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Critically ill patients are routinely exposed to high concentrations of
supplemental oxygen for prolonged periods of time, which can be life-
saving in the short term, but such exposure also causes severe lung
injury and increases mortality. To address this therapeutic dilemma,
we studied the mechanisms of the tissue-damaging effects of oxygen
in mice. We show that pulmonary invariant natural killer T (iNKT) cells
are unexpectedly crucial in the development of acute oxygen-induced
lung injury. iNKT cells express high concentrations of the ectonucleo-
tidase CD39, which regulates their state of activation. Both iNKT cell-
deficient (Ja187/7) and CD39-null mice tolerate hyperoxia, compared
with wild-type control mice that exhibit severe lung injury. An adop-
tive transfer of wild-type iNKT cells into Ja 18/~ mice results in hyper-
oxic lung injury, whereas the transfer of CD39-null iNKT cells does not.
Pulmonary iNKT cell activation and proliferation are modulated by
ATP-dependent purinergic signaling responses. Hyperoxic lung injury
can be induced by selective P2X7-receptor blockade in CD39-null
mice. Our data indicate that iNKT cells are involved in the pathogen-
esis of hyperoxic lung injury, and that tissue protection can be medi-
ated through ATP-induced P2X7 receptor signaling, resulting in iNKT
cell death. In conclusion, our data suggest that iNKT cells and puriner-
gic signaling should be evaluated as potential novel therapeutic tar-
gets to prevent hyperoxic lung injury.
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High concentrations of inspired oxygen are routinely adminis-
tered to critically ill patients with cardiopulmonary disease
and during major surgical interventions to improve oxygen de-
livery to crucial organs (1). Hyperoxia-induced lung injury is
caused by prolonged exposure to high oxygen concentrations
(> 50%), and is typically characterized by alveolar epithelial
and endothelial damage. These effects result in capillary leak
syndrome, followed by inflammatory cell recruitment (2-5).
Recently, hyperoxia and its potential for organ injury have re-
ceived more attention in the clinical literature (6). Little is currently
known about pulmonary immune defense mechanisms to hyperoxia
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CLINICAL RELEVANCE

The use of high concentrations of inspiratory oxygen is
widespread in patient care. The toxic effects of hyperoxia
are well known to clinicians, but the etiology of hyperoxic
lung injury remains poorly understood, and no treatment
options are available. Hyperoxia-induced lung injury is
shown to be dependent upon invariant natural killer T
(iNKT) cell function, and is further mediated by purinergic
signaling mechanisms that are regulated by the ectonu-
cleotidase CD39. The targeting of iNKT cells or the specific
blockade of CD39 in iNKT cells may produce a therapeutic
impact in hyperoxic lung injury.

in vivo. In addition, no therapeutic strategies are available to con-
trol pathophysiological processes in hyperoxic lung injury.

Invariant natural killer T (iNKT) cells bridge innate and adap-
tive immune responses. These cells are characterized by their abil-
ity to use invariant T-cell receptors to recognize glycolipid antigens
presented by CD1d, leading to a rapid cytokine effector response (7,
8). Although the lung itself does not carry an exceptionally large
population of iNKT cells, this does appear to be a site where iNKT
cells can exert profound effects (9).

CD39, also known as ectonucleoside triphosphate diphosphohy-
drolase—1, hydrolyzes ATP and ADP to adenosine monophosphate
(AMP), catalyzed by CD73, also known as 5’-nucleotidase, to form
adenosine (10, 11). CD39 is highly expressed in iNKT cells (12).

CD39 deficiency has mainly been attributed to deleterious
outcomes in various models of end-organ injury thought to be
caused by unopposed ATP toxicity. CD39 deficiency has been
described as a deleterious factor in such models as liver ischemia
and reperfusion injury, liver regeneration and transplantation,
and graft survival in xenograft heart transplantation (13-17).
However, altered levels of CD39 expression in iNKT cells also
affect the outcomes of immune responses, and so far, decreased
concentrations of CD39 have been shown to be protective in
a murine model of concanavalin A (Con-A) hepatitis (12).

In this study, we hypothesized that iNKT cells might induce
hyperoxia-induced lung injury, and that these effects may be
influenced by CD39 and purinergic signaling.

MATERIALS AND METHODS

Reagents and Antibodies

Invariant NKT-reactive a-glactoceramide (a-GalCer)-loaded anti-
CD1 d tetramer was provided by the National Institutes of Health
Tetramer Facility (Atlanta, GA). Several antibodies were purchased
from eBioscience (San Diego, CA), including PECy7-conjugated anti-
NK1.1, FITC-conjugated anti-CD3, Pacific blue—conjugated anti-CD11b,
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phycoerythrin (PE)-conjugated anti-GR-1, and FITC-conjugated anti-
F4/80. GalCer was purchased from Toronto Research Chemicals, Inc.
(Toronto, ON, Canada).

Flow Cytometry

Mononuclear cells were extracted from lung tissue and stained with
aGal-Cer-loaded anti-CD1 d tetramer, PECy7-conjugated anti-
NK1.1, and FITC-conjugated anti-CD3. Natural killer T (iNKT) cells
were defined as either CD1 d tetramer "/NK1.1" or CD3*/NK1.1*
cells on flow cytometry (12). Polymorphonuclear leukocytes (PML)
were extracted and stained with PE-conjugated anti-GR-1 or FITC-
conjugated anti-F4/80. PML fractions were characterized as GR-17/F4/
80 cells (18).

p<0.05

p<0.000:

CD39-null RA

GR-1x20° CD3@nul 02" ™
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Figure 1. Parameters of hyperoxia-induced
lung injury. Kaplan-Meier survival curves
for (A) wild-type (WT) (n = 15), (B) invari-
ant natural killer T (iNKT) cell-deficient
(a187/7) (n = 13), and (C) CD39-null
(n = 13) animals after 72 hours in 100%
oxygen demonstrate a clear survival ben-
efit of Ja18™/~ and CD39-null mice, com-
pared with wild-type animals. (D) Vascular
permeability was assessed using an Evan’s
blue extraction assay. Wild-type animals
show significantly higher vascular leakage
than do Ja18/~ and CD39-null animals
after 100% oxygen for 72 hours (n = 3
per group). Error bars represent the SEM.
EB, Evans Blue; OD, optical density; RA,
room air.
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Animals and Animal Model

Animals were housed in accordance with guidelines from the American As-
sociation for Laboratory Animal Care. Wild-type C57/BL6 mice (Taconic,
Germantown, NJ) and CD39-null mice backcrossed six times onto C57/BL6
were studied. Littermate mice were used for control groups. Separate sets of
animals were studied for different experimental outcome groups.

Eight- to 10-week-old wild-type and mutant mice were placed in
cages in a customized, airtight Plexiglas chamber, and oxygen exposure
was performed for 72 hours (19, 20).

Adoptive Transfer of iNKT Cells

Splenic iNKT cells were identified using aGal-Cer—loaded anti-CD1 d tet-
ramer FACS. We injected 10° iNKT cells into the recipient mice (12).

Figure 2. Morphological features  of
hyperoxic lung injury. Hematoxylin-and-
eosin (H&E) and immunohistochemical
staining of lung tissue. (A) Hematoxylin-
and-eosin staining of wild-type control
lung tissue is compared with hematoxy-
lin-and-eosin staining in (D) wild-type,
(G) Ja187/7, and (J) CD39-null lungs
that were exposed to 100% oxygen for
72 hours. The oxygen-exposed wild-type
lungs show severe injury with pulmonary
edema and hemorrhage, whereas the
Ja187/~ and CD39-null lungs express
milder injury (light microscopy; magnifi-
cation, X20). Immunohistochemical
staining using primary rat anti-mouse
GR-1 (BD Pharmingen) and F4/80 (Abd
Serotec, Raleigh, NC) antibodies, fol-
lowed by biotin-labeled secondary rabbit
anti-rat antibodies, reveals large pop-
ulations of GR-1" and F4/80  cells,
characteristic of polymorphonuclear leu-
kocytes (PMN:Ss), in the (E and F) wild-type
lung, which is less pronounced in the (H
and ) Ja187/~ and (K and L) CD39-null
lungs (light microscopy; magnification,
X20; n = 4 per group).

CDag N0z

Joo HAE %20

| GR-1%20



Nowak-Machen, Schmelzle, Hanidziar, et al.: NKT Cells Induce Hyperoxic Injury Mediated by CD39 603

>
w

:u}:s E'E’ Ja1e-- RA fe* | Jat8-/- 02 t{ CD39-null RA *| CD39-null 02
=, i 0.032 = 0.39 -
= o = : i
o o 8 —

Wkt
+| cDae-nuil 02

E s, GE P33

I Fost - p<0.02
8 00003 3 301
o 5 i 5]
[=]
£ Ezs-
E 47 &
= E 20
8 5 =)
o L fma
24 o
@ | S 10
2 =
« p<08 | ==
= | 2 5]
Z ol e e R
s 8 s 8 g 8 g 38 2 8 s 8
§ E i 3 g 2 £ § ; = 2
s % g B 2 2 8 8
5 3 o c T % a a8

Figure 3. Hyperoxia-associated changes of invariant natural killer T-cell (iNKT) populations in the lung. (A-C) Room-air control mice (wild-type, Ja187/~,
and CD39-null) show pulmonary iNKT cell populations at less than 0.5% of all pulmonary mononuclear cells. (A and D) Wild-type iNKT cell numbers increase
significantly after 72 hours of 100% oxygen exposure, whereas (C and D) CD39-null INKT cells increase only mildly. (8) Ja18/~ animals do not express iNKT
cells and consecutively do not show significant populations. (A and E) Wild-type animals show a significantly increased pulmonary GR-1*/F4/80~ PMNs
infiltrate after 100% oxygen, compared with (B and E) Ja1 87/~ and (C and E) CD39-null animals. All error bars represent the SEM (n = 5 per group).

Measurement of Lung Injury

Pulmonary vascular permeability was quantified by an intravenous ad-
ministration of Evans blue (21). Data are expressed as light adsorption
in arbitrary units per gram of tissue weight (22).

Histology and Immunohistochemistry

Lungs were harvested and stained as described elsewhere (10, 23). A lung
injury score was established, based on four histological criteria (alveolar
edema, interstitial edema, leukocyte [PML] infiltration, and hemorrhage),
according to severity (0, not present; 4, severe and present throughout) (24).

Cytokine Measurement by ELISA

Pulmonary iNKT cells were cultured (10* cells per well, in duplicate) and
exposed to either room air or 95% O,/5% CO, for 72 hours. Markers of
iNKT cell activation (IFN-y and IL-17) were measured in cell super-
natants, using commercially available ELISA kits (eBioscience).

In Vivo Bromodeoxyuridine Proliferation Assay

After 60 hours of oxygen exposure, animals were injected with 200 wl
bromodeoxyuridine (BrdU) intraperitoneally, and the oxygen exposure

continued. Pulmonary mononuclear cells were isolated and stained as
already described (Abcam, Cambridge, MA).

In Vivo Inhibition of Purinergic Receptors

Oxidized ATP (0ATP; Sigma, St. Louis, MO) was used to block P2X7
signaling (25).

Purification of Pulmonary and Splenic Mononuclear Cells

Organs were harvested, and Ficoll gradient isolations of mononuclear
cells were performed (26).

iNKT Cell Cultures and Cell Activation

Lungs were harvested, and iNKT cells were extracted with CD1 d tetramer
sorting by FACS (26). iNKT cells were cultured (27) and exposed to room
air (21% oxygen) or 95% oxygen/5% CO, for 72 hours.

High-Performance Liquid Chromatography

Blood was collected from the inferior vena cava, and extracellular nucleo-
tides were analyzed by high-performance liquid chromatography (28).
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Figure 4. CD39 deletion prevents iNKT cell proliferation after hyperoxia. (A-C) Bromodeoxyuridine (BrdU) proliferation assay for pulmonary iNKT
cells in vivo after oxygen exposure. FACS analysis showed that (A and C) wild-type pulmonary iNKT cells proliferate significantly more than do (B and
C) CD39-null pulmonary iNKT cells (P < 0.006) after exposure to hyperoxia. All error bars represent the SEM (n = 2 per group).

Expression of P2X7 Receptors in iNKT Cells
(Reverse-Transcription Polymerase Chain Reaction)

RNA from iNKT cells was reversed-transcribed to complementary DNA,
using a Reverse Transcription Kit (Applied Biosystems, Foster City, CA)
(23). The P2X7 primer sequence reads as TCACTGGAGGAACTG
GAAGT (forward) and TTGCATGGATTGGGGAGCTT (reverse).

Statistical Analyses

Results are expressed as the median range and as the mean = SEM. For
statistical analyses, the Student ¢ test was used. Significance was defined
as P < 0.05 (29).

RESULTS

iNKT Cell-Deficient and CD39-Null Mice Are Protected from
Hyperoxia-Induced Lung Injury

Wild-type animals showed severe systemic signs of illness such as
lethargy, hypothermia, and ruffling of the fur after 72 hours of
100% oxygen exposure, and were killed (Figure 1A). Lungs
from these wild-type mice with hyperoxia-induced lung injury
showed large areas of hemorrhage, pronounced interstitial edema,
and complete destruction of their bronchial epithelia (Figure 2D and
Figure E3 in the online supplement). In contrast, INKT cell-deficient

mice (Ja18'7) remained healthy, with excellent survival (Fig-
ure 1B) and minimal lung injury after hyperoxia (Figure 2G and
Figure E3).

In parallel, CD39-null mice were significantly healthier than
wild-type animals, showing better survival after 72 hours of
100% oxygen exposure (Figure 1C), with less lethargy, less ruf-
fling of the fur, and significantly milder lung injury (Figure 2J
and Figure E3).

Evan’s blue vascular permeability assays clearly show that
wild-type animals exhibit significantly increased pulmonary cap-
illary leakage after 100% oxygen exposure, compared with
Ja187’~ and CD39-null animals (Figure 1D).

Wild-Type Mice Show Increased Pulmonary iNKT Cell
Populations and Increased PMN/Granulocyte Infiltration
after Hyperoxia

Baseline iNKT cell populations in the lungs did not differ between
wild-type and CD39-null mice under normoxic conditions (< 0.5%
of all mononuclear cells) (Figures 3A and 3C). NK1.1/aGalCer-
loaded CD1 d tetramer double-positive cells as well as CD3/
NK1.1 double intermediate positive cells were defined as iNKT
cells, as previously described (12). After 72 hours of 100% exposure,
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Figure 5. Adoptive transfer of iINKT cells and hyperoxic lung injury. (A) Kaplan-Meier survival curves show a significant survival advantage after the
transfer of CD39-null iNKT cells into Ja18 ™/~ animals, compared with the transfer of wild-type INKT cells into Ja18 ™/~ animals (P = 0.006; n = 5 per
group). Hematoxylin-and-eosin staining (light microscopy; magnification, X20) reveals severe lung injury in the (B) wild-type iNKT cells transferred
into Ja187/~ animals, whereas lung injury in the (C) CD39 iNKT cells transferred into Ja187/~ animals is only mild. (D) Flow cytometry (FACS)
analysis showed a strong increase in the pulmonary iNKT cell populations in the wild-type iNKT cells transferred into Ja18 /"~ animals (> 4% of total
pulmonary mononuclear cells), compared with (E) CD39-null iNKT cells transferred into Ja187/~ animals (1.98% of total mononuclear cells). All

error bars represent the SEM (n = 5 per group).

wild-type animals show significant increases of iNKT cells, com-
pared with their baseline (0.23% versus 4.7%, respectively, of
all pulmonary mononuclear cells) (Figures 3A and 3D). CD39-
null mice show only a small increase of pulmonary iNKT cells
(0.33% versus 1.9%, respectively, of all pulmonary mononu-
clear cells) in response to hyperoxia (Figures 3C and 3D).

Negligible numbers of INKT cells were identified in the Ja18 '~
animals, with or without oxygen exposure (Figures 3B and 3D).

The immunohistochemical staining of hyperoxia-exposed lungs
revealed increased numbers of GR-1"/F4/80~ cells. GR-1*—positive
staining was consistent with increased polymorphonuclear leuko-
cytes (PMNs) in the wild-type lung (Figures 2E and 2F), com-
pared with Ja18 ™/~ lungs (Figures 2H and 2I) and CD39-null
lungs (Figures 2K and 2L). The lack of immunostaining for F4/
80 in Figures 2C, 2F, 21, and 2L implies that macrophages are not
increased in the lungs of control or oxygen-exposed animals.

Flow cytometry confirmed significantly increased populations
of GR-1*/F4/80~ PMN cells in 100% oxygen—exposed wild-type
lungs (Figures 3A and 3E), compared with the CD39-null (Fig-
ures 3C and 3E) and Ja18 '~ (Figures 3B and 3E) mice.

CD39 Expression Affects iNKT Cell-Derived and Not
T-Cell-Derived Cytokine Secretion Release
In Vivo and In Vitro after Hyperoxia

Pulmonary wild-type and CD39-null iNKT cells were cultured and
exposed to either room air or 95% 0,/5% CO, for 72 hours.
Concentrations of IFN-y and IL-17 in culture supernatants were
significantly higher in the wild-type iNKT cells than in the super-
natants of CD39-null iNKT cells (Figures E4A and E4B).

These in vitro data were validated in vitro by flow cytom-
etry analysis and the intracellular staining of isolated pulmo-
nary iNKT cells after oxygen exposure. Wild-type iNKT cells
expressed higher concentrations of IFN-y and IL-17 than did
CD39-null cells after 72 hours of exposure to hyperoxia
(Figure E4C).

Flow cytometry analysis and the intracellular staining of iso-
lated pulmonary T cells after oxygen exposure revealed that
wild-type T cells (Figures E2a-E2c) did not show increased
proliferation or IFN-y or IL-17 release, compared with CD39-
null cells (Figures E2d-E2f).
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Figure 6. Altered patterns of iNKT cell expression of P2X7 receptors
after hyperoxia. Real-time PCR analyses of cultured iNKT cells were
done after 72 hours in room air (RA) or 95% 0,/5% CO, (elevated O,)
exposure. Expression patterns of P2X7 at the transcriptional level are
presented as “fold change” from room air to that seen in elevated oxygen
levels (RA/O,) in both wild-type and CD39-null iNKT cells. Wild-type
iNKT cells exhibit minimal changes, whereas CD39-null iNKT cells show
dramatic increases in P2X7 receptor levels after hyperoxia.

Pulmonary Wild-Type iNKT Cells Proliferate More than
CD39-Null iNKT Cells after Hyperoxia

A BrdU proliferation study showed that pulmonary iNKT cells de-
rived from wild-type animals proliferated significantly more after
72 hours of hyperoxia than did iNKT cells derived from CD39-
deficient animals (P < 0.006) (Figures 4A—4C). Of the wild-type
pulmonary iNKT cells, 69% * 2.26% (SD) incorporated BrdU as
a sign of cell proliferation after oxygen exposure (Figures 4A and
4C). Only 6% = 0.49% (SD) of the CD39-null pulmonary iNKT
cells incorporated BrdU after oxygen exposure (Figures 4B and 4C).

Splenic iNKT cells isolated from oxygen-exposed animals did
not show a significant difference in cell proliferation, in either
wild-type or CD39-null animals, as determined by BrdU incor-
poration (Figure E1).

Adoptive Transfers Reveal that Wild-Type iNKT Cells Result in
More Lung Injury and Proliferate More than Transplanted
CD39 /7iNKT Cells under Hyperoxic Conditions

Wild-type and CD39-null cells were CD1d tetramer—purified,
FACS-sorted, and injected into Ja18 ™'~ mice. After 72 hours
of oxygen exposure, the Ja18 '~ mice adoptively transferred
with wild-type iNKT cells exhibited significantly decreased sur-
vival (Figure 5A), more severe lung injury (Figure 5B), and
a nearly 20-fold increase in their pulmonary iNKT cell popula-
tions, compared with the room-air control mice (4.3% versus
0.23%, respectively) (Figure 5D).

In contrast, Ja18 /" mice with CD39-null iNKT cells showed
significantly improved survival (Figure SA) and mild lung injury
(Figure 5C) with an eightfold increase in their iNKT cell pop-
ulations, compared with the room-air control mice (1.98% ver-
sus 0.23%, respectively) (Figure SE).

CD39 Deletion in iNKT Cells Is Protective to
Hyperoxia-Induced Lung Injury by Enhancing iNKT
Cell Apoptosis

RT-PCR analysis of isolated and oxygen-exposed iNKT cells
revealed a substantial up-regulation of the P2X7 receptor in
CD39-null cells (Figure 6), compared with wild-type cells.

We measured systemic ATP plasma concentrations in CD39-
null and wild-type mice under room air and after 72 hours of
hyperoxia. As expected, CD39-null mice had higher plasma
ATP concentrations in room air than did wild-type mice (Figure
7A). After oxygen exposure, CD39-null mice significantly in-
creased systemic ATP concentrations compared with wild-
type mice (Figure 7A).

In vitro analysis of cultured wild-type iNKT cells and CD39-
null iNKT cells revealed a significantly higher apoptosis rate in
the oxygen-treated CD39-null cells (Figure 7B).

To test the impact of P2X7 receptor signaling in our model,
we injected wild-type and CD39-null mice with oxidized ATP
(0ATP), a specific P2X7-receptor antagonist, and exposed the
mice to hyperoxia. CD39-null mice treated with oATP showed
significantly decreased survival rates (Figure 8A), compared
with the untreated CD39-null mice (Figure 1C). The oATP-
treated CD39-null mice also expressed serious signs of systemic
illness, with severe lung injury (Figure 8B).

A
1200 -
=
Z 1000 -
c
S
®
£ 800 -
g EWT RA
S mwT 02
8 600 4
@ [ CD39-null RA
5 ECD39-null 02
@
8 400 -
=
< 200 4
0
B o, *p < 0.046
g 451
2
c 40 4
© 35 -
8
E 30 1 EWT RA
mwT 02
% 251 [1CD39-null RA
£ 201 ECD39-null 02
g 154
(=}
TR
(o]
X 54
0 d

Figure 7. Increased plasma ATP concentrations and iNKT apoptosis in
CD39-null mice. (A) High-performance liquid chromatography analysis
of plasma shows that ATP plasma concentrations were significantly
increased in the CD39-null animals after oxygen exposure, compared
with wild-type animals (P < 0.0004). All error bars represent the SEM
(n =3 per group). (B) In vitro apoptosis assay. iINKT cells from wild-type
and CD39-null animals were cultured (10 cells per well) in room air
(RA) or 95% 0,/5% CO, for 72 hours. Cells were then stained with
PECy7-conjugated anti-NK1.1, FITC-conjugated anti-CD3, and APC-
conjugated anti-annexin V and propidium iodide (Pl). Apoptotic cells
were defined as annexin V*/PI~ and annexin V*/PI". CD39-null iNKT
cells showed significantly higher levels of iNKT cell apoptosis under
oxygen than did the wild-type iNKT cells (P < 0.046). All error bars
represent the SEM (n = 2 per group).
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Figure 8. P2X7 receptor antagonism induces hyperoxic lung injury in CD39-null mice. The P2X7 antagonist oxidized ATP (0ATP) was administered to
wild-type and CD39-null animals. Mice were then exposed to either room air or 100% oxygen for 72 hours (n = 3 per group). (A) Kaplan-Meier survival
curves show that survival in CD39-null animals treated with oATP decreases dramatically, and approaches survival rates of the wild-type mice after oATP
treatment. (B) Hematoxylin-and-eosin staining of oxygen-exposed lungs reveals severe lung injury in the oATP-treated CD39-null mice, with prominent
(C) GR-1" PMN lung infiltrates. Pulmonary mononuclear cells were extracted and stained with PECy7-conjugated anti-NK1.1, FITC-conjugated anti-
CD3, PE-conjugated anti-GR-1, and FITC-conjugated anti-F4/80. (D) Flow cytometry analysis (FACS) confirmed significant increases in the pulmonary
iNKT cell population in oATP-treated animals (5.2% of total pulmonary mononuclear cells), compared with the untreated CD39-null mice (Figure 3C)
(1.75% of total mononuclear cells). All error bars represent the SEM (n = 3 per group). (E) Pulmonary polymorphonuclear cell (PMN) infiltrates were
identified in the oATP-treated CD39-null animals. (F) Intracellular staining using flow cytometry (FACS) from pulmonary-derived iNKT cells. Mononu-
clear cells were extracted from oxygen-exposed lungs and stained with PECy7-conjugated anti-NK1.1, FITC-conjugated anti-CD3, PE-conjugated anti—
IL-17, and Pacific blue—conjugated anti-IFN-y. NK1.1%/CD3" cells were assessed for IL-17 and IFN-y expression. (F) oATP-treated CD39-null mice
produced higher concentrations of IL-17 and IFN-y, compared with (Figure 4D) untreated CD39-null cells after 100% oxygen exposure.

Flow cytometry analysis and immunohistochemistry staining
revealed a significantly increased pulmonary number of neutro-
phil granulocytes (PMNs; GR-1" and F4/807) in the oATP-
treated CD39-null animals (Figures 8C and 8E), compared with
untreated CD39-null mice (Figures 3C and 3E).

Interestingly, oATP-treated CD39-null animals demonstrated
significantly increased pulmonary iNKT cell numbers (Figure 8D)
and an augmented release of IFN-y and IL-17 (Figure 8F), com-
pared with untreated CD39-null mice (Figures 3C and 3D).

DISCUSSION

In this study, we demonstrate that iNKT cells are crucial for the
development of hyperoxia-induced lung injury. We show that
hyperoxia provokes severe lung injury in wild-type mice, whereas

iNKT cell-deficient (Ja18 ') and CD39-null mice are largely
protected from hyperoxic injury. Wild-type mice exhibit lethal
inflammatory responses to hyperoxia, with high numbers of infil-
trating pulmonary iNKT cells and polymorphonuclear leuko-
cytes. CD39-null mice express milder inflammatory responses,
with lower pulmonary iNKT and polymorphonuclear leukocyte
cell numbers.

Importantly, lung injury in iNKT cell-deficient (Ja18'7)
mice can be caused by transferring wild-type iNKT cells into
iNKT cell-deficient mice. However, transplanting CD39~/~
INKT cells into Ja18 '~ mice does not result in increased lung
injury after hyperoxia. Pulmonary injury with increases in in-
flammatory INKT cells and polymorphonuclear leukocytes can
also be induced by the administration of a P2X7 antagonist
(0ATP) to CD39-null mice.
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The mechanism by which CD39 deletion in mice elicits pro-
tection during hyperoxia appears to be linked to low levels of
pulmonary iNKT cell proliferation and increased INKT cell ap-
optosis in response to hyperoxia. This response is mediated by
increased concentrations of systemic ATP, which triggers in-
creased levels of P2X7-receptor signaling in iNKT cells, leading
to their depletion.

The deleterious effects of iNKT cells were recently described in
different disease models, such as airway hyperreactivity/bronchial
asthma (9, 26) and acute concanavalin A-induced hepatitis (12).
The impact of iNKT cells in the lung has been studied in depth by
Akbari and colleagues, who proposed the crucial coregulatory
role of iNKT cells in Th2-mediated asthma (9, 26). Although
controversy persists in regard to whether iNKT cells comprise
the major T cells responsible for the pathogenesis of asthma,
iNKT cells clearly play an important regulatory role in lung pa-
thology, as discussed by Thomas and colleagues (30), Bratke and
colleagues (31), and Pham-Thi and colleagues (32). In our model
of hyperoxic lung injury, we further confirm the important im-
munoregulatory role of iNKT cells. We also infer that iNKT cells
mediate hyperoxic lung injury without substantial T-cell involve-
ment. Although iNKT cells constitute less than 1% of all lymphoid
cells in the lung, they definitely play an important immunoregula-
tory role. The ability of iNKT cells to proliferate rapidly and to
produce large amounts of cytokines such as IFN-y and IL-17
appears to be key in the development of acute lung injury in this
murine hyperoxia model.

We also showed that wild-type iNKT cells, and not T cells,
produce large quantities of IFN-y and IL-17 after 72 hours of
hyperoxia. Both IFN-y and IL-17 are potent chemoattractants
for polymorphonuclear leukocytes, and were found in large
quantities in our hyperoxia-exposed wild-type lungs (8, 33,
34). iNKT cells seem to be directly stimulated and activated
by hyperoxia via unclear mechanisms, whereas T cells do not
show signs of activation after hyperoxia. Whether the direct
endothelial and epithelial damage induced by hyperoxia plays
an additional role in iNKT cell activation and lymphocyte mi-
gration needs to be determined more conclusively.

The underlying mechanisms linking inflammatory responses
and hyperoxic lung injury remain unclear. Previous studies dem-
onstrated a link between lung injury and purinergic signaling
mechanisms influencing immune responses. The role of extracel-
lular adenosine in acute lung injury has gained some attention,
with studies showing protective properties in a model of LPS-
induced pulmonary inflammation (35) as well as ventilator-induced
lung injury (36). We and others have proposed a protective pathway
that mediates tissue protection during hypoxia through extra-
cellular adenosine and the A2A-dependent inhibition of the
immune response (37-40). More specifically, peripheral T-cell ac-
tivation, proliferation, and cytokine production can be inhibited via
A2A receptor activation in a cyclic AMP-dependent manner.

Chen and colleagues (28) recently linked extracellular ATP
concentrations to polymorphonuclear leukocyte migration. ATP at
lower concentrations (< 100 uM) promoted PMN migration,
whereas ATP concentrations at more than 100 wM inhibited
PMN migration. In addition to P2X7 receptor-mediated iNKT
cell apoptosis, this inhibition of PMN migration could be partly
responsible for the lower PMN cell numbers and the milder
lung injury evident in our CD39-null animals, which show high
plasma concentrations of ATP (> 1,000 nM) after hyperoxia.

Kawamura and colleagues (41) and Aswad and Dennert (42)
recently showed that the high expression of P2X7 receptors in T
cells after stimulation by high concentrations of ATP leads to
the formation of pores permeable to small molecules, ultimately
leading to cell death. The results of those studies are in keeping
with our findings of P2X7 receptor-mediated iNKT cell death.

This effect was associated with P2X7 receptor up-regulation and
increased plasma ATP concentrations in CD39-null mice after
hyperoxia.

A growing body of literature has emerged about purinergic
signaling and iNKT cell-mediated liver injury. Lappas and col-
leagues showed that A2A-dependent iNKT cell inhibition
results in improved liver ischemia-reperfusion injury (8). We
noted in a model of Con-A hepatitis that iNKT cells in CD39-
null mice became apoptotic, and that the consequent lack of
iNKT cells increased tissue protection (12). The purinergic re-
ceptor that induced iNKT cell apoptosis in CD39-null animals
was also found to be P2X7. Our data suggest a similar pathway
leading to decreased pulmonary iNKT cell proliferation in CD39-
null animals, as mediated through ATP-dependent P2X7-receptor
signaling.

The etiology of hyperoxia-induced lung injury seems to be
multifactorial and complex, involving at least two different im-
mune cells and two different purinergic receptors as crucial play-
ers. Kolliputi and colleagues recently linked hyperoxic lung
injury to immunoregulation by macrophages, as mediated by
purinergic signaling mechanisms (43). Again, P2X7 receptor
stimulation by ATP resulted in a putative activation of the
inflammasome complex in alveolar macrophages, ultimately in-
ducing lung injury.

Hyperoxic lung injury is a well-described and clinically impor-
tant syndrome that affects morbidity and mortality in critically ill
patients. We have identified new pathways linking INKT cell
functions and ATP signaling via P2X7 receptors in mediating
hyperoxia-induced lung injury. Blocking iNKT cell activation
or the transient depletion of these cells may become a therapeutic
option that limits hyperoxic lung injury in critically ill patients.

Author disclosures are available with the text of this article at www.atsjournals.org.
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