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Phospholipase D2 drives mortality in sepsis
by inhibiting neutrophil extracellular trap
formation and down-regulating CXCR2
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We determined the function of phospholipase D2 (PLD2) in host defense in highly lethal
mouse models of sepsis using PLD2~/~ mice and a PLD2-specific inhibitor. PLD2 deficiency
not only increases survival but also decreases vital organ damage during experimental sepsis.
Production of several inflammatory cytokines (TNF, IL-1, IL-17, and IL-23) and the chemo-
kine CXCL1, as well as cellular apoptosis in immune tissues, kidney, and liver, are markedly
decreased in PLD2~/~ mice. Bactericidal activity is significantly increased in PLD2~/~ mice,
which is mediated by increased neutrophil extracellular trap formation and citrullination of
histone 3 through peptidylarginine deiminase activation. Recruitment of neutrophils to the
lung is markedly increased in PLD2~/~ mice. Furthermore, LPS-induced induction of G pro-
tein—coupled receptor kinase 2 (GRK2) and down-regulation of CXCR2 are markedly attenu-
ated in PLD2~/~ mice. A CXCR2-selective antagonist abolishes the protection conferred by
PLD2 deficiency during experimental sepsis, suggesting that enhanced CXCR2 expression,
likely driven by GRK2 down-regulation in neutrophils, promotes survival in PLD2~/~ mice.
Furthermore, adoptively transferred PLD2~/~ neutrophils significantly protect WT recipients
against sepsis-induced death compared with transferred WT neutrophils. We suggest that
PLD2 in neutrophils is essential for the pathogenesis of experimental sepsis and that pharma-
ceutical agents that target PLD2 may prove beneficial for septic patients.

Sepsis 1s a systemic inflammatory response syn-
drome that results from infection of invading
microorganisms and is associated with substan-
tial clinical mortality in the United States (27%),
with no effective therapy to improve patient sur-
vival (Angus et al., 2001; Cohen, 2002; Kumar
etal.,2011).

Sepsis-induced mortality is closely linked
with the failure of the host’s innate immune
response to contain and destroy invading patho-
gens (Hotchkiss et al., 2013). Neutrophils gen-
erate neutrophil extracellular traps (NETs) that
can enmesh circulating bacteria from the blood-
stream and provide intravascular immunity
against septic infection (McDonald et al., 2012).
Neutrophil recruitment to sites of infection is also
important in controlling invading pathogens

J. Exp. Med. 2015 Vol. 212 No. 9 1381-1390
www.jem.org/cgi/doi/10.1084/jem.20141813

(Alves-Filho et al., 2010). CXCR2 regulates
neutrophil influx during infection and is down-
regulated on neutrophils from septic patients
(Cummings et al., 1999).

Phospholipase D2 (PLD?2) is a crucial cell sig-
naling enzyme in neutrophils and other cell types
that hydrolyze phosphatidylcholine to phos-
phatidic acid and choline (Jang et al., 2012).
Phosphatidic acid can bind and activate many
different kinases, phosphatases, nucleotide-
binding proteins, and phospholipases that con-
trol cell migration, proliferation, and activation
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(Jang et al., 2012). A functional role for PLD2 in the pathogen-
esis of sepsis has yet to be explored. We therefore investigated
the role of PLD2 in multiple models of experimental sepsis.

RESULTS AND DISCUSSION

PLD2 deficiency increased survival rate and reduced vital
organ inflammation against polymicrobial sepsis

To examine the role of PLD2 on the pathogenesis of poly-
microbial sepsis, we first assessed survival after cecal ligation
puncture (CLP)—induced polymicrobial sepsis in WT versus
PLD27/~ mice. PLD2 deficiency significantly improved the
survival rate, with 90% of mice surviving by day 10 compared
with just 25% of WT, suggesting that PLD2 plays a pathogenic
role in endotoxicosis (Fig. 1 a). The intestinal microbiomes
were not fundamentally different between WT and PLD27/~
mice (Fig. S1), indicating that the difference in susceptibility
to CLP-induced mortality was not mediated by possible dif-
ferent intestinal microbiomes.

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium
that is a major contributor to sepsis in the clinic (Lowy, 1998).
We therefore tested the effects of PLD2 deficiency on survival
ina S. aureus—dependent sepsis model. Again, PLD2~/~ mice
were significantly protected against S. aureus—mediated septic
mortality, with 50% of mice surviving for 10 d compared with
just 12.5% of WT mice (Fig. 1 b). Because PLD2 is constitutively

active (Colley et al., 1997), we next asked if a PLD2-specific
inhibitor would also protect against sepsis-associated mortal-
ity. Survival was significantly extended in WT mice treated
with the PLD2-selective inhibitor (N-[2-(4-oxo-1-phenyl-
1,3,8-triazaspiro[4,5]dec-8-yl)ethyl]-2-naphthalenecarbox-
amide; Scott et al., 2009) compared with vehicle control (40
vs. 5% survival, respectively; Fig. 1 ¢). Collectively, these re-
sults strongly suggest that PLD2 (more precisely, PLD2 activ-
ity) is involved in the pathological progression of sepsis.

CLP-induced mouse mortality is closely associated with
lung inflammation and dysfunction of vital organs, includ-
ing the liver (Cohen, 2002). Histological analysis confirmed
that CLP caused dramatic inflammation of the lungs, with
severe alveolar congestion and extensive formation of throm-
botic lesions in WT mice but not in PLD2~/~ mice (Fig. 1 d).
CLP surgery significantly increased the lung wet/dry ratio in
WT mice, indicating the presence of edema, which was not
observed in PLD27/~ mice (Fig. 1 e). Histological analysis
also confirmed that CLP caused marked, time-dependent
liver inflammation with severe damage 24 h after CLP in
WT mice but not in PLD27/~ mice (Fig. 1 f). Plasma aspar-
tate aminotransferase (AST) levels (a marker of liver dam-
age) were also significantly elevated in WT CLP mice at
12 and 24 h after induction compared with PLD27/~
mice (Fig. 1 g).
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Figure 2. PLD2 is required for elevated inflammatory cytokines and lymphocyte apoptosis after CLP. (a) Cytokine levels in peritoneal fluid exu-
dates from WT or PLD2~/~ mice were determined at 24 h after CLP. (b) Splenocytes isolated from WT or PLD2~/~ mice were stimulated with LPS (1 ug/ml)
for 24 h. (c) Mouse splenocytes were stimulated with LPS (1 ug/ml) and PLD2 inhibitor (10 uM) or vehicle control (veh, 0.5% Tween 80 in PBS) for 24 h.
The levels of cytokines were measured by ELISA (a-c). Mean + SEM (n = 7 mice per group [a]; n = 3 mice [b and c]). *, P < 0.05; *, P < 0.01;** P < 0.001
by Student's t test. (d-f) WT or PLD2~/~ mice were subjected to CLP, and were sacrificed 24 h after surgery. The spleen, thymus, kidney, and liver were
subjected to DNA fragmentation analysis (TUNEL). The data are representative of eight mice per group from two independent experiments (d [top] and f).
Bar, 100 um (d and f). TUNEL-positive cells were counted (d, bottom). Splenocyte death from CLP WT or PLD2~/~ mice was determined by flow cytometry
using anti-Annexin V antibody and 7-AAD (e). Mean + SEM (n =8 [d]; n = 4 [e]). *, P < 0.05;**, P < 0.01; **, P < 0.001 by Student's t test. Data are repre-
sentative of two (a and e) or three (b-c and d [bottom]) independent experiments.

PLD2 deficiency decreased CLP-induced inflammatory
cytokines/chemokines and apoptosis

We next asked if PLD2 deficiency was associated with a re-
duction in key cytokines involved in the pathogenic systemic
inflammatory response syndrome triggered during sepsis. CLP
surgery dramatically induced proinflammatory cytokine lev-
els during the initial 24 h in peritoneal exudates from WT mice.

JEM Vol. 212, No. 9

However, the levels of several proinflammatory cytokines
(TNF, IL-1f3, IL-17, and IL-23) and chemokine CXCL1 were
significantly reduced in samples from CLP PLD2™/~ mice
(Fig. 2 a). There were no genotype-dependent differences in
several other cytokines (IL-21 and IFN-vy) or chemokines
(CCL2 and CXCL2). Furthermore, IL-10 and CCL5 were
increased in exudates from PLD27/~ mice compared with WT
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(Fig. 2 a). PLD2-deficient splenocytes or WT splenocytes
treated with PLD2 inhibitor and then challenged with LPS
ex vivo showed a similar trend in significantly reduced in-
flammatory cytokine and chemokine secretion compared with
controls (Fig. 2, b and ¢). Collectively, the cytokine analysis
indicates that PLD2 deficiency has a specific and selective ef-
fect on the production of key cytokines and chemokines that
drive the pathology of polymicrobial sepsis.

Immune cell apoptosis is associated with sepsis-induced
mortality (Cohen, 2002). CLP caused a marked increase in
lymphocyte apoptosis in the spleen and in the thymus in WT,
but not in PLD27/~ mice, as measured by terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) his-
tology (Fig. 2 d). Thus, PLD2 deficiency strongly attenuates
lymphocyte apoptosis in the spleen and thymus, thereby con-
tributing additional protective effects against sepsis-induced
mortality. CLP also caused an increase in the Annexin V*/
7-AAD™ or AnnexinV*/7-AAD™ cell populations in WT mice,
which was markedly decreased in PLD2~/~ mice (Fig. 2 e).
CLP also caused a marked increase in renal cell apoptosis in the
kidney cortex and medulla, and in liver hepatocytes in WT
but not PLD27/~ mice as determined by TUNEL histology
(Fig. 2 f). These data indicate that vital organ injury is more
severe in WT mice compared with PLD27/~ mice.

PLD2 deficiency enhanced bactericidal activity

by up-regulating NET formation through

peptidylarginine deiminase (PAD) activation

and augmenting phagocytic killing of bacteria

Septic mortality correlates with bacterial colony counts in
peritoneal fluid and peripheral blood (Xiao et al., 2006). Bac-
terial colony counts were significantly decreased in peritoneal
lavage fluid by ~60% 24 h after CLP from PLD27/~ mice
compared with WT mice (Fig. 3 a). Because neutrophils play
a key bactericidal role in the CLP model, we measured the
recruitment of neutrophils into the peritoneal cavity and found
that significantly more neutrophils were recruited 6 h after
CLP in PLD27/~ mice versus WT (Fig. 3 b). The enhanced
recruitment was not simply a result of elevated numbers of
circulating neutrophils in the PLD27/~ mice via increased
granulopoiesis (Fig. 3 ¢ and Fig. S2).

Bacteria colony counts in peripheral blood and in bron-
choalveolar lavage fluid (BALF) were also markedly decreased
in PLD27/~ mice versus WT (Fig. 3 a). Bacteria released into
the peritoneal cavity eventually make their way through the
circulation and enter lung tissue, resulting in lung inflamma-
tion (Matute-Bello et al., 2001). Bacteria colony counts in lung
tissues were also significantly decreased in PLD27/~ mice versus
WT (Fig. 3 a). Live bacterial colony numbers were signifi-
cantly increased in liver and spleen 24 h after CLP in WT mice
compared with PLD27/~ mice (Fig. 3 a).

It was recently reported that neutrophils generate NET's
to trap and kill invading bacteria (Brinkmann et al., 2004).
To investigate the effect of PLD2 deficiency on NET for-
mation, we stained neutrophils with SYTOX Green nu-
cleic acid stain, a nonpermeable dye that stains nucleic acid,
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a primary component of NETs. Stimulation of neutrophils
isolated from WT mice with ionomycin induced NET for-
mation (Fig. 3 d). Interestingly, NET formation was mark-
edly increased in ionomycin-stimulated neutrophils isolated
from PLD27/~ mice (Fig. 3 d). Moreover, NET formation
without ionomyecin stimulation was slightly increased by
neutrophils isolated from PLD2~/~ mice versus WT (Fig. 3 d).
Ionomycin-stimulated NET formation by WT neutrophils
was also further increased by treatment with a PLD2 inhib-
itor (Fig. 3 e).

Citrullination of histone is associated with NET formation
(Wang et al., 2009). Because PLD2 deficiency resulted in in-
creased NET formation by SYTOX Green nucleic acid staining,
we next assessed the NETS for citrullinated histone 3 content.
The level of citrullinated histone 3 was dramatically increased
in neutrophils isolated from PLD27/~ mice compared with
WT (Fig. 3 f). In addition, ionomycin stimulation strongly in-
creased histone 3 citrullination in PLD27/~ mice compared
with either unstimulated PLD27/~ or ionomycin-stimulated
WT neutrophils (Fig. 3 f). Peritoneal exudate histone 3 citrul-
lination was markedly increased in PLD27/~ mice after CLP
compared with WT mice (Fig. 3 g). Increased levels of citrul-
linated histone 3 and NET formation were also detected in
lung neutrophils from CLP-operated PLD2™/~ mice versus
WT by immunofluorescence staining (Fig. 3 h). PAD4 cata-
lyzes histone 3 citrullination (Li et al., 2010). Because histone 3
citrullination was up-regulated in neutrophils isolated from
PLD27/~ mice, we measured PAD activity in neutrophils.
PAD activity was significantly enhanced in PLD27/~ neutro-
phils compared with WT (Fig. 3 1). Increased PAD activity was
also present in lung tissue of sham PLD27/~ mice versus WT,
as well as 2 h after CLP PLD27/~ mice versus WT (Fig. 3 j).
The aggregate of these results indicate that deficiency of PLD2
enhances PAD activity resulting in histone 3 citrullination
and NET formation in neutrophils. Addition of PLD2 inhibi-
tor also stimulated PAD activity and histone 3 citrullination
in neutrophils (unpublished data), which supports the notion
that PLD2 activity normally suppresses PAD activity and sub-
sequent histone 3 citrullination in vivo. Because PAD can
catalyze the citrullination of other histones, such as histone 4
(Wang et al., 2009), there may be additional histone citrul-
lination events that contribute to PLD2 deficiency—induced
NET formation.

Intracellular calcium ions are required for PAD4 activa-
tion, resulting in histone 3 citrullination and NET formation
(Rohrbach et al., 2012). ITonomycin-stimulated calcium flux
was enhanced in neutrophils from PLD27/~ mice compared
with WT (Fig. 3 k). In addition, a PLD2 inhibitor strongly
enhanced ionomycin-induced intracellular calcium mobiliza-
tion in WT neutrophils (Fig. 3 k). These results suggest that
PLD2 may normally suppress activation-dependent calcium
signaling in neutrophils and dampen calcium-dependent PAD
enzymatic activity, resulting in decreased histone 3 citrullina-
tion and NET formation.

We also tested whether PLD2 deficiency affects bacterial
phagocytosis and phagocytic killing of bacteria. Ionomycin

PLD2 as a target to treat sepsis | Lee et al.
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Figure 3. Increased bactericidal activity and NET formation in PLD2~/~ CLP mice. (a) WT or PLD2~/~ mice were subjected to CLP. Peritoneal la-
vage fluid, peripheral blood, BALF, lung, liver, and spleen were collected 24 h after CLP. The collected fluid samples or homogenized tissue samples were
cultured overnight on blood-agar base plates at 37°C; the number of CFU was then determined. (b) WT or PLD2~/~ mice were subjected to CLP. 6 h after
surgery, peritoneal fluids were collected and infiltrating neutrophils were enumerated by flow cytometry. (c) Circulating blood was collected from sham or
CLP-operated WT or PLD2~/~ mice 6 h after surgery. Total blood neutrophils (Ly6G*) were counted by flow cytometry. (d and f) Neutrophils isolated from
WT or PLD2~/~ mice were stimulated with ionomycin (5 uM) for 4 h. (e) Neutrophils from WT mice were stimulated with ionomycin (5 pM) for 4 h in the
presence of PLD2 inhibitor (10 uM) or vehicle control (0.5% Tween 80 in PBS). NET formation was measured using SYTOX Green nucleic acid staining. Bar,
100 pm (d and e). Peritoneal fluid was harvested at 2 h from sham or CLP-operated WT or PLD2~/~ mice (g). Citrullinated histone 3 (H3-cit) levels were
measured by Western blot analysis (f and g). WT or PLD2~/~ mice were subjected to CLP and sacrificed 2 h after surgery. The lungs were analyzed by
immunofluorescence for the presence of neutrophils (red channel) or citrullinated histone 3 (green channel), with DAPI used to visualize DNA content. Bar,
100 pm (h). PAD activity was measured using BAEE as arginine derivative in mouse neutrophils (i) and harvested lung at 2 h after CLP (j). Neutrophils
isolated from WT or PLD2~/~ mice were loaded with calcium-sensitive dye fura-2/AM and stimulated with ionomycin (2 uM) in the absence or presence
of PLD2 inhibitor (10 pM; k). (I) Neutrophils isolated from WT or PLD2~/~ mice were incubated with S. aureus (2 x 108) for 1 h, and phagocytic killing ac-
tivity was measured. Mean + SEM (n =4 [a,i,and jJ; n=5[band c]; n=3 [I]). ¥, P < 0.05;* P < 0.01; *, P < 0.001 by Student's t test. The data are rep-
resentative of four different experiments (d-h and k). Data are representative of at least two independent experiments. NT, no treatment.

stimulated similar levels of phagocytosis (FITC-dextran uptake, phagocytic killing of bacteria was significantly increased by
70 kD) in both of WT and PLD2~/~ neutrophils, suggesting PLD2 deficiency (Fig. 3 1).

that PLD2 deficiency likely does not affect bacterial phago- Collectively, our results suggest that PLD2 deficiency
cytosis (unpublished data). However, ionomycin-stimulated enhances bactericidal activity by stimulating both histone 3
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citrullination-PAD activation-NET formation and phagocytic
bacterial killing by neutrophils.

PLD2 deficiency elicits increased neutrophil recruitment

to the lung by stabilizing CXCR2

Lung inflammation can be caused by live bacteria in sepsis
(Xiao et al., 2006). Live bacteria released from CLP surgery may
enter the blood stream, move into the lung, and subsequently
enter the airways (Xiao et al., 2006). Because live bacterial
colony numbers in BALF were markedly decreased after CLP
in PLD27/~ mice compared with WT (Fig. 3 a), and phago-
cytic cells mediate killing of bacteria, we compared the BALF
leukocyte population in WT and PLD27/~ mice. Interest-
ingly, the total number of BALF leukocytes was significantly
higher in PLD27/~ mice versus WT (Fig. 4 a). Neutrophils
were strongly recruited into the respiratory tract in PLD27/~
mice compared with WT after CLP (Fig. 4 a).

The surface expression of CXCR 2, which is a crucial fac-
tor in controlling recruitment of neutrophils into event areas,
is decreased on neutrophils from septic patients compared
with healthy individuals (Cummings et al., 1999; Alves-Filho
et al., 2010). The expression level of CXCR2 was significantly
higher on neutrophils from PLD27/~ mice compared with
WT in CLP-operated models (Fig. 4 b). The surface expres-
sion level of CXCR2 on WT neutrophils was significantly
decreased 1 h after LPS treatment (Fig. 4 ¢ and not depicted).
Interestingly, however, LPS did not trigger down-regulation
of CXCR2 on neutrophils from PLD27/~ mice, especially
compared with the effect of LPS on WT neutrophil CXCR2
levels (Fig. 4 c). Furthermore, LPS stimulation attenuated
CXCR2-mediated WT neutrophil chemotaxis to CXCL2
and CXCL1, but the inhibitory effect of LPS on cell migration
was significantly diminished in PLD27/~ neutrophils (Fig. 4 d).
Neutrophil chemotaxis to other chemoattractants (e.g., {MLP,
Leu-Glu-Ser-Ile-Phe-Arg-Ser-Leu-Leu-Phe-Arg-Val-Met
[MMK-1], Trp-Lys-Tyr-Met-Val-D-Met [WKYMVm], and
C5a) was not affected by LPS or by PLD2 deficiency (Fig. 4 d).
Surface-expressed CXCR?2 is down-regulated in a phos-
phorylation-dependent manner, and G protein—coupled re-
ceptor kinase 2 (GRK2) has been reported to phosphorylate
CXCR2 (Angus et al., 2001). We tested the effect of PLD2
deficiency on the expression of GRK2 induced by LPS.
GRXK2 expression was induced after 1 h of incubation with
LPS in WT mice (Fig. 4 e and not depicted). However, LPS-
stimulated GRK2 up-regulation was attenuated in neutro-
phils isolated from PLD27/~ mice (Fig. 4 €). Collectively,
PLD?2 play an important role in the regulation of surface ex-
pression of CXCR2 by regulating the expression of GRK2 in
mouse neutrophils. The regulatory mechanism of LPS-induced
GRK2 expression in mouse neutrophils was tested using phar-
macological inhibitors of intracellular signaling pathways. LPS-
induced GRK?2 expression was completely inhibited by IkBa
inhibitor BAY11-7082, suggesting that it is an NF-kB—
dependent process (Fig. 4 f). The activation of NF-kB is as-
sociated with p65 nuclear translocation (Maguire et al., 2011).
Stimulation of WT neutrophils with LPS elicited p65 nuclear
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translocation (Fig. 4 g). However, LPS-induced p65 nuclear
translocation was markedly attenuated in neutrophils from
PLD27/~ mice (Fig. 4 g). This result suggests that PLD2 is
required for the activation of NF-kB (an important transcrip-
tion factor for the expression of GRK2) by LPS in mouse
neutrophils. Moreover, LPS-induced CXCR2 down-regula-
tion was significantly attenuated by BAY11-7082 (Fig. 4 h).
BAY11-7082 treatment also partially but significantly rescued
CXCL2-induced chemotactic migration of LPS-stimulated
neutrophils (Fig. 4 1). We then tested the functional role of
CXCR2 on the increased survival rate in PLD27/~ mice chal-
lenged with CLP sepsis. The protective effect of PLD2 defi-
ciency was abolished by treatment with CXCR2 antagonist
SB225002 (Fig. 4 j). This result suggests that the increased
survival rate in PLD27/~ mice against sepsis is mediated by
the effects of PLD2 deficiency in stabilizing and/or maintain-
ing CXCR2 surface expression.

Neutrophils play a key role in PLD2-driven mortality in sepsis
Because global PLD2 deficiency strongly attenuated sepsis-
induced lethality, we next asked if neutrophil-restricted PLD2
embodied the pathogenic effects of the enzyme. Mouse neu-
trophils isolated from WT or PLD2~/~ mice were adoptively
transferred into neutrophil-depleted (anti-Ly6G-treated) WT
recipients that were subsequently challenged with CLP-induced
polymicrobial sepsis. Bacterial colony counts in peritoneal
fluid were markedly decreased in recipient mice that received
PLD27/" neutrophils compared with recipients that received
WT neutrophils (Fig. 5 a). Lung inflammation and splenocyte
apoptosis were significantly reduced in CLP mice that re-
ceived PLD27/~ versus WT neutrophils (Fig. 5,b and c). The
levels of proinflammatory cytokines (TNE IL-6, and IL-1[3)
and inflammatory chemokines (CCL2, CCL5, and CXCL1)
in peritoneal fluid and BALF were also significantly reduced
in CLP mice that received PLD27/~ versus WT neutrophils
(Fig. 5,d and e). Because the total number of airway-infiltrating
neutrophils was significantly higher in CLP mice with a global
deficiency in PLD27/~ compared with WT (Fig. 4 a), we
next asked if neutrophil-restricted PLD2 deficiency drives
this phenotype. We labeled neutrophils from WT or PLD27/~
mice with CFSE and adoptively transferred the cells into
neutrophil-depleted WT CLP recipients by i.v.injection. In vivo
neutrophil trafficking into the airways was then quantified by
flow cytometry. PLD27/~ neutrophils were more efficiently
recruited into the airways than transferred WT neutrophils
(Fig. 5 f). Finally, adoptively transferred PLD27/~ neutrophils
into neutrophil-depleted WT recipients significantly pro-
tected against CLP-induced death compared with transferred
WT neutrophils (Fig. 5 g). In contrast, adoptive transfer of
WT neutrophils into neutrophil-depleted PLD27/~ recipi-
ents induced significant mortality in the CLP model (Fig. 5 h).
Together the results strongly indicate that the protective effect
of PLD2 deficiency against experimental sepsis is mediated
by neutrophils.

We also compared the recruitment of CFSE-labeled WT
and PLD27/~ neutrophils in nondepleted WT mice. We
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Figure 4. PLD2 inhibits neutrophil recruitment into the lung during CLP sepsis via CXCR2 down-regulation. (a and b) WT or PLD2~/~ mice were
subjected to CLP. 6, 12, and 24 h after CLP (6 h after CLP for a [left] and b), BALF were collected and analyzed for the detection of total leukocytes and
neutrophils by flow cytometry (a). (c-€) Neutrophils from WT or PLD2~/~ mice were left untreated or stimulated with LPS (1 ug/ml) for 1 h. Surface ex-
pression of CXCR2 in neutrophils was analyzed flow cytometry (b and c). Neutrophil chemotaxis toward vehicle (DMSO), CXCL1 (100 ng/ml), CXCL2
(30 ng/ml), fMLP (1 uM), MMK-1 (1 pM), WKYMVm (1 uM), or C5a (10 nM) was measured (d). (f) Neutrophils from WT mice were stimulated with LPS (1 ug/ml)
for 1 h in the presence of vehicle (Veh, DMSO0), SB203580 (SB, 30 uM), FR180204 (FR, 30 uM), SP600125 (SP, 30 uM), SC-514 (SC, 5 uM), or BAY11-7082
(BAY, 10 uM). The levels of GRK2 and B-actin were measured by Western blot analysis (e and f). (g) Neutrophils from WT or PLD2~/~ mice were stimu-
lated with LPS (1 pg/ml) for 0, 15, 30, or 60 min. After fractionation, cytosolic and nuclear fractions were separated on SDS-PAGE, and the levels of p65
and a-Tubulin or Lamin B were determined by Western blot analysis (g). (h and i) Neutrophils were incubated with LPS (1 ug/ml) for 1 h in the presence
of vehicle (DMSO) or BAY11-7082 (10 puM). Surface expression of CXCR2 was measured by flow cytometric analysis (h). CXCL2-induced chemotactic mi-
gration of neutrophils was evaluated (i). Mean + SEM (n = 6 mice [a and b]; n=3 [c, d, h, and i]). *, P < 0.05; **, P < 0.01; **, P < 0.001 by Student's t test.
(j) CXCR2 antagonist SB225002 (17.5 mg/kg) or vehicle (1% DMSO in PBS) was injected s.c. 2 h before CLP in WT or PLD2~/~ mice. Survival was monitored
for 10 d. **, P < 0.01 comparing PLD2~/~ + vehicle versus PLD2~/~ + SB225002 by ANOVA. Sample size, n = ~7-9 mice per group. Data are representa-
tive of at least two independent experiments (a-i). Data were pooled from two independent experiments (j). NT, no treatment.

found that CFSE-labeled PLD27/~ neutrophils were more
effectively recruited into the airways than WT neutrophils
(unpublished data), consistent with our result using neutro-
phil-depleted recipients. However, adoptive transfer of WT
neutrophils into nondepleted PLD27/~ mice did not worsen
sepsis (unpublished data). Together with our previous results,
the result suggests that PLD27/~ neutrophils can overcome
the pathogenic effects of transferred WT neutrophils in experi-
mental sepsis.

In this study, we demonstrated that genetic or pharmaceu-
tical targeting of PLD2 effectively prevented the progression
of sepsis in the CLP polymicrobial sepsis model by enhancing
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neutrophil recruitment and NET formation. Thus, our pre-
clinical data support targeting PLD2 to limit the pathomecha-
nisms that drive endotoxemia.

MATERIALS AND METHODS

Mice and CLP experimental sepsis model. C57BL/6 mice were pur-
chased from Orient Bio. PLD27/~ mice were generated as described previ-
ously (Ghim et al., 2014). All experiments involving animals received the
approval of the Institutional Review Committee for Animal Care and Use at
Sungkyunkwan University School of Medicine (Suwon, Korea). Experi-
mental CLP sepsis model was conducted as described previously (Kim et al.,
2011). In brief, mice were anesthetized with intraperitoneal injections of
Zoletil (50 mg/kg) and Rompun (10 mg/kg), after which a small abdominal
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Figure 5. Adoptive transfer of neutrophils isolated from PLD2~/~ mice protects against CLP. (a-e and g) Neutrophils isolated from WT or
PLD2~/~ mice were adoptively transferred to neutrophil-depleted WT recipient mice before CLP. Peritoneal lavage fluid was collected 24 h after CLP, and
the number of CFU was then determined (a). The mice were sacrificed 24 h after surgery (b-e). The lungs were stained with hematoxylin and eosin (b). The

spleens were subjected to DNA fragmentation analysis (TUNEL). The data ar
ments (b and c, left). Bar, 100 pm (b and c). TUNEL-positive cells were counte

e representative of eight mice per group from two independent experi-
d (c right). (d and e) Cytokine levels in peritoneal fluid exudates (d) or BALF

(e) from mice receiving transferred WT or PLD2~/~ neutrophils were determined 24 h after CLP. (f) Neutrophils isolated from WT or PLD2~/~ CLP mice
were labeled with CFSE, and adoptively transferred into neutrophil-depleted WT mice. After CLP surgery in the recipient mice, recruited airway neutrophils

were analyzed by flow cytometric analysis. (h) Neutrophils isolated from WT or PLD2~/~
recipient mice before CLP. Mean + SEM (n = 6 for a, ¢ [right], d, and e; n = 3 for f [right]). *, P < 0.05; **, P < 0.01; **, P < 0.001 by Student's

PLD2-/~

mice were adoptively transferred to neutrophil-depleted

t test. Survival was monitored in adoptive transfer recipient CLP mice for 10 d. **, P < 0.01 by ANOVA. Sample size, n = 10-11 mice per group (g and h).

Data are representative of two independent experiments (a and ¢, right; d, e,

midline incision was made to expose the cecum. The cecum was then ligated
below the ileocecal valve and punctured twice through both surfaces (or
once for the measurement of cytokine production) with a 22-gauge needle,
and then the abdomen was closed. Sham CLP mice were subjected to the
same procedure, but without puncture of the cecum. For the S. aureus model,
S. aureus (2 X 108 cells per mouse) was injected i.p.Vehicle (0.5% Tween 80
in PBS) or PLD2 inhibitor (4 mg/kg) was injected s.c. 4 times into CLP mice
2,14, 26, and 38 h after CLP. Survival was monitored daily for 10 d.

Tissue histology. WT or PLD27/~ mice were subjected to sham or CLP
surgery. The mice were killed 12 or 24 h after surgery, after which their
lungs and livers were fixed, sectioned, and stained with hematoxylin and
eosin for morphological analysis.
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and f, right) or were pooled from two independent experiments (g and h).

Quantification of pulmonary edema. The extent of pulmonary edema
was quantified by measuring the wet/dry weight ratio of the lung as previ-
ously described (Kim et al., 2011). The mice were killed 24 h after sham or
CLP surgery. Whole harvested wet lungs were then weighed and placed in
an oven for 48 h at 60°C. The dry weight was then measured and the wet/dry
weight ratio was calculated.

Measurement of AST levels. The levels of AST were measured using
commercially available kits (Sigma-Aldrich) according to standard laboratory

techniques (Horder et al., 1981).

Measurement of cytokines in CLP model. To measure the production
of CLP-induced cytokines in peritoneal lavage fluids, WT or PLD2™/~ mice

PLD2 as a target to treat sepsis | Lee et al.



were subjected to sham or CLP surgery. The peritoneal lavage fluids were
collected 24 h after surgery, and the cytokines present in the peritoneal fluid
were measured by ELISA (eBioscience).

Measurement of cytokines from inflammatory cells in vitro. Mouse
splenocytes (3 X 10° cells/0.3 ml) isolated from WT or PLD27/~ mice were
placed in RPMI 1640 medium containing 5% fetal bovine serum in 96-well
plates and kept in a 5% CO, incubator at 37°C. The freshly isolated spleno-
cytes were then incubated with LPS (1 pg/ml) for 24 h. To test the effect of
PLD?2 inhibitor on the production of cytokines, splenocytes were incubated
with PLD2 inhibitor (10 pM) for 30 min before addition of LPS (1 pg/ml)
for 24 h. The cell-free supernatants were then collected, centrifuged, and
measured for each cytokine by ELISA (eBioscience) according to the manu-
facturer’s instructions.

TUNEL assay. WT or PLD27/~ mice were subjected to sham or CLP sur-
gery. The mice were euthanized 24 h after surgery, after which their spleens,
thymi, kidneys, and livers were isolated. The TUNEL assay was performed
on frozen tissue sections using a standard histological protocol. In brief, the
sections were permeabilized with Triton X-100 at 4°C for 2 min and flooded
with TUNEL reagent for 60 min at 37°C. The percentage of apoptotic
(TUNEL-positive) cells was evaluated by counting 500 total cells under a
light microscope.

Assessment of splenic cell apoptosis by flow cytometric analysis.
WT or PLD27/~ mice were subjected to sham or CLP surgery. The mice
were euthanized 24 h after surgery, after which their spleens were isolated.
Splenic cell apoptosis was determined by Annexin-V/7-AAD—positive stain-
ing. Annexin-V/7-AAD co-staining was performed using the Annexin-V-
FITC/7-AAD kit from Beckman Coulter and analyzed on a FACSCanto II
flow cytometer (BD).

Measurement of CFUs in CLP model. WT or PLD27/~ mice were sub-
jected to CLP surgery. 24 h after CLP, peritoneal lavage fluid, peripheral blood,
and BALF were collected and cultured overnight on blood—agar base plates
(Trypticase Soy Agar Deeps; BD) at 37°C.The lungs, livers, and spleens were
also isolated, and 10 mg of each tissue was homogenized in 700 pl of PBS. 50 pl
of the tissue homogenate was then cultured overnight on blood—agar plates
at 37°C. CFUs were determined as described previously (Kim et al., 2011).

Isolation of mouse bone marrow neutrophils. Bone marrow cells were
isolated from femurs and tibias with HBSS-EDTA solution. The cell suspen-
sion was centrifuged at 400 g for 10 min. Next, resuspended cells were care-
fully loaded on a 52%, 69%, 78% Percoll gradient, and centrifuged at 1,500 ¢
for 30 min without braking. Cells were isolated on the 69%/78% interface
layer, and RBCs were removed by hypotonic lysis. Isolated cells were over
95% Ly6G-positive by flow cytometry (FACSCanto II; BD).

Fluorescence microscopy of NET formation. Mouse bone marrow
neutrophils were isolated from WT or PLD27/~ mice. Neutrophils (10° cells)
were seeded on 12-mm 0.01% poly-L-lysine—coated coverslips in 24-well
plates and were stimulated with ionomycin (5 pM). Cells were fixed with
4% paraformaldehyde and then stained with SYTOX Green nucleic acid
stain (5 pM). NETs were visualized on an Axiovert fluorescence microscope
(Carl Zeiss) and images were taken using a Nikon digital camera.

Detection of histone 3 citrullination levels from peritoneal fluid.
WT or PLD27/~ mice were subjected to sham or CLP surgery. 2 h after
CLP, peritoneal fluid was collected, and secreted proteins in supernatants
were precipitated by adding 1 volume of chloroform and 4 volumes of meth-
anol. The proteins at the liquid interface were collected and dried using
speed-Vac. Then proteins were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Millipore). The levels of citrullinated
histone 3 were detected using anti-histone H3 (citrulline R2 + R8 + R17)
antibodies (Abcam).
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Immunofluorescence histochemistry. WT or PLD27/~ mice were sub-
jected to CLP surgery. The mice were euthanized 2 h after surgery. Isolated
lung was embedded in optimal cutting temperature compound. Lung sec-
tions were fixed with methanol for 10 min at —20°C. After blocking each
section with blocking solution (PBS with 10% normal goat serum, 0.01%
Triton X-100) for 1 h at room temperature, neutrophils and citrullinated
histone 3 were detected with rat anti-NIMP-R 14 and rabbit anticitrulli-
nated histone H3 (Abcam), respectively. Anti—rat IgG AF594 and anti—rabbit
IgG AF488 (Invitrogen) were used as secondary antibodies. DNA was stained
with DAPI (Santa Cruz Biotechnology, Inc.) and mounted on a glass slide.
Cells were visualized using an LSM 500 (Carl Zeiss).

Measurement of PAD activity. PAD activity was determined by colori-
metric measurement of citrulline generated by PAD-catalyzed citrullination
of BAEE (N-a-Benzoyl-1-arginine ethyl ester hydrochloride). 10 pg of cell
lysate or lung extract was reacted by adding 5 mM BAEE at 55°C, and
stopped 30 min later with the addition of 25 pl 5M HCIO,,. Then superna-
tant was assayed for citrulline by mixing with reagent A (0.5% wt/vol diace-
tyl monoxime and 15% wt/vol NaCl in water) and reagent B (1% wt/vol
antipyrine, 0.15% wt/vol ferric chloride, 25% vol/vol H,SO, and 25% vol/vol
H;PO,). The mixtures were boiled for 15 min and cooled on ice. The ab-
sorbance of the reagent mixtures at 464 nm was measured.

Calcium measurement. Intracellular calcium concentration ([Ca®*],) was
measured according to Grynkiewicz’s method using fura-2/AM as described
previously (Grynkiewicz et al., 1985). In brief, freshly isolated mouse neutro-
phils were incubated with 3 uM fura-2/AM at 37°C for 50 min under contin-
uous stirring. Next, the cells were aliquoted for each assay (2 X 10° cells/1 ml
of Locke’s solution containing 154 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl,,
5 mM Hepes, pH 7.3, 10 mM glucose, and 2 mM CaCl,). The cells were
stimulated with 2 pM ionomycin. Using excitation wavelengths of 340 and
380 nm, fluorescence changes were measured at an emission wavelength of
500 nm using a RF-5301PC spectrofluorophotometer (Shimadzu Instruments
Inc.). An increase in [Ca®"]; caused an increase in the fluorescence ratio of 340
to 380 nm excitation efficiency, and [Ca?*]; was calculated using the fluorescence
ratio according to eq. 5 of Grynkiewicz et al. (Grynkiewicz et al., 1985).

Measurement of phagocytic bacteria-killing activity. Neutrophils iso-
lated from WT or PLD27/~ mice were incubated with S. aureus (2 X 10°)
for 1 h, and then nonengulfed bacteria were killed with 100 pg/ml gentami-
cin for 1 h. Neutrophils were stimulated with ionomycin (5 uM) for 6, 12,
or 24 h. Intracellular bacteria were measured by lysis of neutrophils and plat-
ing on Trypticase Soy Agar.

Assessment of leukocytes from peritoneal fluid or BALF in CLP mice.
WT or PLD27/~ mice were subjected to CLP surgery. The mice were then
euthanized 6, 12, or 24 h after surgery. Peritoneal fluids were collected. To
obtain BALF, tracheas were cannulated after exsanguination and the air-
ways were lavaged with 900 pl of PBS. BALF samples were centrifuged (300 g,
10 min) to isolate cells. Total cells from lung were stained with anti-CD11b
(M1/70) antibody. Neutrophils were stained with anti-Ly-6G (1A8). The
cells were read by FACSCanto II flow cytometer and data were analyzed by
Flow]Jo 7.6.5.

Assessment of CXCR2 level from neutrophils in vivo and in vitro.
WT or PLD27/~ mice were subjected to CLP surgery. The mice were then
euthanized 6 h after surgery. Cells were collected from BALF and stained
with the following antibodies: CD11b (M1/70), Ly-6G (1A8) from eBiosci-
ence and CXCR2 (TG11/CXCR?2) from BioLegend. Bone marrow neu-
trophils were isolated from WT or PLD27/~ mice. Cells were stimulated
with 1 pg/ml of LPS for 1 h, and then stained and analyzed by flow cytome-
try (FACSCanto II; BD).

Measurement of p65 translocation by Western blot. For subcellular
fractionation, the subcellular Protein Fraction kit (Thermo Fisher Scientific)
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was used. Cellular compartments were continually extracted with cytoplas-
mic extraction buffer followed by nuclear extraction buffer. Proteins were
separated by SDS-PAGE and transferred onto nitrocellulose membranes.
The levels of p65, a-tubulin, and lamin B were detected using antibodies
against each protein.

Neutrophil depletion and adoptive transfer experiment. For the adop-
tive transfer of neutrophils, recipient W'T mice were injected i.p. with 500 pg
aLy6G antibody (1A8: BioXCell) 24 and 2 h before CLP surgery. Neutro-
phil depletion was assessed by flow cytometry after staining peripheral blood
neutrophils with anti-CD11b and anti-Ly-6G, and >99% recipient neutro-
phils were depleted. Isolated neutrophils (2 X 10°) from WT or PLD27/~
bone marrow were injected i.v. (tail vein) into neutrophil-depleted WT or
PLD27/~ recipient mice after CLP surgery. For the in vivo trafficking ex-
periments, neutrophils from WT or PLD27/~ mice were labeled with CFSE
(green; 5 uM; Invitrogen), incubating at 37°C for 15 min. The labeled neu-
trophils were injected by tail vein into neutrophil-depleted WT recipient
mice after CLP induction. CFSE-labeled neutrophils from WT or PLD27/~
donors were quantified in recipient BALF 6 h after CLP by flow cytometry
(FACSCanto II; BD).

Online supplemental material. Fig. S1 summarizes pyrosequencing analy-
sis of intestinal microbiota from WT and PLD27/~ mice. Fig. S2 summarizes
comparison of granulopoiesis from WT and PLD27/~ mice. Online supple-
mental material is available at http://www . jem.org/cgi/content/full/jem
.20141813/DC1.
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