
ORIGINAL ARTICLE

Lysophosphatidic acid generation by pulmonary NKT cell
ENPP-2/autotaxin exacerbates hyperoxic lung injury

Martina Nowak-Machen1,2,3
& Martin Lange2 & Mark Exley4,5 & Sherry Wu2

&

Anny Usheva2 & Simon C. Robson2

Received: 13 February 2015 /Accepted: 28 July 2015 /Published online: 26 August 2015
# Springer Science+Business Media Dordrecht 2015

Abstract Hyperoxia is still broadly used in clinical practice
in order to assure organ oxygenation in critically ill patients,
albeit known toxic effects. In this present study, we hypothe-
size that lysophosphatidic acid (LPA) mediates NKT cell ac-
tivation in a mouse model of hyperoxic lung injury. In vitro,
pulmonary NKTcells were exposed to hyperoxia for 72 h, and
the induction of the ectonucleotide pyrophosphatase/
phosphodiesterase 2 (ENPP-2) was examined and production
of lysophosphatidic acid (LPA) was measured. In vivo, ani-
mals were exposed to 100 % oxygen for 72 h and lungs and
serum were harvested. Pulmonary NKT cells were then incu-
bated with the LPA antagonist Brp-LPA. Animals received
BrP-LPA prior to oxygen exposure. Autotaxin (ATX, ENPP-
2) was significantly up-regulated on pulmonary NKT cells
after hyperoxia (p<0.01) in vitro. LPA levels were increased
in supernatants of hyperoxia-exposed pulmonary NKT cells.
LPA levels were significantly reduced by incubating NKT

cells with LPA-BrP during oxygen exposure (p<0,05)
in vitro. Hyperoxia-exposed animals showed significantly in-
creased serum levels of LPA (p≤0,05) as well as increased
pulmonary NKTcell numbers in vivo. BrP-LPA injection sig-
nificantly improved survival as well as significantly decreased
lung injury and lowered pulmonary NKT cell numbers. We
conclude that NKT cell-induced hyperoxic lung injury is me-
diated by pro-inflammatory LPA generation, at least in part,
secondary to ENPP-2 up-regulation on pulmonary NKTcells.
Being a potent LPA antagonist, BrP-LPA prevents hyperoxia-
induced lung injury in vitro and in vivo.
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Introduction

Invariant natural killer T (iNKT) cells, a distinct lymphocyte
lineage expressing semi-invariant T cell receptors, bridge in-
nate and adaptive immune responses by recognizing lipid an-
tigens that are presented by the non-classical Major Histocom-
patibility Complex molecule CD1d. NKT cells seem to regu-
late their broad range of immune responses by reacting to so
called self-antigens such as lysophosphatidic acid (LPA) pre-
sented by CD1d antigen presenting cells (APCs) in the ab-
sence of any external antigen [1, 2].

Different lung disease models such as asthma and more
recently hyperoxia-induced lung injury could be linked to
NKT cell-induced immune responses [1, 3–7]. Hyperoxia re-
mains a mainstay in clinical patient care in order to improve
oxygen delivery to crucial organs in critically ill patients suf-
fering from acute lung injury or during cardiac surgery to
name a few [3]. The toxic effects of high-level oxygen are
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well known, with hyperoxia-induced lung injury being one of
the most clinically relevant. Acute lung injury can be caused
by different mechanical, infectious, or environmental patho-
gens or mechanisms. In addition, prolonged exposure to in-
haled high oxygen levels (>50 % of inspired oxygen) can lead
to acute lung injury. Hyperoxic lung injury is typically char-
acterized by alveolar epithelial as well as endothelial damage.
These effects result in a capillary leak syndrome followed by
inflammatory cell recruitment [4–6].

We recently found that hyperoxia-induced lung injury
can be NKT cell-induced and mediated by CD39
purinergic signaling mechanisms. Hyperoxia-exposed
wild type mice developed severe lung injury with pulmo-
nary NKT cell proliferation and showed a nearly 100 %
mortality rate after 72 h while CD39 deficient animals
survived with low NKT cell proliferation and significantly
less lung injury [7]. The mechanism as to how NKT cells
undergo activation and exhibit these detrimental effects in
hyperoxic injury remains unclear.

One of the suggested mechanisms includes the
ectonucleotide pyrophosphatase/phosphodiesterase 2
(ENPP-2) also known as autotaxin (ATX) that catalyzes
the production of lysophosphatidic acid (LPA) using
lysophosphatidylcholine (LPC) as substrate in extracellu-
lar fluids [8]. Autotaxin was first discovered as a tumor
motility protein secreted by cells as a type II membrane
protein [9]. LPA and LPC [10] can evoke inflammatory
growth factor-like responses generally including stimula-
tion of cell proliferation and chemotaxis [11]. Significant-
ly, LPA can also trigger NKT cell proliferation and acti-
vation [12, 13].

In this study, we hypothesized that up-regulation of
ENPP-2 on pulmonary NKT cells triggers increased pro-
duction of lysophosphatidic acid (LPA), which leads to

NKT cell activation and proliferation in a murine model
of hyperoxia-induced acute lung injury. In addition, we
aimed to show that inhibition of the NKT-LPA axis was
protected against hyperoxic damage.

Material and methods

Reagents and antibodies

The following antibodies were purchased from eBioscience:
PECy7-conjugated anti-NK1.1, FITC-conjugated anti-CD3,
PE-conjugated anti-GR-1, and FITC-conjugated anti-F4/80.
α-Galactosylceramide (α-GalCer) was purchased from To-
ronto Research Chemica ls , Inc . (Toronto , ON).
Bromomethylene phosphonate LPA (BrP-LPA) was pur-
chased from Echelon®.

Flow cytometry

Mononuclear cells were extracted from lung tissue using
Ficoll gradient and stained with PECy7-conjugated anti-
NK1.1 and FITC-conjugated anti-CD3. Natural killer T-
(NKT) cells were defined as CD3low/NK1.1 low cells or
CD1d-tetramer binding (as below) on flow cytometry [1, 14,
15]. Pulmonary mononuclear cells (PMNs) were extracted
and stained with PE-conjugated anti-GR-1 and FITC-
conjugated anti-F4/80. PMNs were defined as GR-1+/F4/80-
cells [7].

Animals and animal model

Animals were housed in accordance with the guidelines from
the American Association for Laboratory Animal Care. The
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Fig. 2 Hyperoxia increases lysophosphatidic acid (LPA) levels in
pulmonary NKT cells in vitro. BrP-LPA diminishes level of LPA.
Pulmonary iNKT cells were cultured and exposed to 95 % O2/5 % CO2

for 72 h with and without addition of the pan-LPA antagonist BrP-LPA.
LPA levels in hyperoxia-exposed cells were significantly lower when
cells were incubated with the pan LPA antagonist BrP-LPA during
hyperoxia (p<0.05). r.u. relative units (relative to the background-
reaction in the absence of weight)
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Fig. 1 Transcriptional up-regulation of ENPP-2 in hyperoxia-exposed
pulmonary iNKT cells. Pulmonary NKT cells were harvested, cultured,
and exposed to 95% oxygen/5 % CO2 for 72 h. RT-PCA analysis showed
a significant up-regulation of the ectonucleotide pyrophosphatase/
phosphodiesterase 2 (Autotaxin, ENPP-2) on the NKT cells after
exposure to hyperoxia when compared to NKT cells exposed to room
air (p<0.01)
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protocol was approved by the institutional review committee
at BIDMC. C57/BL6 mice (Taconic, Germantown, NJ) were
studied. Littermate mice were used for the control groups.
Separate sets of animals were studied for different experimen-
tal outcome groups.

Eight- to 10-week-old mice were placed in cages in a cus-
tomized airtight plexiglass chamber, and exposure to 100 %
inhaled oxygen was conducted for 72 h, as described [16].

Animals in the BrP-LPA group received a single intraper-
itoneal (i.p.) injection of the autotaxin inhibitor pan LPA re-
ceptor antagonist BrP-LPA (3 mg/kg, using H2O as vehicle)
immediately prior to oxygen exposure [9].

Histopathological analysis

The whole lungs were harvested from hyperoxia treated and
untreated mice, and sections from all mice were stained with
hematoxylin and eosin by standard methods to assess overall
histopathology.

iINKT cell cultures and BrP-LPA

Lungs were harvested and iNKT cells were extracted using
CD1d-tetramer-sorting by FACS [17]. iNKT cells were cul-
tured and exposed to room air (21 % oxygen) or to 95 %
oxygen/5 % CO2 for 72 h [15].

NKT cells were incubated with 5 uM BrP-LPA using H2O
as vehicle [12].

Thin Layer chromatography (TLC)

LPA and LPC extraction

Blood was collected in a plastic tube containing l/10 volume
of heparin.

Plasma lipids were extracted after adjusting the plasma to
pH 3.0 with HCI. The combined chloroform phases were
dried under a stream of nitrogen.

Separation of LPA and LPC by TLC

The plasma phospholipids were dissolved in a chloroform/
methanol mixture (2:1 v/v) and spotted on a silica gel plate.

WT O2 WT+BrP O2BA

BrP-LPA+02 x2002 x40

Fig. 4 Histological assessment of
hyperoxic lung injury. a H&E
staining of control lung tissue and
b plus BrP-LPA injection prior to
hyperoxia. Animals were exposed
to 100 % oxygen for 72 h. The
hyperoxia-exposed lungs show
severe injury with pulmonary
edema and hemorrhage, whereas
the BrP-LPA injected animals
express milder injury

WT+ BrP-LPA O2 (n=5)

WT O2

(hours)

(n > 25)

Fig. 3 Kaplan–Meier survival curves for (n>25) and plus BrP-LPA
animals after 72 h in 100 % oxygen demonstrate a clear survival benefit
of those animals that received a BrP-LPA injection prior to oxygen
exposure
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The plate was developed with a solvent system of chloroform/
methanol/28 % ammonium hydroxide (60:40:10 by volume)
in the dark. The LPA and LPC were detected by exposing the
plate to iodine vapor. Standard LPA and LPC (Sigma) migra-
tion was used as markers.

Expression of P2X7 receptors on iNKT cells
(reverse-transcription polymerase chain reaction)

RNA from iNKTcells was reverse transcribed to complemen-
tary DNA using the Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) [18].

Statistical analyses

Results are expressed as the median range and mean +/
−standard error of mean (SEM). For statistical analyses, the
Student t test was used. Significance was defined as p<0.05
[19].

Results

ENPP-2 is up-regulated in hyperoxia-exposed pulmonary
iNKT cells on a transcriptional level

Pulmonary NKT cells were harvested, cultured, and exposed
to 95 % oxygen/5 % CO2 for 72 h as described [7]. RT-PCR
analysis revealed a significant and approximately 20-fold up-
regulation of the ectonucleotide pyrophosphatase/
phosphodiesterase 2 (Autotaxin, ENPP-2) on the NKT cells
after exposure to hyperoxia when compared to NKT cells
exposed to room air (p<0.01) (Fig. 1).

Oxygen increases lysophosphatidic acid levels
in pulmonary NKT cells, LPA levels decrease when cells
are incubated with BrP-LPA in vitro

Pulmonary iNKT cells were cultured and exposed to 95 %
O2/5 % CO2 for 72 h with and without addition of the
ATX-inhibitor and LPA antagonist BrP-LPA. Levels of

lysophosphatidic acid (LPA) were measured in the super-
natants. LPA levels were higher with NKT cells after ox-
ygen exposure. LPA levels in hyperoxia-exposed cells
were significantly lower when cells were incubated with
the pan-LPA antagonist BrP-LPA during hyperoxia
(p<0.05) (Fig. 2).

Lysophosphatidylcholine levels did not show a significant
change after oxygen exposure or after administration
of BrP-LPA

Animals that receive the LPA antagonist BrP-LPA prior
to oxygen exposure show improved survival rates and less
severe lung injury after hyperoxia

Animals showed severe systemic signs of illness such as
lethargy, hypothermia, and ruffling of the fur after 72 h
of 100 % oxygen exposure and underwent euthanasia
(n > 25) (Fig . 3) . Lungs from these mice wi th
hyperoxia-induced lung injury showed large areas of
hemorrhage, pronounced interstitial edema, and complete
destruction of the bronchial epithelium (Fig. 4). To de-
termine whether inhibition of ATX and LPA receptors
leads to improved lung injury and survival, mice were
treated with BrP-LPA.

BrP-LPA-treated mice (n=5) remained healthier with ex-
cellent survival (Fig. 3) and only minimal lung injury after
hyperoxia exposure (Fig. 4).

Mice that received the autotaxin antagonist BrP-LPA showed
decreased pulmonary iNKT cell populations and decreased
pulmonary MN/granulocyte infiltration after hyperoxia

In order to determine whether the ATX antagonist BrP-
LPA has an impact on NKT cell infiltration in oxygen-
exposed lungs, we then analyzed the lungs extracted from
oxygen-exposed mice with and without BrP-LPA treat-
ment. Baseline iNKT cell populations in the lung did not
differ between BrP-LPA treated and untreated mice under
normoxic conditions (<0.5 % of all mononuclear cells)
(Fig. 5a). CD3/NK1.1 double intermediate positive cells
were defined as iNKT cells as previously described [7].
After 72 h of 100 % exposure, animals show significant
increases of iNKT cells compared to their baseline (0.23
versus 4.7 % of all pulmonary mononuclear cells)
(Fig. 5a). BrP-LPA-treated animals exhibit small increase
of pulmonary iNKT cells (0.89 versus 1.4 % of all pul-
monary mononuclear cells) in response to hyperoxia
(Fig. 5a).

Flow cytometry confirmed significantly increased pop-
ulations of GR-1+/F4/80- PMN-cells in oxygen-exposed
lungs (24 % of all pulmonary mononuclear cells) (Fig. 5b)

�Fig. 5 Flow cytometry analysis of pulmonary NKT cell and PMN
populations after hyperoxia. a Lungs extracted from oxygen-exposed
mice with and without BrP-LPA treatment were analyzed. Baseline
iNKT cell populations in the lung did not differ between BrP-LPA
treated and untreated wild type mice under normoxic conditions. After
72 h of 100% exposure, animals show significant increases of iNKTcells
compared to their baseline. After BrP-LPA treatment, animals exhibit
only a minimal increase of pulmonary iNKT cells in response to
hyperoxia. b Populations of GR-1+/F4/80- PMN-cells increase
massively after oxygen exposure in lungs. When animals were injected
with BrP-LPA prior to oxygen exposure PMN-cells only increased
marginally
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compared to the BrP-LPA-treated group (2.9 % of all pul-
monary mononuclear cells).

Discussion

In this study, we demonstrate that LPA plays a crucial
role in the development of iNKT cell-induced hyperoxic
lung injury in a murine model. We have previously
shown that hyperoxia-induced lung injury is mediated
by increased pulmonary NKT cell proliferation [7]. We
now show that pulmonary NKT cells produce large
amounts of pro-proliferatory LPA in response to up-
regulation of ENPP-2 when exposed to hyperoxia. In
addition, hyperoxia-exposed mice also produce signifi-
cant amounts of plasma LPA before they die from mas-
sive lung injury. Incubating NKT cells with the LPA
antagonist BrP-LPA during oxygen exposure (a clinically
relevant approach) diminishes LPA production. BrP-LPA-
injected animals demonstrate improved survival rates and
are ultimately protected from hyperoxic lung injury.

LPA is a phospholipid derivate that is generated from
LPC by autotaxin (ectonucleotide pyrophosphatase/
p h o s p h o d i e s t e r a s e 2 , ENPP - 2 ) , w h i c h h a s
lysophospholipase D activity. LPA is known to evoke
growth factor-like responses including stimulation of
chemotaxis and cell proliferation. We previously found
that pulmonary NKT cells proliferate in response to
hyperoxia and exert massive pro-inflammatory effects
that ultimately lead to lung injury and death. In the pres-
ent study, we demonstrated up-regulation of ENPP-2
(autotaxin) on pulmonary NKT cells in response to
hyperoxia. Autotaxin shows a broad tissue distribution
in adult mice with high mRNA levels in the lung [20].
Increased autotaxin levels have been demonstrated in
other disease models and could be found in synovial
fluid of arthritis patients as well as human astrocytes
following brain injury suggesting its role in inflammation
[21]. Autotaxin expression has been studied in BLM-
induced pulmonary inflammation where increased
autotaxin levels were found in murine BALFs [22].
Bronchial epithelial cells as well as inflammatory macro-
phages showed the highest expression of autotaxin found
in the aforementioned BALFs. Genetic depletion of
autotaxin in bronchial epithelial cells and bronchial mac-
rophages resulted in decreased disease severity [20]. In
our study, we found that not only is ENPP-2 up-regulat-
ed in pulmonary NKT cells after hyperoxia, but that the
downstream product LPA also increases after hyperoxic
injury. Autotaxin as previously described seems to play a
role in pulmonary inflammation and seems to be released
in a hyperoxic environment. LPA acts as an NKT self-
antigen and inflammatory mediator and seems to have a

direct effect on NKT activation and the consequent
hyperoxic lung injury in this present study.

Natural Killer T cells are distinct lymphocytes that
recognize lipid antigens presented by the non-MHC-
molecule CD1d. NKT cells have been known to exert
potent pro-inflammatory responses and release large
amounts of cytokines in the absence of prior antigen
priming [23, 24]. Increasing evidence suggests that rec-
ognition of so-called self-antigens by NKT cells not only
plays an important role in their development but also in
their regulation of immune responses [1, 23–25]. Zeissig
et al. recently demonstrated that NKT cell activation
through endogenous ant igenic l ipids, including
lysophospholipids generated by Hepatitis-B-virus-
induced secretory phospholipases, plays an important
role in acquired Hepatitis B immunity [25].

NKT cell self-antigens such as betaGalCer, iGb3, but
also LPA have been shown to activate NKT cells in vitro
[22]. In our study, we demonstrate that NKT cells that
were activated with αGalCer and exposed to hyperoxia
started to produce large amounts of LPA, which per se
has pro-inflammatory properties and could in turn lead to
maintenance of the inflammatory NKT cell-mediated cas-
cade. In our model, LPA release from NKT cells in re-
sponse to hyperoxia stimulates NKT cells and induces
proliferation that ultimately leads to hyperoxia-induced
lung injury as described. Interestingly, since LPA can
function as a self-antigen for human NKT cells, Georas
et al. showed that LPA levels are increased in BAL sam-
ples of patients with allergic airway inflammation [26].
A connection between LPA and NKT cells was not made
in this study, but a link between allergic asthma and
NKT cell involvement had previously been postulated
by several authors [14, 27–29]. The findings of this present
study, in addition to the previously described importance of
NKT cells in human lung disease, could have important
clinical implications.

The presented findings need to be translated into the
clinical setting where patients depend on high levels of
inspiratory oxygen for organ function, but subsequently
suffer from the deleterious consequences of hyperoxic
lung injury. One of the potential treatment options, that
has been successful in this animal study for lung pro-
tection, could include the temporary administration of
the pan-LPA antagonist BrP-LPA during hyperoxia
exposure.

Hyperoxic lung injury remains a serious clinical problem in
critically ill patients. As previously described, NKT cells as a
bridge between innate and adaptive immunological responses
play a crucial role in the development of hyperoxia-induced
lung injury in mice. We have now identified LPA, a potent
mediator and self-antigen for NKT cells, as the source for
NKT cell activation during hyperoxic lung injury in our
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mouse model. Potential treatment options arise from success-
ful use and protection from hyperoxia-induced lung injury
through the pan LPA antagonist BrP-LPA.
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