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Summary

Background Natural Killer (NK) cells have been implicated in the development of allergic
airway inflammation. However, the in vivo role of NK cells has not been firmly estab-
lished due to the lack of animal models with selective deficiencies in NK cells.

Objective To determine the specific contribution of NK cells in a murine model of allergic
airway disease (AAD).

Methods The role of NK cells in AAD was studied using NK-deficient (NKD) mice, perfo-
rin '~ mice, and mice depleted of Ly49A/D/G* NK cell subsets in an ovalbumin-induced
model of allergic airway disease (OVA-AAD).

Results Induction of OVA-AAD in C57BL/6 wild-type (WT) mice resulted in the expansion
of airway NK cells and the development of pronounced airway eosinophilia. In the
absence of NK cells or specific subsets of NK cells, either in NKD mice, or after the deple-
tion of Ly49A/D/G™ NK cells, the development of OVA-AAD was significantly impaired as
seen by decreased airway inflammation and eosinophilia, decreased secretion of the Th2
cytokines IL-4, IL-5 and IL-13 and diminished OVA-specific antibody production. Further-
more, while OVA-exposure induced a dramatic expansion of dendritic cells (DCs) in WT
mice, their induction was significantly attenuated in NKD mice. Development of OVA-
AAD in perforin~/~ mice suggested that the proinflammatory role of NK cells is not
dependent on perforin-mediated cytotoxicity. Lastly, induction of allergic disease by
OVA-specific CD4 T cells from WT but not NK-depleted or NKD mice in RAG ™/~ recipi-
ents, demonstrates that NK cells are essential for T cell priming.

Conclusions and Clinical Relevance Our data demonstrate that conventional NK cells play
an important and distinct role in the development of AAD. The presence of activated NK
cells has been noted in patients with asthma. Understanding the mechanisms by which NK
cells regulate allergic disease is therefore an important component of treatment approaches.
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Introduction

cytotoxic effector functions against virally infected
and transformed cells [12, 13], the ability to modulate

Asthma is a chronic inflammation of the airways mani-
fested as reversible airway obstruction, increased eosin-
ophilic inflammation and airway hyper-reactivity. T
Iymphocytes of the Th2 subset and their cytokines IL-4,
IL-5 and IL-13 are pivotal in the development of
asthma pathogenesis [1-7]. However, other types of
immune cells including NK and NKT cells may also
contribute to allergic inflammation [8-11].

Natural Killer (NK) cells participate at various levels
in the generation of immune responses. This includes

cytokine and chemokine environments [14], and induc-
tion of DC maturation [15]. These activities are medi-
ated by cognate interactions wvia inhibitory and
stimulatory receptors [16]. NKT cells, a subset of cells
bearing T cell receptors with restricted heterogeneity
and expressing NK cell markers (NK1.1 in C57BL/6
mice) [17, 18] can also play similar roles [19, 20]. In
light of the various immunomodulatory effects exhib-
ited by NK cells, we sought to examine whether these
cells play a role in the development of allergic airway



590 C. B. Mathias et al.

disease (AAD) in mice. Previous studies have suggested
a role for NK cells in allergic inflammation in patients
with asthma [21-23]. Similarly, depletion of NK and
NKT cells using the pan-NK1.1 specific antibody, sug-
gested that these cells can regulate the development of
airway eosinophilia in C57BL/6 mice [9]. However,
both NK and NKT cells were depleted in the above
study, and due to the lack of animals with selective
deficiencies in NK cells as well as observations that
NKT cells can also regulate allergic inflammation [8,
10, 24], the specific contribution of NK cells has not
been well-established.

To specifically address the role of NK cells in AAD,
we studied the development of OVA-induced AAD in
mice with selective deficiencies in the NK cell com-
partment (NKD mice), and in mice depleted of specific
NK cell subsets using monoclonal antibodies reactive
against Ly49 receptors. NKD mice are transgenic mice
expressing the Ly49A inhibitory receptor under control
of the granzyme A promoter [25, 26]. While these mice
have functionally normal T, B and NKT cells, they
have a profound deficiency in NK cells in peripheral
organs, which translates into a functional impairment
of NK cells in vitro and in vivo [27-29]. Expression of
the transgene does not have endogenous functional
consequences, as the ligand for Ly49A is H-2DY, which
is expressed in BALB/c mice. We show that the devel-
opment of OVA-AAD was significantly inhibited in
NKD mice as evidenced by an overall decrease in
inflammation and eosinophilia in the BAL and lungs,
decrease in OVA-specific IgE antibodies, and decreased
production of Th2 cytokines in the airways. Similarly,
Ly49A/D/G-depleted mice, a model that preferentially
depletes specific subsets of conventional NK cells, also
showed an inhibition of features of OVA-AAD. Expo-
sure to OVA sensitization and challenge induced a dra-
matic expansion in the numbers of spleen and airway
DCs, which was significantly attenuated in NKD mice.
Furthermore, inhibition of airway inflammation in this
model was not dependent on perforin-mediated NK cell
cytotoxicity. Lastly, adoptive transfer experiments con-
firm the requirement for NK cells during OVA-AAD,
and establish their effects during T cell priming. Our
observations thus elucidate for the first time the spe-
cific role of conventional NK cells in the OVA model
of AAD and demonstrate a pro-inflammatory role for
NK cells in the development of airway inflammation
and eosinophilia.

Materials and methods

Animals

Dr. W. Yokoyama (Washington University, St. Louis,
MO, USA) provided NKD mice; C57BL/6J and

perforin-deficient mice were purchased (Jackson Labo-
ratory, Bar Harbor, ME, USA). All mice were bred
extensively at the animal facility prior to performing
experiments. Six to 8 weeks old mice were used. Mice
were maintained at the Center for Laboratory Animal
Care of the University of Connecticut Health Center,
housed in sterile micro isolators at no more than five
mice per cage and given water and rodent chow ad [libi-
tum. All animal experiments were fully approved by
the Institutional Animal Care and Use Committee at the
University of Connecticut Health Center (animal proto-
col numbers 97-044 and 2000-005-03).

Animal model of AAD

The OVA-induced model of murine AAD has been pre-
viously described [30, 31]. Mice were sensitized with
3 weekly i.p. injections of 25 pg OVA, grade V (Sigma,
St. Louis, MO, USA) in 2 mg of alum. One week after
the last injection, animals were placed in a nose only
exposure chamber and challenged with a 1% OVA aero-
sol generated by a Lovelace nebulizer (In-Tox Products,
Albuquerque, NM, USA) for 1 h for 3 or 7 days. We set
the following experimental groups: OVA-OVA mice
(sensitized and aerosol challenged with OVA); SAL-
OVA (sensitized with saline and aerosol challenged with
OVA), OVA i.p. (sensitized with OVA but not aerosol
challenged with OVA) and naive mice. For immunode-
pletion, mice were injected i.p. with 100 pg of rat anti-
Ly49 A, D, G mAD (clone LAK 6/99) 2 or 7 days before
the beginning of the priming regimen, and every 8 days
thereafter until sacrifice. The efficacy of the depleting
antibody was established using flow cytometry. NK
depletion was monitored by screening NK1.1 and Ly49-
positive cells in peripheral blood, spleen, lung and liver.
Control mice received equivalent amounts of nonspe-
cific rat IgG (Sigma). Animals were sacrificed 24 h after
the last OVA-aerosol challenge.

Isolation of cells

Animals were anaesthetized and euthanized by cardiac
exsanguination and/or perfusion. BAL was obtained by
lavaging the lungs with five 1 mL aliquots of PBS [30].
Whole lungs were minced after BAL isolation and trea-
ted with 1.3 mm EDTA in Hank’s balanced salt solution
(HBSS) at 37°C for 30 min, followed by digestion with
100 U/mL collagenase (Life Technologies, Rockville,
MD, USA) in RPMI containing 5% FCS, at 37°C for
1 h. Cell suspensions were washed with PBS, erythro-
cytes were lysed by hypotonic shock and leucocytes
were resuspended in HBSS containing 10 mm HEPES
buffer pH 7.2 and 2% FCS Staining medium (SM).
Leucocytes were counted and viability was assessed by
trypan blue exclusion.

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 589-601
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Cell surface phenotypic analysis

Leucocytes were stained with the following mAbs con-
jugated with either FITC, PE or APC: NK1.1, CD3, DX5,
CD4, CD8, CD45R, CD11c, MHCII, CD80, CD86, CD40,
IL-4R, CD11b, Gr-1 (BD Pharmingen, San Diego, CA,
USA) and Ly 49 A, D, G, C, E and I and incubated on
ice for 30 minutes. Cells were washed and resuspended
in SM containing propidium iodide to exclude dead
cells. Fluorescence was evaluated using a FACSCalibur,
and data were processed using CellQuest Software (BD
Biosciences, San Jose, CA, USA).

Evaluation of AAD parameters

Cell counts. Percentages of eosinophils, macrophages,
Iymphocytes and neutrophils were enumerated using
cytocentrifuged preparations stained with May—Grun-
wald/Giemsa.

Lung histology. Unmanipulated, noninflated lung tissue
was removed from animals, fixed in a 10% buffered
formalin solution and embedded in paraffin. Tissue sec-
tions were stained with haematoxylin and eosin (HEE)
for general morphology.

Antibody determination. ELISA kits (BD Pharmingen)
were used to measure serum OVA-specific IgE and IgG1
antibodies.

Measurement of cytokines. BAL fluid was concentrated
10-fold using a Centriplus YM-10 filtration device
(Amicon. Beverly, MA, USA) and examined by ELISA
for the presence of IL-4 and IL-5 (BD Pharmingen) and
IL-13 (R & D Systems, Minneapolis, MN, USA). Cytokine
concentrations are represented as total amount in the
BAL fluid. Cells secreting IFN-y and IL-4 in an Ag-spe-
cific manner were detected using the ELISPOT assay
and the OVA-derived peptide TEWTSSNVMEERKIKV
(OVA,65.250) as previously described [32]. The peptide
was obtained from Research Genetics (Huntsville, AL,
USA). Image analysis of colored spots was performed
on an Immunospot Image Analyzer (Cellular Technol-
ogy, Cleveland, OH, USA). The background spots (effec-
tor cells plus feeders without peptide) were subtracted
from wells with spots generated by the addition of
peptide.

Isolation of DCs and mixed lymphocyte proliferation
assays

Spleens and lungs from experimental mice were treated
with 1 mg/mL of collagenase (Roche Diagnostic Corpo-
ration, Indianapolis, IN, USA) and 100 p/mL of lyophi-
lized collagenase (Invitrogen Corporation, CA, USA) and
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total cells were collected as described above. In addition
spleen cells were also treated with Dnase I (Roche, Indi-
anapolis, IN, USA) to prevent cell aggregation. DCs
were isolated by positive selection using CD1l1c
microbeads (Miltenyi Biotec, Auburn, CA, USA) and by
running through LS columns. Degassed SM was used
for all magnetic sorting. DCs were irradiated at 2100R
for 9 minutes and were set up in MLRs with naive CD4
T cells isolated by positive selection using CD4
microbeads and LS columns from spleens of either B6
mice or allogeneic BALB/c mice, at DC/T cell ratios as
indicated in the text. Cells were plated in triplicate in
96-well U-bottom plates and incubated for 48-72 h.
Twelve hours prior to harvest, they were pulsed with
1 uGi of [3H]thymidine/well, and the samples were har-
vested and counted by using a cell harvester (TomTec,
Wallac, Gaithersburg, MD, USA) and a 1450 Microbeta
Trilux scintillation counter (Wallac).

Induction of AAD in RAG ™/~ recipients

WT or NKD mice were immunized with OVA-alum as
described above. One group of WT mice was injected
i.p. with anti-NK1.1 (clone PK136) prior to immuniza-
tion with OVA-alum and throughout the immunization
protocol to deplete NK cells as previously described [9].
Five days after the last injection, animals were sacri-
ficed and spleen cells were isolated. Splenic cells were
then incubated with a cocktail of PE-conjugated mAbs
reactive against NK1.1, DX5, CD8, M170/CD11b, Gr-1,
Ter119, F480 and B220 for 15 mins at 4°C. Cells were
then washed and treated with anti-PE microbeads (Milt-
enyi Biotec) to isolate CD4 T cells by negative selection
using an LS column. Isolated CD4 T cells were >95%
CD3"CD4". About 2-4 million cells were transferred
intravenously (i.v.) into naive RAG ™/~ recipients that
had previously received a single OVA-aerosol challenge.
One and half days after adoptive transfer, RAG ™/~ mice
were challenged as wusual with OVA-aerosol and
sacrificed as indicated in the text.

Statistical analysis

Experimental groups were compared using the Student’s
t-test. Values of P < 0.05 were considered significant.
All data are expressed as the mean + SE.

Results

Airway inflammation and eosinophilia are inhibited in
NKD mice

NK-deficient (NKD) mice have been previously
described [25, 27]. They exhibit selective deficiencies in
the conventional NK cell compartment in the spleen,
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lungs, liver and peripheral blood. In contrast, the
numbers of peripheral T, B and NKT cells in these ani-
mals are comparable to those observed in WT mice. As
NKD mice have a significantly lower proportion of
conventional NK cells in lung tissue (3.4 4+ 0.6% of
lymphocyte populations) as compared to WT mice
(16.8 £+ 0.35%), we hypothesized that they would be a
suitable model for evaluating the role of NK cells in
AAD. Seven days after daily OVA-aerosol challenge,
OVA-primed WT (WT OVA-OVA) mice exhibited
inflammation and pronounced airway eosinophilia in
the BAL. In contrast, the degree of inflammation and
eosinophilia in the BAL of NKD OVA-OVA mice was
significantly reduced (Fig. 1a). Similar observations
were made 3 days after OVA-aerosol challenge (data
not shown). Decreased eosinophilia in BAL was accom-
panied by lower numbers of T and B cells (Fig. 1b).
Cytokine levels were assessed 3 days after OVA-aerosol
challenge (Fig. 1c). IL-5 and IL-13 were detected in
both groups, although at significantly reduced
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concentrations in the BAL of NKD OVA-OVA mice.
Equivalent levels of IFN-y were observed between the
groups. Evaluation of IL-4 production by splenic T cells
7 days after OVA-aerosol challenge showed that basal
levels of IL-4, without any antigen stimulation, were
slightly elevated in NKD OVA-OVA mice as compared
to WT OVA-OVA mice. However, after challenge with
specific peptide WT OVA-OVA splenocytes produced
elevated levels of IL-4 while NKD OVA-OVA mice did
not present significant differences compared to unstim-
ulated cells (Fig. 1d). Antibody responses were evalu-
ated by quantifying the amounts of OVA-specific IgE
and IgG1 in the serum (Fig. 1e and f). While elevated
levels of OVA-specific IgE and IgG1 were observed in
WT OVA-OVA, the production of both isotypes was sig-
nificantly decreased in OVA-exposed NKD mice. Simi-
larly, production of these antibodies could not be
detected in naive NKD mice and NKD mice immunized
with OVA without subsequent challenge (OVA i.p.
mice). These observations indicated that NKD mice were
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Fig. 1. Inflammation and eosinophilia in NKD mice induced with OVA-AAD. (a) BAL differential count indicating the total numbers of inflamma-
tory cells as assessed by modified Giemsa stain. (b) Total numbers of T and B cells in BAL. (c) Measurement of total BAL IL-5, IL-13 and IFN-y by
ELISA 3 days after OVA-aerosol challenge. (d) IL-4 production by OVA peptide stimulated splenic cells measured by ELISPOT assay 7 days after
OVA-aerosol challenge. (e) serum OVA-specific IgE and (f) IgG1 measured by ELISA. Three or more independent experiments were performed.
n = 7-10 mice/group. *P < 0.01, **P < 0.05.
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compromised in their ability to develop features of
airway inflammation during AAD.

NK and NKT cells are elevated in lung tissue of WT
mice during allergic inflammation

Significant numbers of NK and NKT cells were present
in the BAL of WT OVA-OVA mice after OVA-aerosol
challenge (Fig. 2a). Similarly, there was a marked eleva-
tion of NK cells (from 2.7 x 10° to 6 x 10° cells
3 days after OVA-aerosol challenge) in the lungs of WT
OVA-OVA mice as compared to naive animals during
the progression of AAD (Fig. 2b). These numbers
returned to baseline values (2 x 10°) 7 days after chal-
lenge. Interestingly, NKT cells also increased in percent-
age (from 1.0 to 3% and 1.7%) and number (0.1 x 10°
to 1.0 x 10° and 0.7 x 10°), both at days 3 and 7 after
OVA-aerosol challenge (Fig. 2b). This indicated that
both populations were present and elevated in the lungs
of WT OVA-OVA mice. To determine whether a similar
pattern of NK and NKT cell distribution could also be
observed in lungs of NKD mice, we examined the per-
centages and absolute numbers of these cells. Interest-
ingly, although the percentages and numbers of NK
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Fig. 2. Elevated numbers of NK and NKT cells in the airways of WT
OVA-OVA mice. (a) BAL FACS profile of WT OVA-OVA mice depict-
ing percentages of NK and NKT cells. Sufficient BAL cells could not
be obtained from WT controls and NKD mice for FACS analysis. (b)
Absolute numbers of NK and NKT cells in the lungs of naive and
OVA-OVA WT mice as enumerated by flow cytometry. Three or more
independent experiments were performed. n =5 mice/group.
*P < 0.0005.
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cells in the lungs of NKD mice are significantly
decreased, the induction of AAD modestly increased the
numbers of NK cells (from 0.35 x 10° to 0.9 x 10°)
but significantly increased those of NKT cells (from
0.06 x 10° to 0.95 x 10°) in NKD mice, indicating that
the mechanisms of populating the lungs with NK cells
are not defective in these mice. Sufficient numbers of
BAL cells could not be obtained from naive NKD mice
to perform a similar analysis.

Evidence of decreased OVA-AAD with lung
histopathology in NKD mice

To determine whether the differences observed in BAL
and lung correlated with lung inflammation in situ, we
performed qualitative histological examinations of lung
tissue. The lungs from control non-OVA-exposed mice
(Fig. 3a, top) appeared normal without any remarkable
pathologic changes. As expected, the lungs of WT
OVA-OVA mice had significant peribronchial and peri-
vascular inflammation characterized by an infiltration
of lymphocytes and eosinophils (Fig. 3a, bottom). In
contrast, a significant reduction in the degree of
inflammation was observed in the lungs of NKD
OVA-OVA mice (Fig. 3b, bottom).

Inhibition of airway inflammation and eosinophilia in
mice depleted of specific NK cell subsets

Individual NK cells express a repertoire of Ly49 recep-
tors with the ability to differentially bind MHC Class I
molecules. We generated a monoclonal antibody (LAK
6/99) reactive against a shared Ly49 epitope including
an activating receptor Ly49 D and inhibitory receptors
Ly 49 A and G. Intraperitoneal administration of this
antibody resulted in depletion of NK cells expressing
these receptors in the periphery (and lungs) of WT mice

OVA-OVA F

Fig. 3. Lung histopathology of wild type and NK-deficient mice. The
top panels represent naive non-OVA exposed control mice for (a) WT
and (b) NKD mice. The bottom panels represent (a) WT and (b) NKD
mice exposed to OVA 7 days post-OVA aerosol challenge. Three or
more independent experiments were performed.
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(Fig. 4a). We used this system to corroborate the results
obtained in NKD mice. Seven days following OVA-aero-
sol challenge, animals treated with the LAK 6/99 anti-
body exhibited significantly decreased inflammation
and eosinophilia in the BAL as compared with WT
OVA-OVA mice (Fig. 4b and c). Similarly, a reduction
in serum OVA-specific IgE antibody (Fig. 4d) was also
detected. Furthermore, Ly49-depleted OVA-OVA-
exposed mice demonstrated substantial inhibition of
airway inflammation (Fig. 4e, bottom) compared with
WT OVA-OVA-exposed mice treated with nonspecific
rat IgG (Fig. 4e, top). These data therefore suggest that
depletion of specific subsets of NK cells is sufficient to
inhibit airway inflammation and eosinophilia during
AAD.
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Sensitization with OVA-alum results in activation of
NKT cells during OVA-AAD induction

To assess the contribution of NK cells to the priming
and challenge phases of OVA-AAD, phenotypic analysis
of NK cell subsets in various organs including the
spleen, lung, liver, bone marrow and thymus was per-
formed. NK cell subsets expressing Thy1.2, B220, M170
or Ly49 A,D,G,C,E,I were enumerated 12, 24, 36, 48, 72,
96, 120, 144 and 168 h after OVA-alum sensitization as
well as after 3 and 7 days of OVA-aerosol challenge.
These studies demonstrated no significant changes in
expression of these markers on NK cells during either
the priming or challenge phases of OVA-AAD (data not
shown).

(b) BAL
4 #*

Ll

Cell No. (x 10%)
T 15

[

Lymph

aim

Total Mac

Eosin

(d) Serum

okl

=
- -] —

=)
L

OVA-1gE
(0.D. at 450 nm)
=

=
=

=
i

Control Depleted

[] WT OVA-OVA
[ WT OVA-OVA (Ly49-depleted)

Fig. 4. Inhibition of airway inflammation in mice depleted of Ly49 A/D/G" NK cells. (a) WT mice were injected with rat anti-Ly49 A/D/G every
8 days. Percentages of Ly49" NK cells in lung tissue by flow cytometry is shown: (left) undepleted; (right) depleted. Control mice were either
untreated or treated with nonspecific rat IgG. (b, ¢) BAL cell distribution in untreated and Ly-49 A/D/G depleted OVA-OVA mice 7 days after
OVA-aerosol challenge is shown. (b) total numbers of individual inflammatory cells, and (c) relative abundance of the respective populations as
assessed by modified Giemsa stain. (d) serum OVA-specific IgE determined by ELISA. (e) The top panel represents control WT OVA-OVA exposed
mice treated with nonspecific rat IgG. The bottom panel represents Ly49 A/D/G-depleted groups 7 days after OVA- aerosol challenge. Two inde-

pendent experiments were performed. n = 7-10. *P < 0.01, **P < 0.05.
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To further determine whether NK cells demonstrate
an activated phenotype after sensitization with OVA-
alum and during OVA-aerosol challenge, we analysed
lung and peripheral blood of WT mice for the expres-
sion of CD69 and CD25 on NK and NKT cells, 2 and
12 h after OVA-alum sensitization, and 3 and 7 days
after OVA-aerosol challenge. NK cells did not express
higher quantities of either CD69 or CD25 at any time
point in comparison with saline-sensitized mice. In con-
trast, NKT cells showed high expression of both markers
in the blood and the lungs 2 and 12 h after OVA sensi-
tization (Fig. 5a and b). To determine whether the lack
of NK cells conferred any change on NKT cell activa-
tion, we assessed expression of the above antigens on
NKT cells in NKD mice. Interestingly, NKT cells demon-
strated enhanced expression of these markers in these
animals as well (data not shown). These data indicated
that NKT cells are rapidly activated after OVA-alum
sensitization and have the capacity to modulate NK cell
activation as previously reported [33].

NKD mice fail to induce splenic and airway dendritic
cells during OVA-AAD

The ability of NK cells to modulate immune responses
may also be linked to their capacity to influence DC
function. Activated NK cells have been shown to induce
both maturation and lysis of immature DC in wvitro.
Additionally, NK cells have also been associated with
DC activation in vivo during MCMV infection [34, 35].
We therefore hypothesized that NK cells may similarly
impact DC function during the course of development
of OVA-AAD in allergic mice. Initial studies demon-
strated an equivalent number of CD11c¢” DCs in the
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spleen and lung tissues of both WT and NKD mice,
suggesting that a deficiency of peripheral NK cells does
not impact the numbers of endogenous DCs in naive
NKD mice as previously reported. Three days after
OVA-aerosol challenge, a dramatic increase in the total
numbers of CD11c¢” DCs was observed in the spleens
and lungs of OVA-challenged WT animals in compari-
son with naive controls (Fig. 6a and b). Furthermore, a
significant number of these cells in the spleen, and a
fair number in the lung, were positive for MHCII and
CD86. In contrast, expansion of CD11c" cells was not
observed in the spleens and lungs of NKD OVA-OVA
mice, suggesting that NK cell deficiency constrains the
induction of DCs during OVA challenge in allergic ani-
mals (Fig. 6a and b). Similar findings were observed in
the lungs and spleen of WT and NKD mice 7 days after
OVA-aerosol challenge (Fig. 6c and data not shown).
These data therefore suggest that exposure to allergen
induces the expansion of spleen and airway DCs during
allergic inflammation and that the influx of DCs into
immune compartments is severely attenuated in the
absence of peripheral NK cells. While these data
strongly implicate NK cells in the expansion of aller-
gen-specific DCs in vivo, the effects of NK cell defi-
ciency on DC function is not clear. Hence, to further
determine whether the absence of NK cells impairs DC
function during allergic inflammation, we examined the
expression of co-stimulatory molecules on spleen and
lung DCs from experimental animals. Similarly, the
capacity of these cells to induce the activation of naive
CD4 T cells was also assessed. These studies demon-
strated that DCs from both WT and NKD mice expressed
equivalent levels of co-stimulatory molecules (Fig. 6d),
and they were both able to induce the proliferation of
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Fig. 5. NKT cells are activated after sensitization with OVA-alum. (a, b) WT mice were injected with OVA-alum i.p. and 2 and 12 h later CD69*
NK and NKT cells were evaluated by flow cytometry. Gated NK1.1* cells are shown in the peripheral blood (PBL) and lung, respectively. Two or

more independent experiments were performed.
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naive CD4 T cells (Fig. 6e). These data therefore suggest
that while NKD mice fail to induce DC expansion
during OVA-AAD, they retain the ability to express
costimulatory molecules and induce T cell activation.

NK cell cytotoxicity is dispensable for the modulation of
AAD

NK-deficient (NKD) mice are compromised in their abil-
ity to generate effective NK cell-mediated cytotoxicity
[25]. NK cell cytotoxicity is not only involved in the
killing of virally infected cells and tumors, but also in
DC lysis and maturation, thus having the potential to
regulate the numbers of DCs during immune responses

[36-38]. To determine whether NK cell cytotoxicity was
essential in OVA-AAD, we examined perforin-deficient
mice, which cannot mediate granule-mediated
cytotoxicity [39] but have normal levels of NK cells.
Exposure to OVA challenge in OVA-sensitized perforin-
deficient mice resulted in marked airway inflammation
and the development of eosinophilia comparable with
similarly treated WT animals (Fig. 7a). In addition,
these mice produced equivalent levels of the Th2 cyto-
kine IL-5 and OVA-specific IgE antibodies. Evaluation
of lung histology showed the presence of airway
inflammation and vasculitis in both WT and perforin-
deficient OVA-OVA mice (Fig. 7b). These data therefore
suggest that NK cell-mediated perforin-dependent
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Fig. 7. Perforin-deficient mice develop AAD similar to WT mice. (a)
BAL responses of WT and perforin-deficient OVA-OVA mice 7 days
after OVA-aerosol challenge. Differential counts and relative abun-
dance of individual populations are as assessed by modified Giemsa
stain. Cytokines (IL-5 and IFN-y) and serum OVA-specific IgE were
measured by ELISA 3 and 7 days after OVA-aerosol challenge, respec-
tively. (n = 7) (b) Lung histology of perforin-deficient mice: the Left
panel represents non-OVA exposed control perforin-deficient mice.
The right panel represents perforin-deficient OVA-OVA mice after
7 days of OVA-aerosol challenge.

cytotoxicity is not required for the development of
OVA-AAD and that failure to induce DC expansion in
NKD mice is unrelated to defective NK cell cytotoxic
function.

Adoptive transfer of OVA-specific T cells from WT but
not NK-depleted or NKD mice induces the development
of OVA-AAD in RAG™/~ recipients

The effects of NK cells on DC induction during OVA-
AAD suggest that in the absence of NK cells, T-cell
activation and effector function may be impaired in
NKD mice during the generation of allergic responses.
To further assess the effects of NK cells on T-cell acti-
vation, and to determine whether NK cells are essential
during the priming or challenge phases of OVA-AAD,
OVA-specific CD4 T cells were isolated from OVA-
alum-sensitized WT mice (WT, UNTREATED), WT mice

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 589-601

depleted of NK cells (using anti-NK1.1) prior to priming
with OVA-alum, and NKD mice and transferred to naive
RAG ™/~ recipients. Additionally, OVA-specific CD4 T
cells from the NK-depleted group were transferred into
two groups of RAG ™/~ recipients: (i) naive RAG /-
recipients that had a normal endogenous NK cell
compartment, and (ii) RAG ™/~ mice treated with anti-
NK1.1 monoclonal antibody to deplete NK cells before
transfer. The first group therefore represents T cells
from mice that were depleted of NK cells during the
priming phase but were exposed to a normal NK cell
compartment during the challenge phase and are
termed as WT, PRIMING, while the second group repre-
sents T cells that were not exposed to NK cells during
both the priming and challenge phases and are termed
as WT, PRIMING + CHALLENGE. Two days after trans-
fer, RAG™/~ recipients were challenged as usual for
7 days with OVA-aerosol. Challenged recipients that
had received CD4 T cells from WT OVA-sensitized mice
(WT, untreated) became sick and developed BAL eosino-
philia as compared with naive RAG™/~ mice that did
not receive any T cells (Fig. 8a and b). In contrast, the
development of BAL eosinophilia was significantly
attenuated in RAG ™/~ recipients receiving CD4 T cells
from either WT mice depleted of NK cells before the
priming phase (WT, priming) or from NKD mice (Fig. 8a
and b). Similarly, depletion of NK cells during both the
priming and challenge phases (WT, priming + chal-
lenge) also resulted in diminished BAL eosinophilia in
OVA-challenged recipients. These data therefore dem-
onstrate that NK cells are critical during T cell priming
and influence the outcome of Th2-mediated OVA-AAD
in allergen-sensitized and challenged mice.

Discussion

In this study, we demonstrate the specific contribution
of conventional NK cells in the development of airway
allergic disease in C57BL/6 mice. Using mice with a
predominant deficiency in airway NK cells (but not
NKT cells), we show that the development of airway
inflammation and eosinophilia is inhibited in the
absence of physiological levels of NK cells. A role for
NK cells in allergic inflammation has previously been
postulated [9]. However, their specific contribution
could not be assessed, since the investigators used
depleting antibodies that eliminated both NK and NKT
cells in the model. Additionally, subsequent studies
have also demonstrated impairment of allergic disease
in the absence of NKT cells, further confounding the
results obtained in the Korsgren et al. study [8, 10]. Our
data highlight for the first time the specific contribu-
tions of conventional NK cells during allergic inflam-
mation, and emphasize their distinct role in
contributing to the pathogenesis of the disease.
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Fig. 8. Adoptive transfer of OVA-specific T cells from WT, NK-
depleted and NKD mice into RAG™/~ recipients. Numbers and percent-
ages of BAL cells in OVA-aerosol challenged RAG~/~ mice adoptively
transferred with T cells from either naive WT mice or OVA-alum sen-
sitized (primed) WT and NKD mice are shown. Donor OVA-alum sen-
sitized mice were either treated with anti-NK1.1 monoclonal
antibodies before the priming phase (WT, Priming) or untreated (WT,
untreated). The WT, Priming + Challenge group represents RAG ™/~
mice that received T cells from NK depleted OVA-alum sensitized mice
and that were continuously depleted of NK cells during OVA-aerosol
challenge. CD4 T cells were isolated using magnetic beads and nega-
tive selection. (a) BAL differential count indicating the total numbers
of individual inflammatory cells, and (b) the relative distribution of
macrophages (Mac), lymphocytes (lymph), neutrophils (PMN), and
eosinophils (eosin) as assessed by modified Giemsa stain. *P < 0.01
compared WT (untreated). n = 5 mice/group.

NK-deficient (NKD) mice, which exhibit significant
deficiencies in peripheral NK cells (in the spleen, lungs
and blood), but have normal numbers of DCs as well as
T, B and NKT cells, displayed a marked inhibition of
airway inflammation and eosinophilia during exposure
to OVA challenge. Additionally, these mice were unable
to produce OVA-specific IgE and IgG1 antibodies in
amounts comparable to those seen in WT animals. Sim-
ilarly, they also produced decreased levels of Th2 cyto-
kines and exhibited reduced inflammation in Ilung
tissue in response to OVA challenge. These data there-
fore demonstrate a pro-inflammatory role for NK cells
during the development of airway inflammation and
suggest that these cells have the capacity to modulate
the Th2-mediated inflammatory process during the
development of OVA-AAD.

Natural Killer (NK) cells are a heterogeneous popula-
tion of lymphocytes [13]. The existence of diverse

subsets of NK cells that can differentially regulate the
immune response has been confirmed challenging tradi-
tional concepts of NK cells as simple effectors of viral
and tumor defence. NK cells can produce Th1 cytokines
like IFN-y and TNF-a [14], as well as Th2 cytokines like
IL-4, IL-5, IL-13 and IL-10 [40-43], and chemokines like
MIP-1o and MIP-1f [44]. This ability allows NK cells to
regulate immune responses at various stages. This may
include regulation of T-cell differentiation from naive
precursors and contribution to inflammation during the
effector phases. Similarly, unique subsets of NK cells have
also been shown to affect the maturation of immature
DCs through a selective process requiring both cytokines
and cell— cell contact interactions [34, 36]. In this context,
interestingly, the Korsgren et al. [9] study showed that
elimination of NK (and NKT) cells prior to priming but
not challenge resulted in inhibition of airway inflamma-
tion, suggesting that NK cells are required at priming.

In the light of these observations as well our own
results, we therefore examined NK cells during both the
priming and challenge phases of OVA-AAD to deter-
mine whether exposure to OVA induces phenotypic
changes in the NK-cell compartment in WT mice. While
no changes in the phenotype or numbers of NK cells
was observed in OVA i.p. mice during priming, we
noted the presence of elevated numbers of NK cells dur-
ing OVA challenge in the lungs of OVA-OVA WT mice,
suggesting that NK cells are recruited to the airways
during the development of OVA-AAD. To further inves-
tigate the phenotype of NK cells, NK-cell activation was
assessed in OVA-exposed mice 2 and 12 h after OVA
i.p. immunization. Interestingly, our experiments
revealed that NKT, but not NK cells exhibited an acti-
vated phenotype immediately after sensitization with
OVA-alum. This is consistent with studies that show an
important role for NKT cells in AAD [8, 10]. Further-
more, activated NKT cells have also been shown to fur-
ther activate NK cells, which may also be important
during AAD development [33]. In this context, our
observation that activated NKT cells were also present
in NKD mice, raises important questions about how
these cell types interact during the development of
immune responses. CD69 and (D25 are transiently
expressed on NK cells and our analysis may not accu-
rately reflect the activation status of NK cells during
the development of AAD. Also, other markers of NK cell
activation such as the production of IFN-y and TNF-a,
may be more important during OVA-AAD in our model.
This is supported by the presence of activated NK cells
in the peripheral blood of allergic patients in various
human studies [21-23].

The ability of NK cells to influence the immune
response has also been attributed to their ability to
influence DC maturation in in vitro studies [37, 45, 46].
Conversely, DCs have also been shown to reciprocally
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induce the activation of NK cells under these situations.
Our observations that the number of splenic and airway
DCs is significantly attenuated in OVA-exposed NKD
mice suggests that the induction of DC activation and
the capacity for effective antigen presentation may be
impaired in the absence of NK cells. While these DCs are
functional in terms of their ability to up-regulate co-
stimulatory molecules and induce T-cell priming, signif-
icantly fewer DCs are available in NKD mice to induce
antigen presentation. This suggests that NK cells may
modulate the outcome of Th2-mediated responses by
stimulating DC maturation and/or function during AAD
and regulating the magnitude of antigen presentation.

Our experiments using NKD mice were confirmed
using a separate model in which NK cells were depleted
by injecting an antibody reactive against Ly49 recep-
tors. The specificity and effectiveness of this antibody
has been previously determined in our laboratory ([47]
and data not shown). This antibody not only depletes
cells bearing the Ly49 receptors associated with anti-
body recognition, but also cells expressing other Ly49
molecules due to the co-expression of multiple Ly49
receptors by individual NK cells [48, 49]. As observed
in NKD mice, immunodepleted mice manifested sup-
pression of inflammation and eosinophilia during AAD.
Because this antibody does not deplete all NK cells, but
only subsets of NK cells that express the respective
receptors, the data suggest that depletion of certain NK
cell types expressing select NK receptors is sufficient to
affect the outcome of the overall inflammation.

The definition of NK cell receptor specificity as a
requirement for the modulation of AAD development
should be an important topic of future research. NK
cells expressing specific activating or inhibitory recep-
tors have been shown to play crucial roles during
MCMYV infection and tumor rejection [27, 50, 51] and
thus may also contribute to the pathogenesis of AAD.
Our current data do not provide answers to this ques-
tion due to the fact that our experiments were con-
ducted in C57BL/6 mice, which do not express MHC
class I ligands for some of the receptors (Ly49 A and
Ly49 D) recognized by the depleting mAb. However,
this kind of treatment not only depletes cells bearing
the Ly49 specificities associated with antibody recogni-
tion, but also cells expressing other Ly49 molecules due
to the co-expression of multiple Ly49 receptors by indi-
vidual cells [48, 49].

In addition to selective deficiencies in the NK-cell
compartment, NKD mice are also compromised in their
ability to mount cytotoxic responses that are dependent
on NK cells. We therefore examined the development of
OVA-AAD in perforin-deficient mice, which are unable
to mount NK- and T-cell-mediated cytotoxic responses.
Evidence of airway inflammation and eosinophilia in
perforin-deficient mice demonstrated that perforin-
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mediated cytotoxic activity by NK cells is not essential
for their ability to modulate AAD, suggesting that other
effects of activated NK cells such as the production of
cytokines or receptor-dependent activities may play a
role. However, other cytotoxic mechanisms like Fas-
and TRAIL-mediated killing could be involved.

Finally, we used adoptive transfer systems to confirm
the pro-inflammatory role of NK cells in our model of
OVA-AAD. As it is very difficult to maintain sustained
populations of adoptively transferred NK cells in recipi-
ent mice, we followed an established system of T-cell
transfer to determine the role of NK cells [52-55]. Our
results confirm the pro-inflammatory role of NK cells
during the development of OVA-AAD. T cells derived
from OVA-alum sensitized WT mice could fully induce
eosinophilia in RAG™/~ recipients, while T cells derived
from mice that were depleted of NK cells could not
induce eosinophilia in RAG ™/~ recipients in the pres-
ence or absence of NK cells. This was also corroborated
by observations that T cells from NKD mice could also
not induce eosinophilia in RAG™/~ recipients. Our
results therefore further establish the role of NK cells in
AAD and also confirm the observations by Korsgren
et al., [9] that NK cells are required before the priming
regimen for the development of OVA-AAD.

Despite the attenuation of airway eosinophilia and
Th2-mediated disease factors during OVA-AAD in NKD
mice, the presence of mucus secreting cells and reactiv-
ity to methacholine were also noted (unpublished obser-
vations). While these observations may have been
affected by the presence of residual populations of NK
cells in NKD mice, they also suggest that NK cells regu-
late certain aspects of AAD but not all. This is consis-
tent with reports that suggest an absence of correlation
between eosinophilic inflammation and reactivity to
bronchoconstrictors [56, 57]. Alternatively, since reac-
tivity to methacholine was observed in naive NKD mice,
it is possible that this is a phenotypic characteristic
inherent to the mice, and unrelated to the deficiency in
NK cells.

In conclusion, we show that conventional NK cells
play a pro-inflammatory role in the development of
allergic disease, and regulate the development of airway
eosinophilia and Th2 cytokine production. Future stud-
ies are needed to elucidate the exact mechanisms by
which NK cells regulate the outcome of disease. These
will enrich our basic understanding of the disease and
may provide novel approaches for treatment.
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