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Abstract

Severe asthma is typically characterized by chronic airway inflammation that is refractory to
corticosteroids and associated with excess morbidity. Patients were recruited into the National
Heart, Lung, and Blood Institute—sponsored Severe Asthma Research Program and
comprehensively phenotyped by bronchoscopy. Bronchoalveolar lavage (BAL) cells were
analyzed by flow cytometry. Compared with healthy individuals (n = 21), patients with asthma (n
= 53) had fewer BAL natural killer (NK) cells. Patients with severe asthma (n7= 29) had a marked
increase in the ratios of CD4* T cells to NK cells and neutrophils to NK cells. BAL NK cells in
severe asthma were skewed toward the cytotoxic CD569M subset, with significantly increased
BAL fluid levels of the cytotoxic mediator granzyme A. The numbers of BAL CD56%M NK cells
and CCR6™CCR4™ T helper 1-enriched CD4"* T cells correlated inversely with lung function
[forced expiratory volume in 1 s (FEV1) % predicted] in asthma. Relative to cells from healthy
controls, peripheral blood NK cells from asthmatic patients had impaired killing of K562 myeloid
target cells despite releasing more cytotoxic mediators. Ex vivo exposure to dexamethasone
markedly decreased blood NK cell lysis of target cells and cytotoxic mediator release. NK cells
expressed airway lipoxin As/formyl peptide receptor 2 receptors, and in contrast to
dexamethasone, lipoxin As—exposed NK cells had preserved functional responses. Together, our
findings indicate that the immunology of the severe asthma airway is characterized by decreased
NK cell cytotoxicity with increased numbers of target leukocytes, which is exacerbated by
corticosteroids that further disable NK cell function. These failed resolution mechanisms likely
contribute to persistent airway inflammation in severe asthma.

INTRODUCTION

The immunology of the asthmatic airway is a complex mixture of innate and adaptive
cellular responses. Whereas most asthmatic patients have increased type 2 inflammation that
is responsive to anti-inflammatory therapy with corticosteroids (1), many patients have a
mixed inflammatory response in their airways, and about 10% of the patients have severe
asthma (SA) that is refractory to corticosteroids (2). SA is associated with chronic airway
inflammation, frequent symptoms, and excess morbidity, representing an important unmet
clinical health need. More detailed airway immunophenotyping is needed, especially for
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non-type 2 inflammation in SA, to identify cellular and molecular mechanisms responsible
for the persistent inflammation (3).

T helper 2 (Ty2) CD4™ T cells promote type 2 inflammation in asthma through secretion of
interleukin-5 (IL-5) and I1L-13, but the role of other CD4* T cell classes in asthma
pathogenesis is less clear. Ty1, T2, and Ty17 CD4™ T cells are present in asthma
bronchoalveolar lavage (BAL) without clear difference between asthmatic patients and
healthy donors (4). Natural killer (NK) cells are key members of the innate lymphocyte
family with essential roles in host defense (5). Human NK cells are CD3"NKp46™* cells with
lymphoid morphology that are characterized by levels of CD56 expression. CD56°19Mt NK
cells are a less mature subset of NK cells that predominantly secrete cytokines [interferon-y
(IFN-7), tumor necrosis factor-a. (TNF-a), and IL-17] and have limited cytotoxic capacity
(6). CD564IM NK cells are derived from CD56P9Nt NK cells through progressive
differentiation and are primarily responsible for lysis of target cells through release of
cytotoxic mediators (granzymes, perforin, and granulysin) (6). Preclinical and translational
research has uncovered a pivotal role for NK cells in the clearance of T cells and
granulocytes for the resolution of inflammation (7, 8). Thus, in addition to provoking
inflammation in host defense, NK cells are also important cellular effectors for the
resolution of inflammation.

Resolution of acute inflammation is an active process, with specialized proresolving
mediators acting as agonists at cognate receptors to signal for cell-specific mechanisms that
halt inflammation and clear affected organs (9). Lipoxins are lead members of this class of
specialized proresolving mediators. Of interest, lipoxin A4 (LXA,) levels are reduced in SA,
suggesting that the persistent airway inflammation in SA may stem in part from a defect in
inflammation resolution (10). Peripheral blood NK cells express lipoxin Az/formyl peptide
receptor 2 (ALX/FPR2) receptors for LXA4, and NK cell-mediated granulocyte apoptosis is
increased by LXA, in human non-SA (NSA) (7). In contrast, corticosteroids are commonly
used as anti-inflammatory therapy in asthma, and in vitro, these agents can suppress the
cytotoxic function of NK cells from healthy individuals (11).

Here, NK cells and CD4" T cells were identified and quantitated in BAL collected from
healthy and asthmatic individuals recruited into the Severe Asthma Research Program
(SARP). BAL NK cells were decreased in asthma and skewed toward the CD56%™ subtype.
Peripheral blood NK cells from asthmatic patients were less effective at killing target
leukocytes despite increased release of cytotoxic mediators relative to cells from healthy
control (HC) individuals. Corticosteroids, but not LXA,, decreased NK cell cytotoxicity and
mediator release in vitro. Together, these changes in NK cells in asthma and the actions of
steroids on NK cell effector functions suggest an underlying defective cellular mechanism
for the resolution of airway inflammation that is operative in asthma and not enhanced by
current asthma therapies.
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SA patients have uncontrolled symptoms and reduced lung function despite multimodality

therapies

Patients with SA and NSA and HC individuals were recruited to the SARP by seven
research centers in the United States, and some patients agreed to bronchoscopy with BAL
(Table 1). Patients with SA had worse symptom control than those with NSA, as evidenced
by a lower Asthma Control Test (ACT) score and higher Asthma Control Questionnaire
(ACQ) score. Lung function was lower in SA despite nearly all patients being treated with
high-dose inhaled corticosteroids, long-acting p-agonists, and additional adjunct therapies.

BAL NK cells are decreased relative to CD4* T cells in SA

Total BAL cell counts and leukocyte differentials were enumerated (Table 2). BAL samples
were more cellular in SA, with a higher percentage of neutrophils and trends for higher
percentages of lymphocytes and eosinophils, as compared with those in NSA and HC.
Lymphocytes comprised about 6 to 7% of total BAL cells in healthy and asthmatic
individuals (Table 2). Lymphocyte subsets were further characterized by flow cytometric
analyses (gating strategies are shown in fig. S1). In HC individuals, CD4* T cells comprised
28 + 3% (means = SEM) of total BAL lymphocytes, which was similar to NSA (22.2

+ 2.5%); Fig. 1A). Relative to NSA, SA had a significantly higher percentage of BAL CD4*
T cells (35.5 + 2.5%; P=0.002; Fig. 1A) and total number of CD4* T cells (fig. S2A). In
contrast, the percentage of CD8* T cells in BAL of healthy and asthmatic individuals was
similar, accounting for about 25% of total BAL lymphocytes (fig. S2B). BAL CD4* T cells
were further classified on the basis of surface expression of the chemokine receptors CCR6
and CCR4, which in peripheral blood can differentiate populations of Ty1-, Ty2-, and
Th17-enriched Ty cell subclasses without stimulation and intracellular cytokine staining
(12). In SA, BAL CD4* T cells were skewed toward CCR6"CCR4~ Tl-enriched and
CCR6*CCR4* Ty17-enriched populations. Both Th1-enriched CD4* T cells (Fig. 1B; P=
0.015) and Tx17-enriched CD4* T cells (Fig. 1C; A= 0.046) were more abundant in SA
BAL relative to HC. CCR6"CCR4* T2—enriched CD4* T cells were much fewer in number
(about 2% of total CD4* T cells), and there were no significant differences between clinical
cohorts (Fig. 1D). Of interest, the number of Ty1-enriched CCR6"CCR4~ CD4™* T cells was
inversely correlated with lung function (i.e., FEV1% predicted) (Fig. 1E; Spearman 7=
-0.32, P=0.020). There was no significant correlation between lung function and the
number of Ty17-enriched CCR6*CCR4* CD4* T cells (fig. S2C).

BAL NK cells were identified as cells with lymphoid morphology that were CD3"NKp46™*
(Fig. 1F). Relative to HC individuals, both SA and NSA patients had a significantly
decreased percentage of BAL NK cells (Fig. 1G), with trends for decreased absolute
numbers (fig. S2D). The ratio of Ty1-enriched CD4* T cells to NK cells in SA BAL was
nearly three times that of HC individuals (18.4 versus 6.7; Fig. 1H), and the ratio of Ty17-
enriched CD4* T cells to NK cells in NSA and SA patients was twice that of HC individuals
(10.8 versus 4.5 for SA; Fig. 11). The relative ratio of neutrophils to NK cells was also
increased in NSA and SA patients relative to HC individuals (Fig. 1J). Together, these data
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identify a mixed inflammatory response in SA relative to HC, with reduced numbers of NK
cells compared with CD4* T cells and neutrophils in BAL.

BAL NK cells are skewed toward a CD564™M cytotoxic phenotype in SA

To determine the distribution of NK cell functional phenotypes, we further characterized
BAL NK cells based on expression of CD56 and CD16 into CD5619t, cD564IM and
CD56M¢9 subpopulations (Fig. 2A). Relative to those in healthy individuals, BAL NK cells in
asthmatic patients trended toward fewer CD56P19M (Fig. 2B) and more CD5649M NK cells
(Fig. 2C). Violin plots highlight probability density of data at each value by the width of the
plot. The violin plots demonstrate that the increase in BAL CD569M NK cells was present in
a larger proportion of SA than NSA patients (Fig. 2C). The ratio of CD56"9Mt tg CD564IM
NK cells was significantly lower in SA patients than in healthy individuals [CD56°"19" to
CD564IM ratio of 4 (SA) versus 7.3 (HC), 2= 0.032; Fig. 2D]. In asthma, lung function
(FEV1% predicted) was inversely correlated with the numbers of BAL CD569M NK cells
(Fig. 2E; Spearman r=—0.29, 2= 0.050), but not the numbers of BAL CD56PM9n NK cells
(fig. S2E). To determine whether this skewing of NK cell phenotype toward the CD564IM
subset in the asthmatic BAL was reflected in differences in levels of mediators, we measured
representative classes of NK cell-derived mediators in cell-free BAL fluid (BALF).
Granzyme A levels were significantly higher in BALF from SA and NSA than in HC, and
there was a trend for increased perforin and granulysin (Fig. 2F). There were no significant
differences in levels of granzyme B, soluble Fas (sFas), or sFas ligand (sFasL) among the
clinical cohorts (fig. S3A). Levels of TNF-a were increased in SA BALF relative to HC (P=
0.012), but no significant differences were present in levels of IFN-y or IL-17 (Fig. 2G).

Systemic triamcinolone alters BAL NK cell phenotype and suppresses cytotoxic mediator
release in asthma

Intramuscular triamcinolone was administered to asthmatic patients, and a few patients
agreed to a second bronchoscopy and BAL 3 to 6 weeks after the steroid injection. Although
the sample size was limited, BAL NK cell percentage increased after systemic triamcinolone
(Fig. 3A; P=0.019). Relative numbers of BAL CD56PM19"t NK cells significantly increased
(Fig. 3B; P=0.042), with a trend to decreased CD56%™ NK cells (Fig. 3C; = 0.051) and
resultant trend to an increase in the ratio of CD56°119M to CD564M NK cells after systemic
steroids (Fig. 3D; £=0.100). The number of neutrophils (Fig. 3E) and the ratio of
neutrophils to NK cells (Fig. 3F) did not change after triamcinolone. There was also no
significant change in the number of CD4* T cells (fig. S4A) or the ratio of CD4* T cells to
NK cells after triamcinolone (fig. S4, B to D). BALF levels of granzyme A were decreased
after triamcinolone (Fig. 3G; £=0.030), and levels of TNF-a also trended lower (Fig. 3H; P
= 0.055), but there was no discernible change in BALF levels of perforin, granulysin, IL-17,
or IFN-y (Fig. 3, G and H) or granzyme B, sFas, or sFasL (fig. S4E).

BAL leukocytes express the proresolving receptor ALX/FPR2

Because the specialized proresolving mediator LXA, can influence NK cell function (7),
expression of the LXA,4 cognate receptor ALX/FPR2 was determined. BAL NK cells from
healthy and asthmatic individuals expressed low levels of surface ALX/FPR2 (Fig. 4A).
ALX/FPR2 expression on BAL NK cells from SA trended higher on CD56P118 cells (Fig.
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4B) and lower on CD564IM cells (Fig. 4C). Tl-enriched CCR6"CCR4™ CD4™ T cells
expressed ALX/FPR2 at similar median fluorescence intensity (MFI) as NK cells (Fig. 4D),
and Ty17-enriched CCR6¥*CCR4* CD4™ T cells expressed ALX/FPR2 at 10-fold higher
levels (Fig. 4E). ALX/FPR2 MFI was similar among the clinical cohorts. Neutrophils
expressed the highest levels of ALX/FPR2 among the leukocyte subsets tested, and BAL
neutrophil ALX/FPR2 expression trended higher in SA relative to HC (Fig. 4F; P=0.085).

Corticosteroids impair peripheral blood NK cell cytotoxic function and inhibit NK cell
release of cytotoxic mediators in vitro

Because increased doses of inhaled and systemic corticosteroids are used to treat SA (Table
1) and intramuscular triamcinolone altered NK cell phenotype (Fig. 3), the direct impact of
corticosteroids on NK cell function was tested in vitro. Peripheral blood mononuclear cells
(PBMCs) from asthmatic or healthy individuals were exposed to vehicle or dexamethasone
(1 uM) for 48 hours, followed by coincubation with the K562 myeloid cell line (an NK cell
target) at an effector/ target ratio of 20:1 (PBMC/K562) for 4 hours. NK cell-specific lysis
of K562 cells was assessed by flow cytometry staining for annexin V and 7-
aminoactinomycin D (7-AAD) (Fig. 5A). K562 target cells did not undergo significant
apoptosis over the course of 4 hours when incubated in the absence of effector NK cells
(Fig. 5A). NK cell-mediated killing of K562 cells was consistently lower with NK cells
from asthmatic patients relative to healthy individuals (Fig. 5, A to D). Relative to cells from
healthy donors, more K562 cells survived when incubated with NK cells from asthmatic
donors (annexin V~7-AADT; Fig. 5, A and B), and fewer K562 cells underwent apoptosis
(annexin V*; Fig. 5, A and C). This decrease in NK cell cytotoxicity was despite a trend to
higher numbers of peripheral blood CD56%M NK cells in asthma (fig. S5A). Dexamethasone
exposure reduced the numbers of both CD564M and CD56P"9Mt NK cells and increased the
number of CD569 NK cells in asthmatic and healthy individuals (fig. S5, B to D). Relative
to vehicle, dexamethasone significantly inhibited the ability of NK cells to lyse K562 cells
by about 40% in both asthmatic and healthy individuals (Fig. 5, A and D). Despite decreased
lysis of target K562 cells, peripheral blood NK cells from asthmatic patients released more
cytotoxic mediators, including perforin and granulysin, as well as more IL-17 relative to NK
cells from healthy individuals (Fig. 5, E and F). Intracellular staining confirmed that the
cellular source of perforin and IL-17 was NK cells (Fig. 5G). Dexa-methasone exposure
inhibited NK cell release of cytotoxic mediators, including granzymes, perforin, granulysin,
sFas, and sFasL (Fig. 5H). There were trends to decreased release of TNF-a., IFN-y, and
IL-17 with dexamethasone exposure as well, but the changes did not reach statistical
significance secondary to donor- to- donor variation with vehicle alone (Fig. 5I).

LXA4-exposed peripheral blood NK cells effectively lyse target cells, and NK cell cytotoxic
mediator release is preserved

To determine whether the specialized proresolving mediator LXA, had similar actions to the
anti-inflammatory corticosteroid dexamethasone on NK cell function, we exposed PBMCs
from asthmatic or healthy individuals in parallel to vehicle, LXA4 (50 nM), or LXA, and
dexa-methasone (1 uM) for comparison with dexamethasone alone for 48 hours before
coincubation with K562 cells at an effector/target ratio of 20:1 (PBMC/K562) for 4 hours
(Fig. 5, Ato D). LXA-exposed NK cells killed K562 cells similarly to vehicle and
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significantly more effectively than dexamethasone-exposed NK cells in both asthmatic and
healthy individuals (Fig. 5, A and C). ALX/FPR2 expression is higher on BAL CD56%™M NK
cells from healthy donors than SA donors (Fig. 4C), and the combination of LXA,4 and
dexamethasone partially prevented the steroid-mediated suppression of target cell lysis by
peripheral blood NK cells from healthy individuals but not asthmatic patients (Fig. 5D). NK
cells from healthy individuals exposed to dexamethasone alone had 40% reduced killing of
target cells, as opposed to a 20% decrease when exposed to both LXA,4 and dexa-methasone
(Fig. 5D; £=0.08). In contrast, NK cells from asthmatic patients exposed to both
dexamethasone and LXA,4 had 50% reduction in killing compared with vehicle (Fig. 5D; P=
0.014 compared with healthy individuals). LXA4 exposure increased the number of
CD56Prght NK cells in healthy individuals but not in asthmatic patients (fig. S5B, 2= 0.012)
and did not significantly alter the number of CD5649™ NK cells relative to vehicle in contrast
to dexamethasone (fig. S5C). Unlike dexamethasone, LXA,4 exposure did not substantially
increase the number of CD56™9 NK cells (fig. S5D). LXA,-exposed NK cells had preserved
release of cytotoxic mediators (fig. S5E) and cytokines (fig. S5F) when coincubated with
K562 cells.

DISCUSSION

In this multicenter study, patients with SA had increased lung inflammation characterized by
abundant BAL proinflammatory granulocytes and CD4" T cells and a relative paucity of NK
cells. NK cells can promote the resolution of inflammation by mediating apoptosis of
autologous leukocytes (7). Here, there was a clear correlation between reduced BAL NK cell
number and increased proinflammatory leukocyte numbers in patients with SA relative to
healthy individuals. Although BAL NK cell total number was lower in asthmatic patients
compared with healthy individuals, there was a relative increase in cytotoxic CD564IM NK
cells and release of the cytotoxic mediator granzyme A. BAL CD56%M NK cell number was
inversely correlated with lung function in asthma. Peripheral blood NK cells in asthma were
less effective at killing target leukocytes in vitro despite releasing more cytotoxic mediators.
Corticosteroid exposure reduced the number of CD564™ NK cells and their release of
cytotoxic mediators in vivo in BAL and in vitro from peripheral blood NK cells and
decreased NK cell- mediated target cell lysis in vitro. In contrast to corticosteroid inhibition
of NK cell function, the proresolving mediator LXA, preserved NK cell cytotoxic mediator
release and lysis of target leukocytes in vitro. Together, these findings are consistent with an
altered inflammatory milieu in the asthma airway characterized by deficient NK cells
relative to inflammatory leukocytes, particularly in SA, and suggest that disabled NK cells
are linked to asthma pathogenesis. Because all SA patients are treated with corticosteroids,
which here disabled NK cell function, the loss of NK cell protective action is likely to be an
important mechanism underlying the persistent airway inflammation and dysfunction in SA.

In preclinical murine models of allergic lung inflammation, NK cells are important for the
clearance of activated leukocytes, including T cells and granulocytes (8). For inflammation
resolution, NK cells can promote granulocyte apoptosis (7) for clearance from inflamed lung
by macrophage efferocytosis (13). In patients meeting international criteria for human SA
(14), TH1 CD4™ T cells (15) and granulocytes (4) are increased in BAL. Here, BAL
neutrophils and CD4* T cells with CC chemokine receptor expression consistent with T1-
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enriched (CCR6"CCR4"™) and T17-enriched (CCR6TCCR4") cells were increased in SA
relative to HC, with a concomitant decrease in NK cells. In SA, the patients’ ratios of CD4*
T cells to NK cells and neutrophils to NK cells were elevated, suggestive of ineffective
leukocyte clearance by NK cells. The number of Tyl-enriched CD4* T cells was inversely
correlated with lung function, supporting recent studies linking IFN-y—-secreting Ty1 CD4*
T cells to the pathophysiology of SA (15, 16).

In healthy individuals, NK cells in secondary lymphoid organs are primarily CD56PM9t cells
that, when activated, produce cytokines, such as IFN-y, but are poor mediators of
cytotoxicity (6, 17). Proinflam-matory cytokines and chemokines produced by CD56Pright
NK cells shape the adaptive immune response and recruit leukocytes to sites of
inflammation (6). Here, BAL CD56"9"t NK cells were more abundant than CD56%M NK
cells in both asthmatic and healthy individuals; however, in SA, the CD56°"19M to CD56dIM
NK cell ratio was decreased secondary to a relative increase in CD569M cells. Of interest,
lung function in asthma was inversely correlated with the number of BAL CD569M NK
cells. Unlike BAL (7), CD56%™M NK cells are the dominant NK cell population in peripheral
blood and in some lobectomy specimens from patients with lung cancer (18). CD56%M NK
cells can cause lysis of target cells by releasing cytotoxic mediators, including perforin that
forms pores in target cell membranes and granzymes and granulysins that enter target cells
through these pores to induce apoptosis (19, 20). Relative to HC, increased CD564IM NK
cells in SA BAL were associated with increased BALF levels of the cytotoxic mediator
granzyme A. Excess extracellular release of granzymes has been linked to chronic
inflammatory disease and matrix turnover (21). Together, these data suggest a potential
pathogenic mechanism for dysregulated NK cells in airway inflammation and remodeling in
SA, with excess production of cytotoxic mediators that may promote chronic inflammatory
changes and compromise lung function.

Inhaled and oral corticosteroids are a mainstay of anti-inflammatory therapy in asthma, yet
SA patients have persistent, refractory symptoms despite high-dose steroid therapy (2). In
the SARP-3 cohort, only 20% of SA patients had improvement in FEV; by >10% after a
dose of intramuscular triamcinolone (22). Peripheral blood NK cell activity in asthmatic
patients is reduced in vitro by fluticasone (23). Here, systemic administration of
triamcinolone to asthmatic patients altered BAL NK cells by decreasing the CD56%M subset
relative to CD56P"9 and decreasing BALF granzyme A. In addition, in vitro exposure to
dexamethasone impaired the ability of blood NK cells to lyse target K562 myeloid cells by
about 40%. Impaired NK cell cytotoxicity after dexamethasone exposure in vitro was
associated with impaired release of CD56%M cytotoxic mediators, including granzymes,
perforin, granulysin, sFas, and sFasL. The number of BAL neutrophils and CD4" T cells and
the ratio of these leukocytes to NK cells remained increased and were not significantly
altered by systemic triamcinolone administration. Steroid-mediated reduction of CD564IM
NK cell number and cytotoxic mediators may decrease NK cell inflammatory potential (21);
however, CD569M NK cells are the subset most important for clearance of virus-infected
cells as well as antigen-specific T cells and granulocytes in the lungs (8). These data raise
the possibility that by decreasing CD569™ NK cell number and function, corticosteroids
may have the unintended effect of sustaining inflammation by impairing viral host defense
and resolution of airway inflammation.
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Peripheral blood NK cells in asthma released more cytotoxic mediators than cells from
healthy individuals on contact with target cells in vitro yet killed target leukocytes less
effectively than cells from healthy donors. Soluble mediators of cytotoxicity kill target cells
in a rapid and coordinated manner, with perforin creating openings in cell membranes that
provide portals of entry for granzymes and granulysins to promote apoptosis in
nonredundant pathways (19, 20). The blunted cytotoxicity of the asthma NK cells despite
increased release of their cytotoxic mediators suggests that the immune synapses formed by
NK cells and their leukocyte targets were disrupted in asthma. This defect may in part be
related to the influence of corticosteroids on NK cell phenotype. CD56"9 NK cells were
increased after exposure to dexamethasone and have been described as an activated mature
NK cell phenotype with poor effector function (24). Peripheral blood CD56"9 NK cells
trended higher in asthmatic patients relative to healthy individuals, and dexamethasone
exposure further increased this dysfunctional NK cell phenotype. Thus, these data provide
further evidence that corticosteroids alter NK cells by promoting an NK cell phenotype that
may secrete effector molecules but is poorly able to clear activated leukocytes.

Corticosteroids are commonly used in the treatment of asthma as anti-inflammatory agents.
Patients with SA were more likely to be on inhaled and oral corticosteroids than those with
NSA (Table 2). Here, BAL findings in SA differed from NSA in several respects. Ty1-
enriched CD4* T cells were more prevalent in SA than in NSA, and the ratio of Ty1-
enriched CD4" T cells to NK cells was increased relative to healthy individuals only in the
SA population. Also, the ratio of CD56°119M to CD569IM NK cells was only decreased in the
SA cohort. It is likely that these differences between SA and NSA stem in part from more
frequent and higher-dose exposure to corticosteroids. Whereas both triamcinolone in vivo
and dexamethasone in vitro suppressed CD569M NK cell function, responses in CD56Pright
and CD56M9 NK cells diverged. The glucocorticoid potency of dexamethasone is about five
times that of an equivalent dose of triamcinolone, and the concentration of dexamethasone
used in vitro may have been more immuno-suppressive than the in vivo dose of
triamcinolone (25). In addition, BAL NK cell phenotyping occurred 3 to 6 weeks after
triamcinolone dosing, and cell turnover may have influenced the in vivo NK cell repertoire
in that period of time.

Anti-inflammation is not synonymous with proresolution, because the latter term refers to
the processes of catabasis that are responsible for clearing tissue-infiltrating cells and debris,
restoring tissue homeostasis, and enhancing host defense. The resolution of airway
inflammation is an active process regulated by specialized proresolving mediators derived
from essential fatty acids that signal as receptor agonists for cell type—specific mechanisms
to halt inflammation and clear affected organs (9). LXA, is enzymatically derived from
arachidonic acid and signals through ALX/FPR2 receptors to trigger proresolving actions
[reviewed by Levy and Serhan (9)]. LXA, biosynthesis is decreased in asthma in both blood
(10) and BALF (26), and lower levels of LXA are associated with decreased lung function
and more severe disease (10). Administration of a stable bioactive LXA, analog decreases
lung leukocyte infiltration and airway hyperresponsiveness in a murine model of asthma
(27), and inhaled LXA4 reduces bron-choprovocation in human asthmatic patients (28).
Peripheral blood NK cells express ALX/FPR2, and LXA,4 promotes NK cell-mediated
granulocyte apoptosis in asthma (7) and can influence NK cell cytotoxicity in vitro (29).
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Here, LXA4-exposed peripheral blood NK cells lysed target K562 cells similarly to cells
exposed to vehicle control and significantly more effectively than dexamethasone-treated
NK cells with preserved release of cytotoxic effector molecules. For peripheral blood NK
cells from healthy individuals but not asthmatic patients, the exposure of NK cells to LXAy,
in addition to dexamethasone, resulted in partial blunting of the dexamethasone-mediated
inhibition of NK cell cytotoxicity. This partial inhibition of dexamethasone by LXA, in cells
from healthy individuals, but not asthmatic patients, may reflect a lower availability of ALX/
FPR2 receptors on CD569M NK cells in asthma, in particular SA. Thus, CD569M BAL NK
cells with lower expression of surface ALX/FPR2 and low airway levels of endogenous
LXA4 (10, 26) may predispose patients with SA to being less able to overcome the
immunosuppressive effects of chronic inhaled and oral corticosteroids on NK cells.
Together, these data indicate that NK cells in asthma display phenotype-specific properties
that can influence their responses to environmental cues from endogenous proresolving
mediators and suggest that ALX/FPR2 receptor expression gated NK cell functional
responses.

Here, we have uncovered several aspects of NK cell function that appear to contribute to SA
pathogenesis. Our detailed immunological analyses of asthma BAL cells have leveraged the
National Heart, Lung, and Blood Institute’s multicenter effort in the SARP-3 to rigorously
determine endotypes for the clinical syndrome of SA; however, there are limitations to
molecular phenotyping methods that are associated with the multicenter design of this study.
In particular, using previously frozen BAL cell samples rather than fresh samples precluded
analyses of intracellular cytokines. Indirect methods to define enriched populations of CD4*
Th subclasses by chemokine receptor expression were used, as has been described for
peripheral blood T cells (12), but the assignment of CD4* T cell subsets is less confident by
these indirect methods. Lymphocytes account for 6 to 7% of total BAL cells and NK cells
represent less than 10% of total BAL lymphocytes, so cell abundance limited the number of
analyses performed. Some cell types, such as regulatory T cells and eosinophils, do not
tolerate the sample handling procedures required in this trial, and some cells, such as innate
lymphoid cells and mucosal-associated invariant T cells, were not present in sufficient
number for routine analysis. In future studies, use of new analytical technologies, such as
CyTOF, may prove useful in obtaining additional identification from SA BAL cells, and
novel humanized mouse models may enable more detailed functional analyses of innate
immune cells, such as NK cells, in disease models (30).

In summary, immunophenotyping of BAL cells uncovered a complex mixture of innate and
adaptive inflammation in SA and suggested a contributory role for NK cells in asthma
pathogenesis. NK cells from asthmatic patients were less effective at killing target cells in
vitro despite increased release of cytotoxic molecules. The numbers of BAL Twl-enriched
CCR6™CCR4™CD4* T cells and CD56%M NK cells were inversely correlated with lung
function, suggestive of a link between these immune mechanisms and asthma pathogenesis.
These findings highlight an association between reduced BAL NK cell number and function
relative to proinflammatory leukocytes in SA, consistent with impaired NK cell-mediated
leukocyte clearance. In addition, the immunosuppressive effects of corticosteroids on NK
cell function suggest that steroids administered for acute anti-inflammatory effects in SA
may have the unintended consequences of perpetuating chronic lung inflammation by
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disabling the capacity of NK cells to promote leukocyte apoptosis for clearance in catabasis.
Distinct from corticosteroids, the endogenous specialized proresolving mediator LXAy4
preserved NK cell effector mechanisms for killing leukocyte targets. Together, these findings
demonstrate that lung NK cells are nimble immune effectors that respond to environmental
and pharmacological influences to serve as pivotal cellular regulators of inflammation in SA
and carry the potential to serve as targets for molecular or cell-based therapies in this morbid
condition.

MATERIALS AND METHODS
Study design

The SARP-3 is an ongoing 3-year longitudinal study designed to characterize molecular,
cellular, and physiological phenotypes in patients with SA and NSA. Asthmatic and healthy
individuals were recruited and completed baseline characterization. Details regarding SARP
recruitment methods, patient enrollment, study measurements, and study procedures can be
found in recent publication (31). Adult patients 18 years of age and older with asthma and
HC individuals were recruited to the SARP between November 2012 and February 2015 by
seven research centers in the United States. Patients were defined as having SA or NSA, as
outlined by the European Respiratory Society/ American Thoracic Society guidelines (14).
Healthy individuals were nonsmokers with no history of lung disease, atopic disease, or
allergic rhinitis. Written informed consent was obtained after institutional review board
approval at each site.

Sample collection

BAL was performed by instilling three 50-ml aliquots of warm saline, and BALF was
recovered by suctioning. BAL cells and cell-free BAL supernatant were frozen and stored at
—80°C or liquid nitrogen and later shipped to Brigham and Women’s Hospital for analysis.
Patients received intramuscular triamcinolone (1 mg/kg up to maximum of 40 mg), and
some patients agreed to undergo a second bronchoscopy 3 to 6 weeks later. BAL samples
were collected in the same manner. Baseline BAL cellular samples were obtained from a
total of 172 patients. Samples with low cell viability were excluded from further analyses.
Viability was less than 70% by trypan blue staining in 46 of 172 (26.7%), and 25 of 172
(14.5%) had <70% viability by annexin V staining by flow cytometry and were excluded.
An additional 28 of 172 (16.3%) samples had too few cells for lymphocyte
immunophenotyping. After these exclusions, 73 of 172 (42.4%) BAL cell samples were
analyzed. In total, BAL cells from up to 21 HC individuals, 24 NSA patients, and 29 SA
patients were used for each assay on the basis of sample availability (details are listed in
table S1). For in vitro experiments, heparinized peripheral whole blood was collected by
venipuncture from asthmatics (n= 6) from the Brigham and Women’s Hospital SARP
cohort and HC individuals (7= 6). Healthy donors had no history of asthma or atopy and
took no over-the-counter medications in the previous 2 weeks. PBMCs were isolated by
density gradient centrifugation over Histopaque-1077 (Sigma-Aldrich) and used within 2
hours of phlebotomy.
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Flow cytometry

The following antibodies specific for human proteins were used, with clones noted in
parentheses: anti-CD4 allophycocyanin (APC)-Cy7 (RPA-T4), anti-CCR4 phycoerythrin
(PE)-Cy7 (L291H4), anti-CCR6 APC (G034E3), anti-CD69 FITC (fluorescein
isothiocyanate) or PE (FN50), anti-CD3 FITC (UHCHT1), anti-NKp46 APC (9E2), anti-
CD56 PE-Cy7 (HCD56), anti-CD16 APC-Cy7 (3G8), anti-CD45 PE-Cy7 (H130), anti-
CD66b (G10F5), anti-CD8 FITC (RPA-T8), anti-perforin PE (B-D48), anti-CD4 PE (SK3),
anti—IFN-y PerCP (peridinin chlorophyll protein) (4S.B3), and anti—-IL-17 APC (BL168) (all
from BioLegend); anti-CD3 PerCP-Cy5.5 (SK7) (from eBioscience); and anti-ALX/FPR2
PerCP-Cy5.5 (304405) (from R&D Systems). For ex vivo staining of BAL, cells were
incubated with purified human monoclonal immuno-globulin G (BioLegend) to block Fc
receptors for 15 min at 4°C before specific surface staining for 30 min at 4°C. For
intracellular cytokine staining in ex vivo PBMC experiments, cells were fixed/permeabilized
with Cytofix/Cytoperm according to the manufacturer’s instructions (BD Biosciences), and
then surface and intracellular staining was performed simultaneously for 30 min at 4°C.
Data were acquired on a Canto Il flow cytometer (Becton Dickinson) and analyzed using
FlowJo software version 10.1 (Tree Star). NK cells were identified as a cell population with
lymphoid morphology based on forward scatter and side scatter that lacked CD3 expression
and expressed NKp46. Subtypes of NK cells were classified on the basis of surface
expression of CD56 and CD16 (6). CD4* T cells were identified as lymphocytes that
expressed CD4 and were classified into populations of enriched functional subclasses based
on the presence or absence of surface CCR6 and CCR4, as has been described for peripheral
blood CD4* T cells (12).

In vitro NK cell and K562 target cell coincubations

PBMCs were cultured in RPMI 1640 (Lonza) supplemented with 2 mM I-glutamine, 2%
heat-inactivated fetal calf serum (Gibco), penicillin (100 IU/ml), streptomycin (100 pg/ml),
and low-dose IL-2 (2 U/ml; Sigma) in the presence of vehicle (<0.1% ethanol),
dexamethasone (1 uM; Sigma), LXA, (50 nM; Cayman Chemical), or both dexamethasone
and LXA, for 48 hours. Dexamethasone and LXA,4 were redosed after 24 hours. After 48
hours, PBMCs were washed and placed into coculture with K562 myeloid tumor cells that
were labeled with the DNA dye eFluor 670 (eBioscience) at an effector/target ratio of 20:1
(PBMC/K562) for 4 hours at 37°C in 5% CO». NK cell-mediated lysis of target cells was
then assessed by gating on eFluor 670* K562 cells and using annexin V and 7-AAD
(BioLegend) staining to identify necrotic/ late apoptotic cells. To determine the cellular
source of cytotoxic mediators and cytokines in coculture experiments, we exposed PBMCs
to K562 cells at an effector/target ratio of 20:1 for 2 hours followed by 4 hours in the
presence of GolgiStop (BD). Cells were then stained as described above, and intracellular
perforin and 1L-17 were measured in NK cells, CD8* T cells, or CD4™ T cells by flow
cytometry.

Cytokine and cytotoxic mediator analysis

Select cytokines and cytotoxic mediators were measured in cell-free BALF or cell culture
supernatant using a flow cytometry bead-based immunoassay (LEGENDplex, BioLegend).
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BALF mediators were normalized to BALF protein levels as assessed by Pierce BCA
Protein Assay (Thermo Scientific).

Statistical analysis

Data are expressed as means + SEM. Data in the tables are expressed as means = SD. The
statistical significance of differences for parametric data was assessed by two-tailed
Student’s ttest or one-way analysis of variance (ANOVA) with Holm-Sidak correction for
multiple comparisons. Differences between groups with nonparametric data were assessed
using Wilcoxon matched-pairs signed-rank test or Kruskal-Wallis test with post hoc test and
correction for multiple comparisons with Dunn’s test. Correlations for nonparametric data
were evaluated by Spearman’s correlation coefficient (/). A Pvalue of <0.05 was considered
significant, although comparisons with significance £< 0.1 are also noted. Prism 6.0
(GraphPad) was used to analyze data. Violin plots were generated using R software (www.r-
project.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. BAL NK cellsare decreased relativeto CD4* T cellsin SA
BAL samples were obtained from HC individuals and NSA and SA patients (see Materials

and Methods). (A) CD4" T cells were enumerated in BAL as percent of total lymphocytes
by flow cytometry. (B to D) CD4* T cells were characterized into functional phenotypes by
surface expression of chemokine receptors CCR6 and CCR4. TH1-enriched (CCR6"CCR4™)
(B), TH17-enriched (CCR6*CCR4™) (C), and TH2-enriched (CCR6"CCR4") (D) CD4* T
cells were enumerated per 103 lymphocytes. (E) The relationship between BAL TH1-
enriched CD4* T cells and lung function (FEV1% predicted) was determined in asthma
(diamonds), and Spearman correlation rvalue and significance are noted. (F) BAL NK cells
were identified as CD3"NKp46* cells with lymphoid morphology. Representative flow plot
from an asthmatic patient is shown, and inset notes NK cells as percent of total lymphocytes.
(G) BAL NK cells were enumerated as percent of total lymphocytes. To normalize
comparisons among cohorts, we calculated individual ratios of TH1-enriched CD4* T cells
(H), TH17-enriched CD4"* T cells (1), and neutrophils (J) to NK cells in BAL for each
individual. Scatter plots show individual data points with means + SEM, and bar graphs
express means + SEM in HC individuals (gray) and NSA (tan) and SA (red) patients. *P<
0.05 compared with NSA, ** < 0.05 compared with HC, and 82 < 0.10 compared with SA
by Kruskal-Wallis test and post hoc Dunn’s multiple comparisons test.
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Fig. 2. BAL NK cellsare skewed toward acDsedim cytotoxic phenotypein SA
BAL NK cells (CD3"NKp46*) were phenotyped by CD56 and CD16 expression into

CD56Pright cD564IM and CD56M89 subtypes. (A) Representative flow plot from an
asthmatic patient notes percent of total NK cells for each subtype. (B and C) Violin plots
(combined box plot and kernel density plot) show the density distribution of CD56Pr9t (B)
and CD564IM (C) NK cells in each clinical cohort (gray, HC; tan, NSA; red, SA). Overlaid
gray box plots represent means (black line) + SEM. (D) Ratio of CD56"19" to CD564IM NK
cells was calculated for each individual. (E) The relationship between CD56%M NK cell
number and lung function (FEV1% predicted) was determined in asthma (diamonds), and
Spearman correlation rvalue and significance are noted. Cytotoxic mediators (F) and
cytokines (G) were measured in cell-free BALF by cytokine bead array and normalized to
protein (see Materials and Methods). Values represent means + SEM. **£ < 0.05 compared
with HC by Kruskal-Wallis test and post hoc Dunn’s multiple comparisons test.
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Fig. 3. Systemic triamcinolone alters BAL NK cell phenotype and suppresses cytotoxic mediator
releasein asthma

BAL was performed in asthmatic patients at baseline and 3 to 6 weeks after intramuscular
triamcinolone. BAL NK cell number (percent of lymphocytes) (A), CD56119" NK cells (B)
and CD564IM NK cells as percent of total NK cells (C), and the ratio of CD56Prght/Cp5gdim
NK cells (D) were measured [/7= 4 NSA (tan); 7= 7 SA (red)]. Neutrophils (percent of total
BAL cells) (E) and ratio of neutrophils (percent of BAL cells) to NK cells (percent of
lymphocytes) (F) were compared before and after triamcinolone (/7= 11 asthmatic patients).
Cytotoxic mediators (G) and cytokines (H) were measured in cell-free BALF before and
after triamcinolone by cytokine bead array and normalized to protein in 7= 18 asthmatic
patients. *P < 0.05 and 82 < 0.10 compared with pre-triamcinolone by Wilcoxon matched-
pairs signed-rank test.
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Fig. 4. BAL leukocytes express the proresolving receptor AL X/FPR2
(A) Flow cytometry histograms show ALX/FPR2 expression on BAL total NK cells from a

representative SA patient (red line) and a HC individual (black line) compared with isotype
control (gray, filled). (B to F) MFI of ALX/FPR2 minus MFI of the isotype control was
calculated to quantitate ALX/FPR2 surface expression on leukocyte subsets including
CD56Prigt NK cells (B), CD56%M NK cells (C), Tyl-enriched CD4* T cells (D), Tyl7-
enriched CD4* T cells (E), and neutrophils (F). Values represent means = SEM in each
cohort. 2= 0.085 compared with HC by Kruskal-Wallis test and post hoc Dunn’s multiple
comparisons test.
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Fig. 5. Corticosteroids decrease peripheral blood NK cell functional responsesin vitro
PBMCs from healthy donors or asthmatic patients were exposed to vehicle (Veh),

dexamethasone (Dex) (1 uM), LXA4 (50 nM), or dexamethasone and LXA, for 48 hours,
followed by coincubation with K562 cells at a 20:1 ratio (effector/target) for 4 hours (at
37°C in 5% COy). (A) K562 cell lysis was assessed by annexin V and 7-AAD staining as in
representative flow cytometry plots from a healthy individual (top) and an asthmatic patient
(bottom). Numbers indicate percent of target cells in each quadrant. (B) K562 target cell
survival (percent annexin V~7-AAD™) was assessed with NK cells from healthy individuals
(gray bars; n=6) and asthmatic patients (blue bars; 7=3 NSA and 7= 3 SA) for each
condition. (C) NK cell-mediated K562 target cell lysis (percent annexin V*) was
determined for each condition. (D) Percent change in target cell lysis relative to vehicle was
assessed for each condition. Cytotoxic mediators (E) and cytokines (F) were quantified by
cytokine bead array in the cell-free supernatant of coincubations of NK and K562 cells in
the vehicle condition. (G) To determine the cellular source of these mediators, we exposed
PBMCs to K562 cells at a 20:1 ratio for 2 hours followed by 4 hours in the presence of a
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Golgi inhibitor. Intracellular perforin and 1L-17 were measured in NK cells and CD8* and
CD4™* T cells, respectively, as shown in a representative donor. Numbers note percent of
parent population positive for perforin (top) or IL-17 (bottom). Cytotoxic mediators (H) and
cytokines (1) were measured in cell-free supernatants, with paired comparisons made
between vehicle and dexamethasone (7= 5). Values represent means + SEM. *£< 0.05

and 8P < 0.10 compared with healthy individuals, *2< 0.05 and *~ = 0.08 compared with
dexamethasone, and ¥ < 0.05 compared with LXA, by ANOVA with Holm-Sidak
correction for multiple comparisons (B to D) or by unpaired (E and F) or paired ¢test (H and

).
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Table 1

Patient char acteristics

Results are expressed as means + SD (range). BMI, body mass index; n/a, not applicable; FEV1, forced

expiratory volume in 1 s; FVC, forced vital capacity; IgE, immunoglobulin E; ACQ, asthma control
questionnaire; ACT, asthma control test.

Healthy

NSA

Number of patients

21

24

29

Demogr aphics

Age (years)

405 + 13.3 (23.0-62.1)

38.2 +12.9 (18.1-60.6)

42.9+13.3 (16.4-67.3)

Gender (% male) 48 38 34
Race (% white) 71 83 69
Ethnicity (% Hispanic) 0 0 0

BMI 28.1+ 4.4 (20.9-40.5) 29.4 + 7.5 (19.0-52.4) 29.4 + 6.4 (19.0-41.7)
Medications

Inhaled corticosteroids (%) 0 67 97*

Oral corticosteroids (%) 0 0 2%

Long-acting B-agonists (%) 0 46 9%

Leukotriene receptor antagonists (%) 0 17 38

Omalizumab (%) 0 0 10
Symptoms

Asthma duration (years) n/a 14.7 +13.2 (1.0-45.0) 17.4 £ 14.9 (0-57.0)

ACQ score WE 1.1+0.8(0-3.1) 1.8+1.0(0.4-4.7) *

ACT score n/a 19.8 +3.7 (11-25)

155+ 4.6 (5-23) ™

Lung function

FEV; (% predicted)

101.7 £ 10.9 (84.3-126.5)

94.0 + 17.0 (57-123.0)

76.1+18.8 (38.7-116.5)

FVC (% predicted)

100.8 + 14.2 (82.1-128.8)

104.7 £ 19.6 (57.8-144.0)

92.8 +19.2 (56.5-136.3)

IgE (1U/ml)

109.6 + 191.4 (3.5-737.5)

211.4 £ 320.1 (2.2-1473.0)

422.4 + 646.7 (7.2-2981.0)

P<0.05 compared with patients with NSA by #test.
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Table 2
BAL cell countsand leukocyte differentials

Total cell numbers and leukocyte differentials were determined in BAL by manual counting. Results are
expressed as means + SD (range).

Healthy NSA SA
(n=21) (n=24) (n=29)
Total cell count, millions 5.2+3.1(0.3-11.3) 4.2+29(0-12.3) 6.3 +6.2 (1.3-35)
Macrophages (%) 911+67(73.0-98.6) 91956 (788-99.1) gg5+10.7 (53-98.2)"
Lymphocytes (%) 6.7 +5.0 (0.8-19.3) 5.8 +5.2 (0-5.8) 7.5 +5.3(0.3-18.7)
Neutrophils (%) 1.9+2.3(0-9.6) 1.2+1.2 (0-4.0) 38+6.4(0-23.6)"
Eosinophils (%) 0.3+0.5 (0-2.3) 1.2+ 2.4 (0-8.6) 2.1+4.2(0-17.3)

*
P < 0.05 when compared with patients with NSA by #test.
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