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Abstract
Neutrophil migration across tissue barriers to the site of injury involves integration of complex

danger signals and is critical for host survival. Numerous studies demonstrate that these envi-

ronmental signals fundamentally alter the responses of extravasated or “primed” neutrophils.

Triggering receptor expressed on myeloid cells 1 (TREM-1) plays a central role in modulating

inflammatory signaling and neutrophil migration into the alveolar airspace. Using a genetic

approach, we examined the role of TREM-1 in extravasated neutrophil function. Neutrophil

migration in response to chemoattractants is dependent uponmultiple factors, including reactive

oxygen species (ROS) generated either extracellularly by epithelial cells or intracellularly by

NADPH oxidase (NOX). We, therefore, questioned whether ROS were responsible for TREM-

1-mediated regulation of migration. Thioglycollate-elicited peritoneal neutrophils isolated from

wild-type (WT) and TREM-1-deficientmicewere stimulatedwith soluble and particulate agonists.

Using electron paramagnetic resonance spectroscopy, we demonstrated that NOX2-dependent

superoxide production is impaired in TREM-1-deficient neutrophils. Consistent with these find-

ings, we confirmedwith Clark electrode that TREM-1-deficient neutrophils consume less oxygen.

Next, we demonstrated that TREM-1 deficient neutrophils have impaired directional migration

to fMLP and zymosan-activated serum as compared to WT neutrophils and that deletion or

inhibition of NOX2 in WT but not TREM-1-deficient neutrophils significantly impaired direction

sensing. Finally, TREM-1 deficiency resulted in decreased protein kinase B (AKT) activation. Thus,

TREM-1 regulates neutrophil migratory properties, in part, by promoting AKT activation and

NOX2-dependent superoxide production. These findings provide the first mechanistic evidence

as to how TREM-1 regulates neutrophil migration.
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TREM-1, triggering receptor expressed onmyeloid cells 1;WT, wild-type; ZAS,

zymosan-activated serum

1 INTRODUCTION

An essential early feature of a robust immune response to injury

or infection is the ability of peripheral neutrophils to infiltrate

tissues and cross epithelial barriers. These cells are recruited by

chemokines secreted by the host and/or microbial agents that

“prime” the neutrophil for subsequent action. Neutrophils possess

diverse tools, including reactive oxygen species (ROS) intermediates,

antimicrobial peptides, neutrophil extracellular traps, and numerous
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pattern recognition receptors, that facilitate the response to dan-

ger signals.1,2 Moreover these infiltrating neutrophils regulate the

subsequent immune response by participating in B cell maturation,

antigen presentation, Th17 responses, dendritic cell maturations, and

Natural Killer Cell responses.3

In order to respond to a diverse array of danger signals, neutrophils

express a broad selection of genetically encoded receptors.4,5 These

receptors are grouped into families that include G protein-coupled

receptors (GPCR), which recognize bacterial products and comple-

ment factors, Fc receptors, which recognize opsonized particles or

organisms, adhesion receptors, cytokine receptors, and innate immune

receptors including pathogen-associated molecular pattern receptors

such as TLRs and NOD-like receptors (NLRs).6 In addition, neutrophils

also express activating receptors of the immunoglobulin superfamily

such as triggering receptor expressed on myeloid cells (TREM-1).7–9

TREM-1, initially discovered on human neutrophils and monocytes,

serves as a critical amplifier of immune signaling.7 It synergizes with

TLRs, NLRs, and damage associated molecular patterns (DAMPs)

to increase inflammation.9–12 Bacterial products enhance TREM-1

expression on leucocytes10 and in multiple animal models of sepsis,

blockade of TREM-1 signaling is protective.10,13,14 In humans, the

presence of soluble TREM-1 in bronchoalveolar fluid and serum is

associated with pneumonia15 and sepsis.10 Moreover, high levels of

circulating soluble TREM-1 are associated with increased mortality

suggesting that modulation of this global regulator of neutrophil func-

tionmay be a therapeutic tool.16–19 In a previous study, we identified a

novel role for TREM-1 in transepithelialmigration of neutrophils to the

alveolar air space and proposed that this is another means by which

TREM-1 participates in the inflammatory host response to infection.20

ROS are known mediators of inflammatory signals and in neu-

trophils, they also serve as powerful bactericidal agents.21,22 In

addition, ROS play an important role in neutrophil chemotaxis.23–27

Both exogenous and endogenous sources of ROS have been implicated

in neutrophil migration. In vivo data demonstrate that epithelial dual

oxidase (DUOX) generated an extracellular gradient of hydrogen

peroxide at the wound margin in zebra fish larvae that correlated in

a spatiotemporal manner with neutrophil recruitment.25 Knockdown

of DUOX attenuated hydrogen peroxide production and concomi-

tantly alleviated neutrophilic tissue infiltration. Using small-molecule

functional screening in vitro, Hattori et al. identified NADPH oxi-

dase (NOX)-derived ROS within neutrophils as a key regulator of

neutrophil chemotaxis.23

Using a genetic model of TREM-1 deficiency, we investigate

whether TREM-1 participates in the respiratory burst and directional

migration of extravasated neutrophils in response to chemotactic

agents. Herein, we demonstrate using electron paramagnetic reso-

nance (EPR) that TREM-1 promotes NOX2-dependent superoxide

release following stimulation with soluble and particulate agonists.

We identify a NOX-dependent defect in directional motility in

TREM-1-deficient neutrophils. Moreover, we observed decreased

phosphorylation of protein kinase B (AKT) in TREM-1-deficient neu-

trophils. Based on these findings, we propose that TREM-1 modulates

superoxide production in anAKT-dependentmanner, which ultimately

regulates neutrophil chemotaxis. These findings extend our earlier

observations and provide 1 mechanism by which TREM-1 modulates

the host immune response.

2 METHODS

2.1 Generation of TREM-1- and

CYBB-deficientmice

TREM-1-deficientmicewere generated as previously described.20 The

goal of these studieswas to examine TREM-1 function in humans using

a mouse model of TREM-1 deficiency. In mice, the Trem1 gene is adja-

cent to a highly homologous gene, Trem3, which likely arose from a

duplicationevent. The2 receptorshave similar cellular distributionand

associate with DAP12. Further suggesting that these 2 proteins have

redundant functions in the mouse, functional studies in our laboratory

and others show that both molecules are amplifiers of inflammatory

signaling.20,28 In contrast, Trem3 is a pseudogene in humans, and there-

fore no functional overlap exists. Thus, to model the effect of blocking

TREM-1 in humans, we generated a TREM-1-deficient mouse. All WT

and knockoutmice were bred in the barrier facility at the University of

Iowa per the requirements of the National Institutes of Health Com-

mittee on Care. All animal protocols were reviewed and specifically

approved by the University of Iowa Animal Care and Use Committee.

Age- and sex-matchedmice less than 150days of agewere selected for

the experiments described herein.

CYBB deficient mice, lacking gp91phox, on a C57BL/6 background

(gift from Sanjana Dayal University of Iowa, Iowa City, IA)29 and

TREM-1 deficient mice, on a C56BL/6 background, were used in the

generation of a double knockout mouse. Cybb is an X-linked gene,

presenting complications in breeding animals for a double knockout

mouse. The following strategy was used. Trem1/3–/– male mice were

crossedwithCybb+/– females to generateTrem1/3+/–/Cybb–/y males, or

Trem1/3+/–/Cybb+/– females. The offspring were then crossed to gen-

erate Trem1/3–/–/Cybb–/– females or Trem1/3–/–/Cybb–/y males and lit-

termate Trem1/3+/+/Cybb+/+ females or Trem1/3+/+/Cybb+/y males. In

the third and following generations, homozygous and/or heterozygous

micewere crossed to produce closely related or littermatemice for use

in experiments. Genotypes were determined by PCR for both Trem1/3

and Cybb and confirmed by FACs analysis of blood for TREM-1, using

anti-mouse TREM-1, clone 174031 (R&D Systems), and dihydrorho-

damine (DHR; Thermofisher Scientific) for ROS production with PMA

(Sigma) stimulation.

2.2 Peritoneal neutrophil andmacrophage isolation

Mice were intraperitoneally injected with 1 ml of sterile 4% thio-

glycollate (Fluka) and 16–18 h later peritoneal lavages were per-

formedwith10ml/mouseofphenol red-freeHBSSwithoutCa2+/Mg2+

(HBSS–/–). The peritoneal exudate was hemolyzed, washed with

phenol red-free HBSS–/–, filtered through 70 𝜇M mesh filter, and

held on ice until experimentation.30 The medium was switched to

HBSS with Ca2+/Mg2+ (HBSS+/+) just before incubation with ago-

nists. Similar numbers of neutrophils were isolated from WT and

TREM-1-deficient mice, though there was a trend for decreased yield
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in TREM-1-deficient mice. Neutrophil purity in the lavages ranged

between 78–80% as assessed by FACS analysis of lymphocyte anti-

gen 6 complex locus G6D expression. Experiments were performed

on pooled cells (3–5 mice per group). Male and female mice were

equally represented.

Peritoneal macrophages were isolated 3.5 days after intraperi-

toneal administration of 1 ml of 4% thioglycollate. Lavage of the peri-

toneal cavity was performed as above and the cells were hemolyzed,

washed with phenol red-free HBSS–/–, filtered through 70 𝜇M mesh

filter, and plated on 10 cm dishes or 6-well plates at a density of

1 million/ml. After the cells had adhered, the medium was switched to

HBSS+/+ and opsonized zymosan (OpZ)was added at 2 differentmulti-

plicity of infection (MOI) of 15 and 35. Fifteen minutes later, monolay-

ers were washed with HBSS–/– and cells scraped into lysis buffer and

immunoblotted for phosphorylated and total AKT as described below.

Macrophagepuritywasdeemed tobe>90%asdeterminedby cytospin

andHEMA3 (Fisher Scientific) staining.

2.3 Opsonized zymosan and zymosan-activated

serum

Mouse blood collected without anticoagulant was allowed to clot for

30 min at 37◦C. After centrifugation, the serum was aspirated and

mixed with sonicated zymosan A (from Saccharomyces cerevisiae)

(Sigma) particles in 3:1 v/v ratio. The suspension was mixed and incu-

bated for 30 min at 37◦C. Following centrifugation, the supernatant

was separated from the pellet and used as zymosan-activated serum

(ZAS) after diluting to the requisite final concentration with HBSS+/+.

The pellet containing opsonized zymosan (OpZ) waswashed oncewith

500 𝜇l phenol-red-free HBSS–/– and then resuspended in HBSS+/+

buffer to the original volume of the non-OpZ particle suspension to

yield 1 × 106 particles/𝜇l. Neutrophils were stimulated with OpZ at an

MOI of 15:1.

2.4 Oxygen consumption rate

The rate of cellular oxygen uptake was monitored as previously

described using an ESA BioStat multielectrode system (Clark Elec-

trode) (ESA Products, Dionex Corp., Chelmsford, MA, USA) in con-

junction with a YSI oxygen probe (5331) and glass reaction chamber

vials in a YSI bath assembly (5301) (Yellow Springs Instruments, Yellow

Springs, OH, USA), all at 37◦C. Cells were suspended in HBSS+/+ at a

density of 2 × 106 cells/ml in total of 3 ml. Baseline oxygen consump-

tion was monitored for about 5–10 min and for an additional time of

up to30min following additionof 30𝜇LOpZ to stimulate the cells. Raw

amperometric datawere imported into Excel to calculate slopes repre-

senting oxygen consumption rate (OCR), which is expressed in units of

attomoles O2 cell
−1 s−1.

2.5 Mitochondrial volume, morphology,

and respiration

Mitochondrial volume and morphology were examined by labeling

cells with the mitochondrial fluorescent probe, MitoTracker Orange

CMTMRos (ThermoFisher Scientific). Peritoneal neutrophils in sus-

pension were incubated for 30 min at 37◦C with 100 nMMitoTracker

Orange and fixed and counterstained with 1 𝜇g/ml DAPI. They were

mounted on glass slides and examined using Leica SP8 confocal

microscope. Images were captured as a Z-stack with a 40× oil lens

and 5× zoom. Images were deconvolved using SVI’s Huygens Pro-

fessional software and then analyzed with Imaris software. Two to 3

fields per slide and 3 mice per genotype were examined. The surface

application tool was used to measure the mitochondrial volume and

morphology. To verify that there was no difference between WT and

TREM-1-deficient cells in uptake and retention of the probe, cells

were incubated in suspension, as described above, with MitoTracker

Orange, washed and geometricmean fluorescence estimated by FACS.

Cellular oxygen utilization extracellular acidification rates were

determined using a Seahorse Bioscience XF96 extracellular flux ana-

lyzer (Agilent-Seahorse, North Billerica, MA, USA). Briefly, 50 𝜇L

of neutrophils suspended at 8 × 105 cells/ml in DMEM contain-

ing 25 mM Glucose (Sigma), 2 mM GlutaMAXTM (Life Technolo-

gies), and 1 mM Sodium Pyruvate (Life Technologies), pH 7.40 and

with a known buffer capacity were placed into Cell-TakTM (BD Bio-

sciences, Bedford, MA, USA) cell and tissue adhesive-treated XF96

V3 PET microculture plates (Agilent–Seahorse). The cells were then

adhered to the bottom of the plates after a brief spin in a cen-

trifuge following manufactures’ recommendations. Additional media

was then added to each well to a final volume of 175 𝜇l. Exper-

iments were performed following standard Seahorse Biosciences

protocols. The final concentrations of mitochondrial inhibitors used

were 2.5 𝜇M Oligomycin A (Sigma), 300 nM carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP; Sigma), and 10 𝜇Meach of

Rotenone (Sigma) andAntimycinA (Sigma).OCRwasdeterminedusing

standard approaches for this technology.31

2.6 Superoxide release using lucigenin

fMLP-induced superoxide was measured using the chemilumines-

cent probe, lucigenin, as described previously.32 Freshly isolated peri-

toneal neutrophils were added to a white 96-well plate (Wallac)

(200,000 cells/well) in 180 𝜇l of HBSS+/+ supplemented with 0.1%

HSA (Sigma) and 10 𝜇M lucigenin (Sigma) in the presence or absence

of 20 𝜇l/well of vehicle alone. fMLP was added 30 min into the reac-

tion. The reactionwas conducted for 60min at 37◦Cand luminescence

was measured every minute using the plate reader, FLUOstar Omega,

equipped with an injection pump to deliver fMLP (BMG Labtech).

Results are expressed as relative light units per well. Specificity of the

signal was verified by including superoxide dismutase (SOD; Sigma;

100U/well) in a parallel set of wells.

2.7 Superoxide detection using EPR spectroscopy

A total of 2 × 106 neutrophils were suspended in 1 ml HBSS+/+. The

following reagents were sequentially added to the cell suspension:

5 𝜇l of a 10 mM diethylenetriaminepentaacetic acid (Sigma) stock,

50 𝜇l of a 1 M 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; Dojindo

Laboratories) stock, and 30 𝜇l of OpZ (MOI of 15:1). The suspension

wasmixed gently and placed in a CO2-free incubator at 37
◦C.Multiple

aliquots allowed for a new sample aliquot to be obtained and analyzed
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at 20 min intervals. Briefly, 1 ml of reaction mixture was placed in a

quartz flat cell, which was then centered in a Bruker 4103 TM/8614

resonance structure and using a Bruker EMX EPR spectrometer.33

Spectra were obtained at room temperature (24–27◦C). Typical EPR

parameters were as follows: 3478 G center field; 80 G sweep width;

9.78 GHz microwave frequency; 20 mW power; receiver gain 1 × 105;

modulation frequency of 100 kHz; modulation amplitude of 1.0 G;

conversion time of 20.48 ms; and time constant of 81.928 ms with

spectra collected in the additivemodewith 4 sequential (Y Resolution)

10×-scans; each scan composed of a 1024 point spectrum. Spectral

simulations of EPR spectrawere performed using theWinSimprogram

developed at the NIEHS as previously described.33 Peak heights were

determined from spectra using tools available in the Bruker EMX

software. Raw spectral data were processed by GraphPad Prism 7.

Specificity of the signal was verified by preincubating neutrophils

with SOD (100 U/ml) or by using peritoneal neutrophils lacking

gp91phox isolated from Cybb–/– mice.

2.8 Chemotaxis

Chemotaxis assays were performed using the EZ-TAXIScanTM system

(Effector Cell Institute, Tokyo) as described by Volk et al.34 Migration

toward fMLP and ZAS was determined in WT, Trem-1–/–, Cybb–/–, and

Trem-1–/–/ Cybb–/– cells. Briefly, neutrophils were kept at a concentra-

tion of 10 × 106/ml in HBSS–/– and then diluted to 1 × 106/ml in EZT

buffer (HBSS+/+ containing 0.1% HSA) just prior to use. About 10 𝜇l

of 1 × 106/ml cells were added to each of the 6 separate channels and

aligned along the edge of the chamber. Breifly, 1 𝜇l of 100 𝜇M fMLP

or 50% ZAS or vehicle was injected into the stimulus chamber and

chemotactic gradient was allowed to form. In some experiments, cells

were pre-incubated for 30 min with 50 𝜇M of diphenyleneiodonium

(DPI; Sigma) or 0.1% DMSO before addition to the chemotactic gra-

dient. Data were recorded for 1 channel at a time with 1 s time lapse

interval between channels. Chemotaxis assay images were captured

for 60minwith an image collection rate of 3 frames/min for each of the

6 channels. Movies were analyzed using Image J software. Cells were

manually tracked, and the percentage of motile cells from each exper-

imental condition was calculated. The chemotactic index (CI) was cal-

culated as the ratio of net path length toward the chemotactic agent

to total path length. Average instantaneous velocity for individual cells

was also assessed using Image J software, with xy-coordinates scaled

for 1𝜇m in accordancewith themanufacturer’s specifications. Chemo-

taxis parameters were computed using data obtained from individual

cell tracks from at least 3 separate experiments, with at least 30 cells

analyzed per condition.

2.9 Cell lysis and immunoblotting

Peritoneal exudate cells were collected from thioglycollate-stimulated

WT and TREM-1/3-deficient mice and stimulated for increasing times

up to 1 h with OpZ (MOI 15) or 0, 1, and 15 min with 100 𝜇M fMLP in

HBSS+/+. After incubation, cells were treated on ice for 20 min with

1.15 mM diisopropylfluorophosphate (Sigma) and collected by cen-

trifugation for 5 min at 300 × g and washed in HBSS–/–. Cells were

lysed with lysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1% NP-

40 with protease and phosphatase inhibitors) and sonicated for 20 s

at 20% amplitude. After clarification for 10 min at 16,100 × g, total

protein in the lysate was determined by the DC Lowry method. Equiv-

alent amounts of lysate were separated by SDS/PAGE under reduc-

ing conditions, transferred to PVDFmembranes, stainedwith Ponceau

S, blocked with 3% BSA, and immunoblotted overnight at 4◦C with

biotinylated antibodies to pAKT (Cell Signaling, Ser 473 #5012), AKT

(Cell Signaling, pan #5373), phospho-p44/42 MAPK (pERK1/2) (Cell

Signaling, Thr202/Tyr204 #14227), p44/42 MAPK (ERK1/2) (Cell Sig-

naling, #5013), p-38 MAPK (Cell Signaling #9212S), or phospho p38

MAPK (p-p38MAPK) (Santa Cruz Bitotechnology sc-166182). Mem-

branes were washed and those that were incubated with biotinylated

primary antibodies were exposed to streptavidin-HRP (Cell Signaling,

#3999) and the restwere incubatedwith anti-rabbit IgG-HRP (Cell Sig-

naling, #7074) for 1 h at room temperature. HRP was detected with

ECL 2 (ThermoFisher Scientific) and images were acquired digitally

(FujiFilm, Fuji Medical Systems, USA) and on X-ray film. Densitometric

analyses of bands were performed using Image J.

2.10 Statistical analyses

Data were analyzed by GraphPad Prism. Differences betweenWT and

TREM-1-deficient neutrophils were determined by Student’s t-test

(Figs. 1A, 3B, 5D, and 6C, Supplementary Fig. 1), nonlinear regression

analysis (Fig. 3A), one-way ANOVA (Figs. 4 and5B, and C), two-way

ANOVA (Fig. 6, Supplementary Fig. 5), and Chi Square (Fig. 5A) analy-

ses usingGraphPad Prism statistical software. All datawere expressed

asMean± SEM and P< 0.05was considered significant.

3 RESULTS

3.1 TREM-1 deficiency attenuates oxygen

consumption independently of mitochondrial

respiration

Previous investigations have shown that TREM-1 ligation

induces ROS production in human neutrophils stimulated with

soluble35,36 and particulate agonists.36 In these experiments,

2′,7′-dichlorodihydrofluorescein diacetate was used to measure

ROS. As this probe detects multiple derivatives of superoxide, we

wanted to investigate directly whether TREM-1 signaling regulated

NOX2-dependent superoxide production. Moreover, because we

had previously demonstrated that TREM-1 was required for neu-

trophil transepithelial migration, we were interested in examining

ROS production specifically in mature, extravasated neutrophils.

We, therefore, conducted all our studies of TREM-1 function in

thioglycolate-elicited peritoneal neutrophils isolated from WT and

TREM-1-deficient mice. In all experiments, peritoneal neutrophils

were pooled from 3–5 mice per each group. As molecular oxygen

is the precursor for all ROS, we first determined whether TREM-1

expression altered oxygen consumption. Using the Clark electrode,

we measured oxygen consumption before and after stimulation

with OpZ (Fig. 1A). Baseline oxygen consumption in resting cells

was minimal and was not significantly different between WT and
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F IGURE 1 TREM-1 deficiency attenuates oxygen consumption
independently of mitochondrial respiration. (A) Oxygen consumption
in WT and TREM-1-deficient neutrophils was determined using the
Clark electrode. Data from 4 representative experiments are shown
as Mean ± SEM of 3–5 pooled mice/data point. *P < 0.05. (B) Oxy-
gen consumption using the SeaHorse Assay was not attenuated by
mitochondrial inhibitors after OpZ stimulation. Data are expressed as
Mean ± SEM of 7 replicates with each data point being representative
of at least 3 pooledmice

TREM-1-deficient neutrophils. Following OpZ stimulation, oxygen

consumption increased dramatically over 30 min and was attenuated

in TREM-1-deficient neutrophils compared to WT neutrophils. These

results suggest that TREM-1 plays a role in the respiratory burst

following phagocytosis.

In neutrophils, NOX2 is the major source of ROS. Before we

determined the role of TREM-1 in NOX2-mediated superoxide pro-

duction, we first ruled out mitochondria as a significant source of

ROS in stimulated neutrophils. Mitochondrial respiration in WT and

TREM-1-deficient peritoneal neutrophils was determined using the

Seahorse assay to measure extracellular acidification rates in the

presence or absence of the indicated mitochondrial inhibitors. Con-

sistent with the above results, stimulation with OpZ increased oxygen

consumption that peaked at 40 min and remained elevated despite

inhibition of ATP synthesis with oligomycin (Fig. 1B). Uncoupling

the electrochemical gradient with FCCP did not elevate the oxygen

consumption as would be expected if mitochondria were a significant

source of ROS. Moreover, the addition of rotenone and antimycin A,

inhibitors of mitochondrial electron transport chain complex I and

complex III, did not cause the characteristic steep decline in oxygen

consumption. These results demonstrate that mitochondria have a

negligible contribution toO2 consumption in stimulated neutrophils.

Mitochondrial volume and morphology in WT and TREM-1

deficient peritoneal neutrophils were analyzed using MitoTracker

Orange. Analyses of the images revealed similar mitochondrial vol-

ume and shape (Supplementary Fig. 1A–C). No differences in the

uptake and retention of the probe were observed between WT

and TREM-1-deficient neutrophils as determined by FACS analysis

(Supplementary Fig. 1D).

3.2 TREM-1 deficiency attenuates NOX2-derived

superoxide in response toOpZ

To specifically measure superoxide production, we used EPR

spectroscopy.37,38 The highly reactive hydroxyl radical (⋅OH) and

superoxide anion (O2⋅
−) were captured as DMPO adducts in the form

of DMPO-OH and DMPO-OOH, respectively. Spectra of the radicals

from WT neutrophils are shown (Fig. 2). Resting neutrophils showed

a small ⋅OH peak that was higher than the ⋅OH peak in gp91phox

deficient neutrophils suggesting a small degree of basal superoxide

production that is rapidly oxidized to the ⋅OH radical. Following

stimulation with OpZ, a particulate stimulus derived from the yeast

cell wall, a second peak was observed that was abolished by pre-

treatment with SOD and is, therefore, consistent with the superoxide

anion. SOD increased the ⋅OH signal consistent with the conversion

of O2⋅
− to hydrogen peroxide and subsequent partial oxidation to

the ⋅OH radical. In addition, we isolated neutrophils from Cybb–/–

mice, which lack functional NOX2 due to deletion of Cybb gene that

encodes gp91phox (Cybb–/–). These neutrophils produce no detectable

O2⋅
− following OpZ stimulation further validating the identity of the

O2⋅
− peak.

Next, wemeasured the rate andVmax of phagocytic superoxide gen-

eration inWT and TREM-1-deficient peritoneal neutrophils that were

isolated and pooled as described above. OpZ stimulated a rise in both

⋅OH and O2⋅
− radicals that was linear during the first hour of stimu-

lation (Fig. 3A and B) in both WT and TREM-1-deficient neutrophils.

A significantly higher rate of ⋅OH radical and O2⋅
− (Fig. 3A) produc-

tion was evident in WT neutrophils compared to TREM-1-deficient

neutrophils. Maximal ⋅OH and O2⋅
− production were also significantly

higher inWT than in TREM-1-deficient neutrophils (Fig. 3B).

To verify the source of superoxide production in extravasated neu-

trophils, we cross-bred Trem-1/3–/– with Cybb–/– mice to generate

Trem-1/3+/+/Cybb+/+, Trem-1/3–/–/ Cybb+/+, and Trem-1/3+/+/Cybb–/–

and Trem-1/3–/–/Cybb–/– mice. Peritoneal neutrophils were isolated

from 3–5 mice per group and analyzed using EPR. OpZ was unable

to stimulate either O2⋅
− or ⋅OH radicals in all gp91phox-deficient

neutrophils regardless of the expression of TREM-1 (Fig. 3A and B).

These results clearly indicate the requirement of functional NOX2

for superoxide production in stimulated neutrophils and that NOX2

accounts for TREM-1-mediated effects on superoxide production.

Taken together, results from the above figures identify a role for

TREM-1 in NOX2-dependent superoxide production.
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3.3 TREM-1 deficiency attenuates superoxide

production in response to fMLP

We next examined the role of TREM-1 in response to fMLP, known

to be important in neutrophil chemotaxis. As our existing EPR spec-

troscopy instrumentation could not capture the rapid kinetic response

to fMLP, we utilized the chemiluminescent probe, lucigenin. WT and

TREM-1-deficient peritoneal neutrophils were isolated as described

above and stimulated with 100 𝜇M fMLP using a fluorometer fit-

ted with an injection pump. Our results show that, compared to

WT neutrophils, TREM-1-deficient neutrophils release significantly

less superoxide in response to fMLP (Fig. 4A–C). Addition of SOD

decreased fMLP-induced signal to resting levels confirming the speci-

ficity of the assay for superoxide. Thus, these data demonstrate that
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TREM-1 expression modulates superoxide production in response to

soluble and particulate agonists in extravasated neutrophils.

3.4 TREM-1 deficiency impairs neutrophil

chemotaxis in a NOX2-dependentmanner

While the role of neutrophil ROS in direct pathogen killing is well

described, recent data demonstrate ROS impact many other cell

processes. ROS have been implicated in neutrophil migration and

NOX-derived ROS are important for directional motility.23–27 Our

previous observations demonstrate that TREM-1 plays an important

role in transepithelial migration of neutrophils in the infected lung.20

We, therefore, questioned whether ROS mediated the effects of

TREM-1 on neutrophil migration. Using the EZ-TAXIScanTM device,

themigration ofWT and TREM-1-deficient neutrophils wasmeasured.

Migratory parameters included percentage of total number of cells

that migrated at least 10 𝜇M in 30 min (motility), speed of migration

(instantaneous velocity), anddirectionality ofmigration (CI) as detailed

in “Methodsˮ section and described previously.34 fMLP and ZAS were

used as chemoattractants. The loading concentrations of the agonists

were previously established to induce maximal migration (data not

shown). In the absence of stimuli, cells remained at the starting point

and did not migrate. There was no difference in motility between WT

and TREM-1-deficient neutrophils in response to either fMLP or ZAS.

(Fig. 5A). However, the motility parameter does not distinguish ran-

dom from directional movement. CI measures directional migration. In

response to either chemoattractant, WT neutrophils exhibited a sig-

nificantly higher CI when compared to TREM-1-deficient neutrophils

(Fig. 5B and C, Supplementary Figs. 2–4). To determine whether ROS

was required for TREM-1-mediated neutrophil migration, we used

2 approaches to assess NOX2 activity. In 1 set of experiments, we

preincubatedWT and TREM-1-deficient neutrophils with DPI, a flavo-

protein inhibitor of NOX2, before exposing them to the chemotactic

gradient. CI of WT neutrophils in response to either fMLP or ZAS

was significantly reduced in the presence of DPI to a level similar to

TREM-1-deficient cells. Interestingly, DPI had no additional effect

on TREM-1-deficient neutrophil CI suggesting that the impaired CI

was due to TREM-1-mediated effects on NOX2. TREM-1 was not

important for migratory speed in response to ZAS and only modestly

important for fMLP as instantaneous velocity measured in WT was

higher than TREM-1-deficient neutrophils (Fig. 5D).

To confirm results obtained with the pharmacological inhibitor,

migration to the chemotactic agents was determined in neutrophils

isolated from genetically modified mice either lacking functional

NOX2 (Cybb–/–) or both TREM-1 and NOX2 (Trem-1/3–/–/Cybb–/–). As

observed with DPI, CI in neutrophils from NOX2-deficient Cybb–/–

mice was significantly reduced in comparison to WT (Fig. 5B). No

difference was observed in CI between CYBB-deficient and TREM-

1-deficient neutrophils. More importantly, the deletion of TREM-1

from NOX2-deficient neutrophils did not further decrease direc-

tional migration as the CI in CYBB-deficient neutrophils was not

different from TREM-1/CYBB-deficient neutrophils. These results,

therefore, strongly indicate that impaired chemotaxis observed

in TREM-1-deficient neutrophils was entirely due to inhibition in

NOX2-dependent superoxide production.

3.5 TREM-1 deficiency attenuates AKT activation

As the PI3K/AKT pathway is downstream of TREM-1 signaling8 and is

implicated inNOXactivation togetherwithMAPK such as ERK1/2 and

p38MAPK,39 we next examined the role of TREM-1 in AKT andMAPK

activation in peritoneal neutrophils. Neutrophils were stimulated

with OpZ for 7.5, 15, 30, and 60 min or 0, 1, and 15 min with 100 𝜇M

of fMLP. Whole cell lysates were prepared, resolved by SDS/PAGE,

and immunoblotted with antibodies directed to phosphorylated and

total kinases. A representative gel from 1 out 3 identical experiments

for each kinase is shown (Fig. 6A). Peak activation of AKT occurred



1202 BARUAH ET AL.

A

CB

0

20

40

60

80

100

M
o

ti
lit

y
(%

 o
f T

o
ta

l C
el

ls
)

TREM-1/3WT -/- TREM-1/3WT -/-

fMLP ZAS

D

0.0

0.2

0.4

0.6

0.8

1.0

C
h

em
o

ta
ct

ic
 In

d
ex

*
*

N.S.

ZAS

WT TREM-1/3-/-

DPI+ZAS

WT TREM-1/3-/-

0

20

40

60

80

100

In
st

an
ta

n
eo

u
s 

V
el

o
ci

ty
(µ

m
/m

in
)

fMLP

WT TREM-1/3-/-

ZAS

WT TREM-1/3-/-

*

0.0

0.2

0.4

0.6

0.8

1.0

C
h

em
o

ta
ct

ic
 In

d
ex

WT

***

TREM-
1/3-/-

-/- 
CYBB -/-

WT 
DPI

TREM-
1/3-/- DPI

N.S.

N.S.

TREM-1/3+/+  TREM-1/3
CYBB -/-

N.S.

fMLP

F IGURE 5 TREM-1 deficiency impairs neutrophil chemotaxis in a NOX2-dependent manner. Migration using the EZ-TAXIScan device was
determined in WT, TREM-1-deficient, CYBB-deficient, and TREM-1/CYBB-deficient neutrophils stimulated with fMLP or ZAS in the presence or
absence of 10 𝜇MDPI. Motility (A), CI (B and C), and instantaneous velocity (D) were measured. Data from 4–12 independent experiments were
compiled and shown asMean± SEM; each data point represents 3–5 pooledmice. *P< 0.05

15 min after OpZ stimulation and in some experiments, sustained

activation was observed up to 30 min (Fig. 6A and B). p38MAPK and

ERK1/2 activation was observed earlier after 7.5 min of stimulation.

TREM-1-deficient neutrophils showed decreased activation of AKT,

as represented by lower phosphorylated/total kinase, compared to

WT neutrophils (Fig. 6B and C). In contrast, levels of phosphorylated

p38MAPK appeared to be unaffected by TREM-1 deletion and there

was a tendency for higher ERK1/2 activation in TREM-1-deficient

neutrophils. To confirm the effect of TREM-1 on AKT activation, we

measured phosphorylated/total AKT levels in 5 independent experi-

ments. OpZ-induced AKT activation was greater in WT compared to

TREM-1-deficient neutrophils. (Fig. 6C).

As with OpZ, fMLP stimulation induced 2-fold (1 min) and 4-

fold (15 min) greater AKT activation in WT cells compared to

TREM-1-deficient neutrophils (Fig. 6D and E). In contrast, no sig-

nificant differences were observed in ERK and p38MAK activation

betweenWT and TREM-1-deficient neutrophils.

To assess whether TREM-1 plays a similar role in macrophages,

we determined the effect of OpZ on AKT activation in peritoneal

macrophages. Stimulation for 15 min at MOIs of 15 and 35 revealed

no difference in AKT activation between WT and TREM-1-deficient

macrophages (Supplementary Fig. 5).

Taken together, these results demonstrate that TREM-1 regulates

neutrophil chemotaxis in a ROS-dependent manner and that the ROS

is derived fromNOX2-mediated superoxide production. It is likely that

TREM-1mediates these effects through the PI3K/AKTpathway. These

findings represent the first mechanistic insight into how TREM-1 con-

tributes to the regulation of neutrophil migration.
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F IGURE 6 TREM-1 deficiency attenuates AKT activation.WT and TREM-1-deficient neutrophils were stimulated for the indicated times with
OpZ and the phosphorylation of AKT, ERK1/2, and p38MAPK was determined. (A) Immunoblots from 1 representative experiment out of 3 are
shown. (B)Quantitation of phosphorylated and total kinase levels of all 3 time course experiments. (C)WT and TREM-1-deficient neutrophils were
stimulated for 15 min with OpZ and AKT activation determined. Quantitation of phosphorylated and total AKT levels is shown as fold increase
relative to resting levels. Each data point representsMean± SEM of 3–5 pooledmice,N=5 independent experiments; *P<0.05. (D)WTandTREM-
1-deficient neutrophils were stimulated for the indicated times with 100 𝜇M fMLP and the phosphorylation of AKT, ERK1/2, and p38MAPK was
determined. Representative immunoblots from 1 out of 3 are shown. (E) Quantitation of phosphorylated and total kinase levels of all 3 time course
experiments is shown as fold increase relative to resting levels. Each data point represents Mean ± SEM of 3–4 pooled mice, N = 3 independent
experiments; *P< 0.05

4 DISCUSSION

TREM-1 synergizes with TLRs, NLRs, and DAMPs to increase

inflammation.10,20,40 The TREM-1 pathway modulates phago-

cytosis, respiratory burst, degranulation, and transepithelial

migration.7,20,35,36 Thus, it is not surprising that TREM-1 is emerging

as global regulator in many pathologic processes. Administration of

TREM-1 antagonists improves survival in sepsis models while TREM-1

deficiency impairs survival.10,13,20 In models of hepatocellular carci-

noma, inhibition of TREM-1 is protective.41 Finally, TREM-1 inhibition

has also been shown to be protective in a murine model of cardiac

infarction.42 Thus TREM-1 signaling appears to play a central role

during infection, cancer, and ischemia.

Herein, we report that neutrophil respiratory burst mediated

by TREM-1 is NOX-dependent and that it is significantly impaired

in TREM-1-deficient neutrophils using EPR to specifically measure

superoxide. Previous studies have reported increased ROS production

following TREM-1 ligation in the presence or absence of LPS, GM-

CSF, and particles.35,36 Our findings are also consistent with an earlier

report demonstrating attenuated oxidative burst in TREM-1-silenced

peritoneal neutrophils as measured by the fluorescent probe, DHR.14

A far greater inhibition in ROS was noted in response to opsonized
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F IGURE 6 Continued

Escherichia coli than what we observed with OpZ. However, it is worth

noting that because different probes were used to detect ROS in these

previous studies, and because specificity of the fluorescent signal was

not established, a direct comparison cannot be made between our

results and theirs.14,35,36

TREM-1 is composed of a long extracellular domain, a transmem-

brane region and a short cytoplasmic tail that associates with DAP

12 for signaling.8,43 Receptor ligation results in recruitment of Syk,

which initiates the recruitment of PI3K, PLC, SLP-76–Vav, Grb2-Sos,

and c-Cbl, which, in turn, trigger activation of AKT, Ca2+ influx, pro-

tein kinase C (PKC), active GTP-bound Rac, MAPK, and rearrange-

ment of the actin cytoskeleton.8,12 As many of the kinases activated

downstream of TREM-1 ligation are also downstream of GPCR,6 such

as fMLPR and complement receptor (CR), it is very likely that TREM-

1 synergizes with these receptors by activating the same signaling

molecules thereby amplifying responses. These kinases can phospho-

rylate p47phox and trigger translocation to the membrane.39,44 Our

data support the role of PI3K/AKT pathway in TREM-1-mediated

effects on superoxide production.

Another possible means by which TREM-1 can synergize with mul-

tiple receptors to integrate signaling is by colocalizing with them after

neutrophil stimulation. Fortin et al. demonstrated colocalization of

TREM-1 with TLR in lipid-enriched caveolar microdomains that are

also known to segregate the multisubunit NOX complex as well as

Fc𝛾R.35,45,46 Under resting conditions, the membrane components of

NOX, gp91, and p22phox are already present in lipid rafts. Follow-

ing ligation, receptors such as Fc𝛾R or CR are recruited to these

microdomains togetherwith PKC-𝛿 and cytoplasmicNOX components

to initiate superoxide production. Disruption of lipid rafts attenuates

or delays the onset of superoxide generation in neutrophils.46–49 Thus,

following ligation by fMLP,OpZ, or complement factors present in ZAS,

GPCR, Fc𝛾R, and/or CR may be recruited to lipid rafts together with

NOX and TREM-1 to promote superoxide production. Our results are

consistent with the notion that TREM-1 is important for stabilizing a

relationship with NOX and 1 ormore of these receptors.

Localized production of NOX-dependent superoxide and/or its

derivatives can impact key aspects of neutrophil motility and direction

sensing.23,24,50 In fact, Hattori et al. observed localized expression of

NOX at the leading edge of migrating neutrophils.23 Moreover neu-

trophils depleted of functional NOX by pharmacological inhibition and

chronic granulomatous disease neutrophils display attenuated direc-

tional sensing. Our findings reveal a ∼25% defect in directional migra-

tion in WT neutrophils preincubated with DPI or in NOX2-deficient

neutrophils, which indicates that NOX-dependent superoxide con-

tributes to themigratory process. Consistentwith our findings, Hattori

et al. also observe similar decreases inDPI-inhibitedmurine neutrophil

chemotaxis.23 The important aspect of our findings is that NOX2

inhibition attenuates directional migration only in WT but not TREM-

1-deficient neutrophils and that NOX2-inhibitedWT cells have similar

CI values as TREM-1-deficient neutrophils. Based on our findings, we
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reason that the ROS produced by TREM-1-dependent pathways

promote migration in extravasated neutrophils. We did not examine

the role of TREM-1 in the regulation of immature bone marrow-

derived neutrophils and thus the role of TREM-1 in these cells is yet to

be explored.

TREM-1-deficient neutrophils exhibit marked impairment in

transepithelial migration both in vivo and in vitro.20 The differences

in chemotaxis we report in the current study with TREM-1-deficient

neutrophils are more modest. ROS is not the only determinant of

neutrophil migration as exemplified by our findings. In fact, following

fungal or bacterial infection, recruitment ofNOX-deficient neutrophils

to sites of infection remains intact in Cybb–/– and p47phox–/–

mice.29,51–53 The in vivo milieu that extravasated neutrophils

encounter is far more complex. EZ-TAXIScan assesses neutrophil

migration to a single chemoattractant under well-controlled condi-

tions. Thus, these assays do not reflect the multifaceted interactions

between neutrophils and epithelial cells that have profound effects

on transcellular passage. Transepithelial migration of neutrophils

proceeds from the basolateral to the apical end of the monolayer

and during the transit through the relatively long, ∼20 𝜇m, passage

between the epithelial cells, neutrophils encounter several junctional

complex proteins that oppose passage of the phagocyte.54 Although

there are no reports, to date, of interaction between TREM-1 and any

of these proteins or with adhesion proteins at either the basolateral

or apical surfaces of the epithelia, it is interesting to speculate that

TREM-1 expressing neutrophils gain passage through the epithelial

monolayer by enabling cleavage of 1 or more junctional proteins.

Neutrophil-derivedmatrix metalloproteinase-9 (MMP-9) and elastase

were observed to increase epithelial permeability by cleavage of

desmoglein-2 and e-cadherin in intestinal and lung epithelial cells,

respectively.55,56 As proinflammatory cytokines secreted either by

epithelial or infiltrating phagocytes induces MMP-9 secretion55 and

as TREM-1 promotes the secretion of such cytokines, it is possible

that TREM-1 expressing leucocytes are better equipped to remodel

the tissue architecture as they traverse the parenchyma to reach the

site of inflammation. Thus, an examination of how TREM-1 not only

modulates neutrophil effector functions but also of how it impacts

neutrophil interaction with epithelial cells will yield insights into its

actions at the site of infection.
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