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Leukocyte reduced NADP (NADPH) oxidase plays a key role in host defense and immune

. regulation. Genetic defects in NADPH oxidase result in chronic granulomatous disease

® Neutrophil NADPH
oxidase limits LTB4
production by
controlling calcium
influx.

(CGD), characterized by recurrent bacterial and fungal infections and aberrant inflammation.
Key drivers of hyperinflammation induced by fungal cell walls in CGD are still incompletely
defined. In this study, we found that CGD (CYBB~) neutrophils produced higher amounts of
leukotriene B4 (LTB4) in vitro after activation with zymosan orimmune complexes, compared
with wild-type (WT) neutrophils. This finding correlated with increased calcium influx in CGD
neutrophils, which was restrained in WT neutrophils by the electrogenic activity of NADPH
oxidase. Increased LTB4 generation by CGD neutrophils was also augmented by paracrine
cross talk with the LTB4 receptor BLT1. CGD neutrophils formed more numerous and larger
clusters in the presence of zymosan in vitro compared with WT cells, and the effect was also
LTB4- and BLT1-dependent. In zymosan-induced lung inflammation, focal neutrophil infil-
trates were increased in CGD compared with WT mice and associated with higher LTB4 levels. Inhibiting LTB4 synthesis or
antagonizing the BLT1 receptor after zymosan challenge reduced lung neutrophil recruitment in CGD to WT levels. Thus,
LTB4 was the major driver of excessive neutrophilic lung inflammation in CGD mice in the early response to fungal cell
walls, likely by a dysregulated feed-forward loop involving amplified neutrophil production of LTB4. This study identifies
neutrophil LTB4 generation as a target of NADPH oxidase regulation, which could potentially be exploited therapeutically

® LTB4 is a major
driver in promoting
neutrophilic
inflammation in CGD
mice in response to
fungal cell walls.

to reduce excessive inflammation in CGD. (Blood. 2020;135(12):891-903)

Introduction

Leukocyte nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is a multisubunit enzyme assembled on plasma or
phagosome membranes to generate superoxide, the precursor
to reactive oxygen species (ROS) that is essential in pathogen
killing and immunoregulation. These dual roles are reflected
in clinical manifestations of chronic granulomatous disease
(CGD), a primary immunodeficiency resulting from inactivating
mutations in the NADPH oxidase and characterized by bacterial
and fungal infections and aberrant inflammation.” Even sterile
fungal cell walls elicit increased neutrophilic inflammation asso-
ciated with elevated proinflammatory cytokines in CGD mice,?®
demonstrating that NADPH oxidase—derived ROS limit inflam-
mation independent of antimicrobial activity. NADPH oxidase
ROS impact multiple pathways triggered in response to fungal
cell walls and other inflammatory stimuli, including attenuating
activation of NF-kB and of the IL-1B inflammasome.’34? How-
ever, key drivers of neutrophilic hyperinflammation in CGD remain
incompletely defined.
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The inflammatory lipid mediator leukotriene B4 (LTB4) is an im-
portant initiator of neutrophilic inflammation.’®'” LTB4 is a po-
tent neutrophil chemoattractant, enhances neutrophil-endothelial
interactions, and activates neutrophil degranulation and ROS
production.’® Neutrophils are a prominent source of LTB4 and
also sense LTB4 through the high-affinity receptor BLT1, resulting
in increased neutrophil LTB4 synthesis by both autocrine and
paracrine routes.”®'8'? Neutrophil-derived LTB4 thus leads to the
feeding forward of amplification of local LTB4 production, neu-
trophil recruitment, and swarming'*"” and can act as a signal-relay
molecule from cell to cell.’”?° LTB4 is synthesized from arachidonic
acid by the sequential action of cytosolic phospholipase Ay, 5-
lipoxygenase (5-LOX), and leukotriene A4 hydrolase.?’?? Calcium
plays a central role in LTB4 biosynthesis, and receptor-mediated
neutrophil activation leads to a rapid increase in intracellular calcium,
primarily by calcium influx from the extracellular milieu via store-
operated calcium entry (SOCE).?® In tumn, elevated intracellular
calcium is needed to activate cytosolic phospholipase Aya and
5-LOX.2"2224 Of note, NADPH oxidase—-mediated electron transfer
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across the membrane leads to plasma membrane depolarization,
which decreases the driving force for extracellular calcium entry.2>2
In the absence of the oxidase, the negative cell membrane potential
in CGD neutrophils thus results in increased calcium influx and a
relative overload of intracellular calcium,?>2® which is speculated to
increase the proinflammatory activity of CGD neutrophils.28:2?
Studies of how elevated calcium alters specific neutrophil
responses, including its impact on LTB4 synthesis and in vivo
relevance, are few.

Because LTB4 is an important early mediator of neutrophilic
inflammation, we investigated whether NADPH oxidase defi-
ciency affects LTB4 produced by neutrophils in vitro and whether
LTB4 plays a role in the marked neutrophilic response induced by
fungal cell walls in CGD. Mouse and human neutrophil generation
of LTB4 in response to the sterile fungal cell wall particle zymosan
or in response to immune complexes was amplified in the
absence of the NADPH oxidase. This process correlates with
increased intracellular calcium levels in CGD neutrophils and
also necessitates cross talk between LTB4 and the BLT1 re-
ceptor. Moreover, in CGD mice, LTB4 played a major role in
driving excessive neutrophil recruitment to the lung after
pulmonary instillation of zymosan. This finding implicates
dysregulated LTB4 production as promoting acute neutrophilic
lung inflammation in response to fungal cell walls in CGD by an
amplified feed-forward loop involving increased neutrophil
production of LTB4.

Methods

Mice

Wild-type (WT) C57BL/6J and Bé.SJL-PtrcaPep3b/BoyJ mice
were purchased from The Jackson Laboratory or bred in house.
Mice with inactivation of X-linked Cybb (X-linked CGD mice)*
on C57BL/6J or B6.SJL-PtrcaPep3b/BoyJ®! backgrounds were
obtained from in-house colonies. Mice were maintained in
specific pathogen-free conditions, and both males and females
were used in experiments at between 10 to 14 weeks of age. All
experiments were approved by the Institutional Animal Care and
Use Committee at Washington University in St. Louis.

Mouse neutrophil isolation

Bone marrow (BM) was collected, and red blood cells were re-
moved by hypotonic lysis and incubated in a-minimum es-
sential medium (Thermo Fisher Scientific, Carlsbad, CA) with
2% heat-activated fetal bovine serum (MilliporeSigma,
Burlington, MA) in a 10-cm tissue culture dish for 1 hour at
37°C in 5% CO,. Nonadherent cells were collected, and
polymorphonuclear neutrophils (PMNs) were isolated with an
EasySep Mouse Neutrophil Enrichment Kit (STEMCELL Tech-
nologies, Vancouver, BC, Canada). The purity of the PMNs
was =95%.

LTB4 and calcium studies in murine neutrophils

Next, 96-well tissue culture plates were coated with 10% heat-
inactivated fetal bovine serum. Neutrophils suspended in RPMI
1640 (0.4 mM Ca?*; Corning Inc., Corning, NY) without serum
were added to the wells, with or without zymosan (ratio,
2 zymosan/1 PMN; MilliporeSigma) or immobilized immune
complexes, and incubated at 37°C in 5% CO, for various times.
In experiments where extracellular calcium concentration was
varied, PMNs were incubated in Hanks' balanced salt solution
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in ambient air at 37°C. After centrifugation, supernatant was
collected and stored in —80°C before LTB4 enzyme-linked
immunosorbent assay (ELISA). Diphenyleneiodonium chloride
(10 wM; DPI; InvivoGen, San Diego, CA), 10 uM U75302
(Cayman Chemical, Ann Arbor, M), superoxide dismutase
(SOD; MilliporeSigma), and/or catalase (MilliporeSigma) were
added in some experiments. For calcium studies, BM PMNs
were isolated by using a Percoll gradient, and intracellu-
lar calcium measurements were performed using flow
cytometry.3?

Neutrophil imaging in vitro

Mouse neutrophils were primed with mouse tumor necrosis factor-
o, stained with Hoechst 33342, and incubated with fluorescein
isothiocyanate-zymosan (Thermo Fisher Scientific) in a four-well
microinsert dish for 1 hour before imaging with a Leica SP8X laser
scanning confocal microscope, with a 10X Apochromat air ob-
jective (N.A. 0.4) in an Okolab Cage incubator.

Zymosan induced lung inflammation

Mice were challenged with 20 pg sterile zymosan by intranasal
(IN) instillation and euthanized at various time points for analysis
of inflammation. In some experiments, the zileuton or vehicle
(100 mg/kg) was administered®? by gavage at various times, or
5 ng U7530234 or vehicle were given together with IN zymosan
challenge, or the mice underwent neutrophil depletion as
previously described.®

Statistics

For statistical analyses, we used Prism 8.0 (GraphPad Software
Inc, San Diego, CA). Statistical significance was assessed by
paired ttest, Student t test, ratio paired t test, or 1-way ANOVA
as indicated. A value of P < .05 was considered significant.
Additional methods and details can be found in the supplemental
Methods.

Results

PMNs have increased LTB4 production in vitro

in the absence of NADPH oxidase activity,

which correlated with increased intracellular
calcium levels

We compared LTB4 production by WT and CGD neutrophils
stimulated with zymosan, a particulate preparation of yeast cell
walls, which activates neutrophils through dectin-1 and CD11b/
CD18.%* CGD neutrophils generated =10-fold more LTB4
(Figure 1A) by 30 minutes of incubation, with levels plateauing
after 1 hour. These results were not accounted for by differences
in the fraction of zymosan-associated neutrophils between ge-
notypes, and =10% of neutrophils had either bound or ingested
zymosan by 30 minutes (supplemental Figure 1A-B, available on
the Blood Web site). In the presence of the NADPH oxidase
inhibitor DPI, zymosan-activated WT murine neutrophils also
yielded higher amounts of LTB4, as did DPI-treated human
neutrophils from healthy donors (supplemental Figure 1C-D).
Neutrophils from a CGD patient, with a null CYBB mutation also
generated more LTB4 after either zymosan or serum-opsonized
zymosan stimulation compared with healthy donors (supple-
mental Figure 1D-E). The addition of the oxidant scavengers
SOD and catalase resulted in only a modest increase in LTB4
for zymosan-activated WT mouse neutrophils (Figure 1B). Thus,
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Figure 1. CGD mouse neutrophils had increased LTB4 production and elevated calcium influx compared with WT, and oxidant scavengers did not increase LTB4 in WT
neutrophils. (A) Mouse BM neutrophils (4 X 10°/mL) were stimulated for various times with zymosan (MOl = 2 zymosan: 1 PMN) in RPMI 1640 (0.4 mM Ca?*; n = 3). *P < .05;
*rRxP < 0001), by Student ttest. (B) Mouse BM neutrophils (4 X 10°/mL) were pretreated with 200 U/mL SOD and 200 U/mL catalase for 10 minutes and then stimulated for 1 hour
with zymosan (MOI = 2) in RPMI 1640 (0.4 mM Ca?*) in the presence of 200 U/mL SOD and 200 U/mL catalase. n = 4 per group from 2 separate experiments. *P < .05, by paired
t test. NS, not significant. (C-D) SOCE in neutrophils from WT and CGD mice was measured by flow cytometry. Mouse BM neutrophils (1 X 10¢/mL) loaded with 3 uM indo-
1 were stimulated with (C) Zymosan (100 wg/mL; MOI ~ 10) with the indicated amounts of extracellular calcium. (D) Quantification of SOCE (area under the curve [AUC]).
Mean =+ standard error of the mean from 2 to 4 independent experiments. *P < .05; **P < .01, by Student t test. (E) Mouse BM neutrophils (4 X 10%/mL) were stimulated for
1 hour with zymosan (MOI = 2) in Hanks' balanced salt solution with the indicated amounts of extracellular calcium. LTB4 levels in culture supernatant was measured by
ELISA. n = 3 per group from 3 separate experiments. Data are means = SEM. *P < .01; ***P < .001, by Student t test. MOI, multiplicity of infection.

degradation by NADPH oxidase-derived ROS by WT neu-
trophils only partially accounted for the higher LTB4 levels
measured in CGD neutrophils. Reactive chlorine species also
did not appear to play a role. Inhibiting myeloperoxidase (MPO)
with 4-aminobenzoic acid hydrazide did not affect the LTB4
levels (supplemental Figure 1F). LTB4 levels from zymosan-stimulated
neutrophils were unchanged by addition of exogenous H,O, or
sustained H,O, generation by glucose/glucose oxidase, with or
without MPO (supplemental Figure 1G). Incubation with H,O,
or HO2/MPO also did not reduce the LTB4 present in super-
natants from zymosan-stimulated neutrophils (supplemental
Figure TH).

As LTB4 biosynthesis is strongly regulated by calcium, we ex-
amined zymosan-activated calcium influx. Intracellular calcium
rose rapidly in the CGD neutrophils, compared with levels in the
WT cells, and reached significantly higher levels across a range
of extracellular calcium concentrations (Figure 1C-D). In contrast,
there was no difference in calcium influx between WT and CGD
neutrophils with agents that induce calcium influx but did not
activate the NADPH oxidase, including pharmacological store
depletion with thapsigargin or ionomycin (supplemental Figure 1I).
However, activating the NADPH oxidase with phorbol myristate
acetate in ionomycin-treated WT cells suppressed calcium
influx compared with CGD neutrophils (supplemental Figure
11). Thus, similar to human neutrophils,?>2¢ where the electrogenic
effects of NADPH oxidase activity limit calcium influx, activated

NADPH OXIDASE LIMITS PMN LTB4 AND INFLAMMATION

CGD mouse neutrophils displayed increased intracellular calcium
levels.

Extracellular calcium levels similarly influenced zymosan-induced
LTB4 production. LTB4 was not produced in the absence of
extracellular calcium (Figure 1E). WT neutrophils generated in-
creasing amounts of LTB4 with increasing concentrations of
extracellular calcium (Figure 1E). Correlating with calcium influx,
CGD neutrophils produced more LTB4, particularly at lower
extracellular calcium concentrations (Figure 1E), and differ-
ences in LTB4 made by WT and CGD neutrophils were overcome
by providing more extracellular calcium. Taken together, these
results show that extracellular calcium affects LTB4 production, and
enhanced calcium influx in the absence of NADPH oxidase con-
tributes to greater LTB4 production by zymosan-activated CGD
neutrophils.

Higher levels of LTB4 produced by zymosan-
activated CGD PMNs was dependent on a
LTB4-BLT1 feedback loop

LTB4 production can be amplified by cross talk between neu-
trophils, as LTB4 bound to BLT1 can stimulate calcium entry to
drive additional LTB4 synthesis.'32?? We investigated whether an
LTB4-BLT1 feedback loop also contributed to the differential
production of LTB4 observed between zymosan-activated WT
and CGD neutrophils. In contrast to studies of neutrophils at a
density of 4 X 10° cells/mL (Figure 1A), LTB4 levels were similar
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Figure 2. LTB4 production in CGD PMN was de-
pendent on cell density and on the LTB4 receptor
1 h—Zymosan 5 h—Zymosan BLT1. (A) Mouse BM neutrophils (1 X 10¢/mL) were
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for CGD and WT neutrophils when stimulated at fourfold lower
cell density for 1 hour (Figure 2A). However, after the duration of
incubation was increased to 5 hours, LTB4 from CGD neutrophils
rose to significantly higher levels (Figure 2A). The increased
amount of LTB4 was not accounted for by differences in
WT and CGD neutrophils undergoing apoptosis (9.4% * 1.4%
and 20.9% *+ 1.4%; n = 3, respectively, after 5 hours). Thus, the
increased amount of LTB4 recovered from CGD neutrophils
was cell density and time dependent, suggesting that a paracrine
feedback loop augments LTB4 production by CGD neutrophils.
Providing further support for such a loop, the BLT1 antagonist
U75302 significantly reduced LTB4 produced by CGD but not WT
neutrophils at a cell density of 4 X 10¢/mL (Figure 2B). CGD PMNs
stimulated for 5 hours at a lower cell density also produced
significantly less LTB4 when BLT1 was antagonized (Figure 2B).
Finally, LTB4 induced a rapid influx of calcium that was more
sustained in CGD neutrophils compared with WT, resulting in
significantly higher intracellular calcium levels in CGD over a
range of extracellular calcium concentrations (Figure 2C-D).
Collectively, these results show that cross talk between LTB4
and its BLT1 receptor played an important role in augmenting
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LTB4 generation by zymosan-activated CGD neutrophils, and
implicate increased LTB4-induced calcium influx in CGD neu-
trophils as an amplifier of this cross talk.

LTB4 production in immune-complex-activated
neutrophils was increased in the absence of
NADPH oxidase activity

To evaluate whether enhanced LTB4 production by CGD PMNs
could be triggered by another receptor that activates calcium
influx and NADPH oxidase activity,3? we studied responses
to FcyR stimulation by plate-bound immune complexes (ICs).
Significantly higher levels of LTB4 were recovered from murine
CGD neutrophils or DPI-treated human neutrophils after IC
stimulation for 1 hour at a cell density of 4 X 10%/mL (supple-
mental Figure 2A-B). LTB4 levels from IC-stimulated WT murine
PMNs were unchanged by the addition of SOD and catalase
(supplemental Figure 2C). The increased generation of LTB4 by
IC-activated CGD neutrophils was dependent on cell density
and the BLT1 receptor (supplemental Figure 2D-E). Hence,
results for IC stimulation were similar to those obtained for
zymosan-activated LTB4 production.
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Figure 3. CGD neutrophils spontaneously formed
larger and increased amounts of clusters in the presence A
of zymosan in vitro. Mouse BM neutrophils (4 X 10%/mL)
stained with 5 pg/mL Hoechst 33342 were stimulated
for 1 hour with FITC-zymosan (MOl = 2). Images were
acquired with LASX software (Leica Microsystems). (A)
Representative images showing the neutrophil nuclei
(white) and FITC-zymosan (green) and merged images of
the 2 channels acquired by confocal microscopy. Exam-
ples of clusters are indicated by yellow arrowheads. Scale
bars, 100 um. (B) Quantification of the clusters and (C)
cluster area. n = 6 in each group from 3 separate ex-
periments. (D) CGD mouse BM neutrophils (4 X 10°/mL)
stained with 5 wg/mL Hoechst 33342 were preincubated
with 30 M zileuton or 10 wM U75302 for 10 minutes and
then stimulated for 1 hour with FITC-zymosan (MOI = 2)
in the presence of 30 uM zileuton or 10 pM U75302.
Images were acquired by confocal microscope. (E) Quan- CGD
tification of the cluster number. n = 3in each group from |
2 separate experiments. Data are means * standard
error of the mean. *P < .05, **P < .01; ***P < .001, by
Student t test. MOI, multiplicity of infection.
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CGD neutrophils spontaneously formed larger and
increased numbers of clusters than WT cells in
the presence of zymosan in vitro, and cluster
formation was LTB4 and BLT1 dependent

As both a chemoattractant and trigger for additional LTB4 pro-
duction, LTB4 can mediate the formation of neutrophil clusters,
both in vivo'® and in vitro.37-3® We examined whether zymosan-
stimulated LTB4 formation could enhance CGD neutrophil
aggregation in vitro. When incubated with zymosan, neutro-
phils aggregated into clusters, which were present in greater

NADPH OXIDASE LIMITS PMN LTB4 AND INFLAMMATION

numbers and larger size for CGD compared with WT cells
(Figure 3A-C). Cluster formation was abrogated by the 5-LOX
inhibitor zileuton or the BLT1 antagonist U75302 (Figure 3A,D).
Neither WT nor CGD neutrophils formed clusters after 1 hourin
media alone (data not shown).Taken together with results
described in Figures 1 and 2, these findings suggest that
increased LTB4 production by zymosan-activated CGD
neutrophils leads to the formation of more numerous and
larger clusters of neutrophils via cross talk involving LTB4
and BLT1.
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Figure 4.

SONG et al

¥20z KB 81 uo 3sanb Aq ypd-GzGE00610ZPIGPOOIa/0rZ6 L LL/LE8IZL/SE L/Pd-aloe/poo|qABU SuoleDlgndyse//:dly woly papeojumog



A
@ Blood WBC % PMN-Blood Blood ANC
1 * Kkkk 1
DO Anti-Ly6G (1A8) or Isotype (2A3) = > 'L|.'ﬁ| 80 = 0
& = & 8
= = S
= =
D1 Anti-rat-kappa light chain (MAR18.5) & & g 6
= g < 4
2 =2 8
D2 Anti-Ly6G (1A8) or Isotype (2A3) 2 e« = 2
— Zymosan IN challenge 0
D3 Sac after 14 hours &L Q&L ©
W =)
WT  CGD
B (o4
= BAL Leukocytes % PMN-BAL BAL PMN BAL LTB4
o —_
= 300 150 . S 250 e __ 100
£ = = 200 E
2 >
g 200 S 100 £ 150 2
2 = S 100 2 0
> — —
& 100 = 50 = =
= = Z 50 =
D -
Z 0 0 = 0 0
[aa)
D E
% Lung CD45+ Cells % PMN-Lung . i Lung LTB4
< 600 40 wwee S 000 = 8004
[%) < ; = °
2 a = €
El O 30 = 150 S 600
3 400 = S S
p— o
T E 20 g 100 g 400
= =
+ 200 =
e £ 10 = 50 € 200
8 = = 2
> 0 = 0 5 o 5 0
S o O o O o O o O =
3 R YL PP
WT  CGD WT  CGD WT  CGD

Figure 5. PMNs were the major source of LTB4 in zymosan-induced lung inflammation. Mice were sequentially injected intraperitoneally with anti-Ly6G/isotype and
anti-rat k light chain, followed by IN instillation of 20 g zymosan. (A) After 14 hours, total WBCs, percentage of PMNs, and absolute neutrophil count (ANC) were determined
in peripheral blood by complete blood count and differential. (B) Cell counts from 3 mL BAL. Cell composition was analyzed by Cytospin with Wright-Giemsa stain. (C) LTB4 levels
in the first milliliter of BAL fluid supernatant was measured by ELISA. (D) Lung cell counts from the right lung inferior lobe. The percentage of PMN (CD45*Ly6C"CD11b*) was
determined by flow cytometry. CD45* cell and PMN counts were calculated by flow cytometry. (E) LTB4 levels in whole-lung homogenate supernatant was measured by ELISA.
n = 4 in each group from 2 separate experiments. Data are means * standard error of the mean. *P < .05; **P < .01; ***P < 001; ****P < .0001, by Student t test.

Sterile fungal cell walls induced increased acute neutrophilic in-
flammation in CGD compared with WT mice, which progresses to

In the lung, CGD mice exhibited enhanced
zymosan-induced neutrophil infiltration, which
was associated with increased LTB4

We next investigated whether LTB4 played a role in the am-
plified neutrophil response of CGD mice to zymosan in vivo.

chronic pyogranulomatous lesions.?? After instillation of zymosan
into the lung, bronchoalveolar lavage (BAL) and lung neutrophils
increased in both genotypes but were significantly higher in CGD

Figure 4. Zymosan-induced lung inflammation was greater in CGD mice and was associated with increased LTB4. WT and CGD mice were challenged with 20 g IN
zymosan. BAL and lung tissues were collected at different time points. (A) Total leukocyte counts from 3 mL BAL fluid. The percentage of PMNs was determined by
Cytospin with Wright-Giemsa stain. BAL PMN counts were calculated by Cytospin results. n = 13 in each group from more than 3 independent experiments. (B) Lung cell
counts from the right lung inferior lobe. The percentage of CD45* cells and PMNs (CD45*Ly6G*CD11b*) was determined by flow cytometry. CD45* cell and PMN counts
were calculated by flow cytometry. n = 3 in each group from more than 3 separate experiments. (C) Formalin-fixed, paraffin-embedded lung sections were stained with
hematoxylin and eosin or processed for immunohistochemical study with MPO. Scale bars: 250 wm (left and middle panels); 50 wm (right panel). (D) Quantification of foci
and (E) diameter of foci obtained with immunohistochemical staining with MPO of slides of cells from 5 different mice in each group. LTB4 levels in the first milliliter of BAL
fluid supernatant (F) and whole-lung homogenate supernatant (G) were measured by ELISA. (F) n = 7 in each group from more than 3 separate experiments; (G) n = 3in each group
from more than 2 separate experiments. (A-B,E-G) Data are means *+ standard error of the mean. *P < .05; **P < .01; ***P < .001; ****P < .0001, by Student t test.
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Figure 6. Increased neutrophilic inflammation in CGD mice in response to zymosan was dependent on LTB4. (A-E) Wild-type and CGD mice were treated with zileuton
or vehicle 30 minutes before and 4 hours after 20 ug zymosan challenge and examined at 8 or 24 hours, as indicated. (A) Representative immunohistochemical images of lung
sections stained with MPO. Scale bars, 100 wm. (B,D) BAL leukocytes and PMNss (identified by Cytospin) and (C,E) lung PMNs (CD45*Ly6G*CD11b* by flow cytometry) were analyzed
8 hours or 24 hours after challenge. (F) Mice were treated with zileuton or vehicle 8 hours after 20 wg zymosan challenge. BAL leukocytes and PMNss (identified by Cytospin) were
analyzed 24 hours after challenge. n = 3 per group from at least 2 separate experiments. Data are means =+ standard error of the mean . (B-F) *P < .05, **P < .01, ***P < .001,

*erxp < 0001, by 1-way ANOVA.

within 8 to 14 hours (Figure 4A-B). The increase in neutrophils
plateaued in the WT mice by 8 hours, but continued in CGD mice,
so that differences between genotypes were even more substantial
after 24 hours (Figure 4A-B). As early as 8 hours after the zymosan
challenge, foci of neutrophils were visible in the lung paren-
chyma in both WT and CGD (Figure 4C). Although there was no
difference in the number of foci (Figure 4D), their size was
significantly greater in CGD mouse lungs compared with WT
lungs (Figure 4E). Over the next 16 hours, neutrophil foci further
increased in size in CGD mice, but became less visible in WT
mice (supplemental Figure 3A). The increased neutrophilic
inflammation induced by zymosan in CGD was accompanied by
significantly elevated levels of LTB4 in the lung and BAL

(Figure 4F-G).
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Neutrophils were the major source of LTB4 in
zymosan-induced lung inflammation in CGD
Although neutrophils are an important source of LTB4, this
leukotriene can also be synthesized by other cells.?"?2 We
therefore used an anti-Ly6G antibody to assess LTB4 levels after
neutrophil depletion.?® Neutrophils in the peripheral blood,
BAL, and lung were significantly decreased 14 hours after
zymosan challenge in both WT and CGD mice that received anti-
Ly6G compared with zymosan-challenged mice receiving iso-
type control antibody (Figure 5A-B,D). LTB4 levels in lung tissue
homogenates were significantly reduced in neutrophil-depleted
CGD mice (Figure 5E), and BAL also showed a trend for de-
creased LTB4 (Figure 5C). Furthermore, there was no difference
in the fraction of apoptotic neutrophils in WT and CGD mouse
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Figure 6. (Continued).

lungs 14 hours after zymosan challenge (17.3% = 3.0% and
17.4% = 5.4%; n = 3, respectively), indicating that increased
LTB4 recovered from CGD mouse lungs did not reflect reduced
neutrophil apoptosis. Collectively, these results indicate that
neutrophils were the major source of increased LTB4 in CGD
mouse lungs during zymosan-induced inflammation.

Neutrophil recruitment in CGD mice in the initial
response to zymosan is dependent on ongoing
LTB4 synthesis

To determine whether the increased neutrophilic inflammation
elicited by zymosan in CGD mice was mediated by LTB4, we
administered zileuton, which has a half-life of ~4 to 6 hours, just
before zymosan and again 4 hours later.>® Zileuton treatment
significantly reduced LTB4 levels in BAL and lung homogenates
from WT and CGD mice at 8 and 24 hours after zymosan challenge
(supplemental Figure 5A-D). At 8 hours, lung parenchyma showed
a marked reduction in neutrophil foci in zileuton-treated mice of
both genotypes (Figure 6A), associated with significantly reduced
BAL neutrophils (Figure 6B). Total lung neutrophils were also
significantly decreased in zileuton-treated CGD mice at 8 hours
(Figure 6C). At 24 hours after zymosan challenge, neutrophil infiltrates
seen on lung histology remained markedly reduced in zleuton—
treated CGD mice (Figure 6A), associated with a significant decrease
in BAL and lung neutrophils (Figure 6D-E). These results show that
LTB4 is an important mediator of neutrophil recruitment to the
lung for both WT and CGD mice in the first 8 hours of zymosan-induced
inflammation. Moreover, in CGD mice, early inhibition of LTB4 syn-
thesis had a prolonged effect, markedly reducing lung neutrophilic
inflammation, even at 24 hours after zymosan challenge.

NADPH OXIDASE LIMITS PMN LTB4 AND INFLAMMATION

To further define the temporal requirements for LTB4 synthesis
in zymosan-elicited neutrophil recruitment, we delayed zileuton
administration until 8 hours after zymosan challenge. BAL
leukocytes and neutrophils remained significantly reduced in
CGD mice at 24 hours after zymosan to counts similar to those in
WT mice (Figure 6F). There was also a substantial reduction in lung
neutrophils, detected by histology and flow cytometry analysis
(supplemental Figure 5E-F). However, delaying zileuton admin-
istration to 24 hours after zymosan did not reduce BAL neutrophils
in CGD mice at 48 hours after zymosan, and parenchymal infil-
trates continued to increase in size (supplemental Figure 6A-D). In
addition, although inflammation was suppressed for 24 hours
in CGD mice with early zileuton treatment, inflammation then
progressed, even if additional zileuton was given (data not shown).
This result indicates that other proinflammatory agents were re-
sponsible for the inflammation in CGD mice after 24 hours. In
aggregate, these results demonstrate that LTB4 synthesis was
required to mediate neutrophil recruitment in both WT and CGD
mice during the first 8 hours of the response to zymosan.
Moreover, the progressive inflammation in CGD mice between
8 and 24 hours was driven by ongoing LTB4 production.

IL-1B, CXCL2, and G-CSF levels in WT and CGD mice
were similar in the first 8 hours and were not
reduced by zileuton

Fungal cell walls are potent triggers for the NF-kB-mediated
production of proinflammatory cytokines that promote neutrophil
recruitment in the host response.374° BAL levels of IL-1B, G-CSF,
and CXCL2 were all increased by 8 hours after zymosan chal-
lenge compared with naive mice (supplemental Figure 7A,C,E).
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Figure 7. The LTB4 receptor BLT1 was essential for amplified neutrophilic lung inflammation in zymosan-challenged CGD mice. WT and CGD mice were challenged with
20 pg zymosan and either U75302 or vehicle. BAL leukocytes (A) and PMNs (B-C), identified by Cytospin, were analyzed 24 hours after challenge. (D) Representative images
of lung sections stained with MPO. Scale bars, 100 pm. n = 3 per group from at least 2 separate experiments. Data are means =+ standard error of the mean . *P < .05; **P < .01;

P < 001; ****P < .0001, by 1-way ANOVA.

However, there was no difference between genotypes, al-
though neutrophils were already significantly increased in CGD
mouse lungs (Figure 4). Over the next 16 hours, IL-18, CXCL2, and
G-CSF levels were higher in CGD BAL samples compared with
those from WT samples (supplemental Figure 7), correlating with
the progressive increase in inflammation in CGD mice. Of note,
early treatment with zileuton did not reduce BAL cytokine levels in
zymosan-challenged mice, at either 8 or at 24 hours (supplemental
Figure 7B,D,F), while profoundly reducing lung neutrophils in CGD
mice (Figure 6). Thus, BAL IL-18, CXCL2, and G-CSF did not cor-
relate with neutrophil recruitment to the lungs of CGD mice in the
first 24 hours, indicating that LTB4 played a dominant and non-
redundant role in driving the increased neutrophilic inflalmmation.

The LTB4 receptor BLT1 was required for amplified
neutrophil recruitment in zymosan-induced lung
inflammation in CGD

Based on our in vitro experiments, we hypothesized that
elevated LTB4 production and neutrophil recruitment to
the lungs of zymosan-challenged CGD mice was augmented by

900 & blood® 19 MARCH 2020 | VOLUME 135, NUMBER 12

cross talk with BLT1 receptors. Therefore, we examined the
effect of antagonizing BLT1 with U75302, administered at the
time of zymosan challenge. BAL neutrophils and lung neutrophil
foci were significantly decreased by U75302 in CGD mice at
8 hours after challenge, whereas these were unaffected in WT
mice (Figure 7A-D). These results suggest that cross talk
between LTB4 and its BLT1 receptor in CGD mice is essential
for amplifying early neutrophil recruitment during zymosan-
induced lung inflammation.

Discussion

The leukocyte NADPH oxidase is important, not only for killing
microbes, but also for modulating inflammation.” CGD has
a well-known association with neutrophilic hyperinflammation, 474142
yet key mediators dysregulated by the absence of NADPH ox-
idase ROS are incompletely defined. In this study, we established
a link between increased calcium influx in activated CGD neu-
trophils and elevated LTB4 production that was also dependent
on amplified cross talk with its receptor BLT1. In vivo, elevated
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and prolonged LTB4 production in CGD mice drove increased
and progressive pulmonary neutrophil infiltration in zymosan-
induced lung inflammation.

Our results confirm and extend prior studies?>2?¢43 showing that
activated CGD neutrophils have relative calcium overload and
establish increased LTB4 generation as a functional conse-
quence. Prior studies compared LTB4 production by normal and
CGD neutrophils, but only in response to calcium ionophores,
rather than physiologic stimuli, and with variable results.**4¢ In
our study, we showed that NADPH oxidase-deficient mouse
and human neutrophils activated with either zymosan orimmune
complexes produced more LTB4, which was related to 2 factors.
First, higher LTB4 production in CGD PMNs depended on in-
creased calcium influx in the absence of electrogenic activity of
the NAPDH oxidase. Second, increased LTB4 production by
CGD was dependent on paracrine cross talk with BLT1 and asso-
ciated with higher intracellular calcium levels elicited by LTB4. Our
results are also consistent with those of a study showing that human
CGD neutrophils stimulated with fMLF produced more arachidonic
acid, the precursor to LTB4, compared with normal neutrophils.?é

ROS-mediated degradation did not appear to be a major factor
in the much lower levels of LTB4 recovered from WT PMNs. LTB4
chemotactic activity is rapidly decreased by hydroxyl radicals
in cell-free systems,*” and it was proposed that NADPH oxidase
ROS can also degrade leukotrienes in normal neutrophils. How-
ever, 1 study focused on LTC4,%** and there was little effect of
oxidant scavengers on recovery of LTB4 in another report.*®

Aspergillus pneumonia in CGD is associated with pyogranu-
lomatous inflammation and abscess formation,*->° and sterile
fungal cell walls induce a similar pathology in mouse models of
CGD.?3We used zymosan-induced lung inflammation to probe
the role of LTB4 in the aberrant inflammatory response to
fungal cell walls in CGD. LTB4 mediated neutrophil recruitment
in both WT and CGD mice during the first 8 hours and was
responsible for the markedly increased neutrophilic inflam-
mation in CGD mice during the first 24 hours of the response.
Neutrophils were the major source of LTB4. LTB4 is recog-
nized as an important early mediator of neutrophil recruitment
during fungal infection®-*° and also caused pulmonary capil-
laritis in a model of candidemia.>® Although normally beneficial
to the host response to fungal infection, overexuberant LTB4-
mediated neutrophil recruitment could contribute to the
neutrophilic inflammation and abscess formation characteris-
tic of Aspergillus pneumonia in CGD and further impair its
control. In cutaneous inflammation elicited by sterile A. fumigatus
hyphae, CGD mice also had excessive acute inflammation
associated with elevated LTB4 levels.* In addition, zileuton
reduced the enhanced thioglycolate-induced peritonitis in
p47phex=/= CGD mice,*? suggesting that LTB4 may be an im-
portant driver of neutrophilic inflammation in CGD in other
inflammatory settings.

Feed-forward amplification of local LTB4 production leading to
rapid focal accumulation of neutrophils is well known, 17 as LTB4
acts on neutrophils, both as a chemoattractant and to activate
additional LTB4 synthesis. We showed that CGD neutrophils
incubated with zymosan in vitro spontaneously formed larger
and more numerous clusters than WT neutrophils, and cluster
formation was dependent on LTB4 and its BLT1 receptor.

NADPH OXIDASE LIMITS PMN LTB4 AND INFLAMMATION

Although the dynamics of neutrophil clustering in the lungs of
CGD mice after zymosan needs further investigation, these
in vitro observations are consistent with the pattern of zymosan-
induced neutrophil accumulation in the lung. By 8 hours after
challenge, neutrophil foci were evident in both WT and CGD
lung parenchyma, but already larger in size in CGD, and their
formation was dependent on LTB4 and BLT1. Thus, we propose
that higher local production of LTB4 by CGD neutrophils am-
plified focal neutrophil recruitment in response to fungal cell walls.

LTB4 is an early mediator of neutrophil recruitment in many
noninfectious inflammatory settings, including inflammatory ar-
thritis and allergic asthma, and initiates a temporal lipid-cytokine-
chemokine cascade." #1557 Neutrophilic hyperinflammation
in CGD is associated with increased proinflammatory cyto-
kines and chemokines produced by myeloid cells, reflecting in
part increased activation of NF-kB and of the IL-1 axis.'-3:67:41
However, we found no correlation of IL-18, G-CSF, and CXCL2
levels with the marked differences in early neutrophil infiltra-
tion in CGD and WT mice after zymosan, and their levels
remained high even when CGD inflammation was sup-
pressed by zileuton. Thus, neutrophil recruitment appears
to be independent of these cytokines in the initial phase of the
zymosan response. However, progressive inflammation in CGD
mice was independent of LTB4, indicating that contributions
from other inflammatory mediators become important.

NADPH oxidase deficiency has pleiotropic effects on modu-
lating cellular responses to immune activation." The importance
of LTB4 as the initial driver of amplified zymosan-induced in-
flammation in CGD differs from the response to endogenous
danger-associated molecular patterns in a peritoneal injury
model.#" In the latter, increased IL-1a release upon danger-associated
molecular pattern activation of sentinel hematopoietic cells, likely
macrophages, led to a rapid increase in G-CSF levels in CGD
mice. In turn, elevated G-CSF enhanced mobilization of marrow
neutrophils that drove increased neutrophilic infiltration. These
differences illustrate how aberrant inflammation in CGD can be
initiated by dysregulation of different myeloid cells and pathways,
depending on the setting.

Our study provides an important new view for investigating the
clinical use of inhibitors of LTB4 synthesis?2°8 or BLT1 function®?
in the treatment of CGD patients. Although there are some dif-
ferences between mouse and human immunology,®® evidence
supports an important role for LTB4 in directing neutrophil re-
cruitment in humans and nonhuman primates, including in pul-
monary inflammation.¢'¢* LTB4 also mediates human neutrophil
swarming in vitro.*® Our results also implicate intracellular calcium
overload as a factor in the amplified LTB4 production by NAPDH
oxidase-deficient neutrophils. Neutrophil deletion of STIM1 and/
or STIM2, integral components of the SOCE pathway, is pro-
tective in different inflammation models.?2¢5 CRAC channel in-
hibitors or inhibition of other channels that regulate calcium influx
have been suggested for treatment of inflammatory diseases?2%:6668
and could also be considered as an approach to ameliorate CGD
hyperinflammation.

In summary, study demonstrates that NADPH oxidase limits
LTB4 production by acting on calcium entry and that increased
production of LTB4 can promote overexuberant neutrophil re-
cruitment in CGD. It provides new insights into how NADPH
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oxidase can constrain production of proinflammatory mediators,
which in this case is independent of direct effects of ROS, and
how limiting calcium influx and LTB4 production play an im-
portant role in tuning neutrophil recruitment.
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