (B and C) mRNA
analysis of flow-sorted CD101'°% and CD101"9" Eos using NanoString (see MeTHobs). Data are represented as a heatmap of differentially
expressed genes (P< 0.05 by unpaired t test) comparing CD101'°% Eos from Day 0 with Day 17 of HDM protocol (B) and comparing CD101°%
Eos with CD101"8" Eos at Day 17 of HDM protocol (C). (D-F) Concentrations of 14-hydroxy-42,72,10Z,12E,16.2,19Z-docosahexaenoic acid (14-
HDHA), 17-hydroxy-4.2,72,102,132,15E,197-docosahexaenoic acid (17-HDHA), and resolvin D2 (RvD2) from flow-sorted CD101"°" and
CD101"9" Eos stimulated with docosahexaenoic acid (DHA) by liquid chromatography-tandem mass spectrometry. (G) Level of DRV2
expression on CD101°" and CD101"S" Eos at Day 17 of HDM protocol, as mean fluorescence intensity measured by flow cytometry. *P< 0.05
and **P<0.01 by unpaired t test. Bars represent mean = SEM.
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Figure 3. RvD2 regulates CD101'°" and CD101"9" Eos numbers during inflammation. (A) Animal model (see MeTHobs). (B and C) Authentication
of RvD2 (see MeTHobs). (D-F) Eos numbers in whole lung (D), BAL (E), and lung after BAL (F). (G) Flow cytometry plots of CD101°" and
CD101M9" Eos from lung (top) and BAL (bottom) at Days 0 and 17. (H and /) Number of CD101'°" (H) and CD101"¢" (/) Eos in lung and BAL at
Days 0 and 17. (J) CD101"9"/CD101'°" Eos ratio in whole lungs at Day 17. (K and L) Number of CD101'°" (K) and CD101"9" (L) Eos in lung
and BAL at Day 17. *P<0.05, #¥P<0.001, #¥# P < 0.0001 compared with Day 0. ®P< 0.05 compared with Day 15 in D-F. ®P< 0.05 compared
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Figure 4. RvD2 regulates CD101'°" and CD101"9" Eos gene signature and function during inflammation. (A and B) Volcano plot of RNA
analysis using NanoString in CD101°% (A) and _CD1O1“'gh (B) Eos. Fold change of differentially expressed genes (P<0.05 by unpaired t test;
red dots) comparing CD101'°% (A) and CD101M9" (B) Eos at Day 21 of RvD2 versus Veh. (C and D) Gene expression of Alox5 (C) and Alox15
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NanoString assay of inflammation gene
expression (Figure 2B). Of the 254 genes
in the array, 33 genes were differentially
expressed in CD101'°™ Eos at Day 0
compared with CD101'" Eos at Day 17.
There was selective upregulation of 29 genes
in the CD101'°" Eos at Day 17, including the
asthma-related genes Chi3I3, Gpr44, Ccr3,
and Ltb4r] and the bioactive lipid mediator
biosynthetic enzymes Alox5 and Alox15
(Figure 2B). Pathway analysis revealed
upregulation of several inflammatory
pathways, including leukocyte migration,
chemotaxis, and cell-cell adhesion on
CD101" Eos on Day 17 compared with
Day 0 (Figure E3A), and upregulation of cell
activation signaling, including extracellular
signal-regulated kinase 1 (ERK1) and ERK2
on CD101"¢" Eos relative to CD101'°"
Eos on Day 17 (Figure E3B). Comparing
CD101" Eos with CD101™¢" Eos at Day 17,
there were 29 differentially expressed genes
(Figure 2C). Three noteworthy genes that
gave relatively increased expression in
CD101™€" Eos, namely 115, C3ar1, and Cerl,
are known to be linked to Eos recruitment
and activation. Also of interest, expression
of the Eos recruitment receptor Ccr3 was
downregulated in CD101"8" Eos relative
to CD101"°™ Eos at Day 17 (Figure 2C). The
bioactive lipid mediator biosynthetic enzyme
Alox15 was expressed at even higher levels in
CD101"#" Eos compared with CD101'°¥ Eos
at Day 17 (Figure 2C).

Because Alox5 and Alox15 were
differentially expressed in CD101'°" Eos
and CD101"8" Eos, we next investigated the
metabolic functions of these enzymes in the
Eos subsets. CD101'°™ Eos and CD101™€"
Eos were sorted by flow cytometry from
inflamed lungs at Day 17 and incubated
with DHA in vitro (see METHODS). Targeted
lipid mediator metabolomic analyses
demonstrated that CD101™€" Eos had
significantly lower concentrations of 14-
hydroxy-42,7Z,10Z,12E,16Z,19Z-docosahex-
aenoic acid (14-HDHA) (Figures 2D and
E4A), but there was no significant difference
in the concentrations of 17-hydroxy-
47,77,10Z,13Z,15E,19Z-docosahexaenoic

acid (17-HDHA) between CD101'°" Eos
and CD101"8" Eos (Figures 2E and E4B).
Each was identified by matching liquid
chromatography retention times and
reported characteristic ions (17-HDHA
mass-to-charge ratio [m/z], 343 > 245;
14-HDHA m/z 343 > 205) present in the
respective tandem mass spectrometry
spectra. In addition, CD101"¢" Eos produced
less RvD2 (m/z 375 > 141) compared with
CD101"" Eos (Figures 2F and E4C). In
contrast, expression of the RvD2 receptor
DRV2 (24) was increased by CD101"8" Fos
(Figure 2G). Together, these data indicate
that CD101"" and CD101¢" Eos subsets
were distinct morphologically and at the
transcriptional level. CD101"¢" Eos had

a lower capacity to produce RvD2 and
14-HDHA, which was in contrast to the
increased expression of the RvD2 receptor
DRV2 on CD101"™#" Eos.

RvD2 Regulates CD101'°" and
CD101"9" Eos Numbers during
Inflammation

Because RvD2 production differed among
these Eos subsets, we next used the HDM
model (Figure 1A) to determine the impact
of RvD2 on allergen-evoked eosinophilic
lung inflammation. After allergic lung
inflammation was established, mice were
exposed to either RvD2 (100 ng/mouse,
once daily, intranasally [i.n.]) or its Veh

on protocol Days 15 and 16, then lung
inflammation was analyzed on protocol Day
17 (Figure 3A). In addition to Day 17, later
assessments were performed 1 week (Day 21)
and 2 weeks (Day 28) after the last challenge
with HDM. For Day 21, mice were also
exposed to RvD2 or Veh on protocol

Days 18 and 20; and for Day 28, mice

were additionally exposed to RvD2 on
protocol Days 22, 24, and 26 (Figure 3A).
Authentication of the identity and

physical properties of RvD2 used in these
experiments was ascertained by liquid
chromatography-tandem mass spectrometry
(Figures 3B and 3C). RvD2 gave a single
peak on liquid chromatography and a
fragmentation pattern on tandem mass

spectrometry with a spectral library fit score
of 95.8% based on matching authentic RvD2
(Figures 3B and 3C). Next, inflammation was
quantitated by specific resolution indices
(25). Total lung (lung tissue and BAL) Eos
numbers were maximal on Day 15 (T,,,,)

in Veh- and RvD2-exposed cohorts

(U, = 134.3 * 53.3 X 10" cells) (Figure
3D). RvD2 accelerated resolution of total
lung Eos, reaching 50% of maximum (¥'5)
at 16.1 days (T'sp), which was slightly

faster than the Veh cohort with a T, of

16.8 days (Figure 3D; blue vs. red dotted line,
respectively). This gave a resolution interval
(R;; the difference between T,,,,, and T'5,) of
1.8 days with Veh and 1.1 days with RvD2
(Figure 3D). The difference in the R; became
even more evident when calculated as the
time to reach 70% reduction of maximum
(Tp). RvD2 gave an R; to reach T, of

1.6 days in comparison with Veh that had a
significantly longer R; to reach T, of 8.1 days
(Figure 3D). This difference was related in
part to transient further increases in BAL Eos
with Veh that were not observed with RvD2
(Figure 3E). When analyzing BAL Eos and
Lung Eos separately, the R; for BAL Eos was
significantly faster (~50%) with RvD2 (4.7 d)
than Veh (10.2 d) (Figure 3E; blue vs. red
dotted line, respectively). Although RvD2
decreased lung Eos at Day 17, no significant
changes in R; were observed between RvD2
and Veh cohorts (Figure 3F).

RvD2 exposure decreased both
CD101"" Eos and CD101™€" Eos in lung
and markedly decreased CD101™¢" Eos
in BAL compared with Veh at Day 17
(Figures 3G-3I). The total lung ratio of
CD101"#" Eos/CD101'™" Eos was
significantly decreased in the RvD2 group
(Figure 3]). At Day 21, the difference in
CD101" Eos in the lung between Veh
and RvD2 groups was no longer apparent;
however, there was a sustained decrease of
CD101™¢" Eos in lung and BAL (Figures
E5A-E5C). At Day 28 of the HDM protocol,
Eos numbers were still higher than at Day 0,
but with similar numbers of CD101"°" and
CD101™€" Eos and no significant changes
after RvD2 exposure (Figures ESD-ES5F).

Figure 4. (Continued). (D) by RT-PCR. (E) Lipoxin A4 (LXA4) concentrations in BAL fluid at Day 17. (F) Prostaglandin D2 (PGD,) concentrations
in BAL fluid at Day 17. (G) CD11b expression on CD101'°" and CD101"9" Eos. (H) CRTH2 expression on CD101'°" and CD101"9" Eos. (/) Eos
peroxidase (EPO) release from flow-sorted CD101'°" and CD101"9" Eos (see MeTHobs). #P < 0.05 compared with Day 0 in D and F and
CD101°" Day 17 in G and H. #P<0.01 compared with CD101°" Day 17 in G. *P< 0.05 compared with Day 21 within CD101"9" Eos in C and
D and with CD101"9" Day 17 in G. *P<0.05 compared with Veh within CD101"9" and ®P< 0.05 compared with RvD2 within CD101™" in /.
Comparisons were performed by one-way ANOVA and Tukey test for multiple comparisons. Bars represent mean = SEM.
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Figure 5. RvD2 regulates IL-5-induced Eos responses. (A) IL-5 concentrations in BAL fluid by cytometric bead array. (B) Blood Eos numbers at
Days 0 and 17. (C) CD125 expression. (D) Timeline of recombinant mouse IL-5 (rmlL-5) exposure; quantification of Eos in E-G. (E) Blood Eos
numbers at Day 14 in D. (Fand G) Lung and BAL CD101°" and CD101"S" Eos, respectively. (H) Number of Eos in BAL at Day 15 of the HDM
protocol (Figure 1A). (/) Timeline of lung cells ex vivo stimulation (see MeTHobs). (J) Flow cytometry plots of CD101'°" Eos after ex vivo
stimulation. (K) Percentage of CD101°" and CD101"9" Eos after ex vivo stimulation. *P< 0.05 and **P< 0.01 compared with Day 0 in A, B,
and H. *P<0.05 compared with Day 17 in A-C (within CD101"8"). #P< 0.05 compared with CD101°" d17 in C. ®P<0.05 and ®*P < 0.001
compared with saline within the same cell type. ®P<0.05 compared with saline and P<0.05 and **P< 0.01 compared with HDM and rmiL-5 in
K. Comparisons between two groups were performed by unpaired t test (C and E-H). Comparisons between more than two groups were
performed by one-way ANOVA and Tukey test for multiple comparisons (A, B, and K). Bars represent mean = SEM.

especially on CD101"8" Eos (Figures E5G
and E5H).

To determine whether RvD?2 actions
were receptor dependent, select mice in this

HDM protocol were exposed to the DRV2
receptor antagonist O-1918. On Days 15 and
16 of the HDM protocol, animal cohorts
included Veh with O-1918 (1 mg/kg in 100 pl

Replotted as a time course for CD101'°" Eos
and CD101"#" Eos in the presence of Veh or
RvD2 over 28 days demonstrated a marked

and sustained proresolving action for RvD2,
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intraperitoneally [i.p.]) (Day 17 O-1918),
RvD2 (100 ng i.n.) with saline 0.9% (100 ul
i.p.) (Day 17 RvD2), or RvD2 with O-1918
(1 mg/kg in 100 pl i.p.) (RvD2 + O-1918)
(Figure E5I). At Day 17, exposure to O-1918
blocked the proresolving actions of RvD2 on
CD101" Eos in lung (Figure 3K) and on
CD101"" Eos in lung and BAL (Figure 3L).
Together, these findings indicated that the
RvD2-DRV?2 signaling axis was pivotal to
RvD2’s potent regulation of lung allergic
eosinophilic inflammation, specifically for
the CD101"8" Eos phenotype.

RvD2 Regulates CD101'°" and
CD101"9" Eos Gene Signature and
Function during Inflammation

For further mechanistic insight into the
proresolving actions of RvD2 on Eos, we flow
sorted CD101"°" and CD101™¢" Eos collected
from lungs during the resolution phase (Day
21) after in vivo exposure to RvD2 or Veh

on Days 15 and 16, and we performed
mRNA analyses using the NanoString
inflammation panel (Figure E6A). RvD2
markedly downregulated the expression of
proinflammatory genes, including Chi3I3,
T8, and Cysltrl, in both CD101°Y and
CD101"8" Eos (Figures 4A and 4B). RvD2
also increased the expression of the lipid
mediator biosynthetic genes Alox5

and Alox15 in the CD101"#" Eos

(Figures 4A-4D).

In HDM-challenged mice, BAL
concentrations of lipoxin A4 (LXA,), a
product of ALOX5 and ALOX15 activity
(26), trended toward a decrease on Day 17
compared with baseline (Day 0), and in vivo
RvD2 exposure returned LXA, to baseline
levels (Figure 4E). In contrast, BAL
concentrations of the prophlogistic lipid
mediator PGD, significantly increased at
Day 17, and in vivo RvD2 exposure showed
a trend toward decreased PGD, (Figure 4F).
In addition to these effects of RvD2 on the
concentrations of LXA, and PGD, in BAL
fluid, RvD2 had a significant and selective
effect on Eos activation (Figure 4G).

Flow cytometric analyses showed higher
expression of the activation marker CD11b
on CD101™8" Eos than CD101'°" Eos at Day
17, and in vivo RvD2 exposure signiﬁcanﬂx
decreased CD11b expression on CD101"
Eos (Figure 4G). CD101™€" Eos also had
significant increases in the expression of
the cell activation marker CD69 at Day 17;
however, RvD2 exposure had no effect on
CD69 expression (Figure E6B). The type 2
inflammation-associated proteins
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chitinase-like 3 and 4 (YM1/2) had higher
expression levels in CD101"8" Eos than in
CD101" Eos at Day 17 (Figure E6C). RvD2
gave trends for decreased concentrations of
chitinase-like 3 (Chi313) in BAL at this time
point (Figures E6C and E6D).

Given the changes in PGD,
concentrations in BAL fluid in the HDM-
challenged mice, we next investigated the
expression of the PGD, receptor (CRTH2)
on Eos. This activating receptor was present
on lung Eos with higher concentrations on
the CD101"8" Eos than on CD101"°" Eos
without significant changes with in vivo
RvD2 exposure (Figure 4H). To test the
impact of RvD2 on the functional response
of the CD101'°" and CD101"#" Eos, we
determined PGD,-evoked degranulation
ex vivo by monitoring EPO release (see
MEtHODS). Flow-sorted cells were incubated
with either Veh, RvD2 (10 nM), PGD,

(10 nM), or PGD, and RvD2. CD101"#" Eos
selectively responded to PGD, with increased
EPO release (Figure 4I), and RvD2 exposure
lowered PGD,-stimulated EPO release
(P=0.058) (Figure 41I). Together, these
results indicate that RvD2 has direct actions
on CD101"" Eos and CD101"8" Eos with
changes in gene expression and altered cell
activation and functional responses to local
environmental proinflammatory stimuli.

RvD2 Regulates IL-5-induced Eos
Responses

Given the potent proresolving actions

of RvD2 and the pivotal role of IL-5 in
eosinophilic lung inflammation, we next
determined the impact of RvD2 on IL-5
concentrations in the BAL fluid of HDM-
challenged mice. After HDM sensitization and
challenge (Figure 3A), IL-5 concentrations in
BAL fluid were significantly higher at Day 17
than at baseline (Day 0), and RvD2 exposure
significantly decreased IL-5 concentrations at
Day 17 (Figure 5A). Flow cytometric analyses
revealed that RvD2 decreased numbers of type
2 innate lymphoid cells (ILC2) and
IL-5-producing CD4™ T cells (Figures
E7A-E7D). Peripheral blood CD101"" Eos,
which were elevated at Day 17, were also
markedly decreased by RvD2 (Figure 5B). In
addition to regulating IL-5, RvD2 also
significantly decreased the expression of
integrin-a4 on lung CD101°Y Eos at Day 17
(Figure E7E), which is pivotal to lung Eos
recruitment (27). Of interest, mouse
CD101"" and CD101"¢" lung Eos expressed
IL-5 receptor-a (IL-5Ra, also known as
CD125) at Day 17, with slightly higher

concentrations in CD101"8" Eos (Figure 5C).
In addition, in vivo RvD2 exposure decreased
IL-5Ra expression on CD101™€" Eos (Figure
5C).

To further investigate the role of IL-5 on
Eos, mice were exposed i.n. to recombinant
mouse IL-5 (rmIL-5) (Figure 5D). Repetitive
airway exposure to rmIL-5 (100 ng i.n.) over
2 weeks on protocol Days 0-4 and 7-11 led
to a significant increase in blood Eos on
protocol Day 14 relative to saline-exposed
mice (Figure 5E). CD101"¢" Eos were not
detected in peripheral blood, despite the
substantial exogenous IL-5 exposure to the
mouse airways (Figure 5E). CD101"°" Eos
and CD101™8" Eos were present in the lungs
with significantly higher numbers with rmIL-
5 exposure than with the saline control
(Figure 5F). Lung CD101™€" Eos were not
detected in mice exposed to saline control
(Figure 5F). In addition, rmIL-5 significantly
increased CD101™8" Eos in BAL compared
with saline control mice (Figure 5G).
CD101" Eos were present only in very
low numbers in BAL but were increased by
rmlL-5 (Figure 5G). Together, these findings
point to IL-5 as a pivotal mediator for Eos
recruitment and maturation from lung
CD101'" Eos to CD101"*¢" Eos.

Because airway administration of rmIL-5
recruited CD101°" Eos to BAL (Figure 5QG),
we next investigated the possibility that
CD101"" Eos were present in BAL at earlier
time points than Day 17 in the HDM model,
when essentially all Eos in BAL were
CD101"8" (Figure 1E). When BAL cells were
collected at Day 15, 1 day after the last HDM
challenge, both CD101°™ Eos and CD101™&"
Eos were present (Figure 5H). At this time
point, only CD101"" Eos were detected in
blood, and their numbers were significantly
increased compared with Day 0 (Figure E7F).
In lungs, CD101"°" Eos predominated, and
low numbers of CD101"¢" Eos had become
detectable at Day 15 (Figure E7G). Together,
the data from Day 15 and Day 17 in the
HDM sensitization and challenge model
indicate that CD101"™ Eos were recruited
to the lungs and transitioned to CD101""
Eos in the lungs, driven in part by IL-5,
during the allergic inflammatory response.

We next addressed the role of IL-5 in
the maturation of Eos immunophenotype
from CD101"°" Eos to CD101™#" Eos.
Single-cell suspensions were prepared
from lungs after HDM sensitization at
protocol Da?r 7 (Figure 5I). At this point,
only CD101°" Eos were present in the
lungs (Figure E7H). Total lung cells were
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plated in complete media with either

saline (control); HDM and rmIL-5
(challenge/stimulation); or HDM, rmIL-5,
and RvD2 (Figure 5I; see METHODS). Cells
were incubated for 24 hours, and then
CD101 expression on Eos was assessed by
flow cytometry. Sample preparation and
saline exposure during the incubation
resulted in ~10% presence of CD101"8" Eos
(Figures 5] and 5K). Challenge with HDM
and rmIL-5 led to a significant increase

in CD101"8" Eos relative to control
incubations. With RvD2 addition to the
challenge, the percentage of CD101"" Eos
significantly decreased to approximate the
control results (Figures 5] and 5K). To
confirm that IL-5 played a critical role in
CD101 expression and Eos maturation,
BMEos were obtained (see MeTHODS). BMEOS
were cultured in the presence of rmIL-5

(10 ng/ml) starting at Day 4. From Day 6

to Day 12, ~14-30% of immature Eos
expressed CD101 (Figure E7I). Eos were fully
mature at Day 14, and, at this time interval,
most of the cells (~70%) had high expression
of CD101 (Figure E7I). Together, these
findings indicate that IL-5 is pivotal to
CD101"" Eos recruitment and maturation
to CD101"8" Eos and that RvD2 is a potent
regulator of IL-5 production and its
downstream actions on Eos maturation.

Discussion

Eos are found in multiple organs at baseline,
and their numbers significantly expand in
the lungs during type 2 inflammation, such
as in asthma (reviewed in [2, 28]). The
significant decrease of lung Eos from Day 15
to 17 indicates that there are endogenous
regulatory mechanisms triggered early after
allergen challenge. On the basis of a recent
report linking the RvD2 receptor to asthma
risk (15), this SPM was administered after
allergen sensitization and challenge to
ascertain proresolving Eos responses. The
administration of exogenous RvD2 propelled
the endogenous resolving mechanisms with
further decreases in BAL Eos. Different
subsets or activation states of Eos have
recently been identified that can carry

select functions, depending on the
inflammatory environment (2). Here,

we used a mouse model of self-limited
allergic lung inflammation to investigate the
spatiotemporal and functional regulation

of two Eos subsets during the onset and
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resolution of type 2 inflammation. CD101
expression distinguished the two

mouse Eos subsets. CD101'°™ Eos were
located in a lung vascular niche at baseline,
infiltrated the lung in response to allergen
challenge, and then converted to CD101"&"
Eos. These Eos subsets had distinct
transcriptional signatures, with CD101"&"
Eos demonstrating an activation phenotype
and a proinflammatory response to PGD,.
RvD2 selectively regulated lung Eos subsets,
specifically decreasing CD101'°" Eos
recruitment and their activation to
CD101™¢" Eos. In addition, RvD2 decreased
IL-5 concentrations in BAL, which

reduced the number of CD101¢" Eos

and controlled their phenotype to that of

a less activated state.

CD101 is a regulatory monocyte and
lymphocyte marker (29); however, its
function in Eos is uncertain. Expression
of CD101 differentiates lung Eos into
phenotypically and functionally distinct
subsets, with low expression levels in tissue-
resident Eos and high expression levels in
infiltrating Eos during lung inflammation
(7). Here, after HDM sensitization and
challenge, CD101'°™ Eos in the lung
vasculature expanded and upregulated
the expression of leukocyte migration,
chemotaxis, and cell-cell adhesion-related
genes in response to allergen. In the lung
tissue and airways, CD101'" Eos
transitioned to an activated state with high
expression of CD101. The CD101™¢" Eos
were predominantly located in BAL,
colocalizing with HDM in the airways. In
addition to increased CD101 expression, the
CD101"8" Eos displayed some distinguishing
morphologic features in the shape of their
nucleus and apparent granule contents,
suggesting that CD101 expression marked
an activation phenotype for mouse Eos. In
addition, CD101"¢" Eos had upregulated
gene expression of cell activation signaling,
including intracellular ERK1 and ERK2
transduction pathways, suggesting that these
proinflammatory pathways for CD101™¢"
Eos govern their cell activation state.
Although useful in identifying distinct
subsets of mouse Eos, further experiments
will be needed to provide further clarity
on CD101’s function in mouse Eos.

Eos have inflammatory roles in
different organs and disease models (2).
There is a growing appreciation that
during inflammation, Eos can also exert
proresolving roles by producing SPMs,

including RvD2, via lipoxygenase-mediated
enzymatic conversion of DHA (reviewed in
[9, 13]). Peripheral blood Eos isolated from
healthy human subjects produce, upon DHA
exposure, 14-HDHA, 17-HDHA, and SPMs,
including RvD2 (20). Here, the mouse Eos
subsets produced differing concentrations of
14-HDHA and RvD2 when incubated with
DHA. There was lower RvD2 production by
CD101™¢" Eos than by CD101'" Eos. In
contrast, expression of the RvD2 receptor,
DRV?2, was higher on the CD101"&" Eos,
suggesting potential direct roles for RvD2-
DRV?2 signaling in regulating mouse Eos
transitions to a more activated state (from
CD101" to CD101"8" expression).

Allergen challenge induced expression
of the mouse ortholog of 15-lipoxygenase
(ie., 12/15-lipoxygenase) in CD101°" Eos,
and it was even further upregulated in
CD101"¢" Eos. Of interest, the CD101™&"
Eos had relatively lower concentrations of
14-HDHA, despite the increased 12/15-
lipoxygenase gene expression, suggesting a
discordance with decreased mouse 12/15-
lipoxygenase activity in this Eos subset. Of
note, 12/15-lipoxygenase can be inhibited by
direct interaction with Ym1/2 (chitinase-like
proteins), and this inhibition has been linked
to increased type 2 inflammatory cytokines
in a related preclinical mouse model (30).
Ym1/2 expression was higher in CD101"¢"
Eos and is one potential explanation for the
discrepancy between 12/15-lipoxygenase
gene expression and enzymatic activity.
Ym1 has been closely related to lung type 2
immune responses (30-32). In the present
experiments, in vivo RvD2 exposure
significantly decreased chi3I3 (Ym1 gene)
expression in both CD101'°" and CD101"'8"
Eos, demonstrating a new counterregulatory
mechanism for SPMs.

There are several mediators, including
cytokines and chemokines derived from
structural cells (epithelial cells and
endothelial cells) and immune cells (innate
lymphoid cells and CD4" T cells), that are
involved in Eos recruitment, retention, and
function during inflammation (2, 6). Here,
consistent with its role in Eos recruitment
from the bloodstream into lung tissue,
CCL11 (eotaxin-1) concentrations were
increased in the lungs after repeated allergen
challenge. Among the cytokines, IL-5 plays a
critical role in the differentiation, maturation,
activation, and survival of Eos during the
type 2 immune response in asthma (33).
The use of anti-IL-5-based therapies in
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some patients with severe asthma can
reduce peripheral blood Eos numbers in
conjunction with clinical efficacy (34). Here,
BAL IL-5 concentrations and Eos numbers
were increased during allergic lung
inflammation. Direct IL-5 administration
into the airways increased Eos numbers and
induced the transition from CD101'" Eos
to CD101"8" Eos. Local administration of
RvD2 into the airways decreased the
allergen-induced BAL IL-5 concentrations
more rapidly than vehicle, in part by
decreasing IL-5-producing CD4 " T-helper
cell type 2 and type 2 innate lymphoid cell
numbers. RvD2 potently regulated
IL-5-mediated direct actions on lung Eos,
including the CD101"" Eos transition to
the further activated state in CD101™¢" Eos.
Collectively, these findings have uncovered

direct and indirect mechanisms for RvD2-
mediated regulation of the clinically
relevant target IL-5 that promoted the
resolution of mouse lung eosinophilia and
Eos activation.

In summary, phenotypically and
functionally distinct Eos subsets, namely
CD101"" and CD101™¢" Eos, were
spatiotemporally regulated in a mouse
model of self-limited airway type 2
inflammation. RvD2 signaling mediated
proresolving actions that accelerated
resolution by decreasing allergen-induced
lung Eos numbers in a DRV?2 receptor-
dependent manner. RvD2 regulated Eos
phenotype and function by at least two
distinct mechanisms: decreasing
IL-5-dependent recruitment of CD101'°"
Eos into the airways and decreasing the

transition of CD101'°" Eos to CD101"&"
Eos. These findings support the notion
that Eos subsets contribute to the
resolution of inflammation via the
biosynthesis and release of proresolving
mediators. Our findings indicate that
mouse Eos are a heterogeneous pool of
cells with distinct activation states and
spatiotemporal regulation during the
resolution of type 2 inflammation and that
RvD?2 is a potent proresolving mediator for
inflammatory Eos recruitment and
activation. l
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