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Summary

Formation of neutrophil extracellular traps (NETSs) is an important func-
tion of the innate immune system against infections. It has been proven
that aging dysregulates immunity and impairs neutrophil function. How-
ever, the influence of aging on the ability to produce NETs has yet to be
fully addressed. In this study, we tested the hypothesis that a lower level
of autophagy in neutrophils from aged mice was responsible for the
decrease in NET formation. We demonstrated that a broad range of Toll-
like receptor 2 (TLR2) ligands could efficiently induce reactive oxygen
species (ROS) -dependent NET release in young mice, but not in aged
ones. We further explored that the difference between young and aged
mice in TLR2 ligand-induced NETosis is the result of an Atg5 defect and
subsequent impaired autophagy. Furthermore, we found that lower autop-
hagy capacity led to not only reduced NET formation, but also increased
apoptosis. Our results suggest an important role of Atg5 and autophagy
in maintaining the function of NETs formation in response to infection
and in regulating neutrophil death. Targeting autophagy-promoted NETs
may present a therapeutic strategy to improve infection defence in an
aged population.

Keywords: aging; apoptosis; Atg5; autophagy; neutrophil extracellular
traps.

Abbreviations: CLP, caecal ligation and puncture; fMLP, N-formylmethionyl-leucyl-phenylalanine; GEO, Gene Expression Omni-
bus; gp91 KO, gp91” hox knockout; IL-8, interleukin-8; LM, lipomannans; LPS, lipopolysaccharide; LTA, lipoteichoic acid; mTOR,
mammalian target of rapamycin; NETs, neutrophil extracellular traps; Pam2CSK4, synthetic diacylated lipoprotein; Pam3CSK4,
synthetic triacylated lipoprotein; PGN, peptidoglycan; PMNs, polymorphonuclear leucocytes; ROS, reactive oxygen species;

TLR2, Toll-like receptor 2; WT, wild-type
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Introduction

Human aging is now a global trend, with an increasing
relative and absolute number of elderly in the world.'
Currently, 23% of the disease burden is attributable to ill-
ness in the population aged 60 years and over,” and one-
third of deaths in the elderly are due to infectious dis-
eases.” Health problems of aged people are associated
with a progressive deterioration of the immune system, a
process known as immunosenescence.

Cumulative evidence indicates that aging can cause a
paradox in the immune system, characterized by an eleva-
tion of basal inflammation, yet an impaired ability to
mount efficient innate and adaptive immune responses.
As the most abundant immune effector cells, neutrophils
are essential for innate immunity and resistance to patho-
gens. Neutrophil functions including migration, phagocy-
tosis, as well as cytokine and chemokine production, have
been reported to become abnormal with aging.*> How-
ever, little is known about the effect of aging on forma-
tion of neutrophil extracellular traps (NETs) and its
underlying mechanisms.

Neutrophil extracellular traps, released by activated
neutrophils, are highly decondensed DNA structures, dec-
orated with histones, proteases and antimicrobial pep-
tides. Since their first discovery,” NETs have been
recognized as an important strategy of neutrophils to
respond to infections, and have extended our under-
standing of how phagocytes kill pathogens. Research has
indicated that NETs are usually formed in the context of
dying neutrophils, making it a new form of cell death,
NETosis,” which differs from apoptosis or necroptosis
morphologically and biochemically. The nuclear and
granular membranes disintegrate during NETosis,
whereas the plasma membrane remains integral with no
phosphatidylserine exposure until the last moment when
NETs are released.® Caspase activity is not detected
during PMA-induced NETosis. Moreover, the addition
of the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone (zVAD) or necro-
ptosis inhibitor necrostatin-1 does not affect PMA-induced
NET formation.”

Toll-like receptor 2 (TLR2) is a member of the TLR
family. It is crucial to the recognition of diverse microbial
molecules from a broad group of microbes, such as
Gram-positive and Gram-negative bacteria, mycoplasma
and yeast. TLR2 forms heterodimers with TLR1 or TLR6,
each dimer having different specificities for different
ligands. For example, TLR2/TLR6 is required for
responses to diacylated lipoproteins, whereas TLR2/TLR1
recognizes triacylated lipoproteins.'® Although a variety of
different stimuli are capable of inducing NETosis, includ-
ing live bacteria, fungi, bacterial lipopolysaccharide (LPS),
cytokine interleukin 8 (IL-8) and chemical compound
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Figure 1. Toll-like receptor 2 (TLR2) ligands induced NETosis. (a)
A typical representation of peptidoglycan (PGN) -induced NETosis.
(b) Quantification of neutrophil extracellular trap (NET) formation
after 2, 3 and 6 hr of treatment with TLR2 ligands. (c¢) NETs
induced by various TLR2 ligands after 6 hr of treatment. (i—vi): con-
trol, lipomannan (LM), lipoteichoic acid (LTA, Pam3CSK4,
Pam2CSK4 and zymosan. Fluorescent dyes used in confocal micro-
scopy: blue, Hoechst 33342; Green, SYTOX Green. Data are repre-
sented as mean £ SEM of at least triplicate samples. Comparisons
were made with the control group: *P < 0-1; **P < 0-05. [Colour
figure can be viewed at wileyonlinelibrary.com]

PMA, there are only two studies testifying to the effect of
TLR2 ligand Pam3CSK4 on NET formation with contro-
versial results.'"'?

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432



Here we systematically investigated whether diverse TLR2
ligands could induce NETs, and whether the ability of neu-
trophils to form NETs was compromised in aged mice. The
effect of aging on neutrophil apoptosis was also examined.
Furthermore, we explored the possible mechanisms through
which aging affected NETosis and apoptosis.

Methods

Animals and in vivo treatments

Young wild-type (WT) mice and gp91P"** knockout
(KO) mice (male, 8-12 weeks old) were purchased from
the Jackson Laboratory (Bar Harbor, ME). Aged mice
(male, over 18 months old) were obtained from the
National Institute of Aging (Bethesda, MD). TLR2 KO
and MyD88 KO mice were bred at the University of
Pittsburgh (T.R. Billiar). Mice used in the study were of
the same genetic background (C57BL/6). Mice were raised
and cared for in a pathogen-free facility according to
institutional guidelines. The in vivo experiments were
approved by the institutional animal care and use
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Figure 2. Toll-like receptor 2 (TLR2) ligands induced neutrophil
extracellular trap (NET) formation, which was dependent on
MyD88. (a) NET formation after 6 hr treatment of peptidoglycan
(PGN): (i) polymorphonuclear leucocytes (PMNs) from TLR2
knockout (KO) mice; (ii) PMNs from MyD88 KO mice. (b) Quan-
tification of NET formation after 6 hr of treatment with TLR2
ligands. Fluorescent dyes used in confocal microscopy: blue, Hoechst
33342; Green, SYTOX Green. Data are represented as mean & SD of
at least triplicate samples. Comparisons were made between the two
KO mice and WT mice. Differences were significant except for the
control group marked with # [Colour figure can be viewed at
wileyonlinelibrary.com]
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committee, and were performed in compliance with the
guidelines for animal experimentation.

Mice underwent caecal ligation puncture (CLP). They
were anaesthetized by intraperitoneal injection of 50 mg/kg
ketamine and 5 mg/kg xylazine. After disinfection, a mid-
line incision was made in the abdomen. The caecum was
then exteriorized, and the distal end was ligated and
punctured once with a needle (21-gauge) to achieve a
sub-lethal sepsis model as previously reported.”” Mice
were resuscitated with (5 ml/100 g) saline, and killed 6 hr
after surgery to retrieve the peritoneal lavage.

Polymorphonuclear leucocyte isolation and NET induction

Most assays in this study were performed with poly-
morphonuclear leucocytes (PMNs) enriched from the
peritoneal cavity. Briefly, mice were injected intra-
peritoneally with 1 ml 9% casein solution twice over-
night. The animals were killed 3 hr after the second
injection to harvest peritoneal fluid. The lavage was sub-
sequently centrifuged, and the resulting pellet was
washed. The PMNs were isolated by discontinuous den-
sity gradient centrifugation with two commercially avail-
able solutions (Histopaque-1077 and Histopaque-1119)
of differential density purchased from Sigma (St Louis,
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Figure 3. Synergistic effect between Toll-like receptor 2 (TLR2) and
TLR4 on neutrophil extracellular trap (NET) formation. (a) NET
formation induced by 6 hr treatment of low-dose lipopolysaccharide
(LPS) or peptidoglycan (PGN) (10 ng/ml). (i-iii) LPS, PGN, and
LPS/PGN combination. (b) Quantification of NET formation after
6 hr of treatment with low-dose LPS or PGN (10 ng/ml). Fluores-
cent dyes used in confocal microscopy: blue, Hoechst 33342; Green,
SYTOX Green. Data are represented as mean + SD of at least tripli-
cate samples. *P < 0-05. [Colour figure can be viewed at wiley
onlinelibrary.com]
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MO) (#11191 and #10771), according to the manufac-
turer’s instructions.

To compare the ability of bone marrow to produce
neutrophils in young and aged mice, PMNs were
extracted and isolated from bone marrow by density gra-
dient centrifugation, as reported elsewhere.'*

Samples were measured by flow cytometry to detect the
percentage of PMNs based on surface marker Ly6G (#11-
5931-81; eBioscience, San Diego, CA) and CD11b (#12-
0112-81; eBioscience).

Various TLR2 ligands as well as LPS (10 pg/ml) were
used to induce NETs. PMNs treated with 100 nm PMA
were used as positive control. Doses of TLR2 ligands used
were as follows: peptidoglycan (PGN, 10 pg/ml; #tlrl-
pgns2; InvivoGen, San Diego, CA), lipomannans (10 ng/ml;
#tlrl-lmms1; InvivoGen), lipoteichoic acid (1 pg/ml; #tlrl-
slta;  InvivoGen), synthetic triacylated lipoprotein
(Pam3CSK4, 100 ng/ml; #tlrl-pms; InvivoGen), synthetic
diacylated lipoprotein (Pam2CSK4, 100 ng/ml; #tlrl-
pm2s-1; InvivoGen) and zymosan (10 pg/ml; #tlrl-zyn;
InvivoGen). Inhibitors and enhancers used were rapamy-
cin (100 nMm; #R8781; Sigma), wortmannin (150 nwm; #tlrl-
wtm; InvivoGen), and bafilomycin Al (1 pw; #tlrl-bafl;
InvivoGen).

NETs quantification assay

The PMNs were plated and cultured in 96-well plates. At
the indicated time-points after treatment, 1 U/ml micro-
coccal nuclease (#M0247S; New England Biolabs, Ipswich,
MA) was added. PMNs were incubated at 37° for 15 min to
allow the extruded DNA to detach from cell debris. Cells
were then centrifuged at 1800 g for 10 min. Cell-imperme-
able DNA-binding dye SYTOX Green (# S7020, 1 pm;
Thermo Fisher Scientific, Waltham, MA) was added to the
extracted supernatants and incubated in the dark for
15 min. Extracellular DNA content is represented by the
fluorescence intensity detected with SpectraMax M2 (excita-
tion wavelength 485 nm, and emission wavelength 530 nwm).

Confocal microscopy

The PMNs were allowed to settle on glass coverslips pre-
coated with poly-1-lysine (#354085; Corning, Corning,

NY) for 30 min, before they were treated with different
stimuli for a specific period of time. Cells were washed,
fixed with 4% paraformaldehyde in PBS, and blocked for
1 hr before being incubated with anti-neutrophil elastase
antibody (#sc-9521; Santa Cruz Biotechnology, Dallas,
TX). After staining with Hoechst 33342, SYTOX Green or
donkey anti-goat IgG conjugated with Alex Fluor 488,
cells were analysed by confocal microscopy.

Surface TLR2 expression and reactive oxygen species
production

The expression of TLR2 on the cell surface was measured
using flow cytometry with anti-mouse CD282 FITC anti-
body (#11-9021-82; eBioscience). Similarly, the intracellu-
lar reactive oxygen species (ROS) generation was
determined by flow cytometry with CM-H2DCFDA
(#C6827; Thermo Fisher Scientific). PMNs were removed
from growth media, washed and then resuspended in
pre-warmed loading buffer containing freshly prepared
antibody (1 :100) or probe (10 pm). After a 30-min
incubation at room temperature, fluorescence intensity
was examined by flow cytometry.

Measurement of cell death

Programmed cell death was analysed by flow cytometry
with apoptosis detection kit (#559763; BD Biosciences,
Franklin Lakes, NJ). Cells were centrifuged, washed twice
with ice-cold PBS, and resuspended in x 1 binding buf-
fer. Cells were incubated with Annexin-V and 7-AAD
for 15 min at room temperature in the dark, and then
were analysed by flow cytometry. Cells stained positive
for Annexin-V and negative for 7-AAD were considered
to be apoptotic, according to the manufacturer’s instruc-
tion.

Microarray data analysis

The NCBI Gene Expression Omnibus (GEO) database
was searched to find and retrieve any appropriate data
set. If raw data of the data set were provided by the
authors, the r software (for free download at https://

www.r-project.org) and the 1mMa  package in

Figure 4. Toll-like receptor 2 (TLR2) ligands-induced NETosis is regulated by reactive oxygen species (ROS) production and autophagy. (a) ROS

production before and after 40 min treatment with peptidoglycan (PGN) of polymorphonuclear leucocytes (PMNs) from gp91 knockout (KO)
and wild-type (WT) mice. (b) Quantification of neutrophil extracellular trap (NET) formation in PMNs from gp91 KO and WT mice after 6 hr
of treatment with TLR2 ligands. Data are represented as mean + SEM of at least triplicate samples. Statistically significant except for the control

group marked with #. (c) NETs induced by various TLR2 ligands after 6 hr of treatment in PMNs from gp91 KO mice. (i-vi) PGN, lipomannan

(LM), lipoteichoic acid (LTA), Pam3CSK4, Pam2CSK4 and zymosan. (d) NET formation after augmentation of autophagy by rapamycin: (i)

PGN; (ii) PGN + rapamycin. NETotic cell counts are represented as mean £ SD *P < 0-05. Fluorescent dyes used in confocal microscopy: blue,

Hoechst 33342; Green, SYTOX Green. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Diminished NETosis in aged mice in vivo. (a) Neutrophil extracellular trap (NET) formation in the peritoneal lavage 6 hr after caecal
ligation and puncture (CLP): (i) young mice; (ii) aged mice. (b) Quantification of NET formation in the peritoneal lavage 6 hr after CLP. (c)
Proportion of polymorphonuclear leucocytes (PMNs) in the peritoneal lavage 6 hr after CLP: (i) young mice; (ii) aged mice. (d) Total cell counts
in the peritoneal lavage 6 hr after CLP. (e) Proportion of PMNs in the bone marrows of unstimulated mice: (i) young mice; (ii) aged mice. Fluo-
rescent dyes used in confocal microscopy: blue, Hoechst 33342; Green, SYTOX Green. Data are represented as mean 4+ SD *, P < 0-05. [Colour
figure can be viewed at wileyonlinelibrary.com]

Bioconbuctor would be used to standardize, analyse and Western blot
annotate the data. If original data were not available, the
GEO2R from the NCBI could be used to analyse the pro-
cessed data uploaded by the authors to detect differen-
tially expressed genes. Benjamini & Hochberg adjustment
to P-values was considered.

Samples were lysed in the ice-cold lysis buffer for 30 min.
The supernatant after centrifugation was collected, and
the total protein concentration was quantified. Cell lysates
were fractionated by 8-15% SDS-PAGE, according to the

Figure 6. Diminished NETosis in aged mice in vitro and Toll-like receptor 2 (TLR2) induced reactive oxygen species (ROS). (a) Neutrophil
extracellular trap (NET) formation after 6 hr treatment of TLR2 ligands in aged mice: (i—vi) peptidoglycan (PGN), lipomannan (LM), lipotei-
choic acid (LTA), Pam3CSK4, Pam2CSK4 and zymosan. (b) Quantification of NET formation after 6 hr of treatment with TLR2 ligands. Statisti-
cally significant in all treatment groups between young and aged mice. (c) NET formation after 6 hr treatment of lipopolysaccharide (LPS): (i)
young mice; (ii) aged mice. (d) Quantification of NET formation after 6 hr of treatment with LPS. *P < 0-05. (e) Surface expression of TLR2
before and after PGN stimulation: (i) before stimulation; (ii) 4 hr after stimulation. (f) ROS generation after 3 hr treatment of TLR2 ligands: (i—
vi): PGN, LM, LTA, Pam3CSK4, Pam2CSK4 and zymosan. Fluorescent dyes used in confocal microscopy: blue, Hoechst 33342. Data are repre-
sented as the mean + SD of at least triplicate samples. [Colour figure can be viewed at wileyonlinelibrary.com]
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molecular size of the target protein. Proteins from gels
were transferred onto a PVDF membrane. After incuba-
tion with the appropriate primary antibodies overnight at
4°, the washed membrane was stained with IRDye® (LI-
COR Biosciences, Lincoln, NE) secondary antibodies and
visualized with an LI-COR Odyssey near-infrared imaging
system.

The primary antibodies used (ULK1 #8054, Atgl3
#13273, LC3B #2775, Atg5 #12994, mTOR #2983, and
GAPDH #5174) were all purchased from Cell Signaling
Technology (Danvers, MA).

Statistical analysis

The unpaired, two-tailed f-test was used to compare
the difference between two groups. One-way analysis of
variance was used to compare differences among
groups, with Dunnett’s post hoc multiple comparisons
conducted. Factorial design analysis of variance was
used to examine the effects of different treatments and
different age groups in Western blot. A P-value < 0-05
was considered statistically significant. Data were anal-
ysed using SPSS 17.0 for Windows (SPSS Inc., Chicago,
IL).

Results

TLR2 ligand-induced NETosis is regulated by ROS
production and autophagy

PMA has been extensively used for activating NETosis.
Other treatments, such as LPS, IL-8 and N-formyl-
methionyl-leucyl-phenylalanine (fMLP) are also com-
monly used. We first examined whether NETosis can be
effectively elicited by TLR2 ligands in vitro. Several rep-
resentatives from diverse categories of cell wall compo-
nents were selected to stimulate PMNs isolated from the
peritoneal cavity. The ligands used were all able to
induce NETosis, as demonstrated by fluorescence inten-
sity assay and confocal microscopy. The formation of
NETs increased gradually within a 6-hr time frame
(Fig. 1).

MyD88 has been regarded as the key adaptor molecule
for TLR2 signalling. To clarify the role of TLR2 and
MyD88 in NET formation, we repeated the experiments
on neutrophils from TLR2 KO and MyD88 KO mice.
The results showed that the ligands above could not
induce NET formation in PMNs from these two mouse
types (Fig. 2).

There is a synergistic effect between different TLRs on
inflammatory cytokine release.'”” To determine whether
TLR2 and TLR4 play a synergistic role in inducing NET
formation, low doses of LPS and PGN (both at 10 ng/ml)
were used alone or in combination. The use of low-dose

424

LPS and PGN increased NET formation more than either
one alone, indicating a synergistic effect (Fig. 3).

The mechanisms of NETosis are not fully understood.
Research has revealed that cellular processes, such as ROS
generation and autophagy,'® are required for the release
of NETs induced by PMA or fMLP. Here we used gp9l
KO mice, enhancer and inhibitor of autophagy to exam-
ine the role of ROS and autophagy in TLR2 ligand-
induced NETosis. Lower ROS production after stimula-
tion was found in PMNs from gp91 KO mice than in
those from WT mice, whereas the basal levels in the two
groups were comparable (Fig. 4a). Similarly, there was
also less NET production in gp91 KO mice than in WT
mice (Fig. 4b,c). Inhibition of mammalian target of rapa-
mycin (mTOR) to augment autophagic activity enhanced
PGN-induced NET formation (Fig. 4d). These results ver-
ified that ROS generated by NADPH oxidase and autop-
hagy were both involved in TLR2 ligand-induced
NETosis.

Diminished NETosis in aged mice

The innate immune system becomes dysregulated in
many aspects with aging. Cellular responses to pathogens,
such as migration, signal transduction and cytokine
production, are possibly impaired in aged individuals.'”
To compare the differences in NETosis between aged and
young mice in vivo, NETs formation in the peritoneal
lavage was analysed 6 hr after CLP. There were signifi-
cantly fewer NETs in aged mice compared with their
young counterparts (Fig. 5a,b).

To determine the relationship between chemotaxis and
the diminished NET formation, the proportion of PMNs
in the peritoneal lavage was detected at 6 hr after CLP.
The percentage of Ly6G* CD11b" cells was lower in aged
mice compared with in young mice (89-7% versus 46-1%,
Fig. 5¢); despite this, there was no difference in total cell
counts in the peritoneal lavage after CLP (Fig. 5d). The
percentage of PMNs in the bone marrow of unstimulated
mice was also detected to rule out any difference in the
ability to generate mature neutrophils. The proportion of
neutrophils in the bone marrow was similar in young and
aged mice (18-5% versus 18-0%, Fig. 5e).

In addition, the PMNs from aged mice generated much
fewer NETs after in vitro stimulation with TLR2 ligands,
compared with those from young mice (Fig. 6a,b). This
difference could also be found when PMNs from aged mice
were stimulated with LPS (Fig. 6¢,d), indicating that the
observed reduction in NET formation was not specific to
TLR2 stimulation. Hazeldine et al.'® believe that reduced
ROS production is the cause of LPS-induced NETs in neu-
trophils from older subjects. Therefore, we detected TLR2
ligand-induced ROS generation in PMNs from young and
aged mice. Surface expression of TLR2 was measured by

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432
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Figure 7. Atg5-related defect in autophagy is responsible for reduced neutrophil extracellular trap (NET) formation in aged mice. (a) LC3B
expression in polymorphonuclear leucocytes (PMNs) after peptidoglycan (PGN) stimulation. Factorial design analysis indicated a significant dif-
ference between young and aged mice. (b) NET formation in aged mice with the use of rapamycin: (i) PGN; (ii) PGN + rapamycin. *P < 0-05.
(c) Expression of mammalian target of rapamycin (mTOR), ULKI, Atgl3, and Atg5 in PGN-stimulated PMNs. *Factorial design analysis indi-
cated a significant difference between young and aged mice. Fluorescent dyes used in confocal microscopy: blue, Hoechst 33342; Green, neu-

trophil elastase- Alex Fluor 488. Data are represented as the mean £ SD. [Colour figure can be viewed at wileyonlinelibrary.com]

flow cytometry. Although the basal level of TLR2 expres-
sion on the surface of PMNs from aged mice was slightly
lower, there was no significant difference after PGN stimu-
lation (Fig. 6e). However, we found lower ROS generation
in neutrophils from aged mice after challenge with various
TLR2 ligands (Fig. 6f). This may serve as one of the reasons
leading to the decreased NET formation following TLR2
stimulation in aged animals.

Atg5-related defect is responsible for the diminished
NETs formation

We further investigated whether autophagic activity was
associated with the decreased NET release in aged mice.

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432

PMNs from young and aged mice were stimulated with
PGN for 2, 4 and 6 hr. The autophagic activity, repre-
sented by the expression of Light Chain 3B (LC3B), was
monitored. The expression of LC3B in the young group
increased with time, and reached its peak at 4 hr after
stimulation. However, the level of LC3B in the aged
group increased slightly, and was lower than that in the
young group (Fig. 7a). Meanwhile, the use of rapamycin
greatly restored the ability of PMNs from aged mice to
release NETs after stimulation (Fig. 7b). Taken together,
these results implied that the decreased capability of
PMNs to form NETs after TLR2 stimulation might be
associated with defective autophagic activity in aged
mice.
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Table 1. Transcriptome analysis for seleted Atg genes between aged
and adult subject

ID P value LogFC Gene_symbol
29356 0-001414 1-93E-01 ULK1

34681 0-121761 —1-29E-01 ULK2

28782 0-047251 0-11 ATG2A

2300 0-213405 0-0735 ATG2A
39616 0-224845 0-0697 ATG2B
36905 0-148097 —0-0515 ATG3

33866 0-064194 —0-0765 ATG4A
56625 0-324826 0-039 ATG4B
24414 0-856333 0-00726 ATG4B
55495 0-070256 —0-167 ATG4C
19751 0-164497 —0-122 ATG4C
60077 0-459674 0-0472 ATG4D
5027 0-729321 0-0164 ATG4D
56833 0-965027 0-00345 ATG4D
19005 0-017444 —0-0902 ATG5

55329 0-018984 —0-0986 ATG5

55805 0-084749 —0-0721 ATG5

25617 0-167545 —0-102 ATG5

25138 0-123041 0-0445 BECNI1
46800 0-721665 0-0178 ATG7

18191 0-197379 0-0505 GABARAP
35537 0-093617 0-0913 GABARAPLI1
28547 0-983039 —0-001 GABARAPLI1
23325 0-453279 —0-0375 GABARAPL2
61873 0-288447 —0-0562 MAPILC3B
20786 0-394961 —0-0325 MAPILC3B
48560 0-396084 0-035 ATGYA
35519 0-414994 —0-0303 ATGI12
10984 0-010188 0-16 ATG13

1093 0-356698 —0-0535 ATG13
52226 0-192525 0-0584 ATGI16L1
38597 0-078559 0-137 ATGI16L2
39196 0-380682 —0-036 RBICC1
21895 0-495782 —0-0342 WIPI1

1916 0-09436 0-07 WIPI2

213 0-640536 —0-0178 WIPI2
20545 0-193245 —0-0848 SNX30

4180 0-644598 —0-0218 SNX4

The ID column is provided by the original supplier. P-value is calcu-
lated as moderated t-statistic by limma package. Log FC is the log2
fold changes of expression. The gene symbols in bold indicate that
these genes’ expression exhibits statistically significant difference
between aged and young mice.

Autophagy is a self-degradation process in response to
extracellular or intracellular stress and signals, which
involves several distinct steps, including induction, cargo
recognition, phagophore and autophagosome formation,
autophagsome-lysosome fusion and autolysosome break-
down.'® Different sets of autophagy-related (Atg) proteins
assemble into the core machinery during these steps. To
find the key molecule responsible for defective autophagic
activity in PMNs from aged mice, we used transcriptome
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data analysis together with verification at the protein level.
The public data set used was Series GSE67652 from the
NCBI GEO database. Transcriptional profiles of PMNs
from 24 subjects were used to investigate the effect of aging
on patients with sepsis in the original article.”* A two-col-
our hybridization design was adopted. Here we used two
group sets from the data series, e.g. ‘Adult with Sepsis’ and
‘Elder with Sepsis’, with six biological replicates per group.
We analysed the expression of common ATG genes,
based on the list of ATG family from the HUGO Gene
Nomenclature Committee. In selected ATG genes, the
difference of ULKI1, ATGI13 and ATG5 between the two
groups was significant (Table 1, a logFC > 0 indicating
an increased expression in the aged group compared with
young participants). To confirm the differences of these
three genes between aged and young mice, the expression
after PGN stimulation was measured by Western blot.
There was no significant difference in the expression of
ULK1 or ATGI3. However, the level of ATG5 in aged
mice was significantly lower than that in young counter-
parts after PGN treatment (Fig. 7c). In addition, the
expression of mTOR was also compared between the two
groups. The relatively higher level of mTOR in aged mice
may also contribute to the lower autophagic activity in
the aged group (Fig. 7¢).

PMNs from aged mice are prone to undergoing
apoptosis other than NETosis

NETosis is one death form that PMNs can undergo in an
inflammatory environment. Other forms of neutrophil
death include apoptosis, necroptosis and pyroptosis.*'
Apoptosis has always been deemed as the final destiny for
neutrophils no matter spontaneously or under stimula-
tion, before NETosis is found.?> Therefore, we investi-
gated whether apoptosis in PMNs from aged mice. The
proportion of apoptotic PMNs (Annexin-V', 7-AAD™) at
6 and 12 hr after PGN stimulation or left untreated was
measured by flow cytometry. In the untreated group
(6 hr), or after PGN stimulation, the percentage of apop-
tosis was higher in the aged group than in the young
group (Fig. 8a).

Autophagy and apoptosis are usually cross-regulated,
mostly in a reciprocal suppression manner.>> Studies have
shown that autophagy can reduce the propensity of cells
to undergo apoptosis.**** Based on these, the decrease in
NETosis while apoptosis increases, as we see here in aged
mice, may be regulated by autophagic activity. Inhibitors
(wortmannin and bafilomycin Al) and an enhancer (ra-
pamycin) of autophagy were used to treat PMNs in com-
bination with PGN stimulation. The addition of
wortmannin or bafilomycin Al to PGN increased the per-
centage of apoptotic cells in young (Fig. 8b) and aged
(Fig. 8c) mice. The use of either inhibitor alone had no
significant effect on apoptosis. On the other hand, use of

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432
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Figure 8. Polymorphonuclear leucocytes (PMNs) from aged mice are prone to undergoing apoptosis rather than NETosis. (a) Neutrophil apop-
tosis measured by flow cytometry after peptidoglycan (PGN) challenge or left untreated. Statistically significant between young and aged mice
except for the group marked with #. (b) Neutrophil apoptosis in young mice measured by flow cytometry with inhibitors of autophagy.
*P < 0-05. (c) Neutrophil apoptosis in aged mice measured by flow cytometry with inhibitors of autophagy. *P < 0-05. (d) Neutrophil apoptosis
measured by flow cytometry with an enhancer of autophagy. *P < 0-1. (e) Neutrophil NETosis and apoptosis measured by confocal microscopy.
*P < 0-05. Fluorescent dyes used in confocal microscopy: blue, Hoechst 33342; Green, SYTOX Green; Red, TMR Red. Data are represented as

the mean + SD of at least triplicate samples. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 8. Continued.
rapamycin reduced the percentage of apoptosis in aged whereas apoptosis was increased, when wortmannin or
mice, but not in young mice (Fig. 8d). Consistent with bafilomycin Al was applied under confocal microscopy
the above results, the formation of NETs was reduced, (Fig. 8e).
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Figure 9. Schematic diagram of the present study. A variety of Toll-like receptor 2 (TLR2) ligands are able to induce reactive oxygen species

(ROS) -dependent neutrophil extracellular trap (NET) formation. Autophagy regulates the trend of neutrophils to undergo NETosis or apoptosis.

In aged mice, the defect in Atg5 contributes to a low autophagic activity, which further leads to decreased NETosis and increased compensatory

apoptosis after TLR2 stimulation. [Colour figure can be viewed at wileyonlinelibrary.com]

Discussion

In the present study, we showed that a variety of TLR2
ligands were able to induce a ROS-dependent formation of
NETs. Low autophagic activity led to decreased NETosis
and increased compensatory apoptosis after stimulation
with TLR2 ligands in PMNs from aged mice. Atg5 might be
the key molecule contributing to the defected autophagic
activity in aged PMNs, as summarized in Fig. 9.

As an important function of neutrophils, NETs play a
critical role in the innate immune system. It is of great
significance to elucidate whether the ability to produce
NETs is impaired in aged mice, and to explore the under-
lying mechanisms.

We started our research from TLR2 ligand-induced
NETosis. TLRs are similar to each other in many ways. It
is quite understandable that TLR2 ligands, often as bacte-
rial components, are capable of inducing NETosis. TLR2
recognizes diverse cell-wall components, including those
from Gram-positive bacteria (peptidoglycan matrix,
lipoteichoic acid and lipoproteins), mycobacteria (lipoara-
binomannan) and yeast (zymosan).® This also implies
that TLR2 ligand may be one reason why NETosis can be
induced by a broad spectrum of pathogenic microorgan-
isms. In a previous report, Yipp et al. found that stimula-
tion with bacteria but not Pam3CSK4 could induce NETs
in vivo, whereas TLR2 KO animals were incapable of
releasing histones or nuclear DNA.'"' However, results
from other research supported the notion that NETosis

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432

could be induced by the TLR2 agonists Pam3CSK4 and
FSL-1."> We believe the reasons why Yipp et al. obtained
a negative result may include: (i) Pam3CSK4 is not as
potent as live bacteria in inducing NETs; (ii) it is harder
to observe NET formation in vivo than in vitro; and (iii)
the time course was relatively short (about 1 hr). The
present study confirmed the important role of TLR2 in
NET formation.

It takes several hours for ligands to induce NETs
in vitro. The long time course it needed seems to restrict
the significance of NETs as a weapon to prevent patho-
gens from spreading. However, research implies that bac-
teria are much more effective than simply pathogen-
associated molecules. A small amount of bacteria can
induce NET formation in vivo in a relatively short time
period (minutes).””

Many pathogens express ligands for multiple pattern
recognition receptors, i.e. lipoproteins for TLR2 and LPS
for TLR4; and mixed infection is not rare in the clinic.
Therefore, chances are that multiple TLRs might be acti-
vated at the same time. We demonstrated a synergistic
effect between PGN and LPS in inducing NETosis. To
release NETs in circumstances where only small amounts
of pathogens are present may be a natural defence mecha-
nism of the innate immunity.

It was reported that there was a significant age-related
decline in LPS- and IL-8-induced NET formation in
peripheral blood neutrophils isolated from healthy human
subjects.'® Tseng et al.®® also reported that challenged

429



F. Xu et al.

with methicillin-resistant =~ Staphylococcus aureus, neu-
trophils isolated from aged mice showed defective NET
formation. In the current study, we confirmed these
results with in vivo and in vitro experiments. Hazeldine
et al.'® found that the expression of TLR4 on neutrophils
was similar between young and old subjects. And the
defect in LPS- or IL-8-induced NETs was associated with
reduced ROS production.'® The surface expression of
TLR2 and ROS production were also observed in our
experiments. However, we believed that there might be
other factors that could influence NET formation.

Emerging evidence showed that NETosis is linked to
autophagy. Remijsen ef al. found that autophagy was
involved in vacuolization during PMA-induced NETo-
sis.” Another study showed that pharmacological inhibi-
tion of mTOR accelerated NET release.”” We detected a
reduced autophagic activity in neutrophils from aged
mice. Actually, decreased autophagic activity can be
observed in most cell types and tissues as the organism
becomes aged. Decreased autophagy in phagocytes may
not only impair their ability to kill pathogens, but also
cause dysregulated activation of the inflammasome.*
The mechanisms causing autophagic malfunction in aged
individuals are still poorly understood.’® Several studies
reported that the expression of ATG genes was down-
regulated in aged tissues.’>”® Lipinski et al’®* demon-
strated reduced expression of Atg5, Atg7 and Beclin 1 in
normal aged brain. Atg5 takes part in the ubiquitin-like
conjugation system Atgl2—-Atg5-Atgl6 complex, which
plays an essential role in phagophore expansion and
autophagosome formation. Both of the other two candi-
date proteins (ULK1 and Atgl3) are involved in the ini-
tiation of autophagy, and are inhibited by mTORCI1
under normal conditions (Fig. 9). Age-related increase
in mTOR activity has been reported extensively.”® In
our study, PGN-induced mTOR expression in PMNs
from aged mice was higher than that from young coun-
terparts. However, the phosphorylation of its down-
stream targets, such as 4EBP1, S6K and eIF4E, was not
confirmed. Therefore, the role of mTOR in aging-related
NET formation is still not clear. Moreover, the screen of
differentially expressed genes was based on microarray
data, which is prone to be false negative due to the
small sample size and technical errors. Hence, it is quite
possible that other molecules, or other Atg genes, may
participate in the defect of autophagy in the elderly.

Apoptosis is the main death form of neutrophils. There
is evidence for increased apoptosis in neutrophils associ-
ated with aging.”>*® Additionally, delayed apoptosis is a
well-known  phenomenon in  TLR-activated neu-
trophils.””*® In this study, we found that PMNs from the
aged were prone to apoptosis. Besides, unlike PMNs from
young mice, delayed apoptosis was not obvious in aged
counterparts. These results reflect reduced resistance to
stress in aging subjects.
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There is a complex relationship between autophagy and
apoptosis. Usually autophagy is the instinct of cells to
cope with external or internal stress, and apoptosis is the
outcome of excessive stress, which cannot be resolved.
Multiple mechanisms result in the inhibition of apoptosis
by autophagy. Mitophagy, the selective degradation pro-
cess to remove damaged mitochondria, stops the cell
from running into intrinsic apoptosis.’” Autophagy also
prevents cells from programmed death by selectively
degrading the accumulated pro-apoptotic proteins in the
cytosol.*® On the other hand, there is also evidence that
autophagy facilitates the activation of apoptosis.
Autophagosomes can serve as a platform for caspase 8
activation.*' Autophagy also induces apoptosis by degrad-
ing its endogenous inhibitors. Conversely, apoptosis can
also inhibit autophagy by digesting essential autophagy
proteins.*** Autophagy inhibitors were used to deter-
mine the relationship between autophagy and apoptosis
in this study. Wortmannin is a phosphoinositide 3-kinase
inhibitor, which had been demonstrated to interfere with
the formation of autophagosome. Bafilomycin Al is a
specific vacuolar-type H (+)-ATPase inhibitor, which was
reported to prevent the maturation of autophagic vac-
uoles by inhibiting autophagosome-lysosome fusion.**
Our results showed that the inhibition of autophagy
increased apoptosis in PMNs, suggesting an inhibitory
effect of autophagy. However, a role of apoptosis on
autophagy in turn cannot be completely ruled out. Wort-
mannin had a greater effect on inducing apoptosis than
bafilomycin Al, indicating that autophagosome formation
may be more important than the complete process of
autophagy in mediating the shift from undergoing NETo-
sis to apoptois. Moreover, wortmannin inhibits phospho-
inositide 3-kinase, which has an impact on a wide range
of intracellular signalling pathways. This may also explain
why wortmannin has a stronger effect than bafilomycin
Al.

In the present study, we used an assay to quantify NETs
with fluorescent dyes, which is currently one of the most
commonly used methods. However, molecular probes,
such as SYTOX Green, cannot distinguish the source of
bounded DNA. Therefore, fluorescence intensity can also
be detected when there are other causes of DNA release,
such as other forms of cell death. Hence, all quantitative
assays in this study were performed when NETs were
believed to be the predominant origin of extruded DNA.
Other protocols, like counting the percentage of NETotic
cells, were used when wortmannin, bafilomycin Al, or
rapamycin was added, to avoid any possible interference.

In conclusion, we demonstrated that TLR2 ligands were
able to induce a ROS-dependent NET formation. The
ability to release NETs was impaired in aged mice. An
Atg5-related defect in autophagy contributed to the
decreased NETosis and an increased compensatory apop-
tosis after TLR2 ligand stimulation. Our results suggest

© 2017 John Wiley & Sons Ltd, Immunology, 151, 417-432



an important role of Atg5 and autophagy in maintaining
PMN function in response to infection and in regulating
neutrophil death. Targeting autophagy-promoted NETSs
may present a therapeutic strategy to improve infection
defence in the aged population.
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