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PGI, Controls Pulmonary NK Cells That Prevent Airway
Sensitization to House Dust Mite Allergen

Bryan Simons,* Maria E. Ferrini,* Sophia Carvalho,* David J. P. Bassett,’
Zeina Jaffar,*’l and Kevan Roberts*!

In allergic asthma, inhalation of airborne allergens such as the house dust mite (HDM) effectively activates both innate and adaptive
immunity in the lung mucosa. To determine the role of the eicosanoid PGI, and its receptor IP during allergic airway sensitization,
HDM responses in mice lacking a functional IP receptor (i.e., PGI, IP receptor—deficient [IP~/7]) were compared with wild type
(WT) mice. Surprisingly, IP~~ mice had increased numbers of pulmonary CD3~NK1.1"Ly49b* NK cells producing IFN-y that
was inversely associated with the number of type 2 innate lymphoid cells (ILC2s) expressing IL-33Ra and IL-13 compared with
WT animals. This phenomenon was associated with elevated CX3CL1 levels in the airways of IP™’~ mice and treatment with a
neutralizing Ab to CX;CL1 reduced IFN-y production by the lung NK cells. Remarkably, IP™'~ mice were less responsive to
HDM challenge than WT counterparts because intranasal instillation of the allergen induced markedly reduced levels of airway
eosinophils, CD4* lymphocyte infiltration, and mucus production, as well as depressed levels of CCL2 chemokine and Th2
cytokines. NK cells were responsible for such attenuated responses because depletion of NK1.1* cells in IP™'~ mice restored both
the HDM-induced lung inflammation and ILC2 numbers, whereas transfer of CD3”NK1.1* NK cells into the airways of WT hosts
suppressed the inflammatory response. Collectively, these data demonstrate a hitherto unknown role for PGIL, in regulating the
number and properties of NK cells resident in lung tissue and reveal a role for NK cells in limiting lung tissue ILC2s and

preventing allergic inflammatory responses to inhaled HDM allergen. The Journal of Immunology, 2017, 198: 000-000.

response to known allergens. Exacerbations of this dis-

ease are coincident with Th2-mediated airway inflam-
mation characterized by the infiltration of eosinophils, goblet cell
hyperplasia, and airway remodeling resulting in AHR and luminal
narrowing. In highly populated areas of North and South America,
almost 85% of asthmatics are allergic to house dust mites (HDMs)
(1, 2). It seems likely that an improved understanding of the
cellular and molecular events that underpin bronchial sensitization
to allergens will prove a prerequisite for the development of novel
intervention strategies. The interaction of HDM allergens with
innate cells in the respiratory tract is a critical event that precedes
adaptive immunity. In this context, HDMs entering the mouse

g sthma is largely associated with atopy, typified by an IgE
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airway have been shown to interact with formyl peptide receptors
on eosinophils (3), protease-activated receptor-2 on epithelial cells
(4), TLR4 on stromal cells (5), and Dectin-2 on dendritic cells
(DC) (6) and alveolar macrophages (7).

NK cells are effector cells of innate immunity classically rec-
ognized for their ability to identify and kill tumors and virally
infected cells (8). Such reactivity is tightly regulated by an ex-
pansive system of activating (e.g., NKp46 and NKG2D) and in-
hibiting (e.g., NKG2A and NKG2B) receptors expressed on the
surface of NK cells (9, 10). Recent advances in the understanding
of NK cell interaction with other innate and adaptive immune cell
populations has generated interest in the immunoregulatory role
of NK cells beyond their capacity as killers. NK cells residing in
the lung mucosal tissue have been described previously, however,
their relationship to conventional circulating NK cells remains
unclear (11-13). Previous reports have investigated the effect of
NK cells on allergic lung inflammation with contradictory find-
ings, with some instances inhibiting allergic lung inflammation
(14, 15) and others promoting eosinophilic inflammation (16, 17).
Importantly, NK cells are responsive to a range of endogenously
produced eicosanoids, which include Resolvin-E1 (18), Lipoxin-
A4 (19), PGD, (20), PGE, (21), and leukotrienes (22). Eicosa-
noids generated in the lung likely regulate the inflammatory
response and provide a means to integrate the opposing needs of
maintaining the normal barrier function of both endothelial and
epithelial surfaces yet facilitate immune responses to airborne
pathogens and allergens. The early events elicited by the inter-
action of allergens with the innate immune system include the
biosynthesis of cysteinyl leukotrienes and PGs (23-25). PGI, (also
known as prostacyclin) is a metabolite of arachidonic acid and
forms a prominent component of the COX-2 response (reviewed
in Ref. 26). This mediator plays a critical role in pain perception
and inflammation and is a potent vasodilator and inhibitor of
platelet aggregation (27).
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2 REGULATION OF ALLERGIC SENSITIZATION BY PGI, AND NK CELLS

To resolve the contribution of PGI, and its IP receptor during
sensitization of the airways to the common airborne allergen
HDM, lung mucosal immune responses were examined in PGI, IP
receptor—deficient (IP~'7) mice and compared with wild-type
(WT) counterparts. In mice lacking IP, the size of the NK cell
pool in the lung tissue was increased 2-fold and these cells pro-
duced high levels of IFN-y. Remarkably, IP~’~ mice were less
responsive to HDM allergen sensitization than WT counterparts
because intranasal instillation of the allergen induced markedly
reduced levels of eosinophils, CD4" lymphocyte infiltration, and
mucus production in the airways. The reduced allergic inflammation
was associated with a decrease in the number of type 2 innate
lymphoid cells (ILC2s) in the lungs of HDM-challenged TP~ mice.
NK cells appeared linked to the reduced ILC2s numbers because
depletion of NK cells in P~/ mice restored ILC2 numbers. These
findings reveal a previously unknown capacity for PGI, in regulating
pulmonary NK (pNK) cells and reveal a role for NK cells in pre-
venting airway sensitization to inhaled allergen and subsequent de-
velopment of HDM-induced allergic lung inflammation.

Materials and Methods
Mice

C57BL/6 (The Jackson Laboratory, Bar Harbor, ME) and 1P~ mice (10-
16 wk old) were used throughout this study. IP~'~ mice were originally
developed and kindly provided by Dr. Garret A. FitzGerald’s Laboratory,
Institute for Translational Medicine and Therapeutics, Philadelphia, PA. All
mice were bred under pathogen-free conditions in a barrier facility. Experi-
mental animals were maintained in microisolator cages and treated in ac-
cordance with National Institutes of Health guidelines and the American
Association of Laboratory Animal Care regulations. Animal experiments
were approved by the University of Montana, Institutional Animal Care
and Use Committee according to National Institutes of Health guidelines.

Intranasal administration of house dust mite allergen

To elicit allergic lung inflammation, mice were sensitized to HDM on day
0 by the intranasal administration of 100 pg of HDM allergen (Derma-
tophagoides pteronyssinus; Greer Laboratories, Lenoir, NC) in 30 pl of
PBS and then on days 7 and 14 by intranasal treatment with 50 pg of HDM
(30 pl total volume). HDM allergen preparations used throughout this
study contained minimal levels of LPS. Control groups comprised mice
receiving 30 pl of PBS on days 0, 7, and 14. To determine the level of
mucosal inflammation, bronchoalveolar lavage fluid (BALF) and lung
tissue were harvested 48 h after the last challenge on day 16.

Determining the level of pulmonary inflammation

Bronchoalveolar lavage was performed to collect BALF for analysis. Eosin-
ophil peroxidase (EPO) levels in the lavage cells were determined by col-
orimetric analysis. Cell differential percentages were determined by light
microscopic evaluation of Hema3-stained cytospin preparations and expressed
as absolute cell numbers. Lung tissue was dispersed by collagenase (Type IV;
Sigma-Aldrich, St Louis, MO), and lung mononuclear cells (LMC) were
isolated by Percoll (Sigma-Aldrich) density gradient for functional analysis.

CX;3CLI immunochemical detection and neutralization in vivo

Paraffin-embedded lung tissues were deparaffinized and treated with
0.3% H,0,, followed by blocking non-specific binding and the sections
were then incubated with 5 pg/ml goat anti-mouse CX5CL1 polyclonal
Ab (R&D Systems, Minneapolis, MN) at 4°C overnight. After washing,
they were incubated with horse anti-goat IgG peroxidase (Vector Labs,
Burlingame, CA) for 1 h at room temperature. Peroxidase binding sites
were amplified with avidin-biotin complex reagent (ABC reagent; Vector
Labs) for 1 h, and peroxidase activity was visualized using diaminobenzidine.
Sections were counterstained with hematoxylin and visualized using Nikon
Eclipse 800 light microscope equipped with Olympus DP71 camera and
cellSens software.

In certain experiments, CX3CL1 activity was inhibited by the admin-
istration of a neutralizing mAb to CX3CL1 (rat IgG,A; R&D Systems) or
control 1gG,4 isotope mAb by oropharyngeal instillation (25 pg in 30 pl
PBS over a 6-d period on days 0 and 3) into the airways of naive mice prior
to isolating lung tissues for generating LMC and enumeration of pNK cell
numbers (on day 6).

Measurement of cytokines, chemokines, and eicosanoids

To examine cytokine production in vitro, dispersed LMC or spleen cells
were stimulated with immobilized anti-CD3, (2 pg/ml, 2C11; ATCC), anti-
NKp46 (10 pg/ml, 29A1.4; BioLegend, San Diego, CA) or anti-NK1.1 Ab
(PK136, 20png/ml) in the absence or presence of 10 ng/ml mouse IL-2
(R&D Systems). After culture for 24 h, supernatants were harvested and
cytokines (IL-4, IL-5, IL-13, TNF-a, IFN-v, IL-12, IL-18 and IL-15)
measured by ELISA (R&D Systems).

BALF chemokine or cytokine levels were determined using ELISA for
measurement of CCL2, CX;CL1 (Duoset; R&D Systems), and IL-13
(Quantikine; R&D Systems), or using the sensitive Mouse V-Plex Pro-
Inflammatory Panel 1 assay and Meso Quickplex 120 reader (MesoScale
Discovery, MD) for measurement of other cytokines (IL-4, IL-5, TNF-a,
IFN-v, and IL-12p70). PG and cysteinyl leukotriene levels in the BALF
were measured using PG screening and cysteinyl leukotriene ELISA kits
(Cayman Chemical, Ann Arbor, MI).

Histological determination of peribronchial inflammation and
goblet cell hyperplasia

Lung tissue was fixed in 4% paraformaldehyde and embedded in paraffin
using a Leica ASP 300 tissue processor (Leica, Bannockburn, IL). Mi-
crotome sections were cut at 5-pm thickness and stained with H&E using a
Shandon Varistain 24—4 (Thermo Fisher Scientific). Alternatively, sections
were stained using periodic acid-Schiff (PAS) reagent. The level of peri-
bronchial inflammation (H&E stained) or mucus production (PAS stained)
was analyzed by microscopy and the transmitted light images were col-
lected on a Nikon Eclipse 800 microscope equipped with an Olympus DP
71 camera and cellSens software (Version 1.9).

In vivo depletion of NKI1.1* NK cells

To determine the in vivo effects of NK cells on allergic lung inflammation,
NKI1.1* cells were depleted using anti-NK1.1 Ab. The anti-NK1.1 MoAb
(PK136 obtained from the American Type Culture Collection (ATCC),
Manassas, VA) was purified by protein-A affinity chromatography (28).
Briefly, C57BL/6 WT and IP™/~ mice were injected i.p with 250 wg anti-
NK1.1 Ab or control IgG (mouse 1gG2a) 24 h prior to the start of HDM
challenge and then twice weekly for a period of 2 wk (on days —1, 3, 6, 10
and 13). Mice were challenged with PBS (control) or HDM allergen on
days 0, 7 and 14 with the allergic inflammatory response characterized on
day 16. In certain experiments, naive IP™'~ or WT mice were similarly
treated with the anti-NK1.1 or control mAb, twice weekly over a period of
2 wk. After treatment, the number of NK cells remaining in the lungs and
spleen was determined by enumerating CD3~ NK1.1"NKp46™ cells.

Purification of splenic NK cells and transfer to the airways

NK cells were purified by magnetic cell sorting (MagCellect; R&D Systems)
of spleen cells prepared from WT or IP™'~ mice. Sorted cells were selected
on the basis of being CD3 " NK1.1* and purity was checked by measuring the
proportion of CD3 " NKI1.17 cells (87-92% over three experiments). Purified
splenic NK cells (5§ X 10%) were suspended in RPMI 1640 (lacking FBS) and
instilled directly into the airways of WT mice by the oropharyngeal route in
a 30 wl volume 24 h after the start of HDM allergen sensitization period as
detailed above. Purified NK cells were pretreated with 10 ng/ml of IL-2 prior
to transfer into hosts to maintain cell viability and function. Sham control
mice received an equivalent suspension media alone by the oropharyngeal
route. Mice were subsequently challenged with 50 wg of HDM allergen on
days 7 and 14 and the airway inflammatory characterized on day 16. Ex-
amination of the eosinophilic infiltration into the airways was determined by
cell differential counts and measuring cell-associated EPO activity.

Flow cytometry

Cells (LMC, BALF, or splenic) were FcyR blocked using 2.4G2 Ab
(ATCC) and stained with combinations of the following mouse-conjugated
mADb (all purchased from BioLegend): allophycocyanin or FITC anti-CD3,
allophycocyanin/Cy7 anti-CD4, PE anti-CD8a, allophycocyanin—Cy7 anti-
CD19, allophycocyanin or PE anti-CD49b DX5 (pan-NK cells) or Ly49a,
FITC or allophycocyanin anti-NK1.1 (PK136), PE or allophycocyanin
anti-CD335 (NKp46), PE or allophycocyanin CD27, PE anti-CD94 (NKG2),
FITC or PE anti-NKG2D (CD314), allophycocyanin or PE anti-CD11c, PE
or allophycocyanin/Cy7 anti-I-A/I-E, allophycocyanin/Cy7 anti-Ly6G, allo-
phycocyanin or allophycocyanin/Cy7 anti-Ly6C, allophycocyanin/Cy7
anti-Ly-6G/Ly6C (Grl), PE, FITC or Brilliant Violet 421 anti-CD11b,
allophycocyanin or PE anti-F4/80. In addition, PE anti-Siglec-F (BD
Biosciences, to stain eosinophils), Alexa Fluor 647 anti-Dectin-2 (AbD
Serotec), and PE or allophycocyanin anti-CX3CR1 (R&D Systems) mAb
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were used. For intracellular staining, FITC anti-granzyme B, allophyco-
cyanin anti-granzyme A, and allophycocyanin anti-IFN-y, (all Abs from
BioLegend) were used and cells stained intracellularly as previously (29).
Flow cytometric acquisition was performed on a FACSAria II (BD Bio-
sciences, San Jose, CA) by four-color analysis using FACSDiVa software
and FlowJo, and a minimum of 50,000 live, single-cell events were col-
lected. Lung ILC2s were lineage negative (Lin ) cells that were stained
with Thy1.2/CD90.2 (AlexaFluor 405), CD45 (CLA) (allophycocyanin/
Cy7), and IL-33Ra/ST2 (allophycocyanin) mAb (all from BioLegend).
Lin~ cell determination was attributed to cells that were CD3~, CD4 ",
CD8a ', CD5°, CDllc, CD19, B220", TCRB , ¥8-TCR", Grl ,
NKI1.17, TER-119" (all FITC mAb from BioLegend), and Siglec-F
(using PE mAb; BD Biosciences). Additionally, eFluor 660 anti-IL-13
(Affymetrix eBioscience, San Diego, CA) was used for intracellular
staining. Flow cytometric acquisition was performed on a FACSAria II
(BD Biosciences) by six-color analysis using FACSDiva software or
Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA).

Statistical analyses

Data were analyzed using GraphPad Prism 5.0 (GraphPad, La Jolla, CA).
Results involving two variables were analyzed by two-way ANOVA with a
Bonferroni post test. Data comparing two groups were analyzed using an
unpaired ¢ test. Figures show combined data from multiple studies or
independent repeats (two or more). Data shown are mean = SEM. A
p value < 0.05 was considered statistically significant.

Results

The lungs of mice lacking the PGI, receptor, IP™'~, contain
increased numbers of NK cells that express elevated levels of
NKp46

PNK were characterized in IP~/~ mice following dispersion of
lung tissue using collagenase and the resulting LMC examined by
multicolor flow cytometry. The NKI1.1 alloantigen (a member of

the Mkrplc gene family) was used as a specific marker for NK
cells (30). CD3CD19 NK1.1" pNK cells from IP™/~ mice were
enumerated and compared with C57BL/6 WT counterparts. Un-
expectedly, a 2-fold increase in the number of pNK cells was
found in the lungs of IP~'~ compared with WT mice (2.3 X 10°
versus 1.2 X 10° NK cells per mouse respectively, Fig. 1A), al-
though the total number of leukocytes present in the lungs of these
mice was similar. Given the elevated numbers of IP~/~ pNK cells
it was important to establish their relationship to circulating NK
cells. To this end, the expression of known NK differentiation
markers by CD3~CD19 NK1.1* cells was evaluated. IP~/~ pNK
cells expressed over 4-fold elevated levels of NKp46 (CD335 or
natural cytotoxicity triggering receptor-1) compared with WT NK
cells (Fig. 1B). In marked contrast to the elevated pNK cell
numbers, the number of CD37CD19 NKI1.1* NK cells present in
spleen, bone marrow, axillary, and mesenteric lymph nodes, and
Peyer’s Patches of IP™’~ mice were not significantly different
from that observed in WT mice. However, NKp46 expression by
NK cells in IP™'~ mice in all such tissue sites examined was
elevated and comparable to pNK cells (Supplemental Fig. 1). The
IP~/~ pNK cells were indistinguishable from circulating NK cells
because >95% of CD3 CD19 NKI1.1" pNK cells were DX5*
(the o2 integrin CD49b), a late NK maturation marker (Fig. 1B).
Subsets of pNK cells in IP~'~ mice expressed CD27 and Ly49A
(~19.9% and 14.7%, respectively) but no appreciable difference to
that observed in WT mice was evident. Intracellular staining of the
pulmonary cells revealed that the majority (>95%) of the IP~/~
pNK cells expressed granzyme A (and granzyme B, data not
shown). Innate lymphoid cells have also been reported to express
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FIGURE 1. IP™/~ mice exhibit in- WT IP-/-

creased numbers of pulmonary NK cells
that express elevated levels of NKp46.
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collagenase to prepare lung mononu-
clear cells (LMC) and the characteristics
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4 REGULATION OF ALLERGIC SENSITIZATION BY PGI, AND NK CELLS

NKp46 in some instances but these cells typically coexpress
CD127 (31). CD127 was universally absent from the CD3~ CD19-
NK1.1" pNK cells in both IP~/~ and WT mice (data not shown).
Collectively, these results demonstrate that IP~'~ mice have ele-
vated numbers of NK cells expressing NKp46, DXS, and granzymes
A and B, and revealed that the pNK cells are indistinguishable
from mature NK cells.

Increased production of IFN-y by pNK cells in IP™'™ mice

Although largely recognized by their ability to mediate cytolytic
activity, NK cells are also an important source of proinflammatory
cytokines that include IFN-y and TNF-a. Given the elevated
numbers of NK1.1* NK cells present in IP~'~ lungs, we next
examined the levels of IFN-y and TNF-a produced by these pNK
cells. Intracellular staining of IFN-vy revealed that the majority of
pNK in WT and IP~’~ mice expressed this cytokine (Fig. 1B).
Because NK1.1 and NKp46 are activating receptors, an effective
way to determine cytokine production by NK cells was to deter-
mine LMC response to immobilized anti-NK1.1 or anti-NKp46
Abs. Cytokine release from LMC was determined using Ab-
coated plates in the absence or presence of exogenous IL-2 as
detailed previously (32). A significant elevation in IFN-y pro-
duction in response to anti-NKp46 or anti-NK1.1 stimulation (in
the presence of IL-2) was observed in LMC from IP~/~ mice
(2-fold or more) compared with WT counterparts (Fig. 2). These
responses are consistent with a 2-fold increase in the number of
NKI1.1% cells present in the lungs and elevated NKp46 expression
by NK cells. Interestingly, a slight elevation in IFN-y production
by LMC from IP~’~ mice was also observed in the presence of
exogenous IL-2 alone or spontaneously, possibly due to elevated
myeloid cells in these mice (Fig. 2). In both IP™'~ and WT LMC
the amount of production of TNF-a by pNK was negligible
and <40 pg/ml. Because NK cell are responsive to the cyto-
kines IL-12, IL-18, and IL-15, we examined whether any of
them were elevated in the airways or lung tissue of IP~/~ mice.
Although none of these cytokines were detected in the BALF of
naive IP™'~ mice (data not shown), their contribution to the
increased numbers of pNK cells cannot be excluded.

Elevated CX;CLI levels in the airways of IP~'~ mice regulate
cytokine production by pNK cells

CX3CL1/fractalkine and its receptor CX3CR1 promote the che-
motaxis of macrophages (33) and cytolytic lymphoid cells including
NK cells, CD8" cells, and y3 T cells (34). CX3CL1 is unusual insofar
as it exists as a membrane-associated form that is proteolytically
released from the cells. Given the elevated numbers of pNK cells
in IP™'~ mice, we examined whether the chemokine CX5CL1 was
present in the airways of these mice. Interestingly, 2-fold higher
levels of CX;CL1 were found in the BALF of naive IP™/~ mice
compared with WT animals (Fig. 3A). Because expression of this
chemokine is reported to be predominantly by epithelial and en-
dothelial cells (35), we investigated its expression in lung tissue of
both WT and IP™/~ mice by immunohistochemistry. The majority

FIGURE 2. Increased IFN-y production by pulmo- 1000+ |i|
nary NK cells in IP~/~ mice. The production of IFN-y T—E" 8004

by NK cells was determined by stimulating LMC, B

generated by collagenase dispersion of lung tissue, =X 600+
from naive WT or IP~/~ mice (four per group) with 3= 400
either immobilized anti-NK1.1 or anti-NKp46 Ab in E

the presence or absence of IL-2. After culture for 24 h, = 2001
IFN-vy production was determined using ELISA (in 0-

triplicate). Data represent mean = SEM of three in-
dependent experiments, ***p < 0.001.

of CX5CL1 expression in the lungs of IP~/~ mice was found to be
associated with the airway epithelium, with lower levels of ex-
pression observed in the lung tissue of WT mice (Supplemental
Fig. 2). To confirm that NK cells in both IP~’~ and WT mice
potentially respond to this chemokine, the expression of CX;CR1
receptor by NK cells was examined. Flow cytometric analysis
revealed that CD3 NKI1.1* NK cells in both naive IP~/~ and WT
mice expressed CX3CR1 (Fig. 3B). To examine whether CX3CL1
was responsible for influencing cytokine production by pNK cells
or promoting the homeostatic recruitment of these cells to the
lungs of IP~/~ mice, a neutralizing Ab to CX5CL1 or control
IgG, 4 isotope Ab (25 g in 30 wl PBS over a 6 d period on days
0 and 3) was administered by oropharyngeal instillation into the
airways of naive IP~'~ or WT mice. Lung tissues were harvested
(on day 6) and cytokine production or the frequency of CD3 ™
CD19 NK1.1* NK cells in LMC was determined. Interestingly,
in vivo administration of anti-CX3CL1 mAb to naive WT or IP™/~
mice resulted in a significant reduction in the production of IFN-y
by pNK from IP~/~ mice (but not WT) in response to IL-15 +
IL-18 or NKp46 stimulation (Fig. 3C). In contrast, the number of
CD37CDI19 NKI1.1* NK cells present in the lungs of both WT or
IP~/~ mice was unchanged after treatment with anti-CX5CL1 Ab
(Fig. 3D). These findings suggest that CX3CL1 plays a role in the
maintenance of cytokine production by pNK cells rather than the
recruitment of NK cells to the lungs.

HDM-induced allergic lung inflammation and Th2 cytokine
production are attenuated in IP~'~ mice

Given the increase in pNK cell numbers in IP~'~ mice, it was
important to resolve whether these cells influenced the develop-
ment of adaptive immunity in the lung. NK cells have been shown
to be capable of augmenting or suppressing the development of
allergic lung inflammation (15, 17, 36). We thus evaluated
whether the presence of increased numbers of pNK cells evident
in the IP™/~ mice impacts lung mucosal immune responses in
these animals. To this end, acute allergic sensitization and chal-
lenge was elicited by repeated intranasal administration of HDM
allergen over a 2-wk period. The level of HDM-induced pulmo-
nary inflammation in IP~’~ mice was compared with WT coun-
terparts. HDM inhalation evoked a pronounced lung inflammation
in C57BL/6 WT mice, characterized by the influx of eosinophils
and lymphocytes into the airways and an increase in cell-
associated EPO levels in the BALF (Fig. 4A). In marked con-
trast, the number of eosinophils and lymphocytes present in BALF
of HDM-challenged IP~/~ mice was markedly reduced compared
with WT mice (by ~50%, Fig. 4A). IP~'~ and WT mice that were
repeatedly exposed to intranasal PBS (control) did not exhibit any
evidence of eosinophil infiltration into the airway. Lung histo-
logical analysis (using H&E staining and PAS staining) revealed
that HDM-exposed WT mice developed a pronounced peribronchial
and perivascular inflammation and an increase in mucus production
or goblet cell hyperplasia compared with control animals exposed
to PBS (Fig. 4B). Both the peribronchial inflammation and mucus
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FIGURE 3. Elevated CX;CLI levels in the airways of [P~/ mice regulate cytokine production by pNK cells. CX;CL1 chemokine levels in BALF from
naive WT and IP~'~ mice (six per group) were determined in conjunction with CX3CR1 receptor expression by NK1.1* NK cells. (A) CX3CL1 levels
present in the BALF from naive IP~’~ or WT mice measured by ELISA. Data are mean + SEM (1 = 6), **p < 0.01. (B) Receptor CX3CR1 expression by
purified splenic CD3 NK1.1* NK cells from WT or IP™’~ mice determined by flow cytometry. The contribution of CX;CL1 in influencing cytokine
production by pNK cells in IP~/~ or WT mice was examined in vivo using a neutralizing Ab to CX3CLI. Anti-CX;CL or isotope control Ab was ad-
ministered by oropharyngeal instillation (25 p.g in 30 wl PBS over a 6-d period on days 0 and 3) into the airways of naive [P/~ or WT mice (six per group).
Lung tissue was collected and dispersed in collagenase to prepare LMC. (C) IFN-y production by pNK cells was determined using ELISA (in triplicate)
following stimulation of LMC with either IL-15 + IL-18 or anti-NKp46 Ab for 24 h. Data are mean = SEM, *p < 0.05. (D) The effect of anti-CX;CL1
treatment on the frequency of pulmonary CD3~CD19 NK1.1" NK cells was determined by flow cytometry. Results are representative of three independent

experiments.

secretion were markedly reduced in HDM-challenged IP~'~ mice
(Fig. 4B), with limited evidence for eosinophil infiltration. The
infiltration of eosinophils into the airway was further demon-
strated by flow cytometry where the number of Grl~ CD11b*
Siglec-F* eosinophils present in the BALF of HDM-treated
IP~'~ mice was clearly reduced compared with WT counter-
parts (Fig. 4C). To determine if the reduced inflammatory re-
sponse was associated with decreased numbers of APCs present
in the lungs, we enumerated the number of monocyte-derived
DC (moDC) (CD11c¢*MHC ™ II*"CD11b") and epithelial-
associated DC (CD11¢*MHC II*"€"CD103") in the LMC. Fol-
lowing the onset of HDM-induced allergic inflammation, the
number of CD11c*MHC ™ II"#" DC in WT mice was markedly
increased (0.64% in PBS controls versus 4.52% in HDM chal-
lenged) and these were predominantly CD11b* moDC rather than
CD103* conventional DC (Fig. 4D). In marked contrast, the
number of CD11c*MHC II™¢"CD11b* DC in IP™/~ mice was
not significantly increased. Coincident with the onset of allergic
inflammation in HDM-challenged WT mice was the presence of
high levels of IL-13 in the BALF and increased concentration of
IL-4, IL-5, and TNF-a (Fig. 5A). The production of all three
cytokines was markedly depressed in BALF from IP™/ mice treated
with HDM allergen. However, levels of IFN-y and IL-12 in the

BALF of HDM-exposed IP~'~ or WT mice were undetectable
(Fig. 5A), suggesting that the unresponsiveness in IP~/~ mice was not
a consequence of immune deviation of the HDM response toward a
Thl phenotype. CCL2 has been implicated in the recruitment of
moDC during allergic inflammation (37) and is essential for Th2
polarization (38). Coincident with the onset of allergic inflammation
in HDM-challenged WT mice, high levels of CCL2 were produced in
the airways of these animals. However, consistent with the depressed
Th2 cytokine levels, there was a marked reduction in CCL2 pro-
duction in the BALF of HDM-exposed IP~'~ compared with WT
mice (Fig. 5B). To confirm that the observed effects in P~ mice did
not arise as a consequence of altered eicosanoid biosynthesis, the
levels of PGs and cysteinyl leukotrienes present in BALF of HDM-
challenged or control IP™" mice was compared with WT littermates.
However, no significant differences in de novo levels of eicosanoids
were observed in the airways of WT and IP~"~ mice, although pro-
duction in both strains tended to increase after allergen inhalation
(Supplemental Fig. 3). The early induction of allergic airway in-
flammation has been reported to involve HDM interaction with
alveolar macrophages via a Dectin-2—dependent mechanism (7).
Given that the airways of IP~/~ animals had elevated levels of
CX;3CL1, we examined whether the reduced responsiveness of
IP~’~ mice to allergen sensitization was due to changes in
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FIGURE 4. HDM-induced allergic lung inflammation and mucus production is attenuated in IP~"~ mice. WT or IP™"~ mice (six per group) were subjected to
acute allergen sensitization and challenge by repeated intranasal administration of HDM allergen or PBS (control) on days 0, 7, and 14. BALF and lung tissue were
harvested (on day 16) to determine the level of allergic inflammation. (A) The inflammatory cells present in the BALF were determined by cell differential counts
and expressed as absolute cell numbers (per mouse) of lymphocytes (Lym), macrophages (Mac), eosinophils (Eos), and neutrophils (Neu). Eosinophil infiltration
was also determined by measuring cell-associated eosinophil peroxidase (EPO) by colorimetric analysis. Date are mean = SEM (n = 6), *p < 0.05, **p < 0.01. (B)
Peribronchial and perivascular inflammation (H&E) and mucus production (PAS staining) was determined using histological analysis (original magnification X20).
(C€) The number of Grl~CD11b*Siglec-F* eosinophils present in BALF was determined using four-color flow cytometry. (D) The presence of moDC in LMC
(prepared by collagenase dispersion of lung tissue) from WT and IP™/" mice following HDM challenge was examined by four-color flow cytometry. After gating on
CD11c"MHC-IIP™ cells, the expression of o integrin (CD103) and CD11b was determined. Data are representative of three or four independent experiments.

phenotype and early allergen responses of CX3;CR1* myeloid
cells present in the lung tissue and airways. Flow cytometric
analysis revealed that naive IP”’~ mice had augmented numbers of
CD11¢*CX3CR1" cells in the BALF that exhibited markedly
increased levels of MHC-II'™ expression but reduced levels of
Dectin-2 compared with WT counterparts (Supplemental Fig. 4).

Depletion of NK cells restores allergic lung inflammation in
IP™"" mice

Because naive IP~'~ mice had elevated numbers of CD3~CD19~
NK1.1" NK cells in the lungs compared with WT animals, we
examined the effect of depleting NK cells on the allergic in-
flammatory response. To deplete NK cells in vivo, IP~'~, and WT
mice were treated twice weekly with either the anti-NK1.1 Ab,
PK136 (250 png), or control IgG during the acute allergen chal-
lenge period. Treatment with PK136 resulted in >98% depletion
of NK1.1" cells when evaluated at day 16 (data not shown). In-
terestingly, depletion of NK1.1* cells in HDM-exposed 1P/~
mice restored the airway eosinophilia and cell-associated EPO
levels to a similar amount to that observed in WT mice and this
effect was not evident in mice receiving control IgG (Fig. 6A).
The restoration of eosinophilic inflammation in IP~'~ mice
by depletion of NK1.1% cells, strongly implies that NK cells are

responsible for preventing the development of allergic lung inflam-
mation in response to HDM. Treatment of WT mice with anti-NK1.1
also resulted in a slight increase in the number of eosinophils,
possibly due the presence of fewer NK cells in these mice. As ob-
served previously, production of the Th2 cytokine IL-13 in the air-
ways of mice after allergen challenge was clearly reduced in IP™/~
mice. However, treatment of HDM-exposed 1P/~ mice with anti-
NKI1.1 Ab restored airway IL-13 production to a level similar to that
found in WT mice (Fig. 6B). Moreover, lung histological analysis
revealed that HDM-exposed IP~'~ mice had reduced peribronchial
inflammation and mucus production compared with allergen-
challenged WT mice. Consistently, depletion of NK1.1 cells mark-
edly increased the inflammatory pockets and mucus production in the
lungs of HDM-challenged IP~/~ mice (Fig. 6C). Dectin-2 expression
by myeloid cells in the lungs of IP~/~ mice was not restored to
normal levels following NK cell depletion (data not shown) even
though lung inflammatory responses were.

Adoptive transfer of NK cells into the airways suppresses the
development of allergic lung inflammation

The depletion of NK cells using the anti-NK1.1 mAb (PK136)
strongly implied that NK1.1* cells in the IP~'~ mice are responsible
for preventing the development of HDM-induced allergic airway
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inflammation. However, a limitation encountered when treating
mice with the PK136 Ab is that both invariant NK-T cells and NK
cells are depleted. To resolve that the anti-inflammatory effects
were mediated by NK cells, we examined whether purified IP~~
and WT splenic NK cells (5 X 10°) instilled directly into the
airways of WT mice via the oropharyngeal route (24 h after the
start of allergen sensitization period) were able to inhibit HDM-
induced lung eosinophilic inflammation. Remarkably, adoptive
transfer of either IP~’~ or WT NK cells into the lungs of WT hosts
significantly reduced the level of HDM-induced eosinophilic in-
flammation (Fig. 7A) and cell-associated EPO levels (Fig. 7B)
compared with the sham group (no cell transfer). Interestingly, on
a per-cell comparison WT and IP~/~ NK cells were equally ef-
fective at suppressing allergic pulmonary inflammation, suggest-
ing that the major contributing factor to the attenuated responses
evident in IP™'~ mice likely arose from the preponderance of NK
cells in their lungs.

0_ am !#' i
KY

2 N
& ®

The elevated number of pNK cells in IP™'" mice is associated
with depressed lung ILC2 numbers

Although the elevated numbers of pNK cells in IP~/~ mice
appeared responsible for reduced HDM-induced inflammatory
responses, how they mediate immune suppression was unclear. To
examine if a defect in pulmonary ILC2 function was responsible
for the attenuated HDM responses, we characterized the number
and properties of ILCs present in the lungs of IP~/~ mice by
enumerating Lin  cells that coexpressed CD45 (CLA) and
CD90.2 using flow cytometry. The ILC2 phenotype was confirmed
by intracellular staining for IL-13 and surface expression of
IL-33Ra/ST2, as detailed previously (39). This approach revealed
that lung tissues from IP~'~ mice had markedly reduced numbers
of Lin~ CD457CD90.2* ILC2s expressing IL-33Ra (4.90% in WT
versus 0.65% in IP~/~ mice) and IL-13 (4.74% in WT versus
2.53% in IP™/~ mice) compared with WT mice (Fig. 8A). As
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FIGURE 6. Depletion of NK1.1" cells in IP™/~ mice restores allergic lung inflammation. To deplete NK1.1* cells in vivo, WT and IP™'~ mice (six per
group) were injected with anti-NK1.1 Ab (250 pg i.p.) or control IgG twice weekly over a period of 2 wk during the acute allergen sensitization and
challenge period. Following intranasal administration of HDM or control PBS (on days 0, 7 and 14), BALF and lung tissue were harvested (on day 16) to
examine the level of allergic airway inflammation and IL-13 production. (A) Cell differential counts in the BALF were determined and expressed as
absolute numbers (per mouse) of lymphocytes (Lym), eosinophils (Eos), neutrophils (Neu) and macrophages (Mac). Eosinophil infiltration was also
assessed by measuring cell-associated eosinophil peroxidase (EPO) using colorimetric analysis. Results are mean = SEM (n = 6), *p < 0.05, **p < 0.01.
(B) IL-13 levels in BALF were measured by ELISA. Results are mean = SEM (n = 6), *p < 0.05. (C) Peribronchial inflammation (H&E staining) and
mucus production (PAS staining) was determined by histological analysis of lung tissue (original magnification X 20). Data are representative of three or

four independent experiments.

evidenced by the previous observations, the reduced number of
ILC2s in IP~/~ mice was coincident with an increased total
number of pNK cells (6.84% in WT versus 12.24% in 1P~
Fig. 8B). To examine the possibility that NK1.1* NK cells were
directly linked to and/or responsible for the reduced numbers of
ILC2s, NK cells were depleted by administration of anti-NK1.1
Ab to naive WT and IP~'~ mice. The effect of treating mice with
anti-NK1.1 mAb or control Ig (twice weekly over a period of
2 wk) on the total number of lung ILC2s was determined by flow
cytometry. Depletion of NK cells was associated with a significant
increase in the number of Lin~ CD45*CD90.2" IL-33Ra ILC2s in
the lungs of IP~~ mice to a level similar to WT counterparts
(Fig. 8C). These data are consistent with the possibility that the
decreased HDM responses in IP™/~ mice arises because of re-
duced lung ILC2 numbers caused by NK cell-mediated regulation.

Discussion

HDM is a clinically relevant allergen that is capable of conferring
immunity following inhalation without the need to resort to the use
of immunological adjuvants to prime the response. In mice, re-
peated inhalation of airborne HDM allergen results in the activation

of adaptive immunity characterized by a pronounced CD4* Th2
response, generation of specific IgE, and infiltration of eosinophils
into the airway (40). The mucosal allergic response in the airway
is typified by increased mucus production and AHR, analogous to
inflammatory processes observed in atopic asthma. The surprising
finding in this study was that the inflammatory response elicited
by inhaled HDM allergen was compromised in mice lacking IP
receptors. To explain the observed defect in allergic sensitization
in IP~/~ mice, deficiencies in the resident lung mucosal lymphoid
and myeloid cells were sought. The most notable immunological
characteristic of IP™/~ mice was that their lung tissues contained
2-fold more NK cells when compared with WT littermates and
that these pNK cells produced IFN-y. The increased size of the
NK cell pool in IP™/~ mice was only observed in the lungs be-
cause NK cell numbers present in lymphoid sites and other tissues,
such as liver, remained normal. The elevated number of pNK cells
in IP™/~ mice could conceivably arise from expansion of these
cells in the lung tissue and/or increased recruitment of NK cells to
this site. NK cells in IP~/~ mice expressed high levels of NKp46
compared with WT NK cells. NKp46 is a 46-kDa protein type I
glycoprotein natural cytotoxicity receptor that associates with the
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FIGURE 7. Adoptive transfer of NK cells suppresses allergic lung inflammation. NK cells were purified from spleens of IP~'~ and WT mice (using
MagCellect protocol) and the NK cells or PBS alone (sham group) were adoptively transferred into the airways of WT mice (six per group) by oro-
pharyngeal instillation (5 X 10° cells per mouse). Following acute allergic sensitization and challenge with intranasal HDM or control PBS (on days 0, 7,
and 14), the level of allergic lung inflammation was determined by examining the inflammatory cells present in the BALF. (A) Cell differential counts in the
BALF were determined and expressed as absolute numbers (per mouse) of lymphocytes (Lym), eosinophils (Eos), neutrophils (Neu) and macrophages
(Mac). (B) Eosinophil infiltration was assessed by measuring cell-associated eosinophil peroxidase (EPO) using colorimetric analysis. Results represent

mean = SEM (n = 6) of three independent experiments, *p < 0.05.

CD3( and FceRly (41). It serves as a receptor for several ligands,
which include vimentin (42) tumor Ags (43) or influenza viral
hemagglutinin (44). Of these ligands, only vimentin is ubiquitous
and its expression appeared normal in null mice, raising the
possibility that elevated NKp46 expression arises from an in-
creased frequency of mature NK cells (45).

PGI, biosynthesis is promoted during allergic lung inflamma-
tion (46) and this mediator is known to have several immuno-
regulatory properties (29, 46, 47). That IP null mice have an
immunological defect where NK cells are selectively affected is
noteworthy. NK cells are responsive to a range of endogenously
produced eicosanoids including Resolvin-E1 (18), Lipoxin-A4
(19), PGD, (20), PGE, (21), and leukotrienes (22). In the cur-
rent study, no gross changes in eicosanoid levels in BALF of IP™/~
mice was observed, suggesting that the altered phenotype in
these animals was linked with lack of IP expression. A notable
characteristic of the null mice was the augmented production of

>

FIGURE 8. The elevated number of pNK cells in
IP™'" mice is associated with depressed lung ILC2
numbers. Lung tissue was collected from WT and
IP™'~ mice (six per group) and LMC prepared by
dispersion of lung tissue. (A) ILC2 numbers in
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CX3CL1 in the BALF that likely contributed to the altered phe-
notype of IP™'~ mice. Our study confirms previous work that
CX3CL1 is highly expressed by airway epithelial cells (35). Un-
usually CX5CL1 exists as both trans-membrane and soluble forms,
the latter being generated following cleavage from the cell surface
by the action of the proteases ADAM10, ADAM17 or vy-secretase
(48). CX;3CL1 appeared not to be responsible for the increased
size of the pNK pool observed in IP~'~ mice (49). However,
administration of blocking Abs to the chemokine reduced IFN-y
production by pNK cells in [P~/ mice, suggesting that CX;CLI1
promotes cytokine production by pNK cells rather than their re-
cruitment. In this context, CX3CL1 has been shown to augment
both NK cell cytolytic activity (50, 51) and the release of IFN-y
(51, 52). The relative contribution of cell-associated and soluble
forms of CX3CL1 in augmenting pNK cell function remains unclear.

The elevated number of NK cells present in the lungs of IP~/~
mice prompted speculation that they may be responsible for the
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reduced allergic lung inflammation elicited by HDM in these
animals. Critically, the unresponsiveness of IP~/~ mice to inhaled
HDM was strictly dependent on the presence of NK cells because
anti-NK1.1 Ab treatment restored the lung inflammatory response.
Moreover, the suppression of allergic inflammation was demon-
strable by the oropharyngeal transfer of purified IP~/~ NK cells
into WT mice. Interestingly, both WT and IP~'~ NK cells were
equally effective at suppressing the development of allergic pul-
monary inflammation, suggesting that the NK-mediated regulation
evident in IP~'~ mice was primarily a consequence of the pre-
ponderance of pNK cells in these animals. These observations
reveal that NK cells in IP~/~ mice play a pivotal role in preventing
the onset of inflammation elicited by an inhaled allergen. Previous
reports studying the impact of NK cells on the development of
allergic lung inflammation have yielded contradictory findings. In
certain instances, NK cells inhibited allergic lung inflammation
(14, 15) and in others they promoted eosinophilic inflammation
(16, 53), reviewed in Ref. 54. In some studies, the Ag sensitization
phase was more susceptible to NK cell-mediated regulation
compared with the subsequent lung inflammatory response eli-
cited by OVA inhalation (55). It is noteworthy that these reports
did not use HDM to elicit lung inflammation and the effect of
endogenous eicosanoids was not considered. Certainly, NK cells
have been shown to prevent the development of T cell immunity
by multifarious mechanisms that typically fall into either affecting
the APC or the responding T cells (56).

IP~’~ mice are not overtly immune compromised, however, in
studies utilizing protein Ags such as OVA, inflammatory responses
are typically elevated (57, 58), often after systemic immunization
using adjuvants (29). An important aspect of the current study is
that it examines the responses elicited by the clinically relevant
HDM allergen instilled directly into the airways, without the use
of adjuvants (47). A notable difference between OVA and HDM
responses in the lung is that ILC2s contribute to the lung in-
flammatory responses to allergens, such as papain (59, 60) and
HDM (61-64), but have a less prominent role in OVA responses
following systemic immunization (61, 64). ILC2s are a potent
source of innate type 2 cytokines IL-5 and IL-13 in allergic lung
inflammation (64, 65). They are present in human respiratory
tissue and studies from mouse models of asthma demonstrate a
role for these innate cells in promoting allergic inflammation (66,
67). ILC2s secrete IL-5 constitutively and are induced to express
IL-13 during inflammatory processes and promote eosinophil
homeostasis (68). Indeed, the raised frequency of NK cells in IP~/~
mice was coincident with a reduction in the number of ILC2s
present in the lung tissues, and NK cell depletion resulted in a rise
in ILC2 numbers. These findings are consistent with the possi-
bility that tissue NK cells, either directly or indirectly, limit ILC2
responses and subsequent allergic inflammation. Importantly,
ILC2 function is susceptible to regulation by the action of IFN-y
and IFN-a/p (69-71). This form of regulation could arise from
either the direct effect of NK cells on ILC2 cells (likely by the
action of IFN-v) or, alternatively, by inhibiting IL-33 release in
the lung mucosa. Such regulation likely would impact the devel-
opment of T cell-mediated immunity because ILC2s promote the
development of CD4* Th2 responses (72, 73).

In summary, our data demonstrate a hitherto unknown role for
PGIL, in regulating the number and properties of NK cells resident
in lung tissue and reveal a role for NK cells in preventing allergic
inflammation by limiting the number of HDM-responsive ILC2s
in the lung. In recent years, development of novel therapeutic
strategies that selectively target the Th2 response has proven
difficult. We propose that the improved understanding of the role
of eicosanoids, such as PGI,, in promoting NK cell maturation and

expansion in the lung is critical not only for potentiating innate
immunity in the mucosal site, but also for preventing sensitization
to airborne allergens. Certainly, approaches that seek to prevent
allergic inflammation by specifically promoting mucosal NK cell
response would form a novel immunotherapeutic approach.
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Figure S1. NKp46 expression is elevated in all lymphoid tissues in naive IP”" mice. The number
of CD3'CDI9'NKI1.1" NK cells and expression levels of NKp46 present in the bone marrow,
axillary lymph nodes, mesenteric lymph nodes, Peyers Patch and spleens (from 4 mice) was

determined by 4-color flow cytometry. Data are representative of 2 independent experiments.



Figure S2. CX3CL1 expression in the lungs of IP”" mice is predominantly by airway epithelial
cells. Expression of CX3CL1 by lung tissue sections from IP”" and WT mice (4 per group) was
examined by immunohistochemical staining using anti-CX3CL1 Ab (5 pg/ml) and visualized by

light microscopy (x40). Data are representative of 2 independent experiments.
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Figure S3. The levels of endogenous eicosanoid biosynthesis in IP”~ and WT mice. WT or IP”
mice (6 per group) were subjected to acute allergen sensitization and challenge by repeated
intranasal administration of HDM allergen or PBS (control). Prostaglandin and cysteinyl
leukotriene (cysLT) levels in the BALF were determined using ELISA. Results are mean = SEM

of 3 independent experiments, ns = not significant.
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Figure S4. CD11¢"CX3CR1" alveolar macrophages in the lungs of IP”" mice have reduced levels
of Dectin-2 expression. Myeloid cells present in the BALF and LMC of naive WT or IP”" mice
(4 per group) were examined by 4-color flow cytometry. (A) After gating on CD11¢"CX3CR1"
cells, the expression of MHC-II and Dectin-2 by myeloid cells present in the BALF was
determined. (B) Similarly, the number and expression of MHC-II by CD11¢"CX3CR1" cells in

the LMC was assessed. Results are representative of 3 independent experiments
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