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Timely resolution of bacterial infections critically depends on phago-
cytosis of invading pathogens by polymorphonuclear neutrophil
granulocytes (PMNs), followed by PMN apoptosis and efferocytosis.
Here we report that bacterial DNA (CpG DNA) and mitochondrial
DNA impair phagocytosis and attenuate phagocytosis-induced apo-
ptosis in human PMNs through Toll-like receptor 9 (TLR9)-mediated
release of neutrophil elastase and proteinase 3 and subsequent
down-regulation of the complement receptor C5aR. Consistently,
CpG DNA delays pulmonary clearance of Escherichia coli in mice
and suppresses PMN apoptosis, efferocytosis, and generation of pro-
resolving lipid mediators, thereby prolonging lung inflammation
evoked by E. coli. Genetic deletion of TLR9 renders mice unresponsive
to CpG DNA. We also show that aspirin-triggered 15-epi-lipoxin A4

(15-epi-LXA4) and 17-epi-resolvin D1 (17-epi-RvD1) through the recep-
tor ALX/FPR2 antagonize cues from CpG DNA, preserve C5aR expres-
sion, restore impaired phagocytosis, and redirect human PMNs to
apoptosis. Treatment of mice with 15-epi-LXA4 or 17-epi-RvD1 at
the peak of inflammation accelerates clearance of bacteria, blunts
PMN accumulation, and promotes PMN apoptosis and efferocytosis,
thereby facilitating resolution of E. coli-evoked lung injury. Collec-
tively, these results uncover a TLR9-mediated endogenousmechanism
that impairs PMN phagocytosis and prolongs inflammation, and dem-
onstrate both endogenous and therapeutic potential for 15-epi-LXA4

and 17-epi-RvD1 to restore impaired bacterial clearance and facilitate
resolution of acute lung inflammation.

resolution of inflammation | phagocytosis | neutrophils | TLR9 | aspirin-
triggered LXA4 and RvD1

Timely resolution of bacterial infection critically depends on
clearance of invading pathogens by polymorphonuclear

neutrophil granulocytes (PMNs) followed by PMN apoptosis and
efferocytosis (1–3). Impaired bacterial clearance and delayed
PMN apoptosis underlie numerous pathologies, including sepsis
(4) and PMN-mediated airway diseases (5, 6). PMN-derived
proteases are required for antimicrobial defense (7) but are
also capable of inducing PMN dysfunction and inflicting tissue
damage (8, 9). Neutrophil elastase (NE) plays a pivotal role in
airway remodeling (10) and modulates the local inflammatory
response through proteolysis of cytokines, chemokines, or their
receptors, including CXCR1 (11) and the complement receptors
CR1 (CD11b/CD18) (12) and C5aR (CD88) (13). Diminished
expression of CXCR1 or CD11b/CD18 on PMNs is associated
with reduced phagocytosis of Pseudomonas aeruginosa (11, 12).
The PMN chemoattractant C5a through C5aR enhances
phagocytosis and intracellular killing of C3b-opsonized bacte-
ria (14, 15). Consistently, blocking of C5aR was shown to inhibit
phagocytosis of Escherichia coli by human PMNs (14), and
genetic deletion of C5aR impaired clearance of P. aeruginosa
and enhanced mortality in mice (16).
In the inflammatory microenvironment, PMNs respond to

cues from both pathogen-associated and danger-associated mo-
lecular patterns. Among these signals are bacterial DNA (CpG

DNA) released from proliferating or dying bacteria and mito-
chondrial DNA (mtDNA) released from injured cells. Both CpG
DNA and mtDNA are rich in unmethylated CpG dinucleotides
(17, 18) and may contribute to ongoing inflammation. CpG DNA
has been detected in the blood of critically ill patients (19) and
in their airways (20). CpG DNA promotes PMN trafficking to
primary sites of infection (20–22), induces interleukin-8 (IL-8)
production (23, 24), and delays neutrophil apoptosis (25, 26).
Mitochondrial DNA is present in the blood of critically ill pa-
tients (27, 28) and triggers an immune response through activation of
the inflammasome (18, 29). However, it is not known whether CpG
DNA or mtDNA regulates phagocytosis and phagocytosis-induced
PMN apoptosis, a critical step in the resolution of inflammation.
Resolution of inflammation is an active process governed by

specialized proresolving lipid and protein mediators (2, 30–33).
Among the lipid mediators are lipoxin A4 (LXA4), 15-epi-LXA4,
and 17-epi-resolvin D1 (17-epi-RvD1), typically generated by
transcellular biosynthesis at sites of inflammation (31, 34).
Lipoxins and resolvins inhibit PMN trafficking into inflamed
tissues and facilitate recruitment of monocytes/macrophages,
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efferocytosis, and tissue regeneration (reviewed in refs. 31 and 32).
Self-limiting infection in mice is biased toward a proresolving lipid
profile, including generation of LXA4 and resolvin D5 (5, 32, 35),
concurrent with lower antibiotic requirements (35).
Here, we report that CpG DNA and mtDNA impair phagocy-

tosis through Toll-like receptor 9 (TLR9)-mediated release of NE
and proteinase 3 (PR3) and subsequent down-regulation of C5aR,
thereby reducing phagocytosis-induced apoptosis in human PMNs.
By activating the receptor ALX/FPR2, 15-epi-LXA4 and 17-epi-
RvD1 counterregulate signals from CpG DNA, restore phagocy-
tosis, and redirect PMNs to apoptosis. In mice, CpG DNA delays
pulmonary clearance of E. coli, suppresses PMN apoptosis and
efferocytosis, and prolongs E. coli-evoked lung inflammation.
Treatment with 15-epi-LXA4 or 17-epi-RvD1 enhances bacterial
clearance and PMN apoptosis, thereby promoting resolution of
inflammation. These results shed light on how CpG DNA and
mtDNA contribute to PMN dysfunction and ongoing inflammation.
Our results also identify an effector mechanism, restoring C5aR-
mediated phagocytosis-induced PMN apoptosis, by which 15-epi-
LXA4 and 17-epi-RvD1 facilitate timely resolution of infections.

Results
CpG DNA Impairs Phagocytosis-Induced Apoptosis in Human Neutrophils.
Earlier studies showed that CpG DNA delays constitutive apo-
ptosis in human PMNs (25, 26). We used opsonized E. coli and
yeast as target pathogens to assess the impact of CpG DNA
on phagocytosis-induced PMN apoptosis. CpG DNA reduced
phagocytosis of fluorescein isothiocyanate (FITC)-labeled E.
coli by isolated PMNs (Fig. 1A) as well as by PMNs and
monocytes in whole blood (Fig. 1B). Consistent with published
data (36, 37), phagocytosis of opsonized yeast evoked apo-
ptosis as assessed at 4 and 24 h of culture (Fig. 1 C and D) and
increased caspase-8 and caspase-3 activity (Fig. 1 E and F).

Culture of PMNs with CpGDNAmarkedly attenuated phagocytosis-
induced apoptosis (Fig. 1 C and D) and suppressed activation of
caspase-8 and caspase-3 (Fig. 1 E and F).
Because efficient phagocytosis and intracellular killing of patho-

gens depend on functions of both C3bR and C5aR (12, 14, 15), we
investigated the impact of CpG DNA on these receptors. Confirming
published data (25, 26), CpG DNA evoked concentration-dependent
increases in CD11b expression (Fig. 2 A and B). By contrast, using a
monoclonal antibody (mAb) specific for the N terminus of C5aR,
we detected significant reductions in cell-surface C5aR expression
(Fig. 2 A and B), indicating receptor cleavage.
We used a phosphokinase array to investigate the signaling

pathways activated by CpG DNA in human PMNs. A clear dif-
ference in phosphorylation of the Src kinase Hck, but not Lyn or
Fgr, in response to CpG DNA was detected (Fig. 2C), which
mediates release of contents from primary (azurophil) granules.
We detected increased NE (Fig. 2D) and PR3 (Fig. 2E) in the
culture media of human PMNs challenged with CpG DNA. To
investigate if reduced cell-surface C5aR expression was due to
enzymatic cleavage in response to CpG DNA, neutrophils were
assessed for C5aR expression in the presence of various protease
inhibitors. Down-regulation of C5aR expression by CpG DNA
was partially prevented by neutrophil elastase inhibitor IV (NEI)
and a neutralizing anti-PR3 Ab. We calculated 60 ± 5% and 32 ±
5% (n = 5) inhibition of CpG DNA-evoked changes, re-
spectively. Phenylmethanesulfonylfluoride (PMSF) also attenu-
ated CpG DNA-evoked decreases in C5aR expression, whereas a
cathepsin G inhibitor and 1,10-phenantroline were without de-
tectable effects (Fig. 2F). Consistently, NEI, but not cathepsin G
inhibitor, partially reversed CpG DNA reductions in phagocy-
tosis of FITC-labeled E. coli (Fig. 2G). Culture of PMNs with
purified human NE or PR3 at concentrations comparable to
those detected in the supernatants of CpG DNA challenged
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Fig. 1. CpG DNA impairs phagocytosis-induced neutrophil apoptosis. (A and B) Human PMNs (5 × 106 cells per milliliter) (A) or whole blood (B) was cultured
with CpG DNA for 60 min and then mixed with opsonized FITC-labeled E. coli at a ratio of 1:7 for 30 min. Extracellular fluorescence was quenched with 0.2%
trypan blue and intracellular fluorescence was analyzed with flow cytometry. Results are means ± SEM (n = 6 different blood donors). *P < 0.05, **P < 0.01.
(C and D) PMNs were cultured for 4 h (C) or 24 h (D) with yeast at a ratio of 1:5 and stained with acridine orange (10 μg/mL), and apoptosis was assessed by
nuclear morphology (condensed or fragmented chromatin) under a fluorescence microscope. Results are means ± SEM (n = 6 different blood donors). *P <
0.05, **P < 0.01. (E and F) Caspase-8 (E) and caspase-3 (F) activity was assessed at 4 h of culture with flow cytometry using FITC-labeled Z-Ile-Glu(OMe)-Thr-
Asp(OMe)-fluoromethyl ketone and Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone, respectively. Results are means ± SEM (n = 4 different blood
donors). *P < 0.05 (Dunn’s multiple contrast hypothesis test). RFU, relative fluorescence unit.

7972 | www.pnas.org/cgi/doi/10.1073/pnas.1920193117 Sekheri et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1920193117


CpG DNA (μg/ml) 
0 0.4 1.6

0

200

400

600

800

CpG DNA - + - + - +

P
ha

go
cy

to
si

s 
(R

FU
)

NEI CGI             

***
**

C5aR/CD88

CD11b
Control

CpG DNA

Hck

Lyn

Fgr

Hck

Lyn

Fgr

0

40

80

120

Hck Lyn Fgr

Control
CpG DNA

R
el

at
iv

e 
de

ns
ity

0

200

400

CpG DNA - + - + - +

NEI
- + - +

Phen

 C
5a

R
 e

xp
re

ss
io

n 
(R

FU
)

*
** **

0

0.2

0.4

0
30

60
90

12
0

15
0

C
ou

nt
s

100 101 102 103 104

FL1-H

IgG CpG DNA

Ctrl

0
30

60
90

12
0

15
0

C
ou

nt
s

100 101 102 103 104

FL1-H

IgG
CpG DNA

Ctrl

μ(
)ni

m
06/slihportuen

01/g
7

esaeler
esatsal

E
A C

F

D

G

##

##

0

100

200

300

C
5a

R
 e

xp
re

ss
io

n 
(R

FU
)

0.001 0.01 0.1 1

Elastase (μg/ml)
0

H

##
##

#

0

100

200

300

0                                          0.8 1.6 3.2
CpG DNA (μg/ml)

S
ur

fa
ce

 e
xp

re
ss

io
n 

(%
 o

f c
on

tro
l)

C5aR

CD11b

2.4

B
##

####

##

##

#

100

300

- +

*

0.03 0.3 30

Proteinase 3 (μg/ml)

# ##

μ(
)ni

m
06/slihportuen

01/g
esaeler

3
esanietor

P
7

CpG DNA (μg/ml) 
0 0.4 1.6

0

0.8

1.6

##

##
E

CGI PMSF PR3 Ab

Fig. 2. CpG DNA inactivates C5aR through inducing NE and PR3 release in human neutrophils. (A and B) PMNs (5 × 106 cells per milliliter) were cultured with
CpG DNA for 60 min. Cell-surface expression of CD11b and C5aR (CD88) was analyzed by flow cytometry using anti-CD11b mAb (clone D12) and anti-CD88
mAb (clone S5/1), respectively. Representative histograms (A) and concentration-dependent actions of CpG DNA after correction with staining with appro-
priate isotype-matched irrelevant antibodies (IgG) (B). Results are means ± SEM (n = 4 or 5 different blood donors). #P < 0.05, ##P < 0.01 vs. vehicle (0 μg/mL)
(Wilcoxon–Wilcox test). (C) Proteome profiler array on human PMNs challenged with CpG DNA (1.6 μg/mL) or vehicle (control) for 30 min and densi-
tometry analysis of Src kinases. Blots and densitometry data are representative of three independent arrays with different blood donors. (D and E) NE (D) and
PR3 levels (E) in the culture medium were measured at 1 h post CpG DNA by colorimetric assays using specific substrates. Results are means ± SEM (n = 5
independent experiments). ##P < 0.01 vs. vehicle (0 μg/mL) (Wilcoxon–Wilcox test). (F) Surface C5aR expression. Human PMNs were incubated with neutrophil
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*P < 0.05, **P < 0.01 (Dunn’s multiple contrast hypothesis test). (H) NE and PR3 down-regulate C5aR expression. PMNs were challenged with purified human NE or
PR3 for 60 min. Results are means ± SEM (n = 5 different blood donors). #P < 0.05, ##P < 0.01 vs. control (0 μg/mL) (Wilcoxon–Wilcox test).
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PMNs and reduced surface expression of C5aR (Fig. 2H). These
findings indicate that both NE and PR3 have the ability to cleave
C5aR and suggest that NE is dominant over PR3 for impairing
phagocytosis-induced apoptosis in response to CpGDNA. Culture
of PMNs with either CpG DNA or E. coli also resulted in de-
creased surface expression of ALX/FPR2; however, the effects of
CpG DNA and E. coli were not additive (SI Appendix, Fig. S1).
Treatment with a TLR9 inhibitory oligodeoxynucleotide (ODN)

(38) almost completely prevented CpG DNA suppression of
phagocytosis-induced PMN apoptosis, whereas the control ODN was
without effects (SI Appendix, Fig. S2), confirming the involvement of
TLR9 in mediating these actions of CpG DNA on human PMNs.
Because of similarities in the structure of CpG DNA and

mtDNA, we studied whether mtDNA could mimic the actions of
CpG DNA. Like CpG DNA (25, 26), mtDNA also delayed
constitutive PMN apoptosis in a concentration-dependent man-
ner (SI Appendix, Fig. S3A). Furthermore, mtDNA impaired
phagocytosis-induced apoptosis in PMNs in parallel with reduc-
tions in caspase-8 and caspase-3 activity (SI Appendix, Fig. S3 B–E)
and evoked release of neutrophil elastase (SI Appendix, Fig. S3F).

CpG DNA Impairs Bacterial Clearance and Resolution of E. coli Pneumonia.
Having shown that CpG DNA attenuated phagocytosis-induced
apoptosis in vitro, we investigated the impact of CpG DNA on
bacterial clearance and the resolution of PMN-mediated in-
flammation in mice. We used a model of lung inflammation
induced by intratracheal instillation of live E. coli, which re-
solves within 48 h without treatment. As anticipated, E. coli
evoked lung injury that peaked at around 6 h post injection and
resolved by 48 h (Fig. 3). Wild-type (WT) mice rapidly cleared
E. coli (Fig. 3A) in parallel with dissipation of inflammatory
infiltrates in the lung (Fig. 3 B and C). The lungs appeared to
be almost normal by 48 h. This is reflected by reductions in E.
coli-induced edema (Fig. 3D and SI Appendix, Fig. S4A),
bronchoalveolar lavage (BAL) fluid leukocytes (SI Appendix,
Fig. S4B), and PMNs (Fig. 3E) and increases in BAL fluid
monocytes/macrophages (Fig. 3F), the number of apoptotic
PMNs (Fig. 3G), and efferocytosis (Fig. 3H). E. coli infection
was also associated with marked increases in lavage fluid levels
of 15-epi-LXA4 and RvD1 at 6 h post injection (Fig. 3 I and J),
indicating activation of the resolution mechanism. Elevations in
15-epi-LXA4 and RvD1 levels persisted at 24 h post injection,
returning to baseline levels at 48 h. Intraperitoneal (i.p.) in-
jection of CpG DNA alone produced no detectable in-
flammation in the lung, whereas it delayed bacterial clearance (Fig.
3A) and prolonged pulmonary inflammation (Fig. 3B). Thus, lung
inflammatory infiltration (Fig. 3 B and C), edema (Fig. 3D and SI
Appendix, Fig. S4A), and neutrophil accumulation (Fig. 3 C and E)
persisted for at least 48 h in mice that received E. coli plus CpG
DNA. The percentage of apoptotic PMNs was markedly lower in
mice simultaneously injected with E. coli and CpG DNA at 24 h,
followed by increases at 48 h (Fig. 3G), indicating that CpG DNA
delayed, but did not inhibit, PMN apoptosis. However, the per-
centage of macrophages containing apoptotic bodies remained low
even at 48 h post injection (Fig. 3H). Furthermore, no significant
increases in lavage fluid levels of 15-epi-LXA4 and RvD1 were
detectable during the entire observation period (Fig. 3 I and J).
Like WT mice, Tlr9−/− mice rapidly cleared intratracheally

instilled E. coli and resolved pulmonary inflammation (SI Ap-
pendix, Fig. S5). Coadministration of CpG DNA with E. coli,
however, did not delay E. coli clearance and did not promote
edema formation or tissue PMN accumulation (SI Appendix, Fig.
S5). These would indicate that the actions of CpG DNA in mice
were also mediated through TLR9.

15-Epi-LXA4 and 17-Epi-RvD1 Restore Phagocytosis-Induced Apoptosis
in Human PMNs. Because 15-epi-LXA4 and 17-epi-RvD1 down-
regulate CD11b expression (31, 32) and enhance efferocytosis

(39, 40), we studied their actions on phagocytosis-induced apo-
ptosis and cellular signaling. While 15 epi-LXA4 alone did not
affect CD11b or C5aR expression or induce elastase release, it
attenuated CpG DNA-evoked up-regulation of CD11b expres-
sion and partially prevented down-regulation of C5aR expression
with an apparent maximum action at 1 μM (Fig. 4 A and B).
15-Epi-LXA4 markedly reduced NE release (Fig. 4C) without
directly affecting the activity of purified NE (Fig. 4D). Consis-
tently, 15-epi-LXA4 efficiently countered CpG DNA-evoked
decreases in phagocytosis of opsonized FITC-labeled E. coli by
isolated PMNs (Fig. 4E) as well as by blood PMNs and mono-
cytes (SI Appendix, Fig. S6), and augmented phagocytosis-
induced apoptosis (Fig. 4F) concomitant with increases in
caspase-8 and caspase-3 activity (Fig. 4 G and H). The 15-epi-
LXA4 actions were prevented by the NADPH oxidase inhibitor
diphenyleneiodonium (DPI) (Fig. 4F). Similar to 15-epi-LXA4,
17-epi-RvD1 markedly attenuated CpG DNA-evoked changes in
CD11b and C5aR expression and NE release (SI Appendix, Fig.
S7 A–C), restored phagocytosis (SI Appendix, Fig. S7D), and
augmented phagocytosis-induced PMN apoptosis (SI Appendix,
Fig. S7 E–G). On a molar basis, 4 to 5 times less 17-epi-RvD1
was required to produce inhibition similar to that of 15-epi-
LXA4. As anticipated, these actions of 15-epi-LXA4 and 17-epi-
RvD1 were effectively blocked by the ALX/FPR2 antagonists
Boc-2 and WRW4 (SI Appendix, Fig. S8).

15-Epi-LXA4 and 17-Epi-RvD1 Restore Impaired Bacterial Clearance by
CpG DNA and Enhance Resolution of E. coli Pneumonia. Having
shown the ability of 15-epi-LXA4 and 17-epi-RvD1 to restore
impaired phagocytosis and phagocytosis-induced apoptosis in
human PMNs, next we investigated whether these lipids could
accelerate the resolution of E. coli plus CpG DNA-induced
lung inflammation in mice. Treatment of mice with a bolus
injection of either 15-epi-LXA4 or 17-epi-RvD1 at 6 h post E.
coli plus CpG DNA, near the peak of inflammation (Fig. 5A),
accelerated clearance of bacteria (Fig. 5B). Thus, no apparent
bacteria were detectable in the lung at 48 h. Antiinflammatory
and proresolving actions of 15-epi-LXA4 and 17-epi-RvD1 were
also evident as both lipids markedly reduced inflammatory in-
filtrate and injury at 24 h, and the lung appeared almost normal at
48 h (Fig. 5 C and D). Both 15-epi-LXA4 and 17-epi-RvD1 re-
duced edema formation (Fig. 5 E and F). We also observed over a
period of 48 h of administering 15 epi-LXA4 or 17-epi-RvD1 de-
creases in BAL fluid total leukocyte (Fig. 5G) and PMN numbers
(Fig. 5H), with increases in the number of monocytes/macrophages
at 24 h (Fig. 5I). Decreases in BAL fluid PMN count occurred in
parallel with increases in the percentage of annexin V-positive
PMNs (Fig. 5J) and the percentage of macrophages containing
apoptotic bodies (Fig. 5K). 15-Epi-LXA4 also reduced BAL fluid
levels of IL-6, tumor necrosis factor α (TNF-α), and G-CSF at 24
and 48 h without affecting the time course of changes in IL-1β or
KC (SI Appendix, Fig. S9). E. coli plus CpG DNA-evoked increases
in IL-10 levels apparently peaked at 6 h post injection followed by
rapid declines at 24 and 48 h, which was prevented by 15 epi-LXA4
at 48 h post E. coli plus CpG DNA (SI Appendix, Fig. S9).

Discussion
Our results uncovered an unexpected action for CpG DNA
and mtDNA to influence phagocytosis and the fate of PMNs,
and consequently the duration of inflammation. By inducing NE
and PR3 release and cleavage of C5aR, CpG DNA and mtDNA
impaired phagocytosis and phagocytosis-induced PMN apopto-
sis, thereby delaying the resolution of inflammation. We also
show that by preventing down-regulation of C5aR expression,
aspirin-triggered 15-epi-LXA4 and 17-epi-RvD1 can restore
impaired phagocytosis and bacterial clearance and facilitate
resolution of E. coli-evoked PMN-dependent pulmonary in-
flammation in vivo.
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Fig. 3. CpG DNA impairs bacterial clearance and delays resolution of E. coli pneumonia in mice. Female C57BL/6 mice were injected intratracheally with 5 ×
106 live E. coli with or without CpG DNA (1 μg/g b.w., i.p.). (A and C) At 6, 24, or 48 h, the lungs were removed without lavage and analyzed for E. coli content
(A) and tissue myeloperoxidase (MPO) activity (C). (B) Lung tissue sections from naïve mice (control) and mice challenged with E. coli and CpG DNA were
stained with hematoxylin and eosin. (Scale bars, 100 μm.) (D–J) In separate groups of mice, bronchoalveolar lavage fluid protein concentration (D), neutrophil
(E) and monocyte/macrophage numbers (F), percentage of annexin V-positive (apoptotic) neutrophils (G), percentage of macrophages containing apoptotic
bodies (H), and lavage fluid levels of 15-epi-LXA4 (I) and RvD1 (J) were determined. Results are means ± SEM (n = 5 to 7 mice per group). *P < 0.05, **P < 0.01
(Dunn’s multiple contrast hypothesis test).

Sekheri et al. PNAS | April 7, 2020 | vol. 117 | no. 14 | 7975

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N



Typically, phagocytosis of bacteria accelerates PMN apopto-
sis and promotes their removal from inflamed tissues via efferocytosis,
ultimately leading to the resolution of inflammation. Ligation
of CD11b following PMN adhesion to the endothelium and
phagocytosis of complement-opsonized microbes generates

survival cues for PMNs, which are overridden by phagocytosis-
triggered reactive oxygen species (ROS)-mediated activation of
caspase-8 and caspase-3, redirecting PMNs to apoptosis (36, 37).
These led us to investigate the impact of CpG DNA on PMN
phagocytosis and the resolution of infection.

+
0

20

40

60

80

100

CpG DNA 
- + +-+ + + +Yeast

-- + +-- + + +

DPI 15-epi-LXA4

%
 A

po
pt

ot
ic

 n
eu

tro
ph

ils

**
****

****

0

0.1

0.2

0.3

0.4

0.5

0.125 0.50.25
Elastase (μg/ml)

El
as

ta
se

 a
ct

iv
ity

 (∆
O

D
/1

0 
m

in
)

vehicle
15-epi-LXA4

0

0.1

0.2

0.3

- + - +CpG DNA 
15-epi-LXA4 - - + +

****

0

500

1000

1500

2000

2500
C

D
11

b 
ex

pr
es

si
on

 (R
FU

)

CpG DNA - + + -+
-

+
0 0.06 0.25 1 1

** *

15-epi-LXA4 (μM)

0

100

200

300
**

*

CpG DNA - + + -+
-

+
0 0.06 0.25 1 115-epi-LXA4 (μM)

C
5a

R
 e

xp
re

ss
io

n 
(R

FU
)

0

200

400

600

800

CpG DNA 
E. coli 

15-epi-LXA4 (μM)

- + +

-

+ ++ +
- + -- + + +
- - 0.01 0.1 11

Ph
ag

oc
yt

os
is

 (R
FU

)

*

**
**
**

DPI
+

15-epi-LXA4

*

0

200

400

600

C
as

pa
se

-8
 a

ct
iv

ity
 (R

FU
)

CpG DNA 
- +++Yeast
- +- -

+
+ CpG DNA 

- +++Yeast
- +- -

+
+

15-epi-LXA4 15-epi-LXA4

C
as

pa
se

-3
 a

ct
iv

ity
 (R

FU
)

* *
μ(

)ni
m

06/slihportuen
01/g

7
esaeler

esatsalE

A B

D

C

E

G H

F

800 *

0

200

400

600

800

Fig. 4. 15-Epi-LXA4 restores impaired phagocytosis-induced neutrophil apoptosis. (A–C) Human PMNs (5 × 106 cells per milliliter) were cultured for 10 min
with 15-epi-LXA4 and then with CpG DNA (1.6 μg/mL) for 60 min. Surface expression of CD11b (A) and C5aR (CD88) (B) was assessed by flow cytometry; neutrophil
elastase release was measured with a colorimetric assay using N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide as a substrate (C). Results are means ± SEM (n = 4 or 5
different blood donors). *P < 0.05, **P < 0.01. (D) Purified human neutrophil elastase was incubated with 15-epi-LXA4 for 10 min and then elastase activity was
monitored. Results are means ± SEM (n = 3 independent experiments). (E) PMNs were cultured with 15-epi-LXA4 for 10 min and CpG DNA for 60 min and then with
opsonized FITC-labeled E. coli (7 bacteria per neutrophil) for 30 min. Extracellular fluorescence was quenched with 0.2% trypan blue and intracellular fluorescence was
analyzedwith flow cytometry. Results aremeans± SEM (n = 6 different blood donors). **P< 0.01, ***P < 0.001. (F–H) Neutrophils were culturedwith 15-epi-LXA4 or DPI
(20 μM) for 10 min, followed by CpG DNA for 60 min and then with yeast (5 yeast particles per cell). (F) Apoptosis was assessed by nuclear morphology at 24 h of culture
following staining with acridine orange (10 μg/mL). Results are means ± SEM (n = 4 to 6 different blood donors). (G and H) Caspase-8 (G) and caspase-3 (H) activity was
assessed at 4 h of culture with flow cytometry using FITC-labeled Z-Ile-Glu(OMe)-Thr-Asp(OMe)-fluoromethyl ketone and Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluo-
romethyl ketone, respectively. Results are means ± SEM (n = 4 different blood donors). *P < 0.05, **P < 0.01 (Dunn’s multiple contrast hypothesis test).

7976 | www.pnas.org/cgi/doi/10.1073/pnas.1920193117 Sekheri et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1920193117


Control

CpG DNA+ E. coli

Vehicle 15-epi-LXA4  

6 h after

24 h after 
CpG DNA
+ E. coli

48 h after 
CpG DNA
+ E. coli

Vehicle 15-epi-LXA4  

15-epi-LXA4

6 h0 h
24 or 48 h

analysis

CpG DNA
E. coli or vehicle+

A C

0

0.05

0.10

0.15

0.20

0.25

After CpG DNA + E. coli
6 24 48 hC

Lu
ng

 d
ry

/w
et

 w
ei

gh
t r

at
io

**

After CpG DNA + E. coli
6                                                24 48 hC

**

**
*

*

0

10

20

30

BA
L 

flu
id

 le
uk

oc
yt

es
 (x

10
4 )

0

10

20

30

After CpG DNA + E. coli

6 24 48 hC

BA
L 

flu
id

 n
eu

tro
ph

ils
 (x

10
4 )

**

***

%
 A

po
pt

ot
ic

 n
eu

tro
ph

ils

After CpG DNA + E. coli
6 24 48 hC

**

* *

0

10

20

30

40

0

0.1

0.2

0.3

0.4

After CpG DNA + E. coli
6 24 48 hC

BA
L 

flu
id

 p
ro

te
in

 (m
g/

m
l)

0

10

20

30

40

After CpG DNA + E. coli
6 24 48 hC%

 M
ac

ro
ph

ag
es

 w
ith

 a
po

pt
ot

ic
 b

od
ie

s

*

** **

**

**

*

E

F G H

J K

0.5

0

4

8

12

16

20

After CpG DNA + E. coli
6 24 48 h C

Lu
ng

 M
PO

 c
on

te
nt

(m
U

/m
g 

w
et

 ti
ss

ue
) **

**
D **

**

*

0

C
FU

/g
 w

et
 ti

ss
ue

 

After CpG DNA + E. coli
6 24 48 hC

**
**

**

**

3x10

3x104

7

1x107

1x104

3x103

B

**

**

or 17-epi-RvD1

17-epi-RvD1  

17-epi-RvD1  

**

**
**

**

**
**

0

1

2

3

4

After CpG DNA + E. coli
6 24 48 hC

BA
L 

flu
id

 m
on

oc
yt

es
/m

ac
ro

ph
ag

es
   

   
   

   
   

   
   

   
(x

10
4 )

*I *

* **

* 50 ** **

Vehicle
15-epi-LXA4

CpG DNA + E. coli

17-epi-RvD1

Fig. 5. 15-Epi-LXA4 and 17-epi-RvD1 facilitate bacterial clearance and enhance resolution of lung inflammation. (A) Female C57BL/6 mice were treated with
15-epi-LXA4 (125 ng/g b.w., i.p.), 17-epi-RvD1 (25 ng/g b.w., i.p.), or vehicle 6 h after intratracheal instillation of 5 × 106 live E. coli plus CpG DNA (1 μg/g b.w.,
i.p.). Mice were killed at the indicated times, and the lungs were processed for analysis without lavage or bronchoalveolar lavage was performed. (B) E. coli
content. (C) Lung tissue sections from naïve mice (control) and mice challenged with E. coli + CpG DNA and treated with 15-epi-LXA4, 17-epi-RvD1, or vehicle.
Hematoxylin and eosin stain. (Scale bars, 100 μm.) (D) Lung tissue MPO content. (E) Lung dry-to-wet weight ratio. (F–K) Bronchoalveolar lavage fluid protein
concentration (F), total leukocyte (G), neutrophil (H), and monocyte/macrophage counts (I), percentage of annexin V-positive (apoptotic) neutrophils (gated
as Ly6G+ cells) (J), and percentage of macrophages containing apoptotic bodies (K) were determined. Results are means ± SEM (n = 6 or 7 mice per group).
*P < 0.05, **P < 0.01 (Dunn’s multiple contrast hypothesis test).

Sekheri et al. PNAS | April 7, 2020 | vol. 117 | no. 14 | 7977

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N



Down-regulation of C5aR by C5a, PMA, and bacterial fMLF
has previously been linked to reduced PMN chemotaxis and
phagocytosis (16, 41). Enzymatic degradation by NE or cathepsin
G (13), shedding (41), and intracellular degradation following
C5a-induced internalization (13) have been implied as potential
mechanisms responsible for loss of C5aR. We found that C5aR
expressed on PMNs is sensitive to enzymatic degradation in re-
sponse to CpG DNA and mtDNA, and this leads to PMN dys-
function. CpG DNA and mtDNA evoked release of NE and PR3
from human PMNs at amounts comparable to those of purified
NE or PR3 sufficient to induce C5aR cleavage. Furthermore,
loss of C5aR by CpG DNA was largely prevented by an NE in-
hibitor and to a lesser degree by PR3 blockade, but not a ca-
thepsin G inhibitor, pointing toward NE as a predominant serine
protease responsible for this action. Consistently, pharmacolog-
ical inhibition of NE reversed CpG DNA suppression of E. coli
phagocytosis in vitro. Intriguingly, CpG DNA reduction of
phagocytosis and phagocytosis-induced PMN apoptosis occurred
despite up-regulation of CD11b, indicating that a delicate balance
between CD11b and C5aR, rather than CD11b expression per se,
governs complement-mediated phagocytosis. The mechanism by
which C5aR affects lateral clustering of integrin receptors, which
initiates phagocytosis (42), remains to be investigated. The im-
portance of C5aR is further underlined by the elaborate strategies
evolved by bacteria to avoid the complement system, including
inhibition of C5a generation or blockade of C5aR (43).
Consistent with the results obtained in human PMNs, mice

that received CpG DNA were less efficient in clearing E. coli
than vehicle-treated controls in parallel with prolongation of the
inflammatory response. In particular, CpG DNA markedly
delayed the rapid fall in tissue and BAL fluid PMNs and de-
velopment of PMN apoptosis, efferocytosis, and proresolving
lipid profile, which occur during spontaneous resolution of E.
coli pneumonia. Our in vitro results point to inhibition by CpG
DNA or mtDNA of phagocytosis-induced PMN apoptosis, al-
though we cannot exclude the possibility that other mechanisms
may have contributed to delayed PMN apoptosis and persisting
inflammation in vivo.
Multiple cytosolic DNA sensors have been identified over the

past years (44). We found that blockade of TLR9 with an in-
hibitory ODN in human PMNs or genetic deletion of TLR9 in
mice rendered them unresponsive to CpG DNA. This telomere-
derived suppressive ODN disrupts interaction of CpG DNA with
TLR9 in endosomal vesicles without affecting cellular CpG
DNA uptake (38). Ligation of TLR9 through recruitment of
preferential TIR domain-containing adaptor proteins triggers
downstream signaling pathways to orchestrate distinct cellular
responses (45, 46). Recruitment of MyD88 and TRAF6 leads to
activation of nuclear factor κB (NF-κB) and induction of
proinflammatory gene expression (46). This mechanism likely
contributes to massive production of TNF-α and IL-6 in mice in
response to E. coli plus CpG DNA. CpG DNA induces NF-κB–
mediated transcription of inducible nitric oxide synthase (iNOS) in
human PMNs (24), which, in turn, could activate the src family of
nonreceptor tyrosine kinases (47). CpG DNA was found to activate
Hck in murine macrophages (47, 48). We detected increased
phosphorylation of Hck, but not Fgr or Lyn, in response to CpG
DNA in human PMNs. These kinases control release of contents
from distinct granule populations and Hck translocates to the pri-
mary granules following cell activation (9). Thus, our results would
link CpG DNA-induced Hck phosphorylation to release of NE and
PR3, though the precise mechanism requires further investigations.
15-Epi-LXA4 interrupts a myeloperoxidase-CD11b signal-

ing loop that perpetuates the inflammatory response, thereby
redirecting PMNs to apoptosis both in vitro and in murine
models of acute lung injury (49). Earlier studies also reported
15-epi-LXA4–stimulated efferocytosis (39, 40). Our present results
indicated that 15-epi-LXA4 can effectively counter signals

generated by NE, another protease released from primary
granules, as it inhibited CpG DNA-evoked up-regulation of
CD11b expression and NE release. One might anticipate that
down-regulation of PMN CD11b expression would lead to fur-
ther diminution of phagocytosis by PMNs challenged with CpG
DNA. However, by preserving C5aR expression, 15-epi-LXA4
restored phagocytosis of E. coli and promoted phagocytosis-
induced PMN apoptosis, underscoring the importance of C5aR
to antimicrobial defense. Mechanistically, augmented phagocy-
tosis was associated with ROS-mediated increases in caspase-8
and caspase-3 activity in 15-epi-LXA4–treated PMNs. This con-
clusion relies on pharmacological blockade of NADPH oxidase
with DPI. Although DPI also blocks other flavoprotein-using
enzymes, including NO synthase, NO is not essential for
phagocytosis-induced PMN apoptosis (50). It is noteworthy that
15-epi-LXA4 also enhanced phagocytosis of E. coli in blood
monocytes, indicating that its actions are not exclusive to PMNs.
Furthermore, 17-epi-RvD1, which binds to ALX/FPR2 (5, 31),
exerted actions similar to those of 15-epi-LXA4 on PMNs challenged
with CpG DNA, suggesting that these actions are likely shared by
other members of this class of proresolving mediators. Our results
with pharmacological inhibitors confirm that the actions of 15-epi-
LXA4 and 17-epi-RvD1 on human PMNs were predominantly
mediated via ALX/FPR2. Our data also show that these proresolv-
ing lipids effectively countered CpG DNA signals despite reduced
ALX/FPR2 expression on PMNs evoked by CpG DNA and E. coli.
We also show that 15-epi-LXA4 and 17-epi-RvD1 adminis-

tered at near peak of inflammation facilitated E. coli clearance,
PMN apoptosis, and efferocytosis within the lung in mice, indi-
cating its therapeutic potential. Thus, 15-epi-LXA4 and 17-epi-
RvD1 attenuation of PMN trafficking into inflamed tissues
(30–32, 34), combined with restoring phagocytosis-induced PMN
apoptosis, contributes to its proresolution properties. As antici-
pated (5, 31, 49), 15-epi-LXA4 reduced lung permeability and
release of proinflammatory cytokines evoked by E. coli plus CpG
DNA. The increased number of monocytes/macrophages and
high percentage of monocytes/macrophages containing apoptotic
bodies in the airways in response to 15-epi-LXA4 or 17-epi-
RvD1 would indicate efficient tissue repair. Phagocytosis of ap-
optotic PMNs and other cells by macrophages induces the re-
lease of proresolving mediators, such as IL-10 (2, 31), and likely
contributes to maintaining IL-10 levels at 24 and 48 h post
E. coli, as compared with vehicle-treated mice.
Our in vitro and in vivo results show that by restoring TLR9-

mediated impaired phagocytosis, 15-epi-LXA4 and 17-epi-RvD1
facilitate bacterial clearance by PMNs and subsequently
phagocytosis-induced PMN apoptosis. These actions represent a
clinically relevant mechanism for facilitating removal of emi-
grated PMNs despite the presence of prosurvival cues from
bacteria or injured tissues, demonstrating a hitherto unrecog-
nized mechanism for ALX/FPR2 lipid ligands to promote resolu-
tion of inflammation. These actions of 15-epi-LXA4 and 17-epi-
RvD1 resemble those of resolvin E1 and resolvin D5, which acti-
vate the leukotriene B4 receptor BLT1 (37) and receptor GPR32
(35), respectively, to regulate PMN phagocytosis, but are mediated
via separate receptors and distinct molecular mechanisms.
Prior studies reported that 15-epi-LXA4 and 17-epi-RvD1

modulate human PMN function at low to high nanomolar con-
centrations (30, 31, 49, 51–53). We found that high nanomolar
concentrations were required to inhibit PMN responses to
CpG DNA, consistent with those required to block PMN
transendothelial migration (51, 52) and myeloperoxidase sig-
naling (49). Studies on various murine inflammation models also
showed that 15-epi-LXA4 and 17-epi-RvD1 can exert beneficial
actions at doses considerably lower than those used in our present
study (30, 35, 51–54). Differences in experimental conditions, in-
fectious or sterile inflammation, severity of tissue damage, local vs.
systemic administration of proresolving lipids, and timing and
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frequency of treatment may account for the differences observed.
Similar to our study, proresolving lipids at microgram doses were
reported to accelerate resolution of severe bacterial lung injury (49),
polymicrobial sepsis (55), colitis (56), and ischemia-reperfusion in-
jury in mice (57).
Considering the importance of C5aR in potentiating phago-

cytosis and intracellular killing of bacteria (14, 15), our findings
help to explain previously reported defects in PMN function,
including impaired phagocytosis and delayed apoptosis under
pathological conditions, in which release of CpG DNA (19, 20)
or mtDNA (18, 29) is seen. Since these conditions are often
associated with increased susceptibility to secondary infections,
we suggest that release of CpG DNA from proliferating bacteria
represents a mechanism by which microbes may evade host de-
fense. Mimicking by mtDNA of the actions of CpG DNA partly
explains how pathologies similar to those evoked by bacteria may
develop following tissue injury in the absence of infection.
In summary, our present results uncover a mechanism, in-

volving regulation of phagocytosis and phagocytosis-induced
PMN apoptosis, by which pathogen-associated CpG DNA and
the danger signal mtDNA may modulate the inflammatory re-
sponse, and demonstrate that restoring impaired bacterial
clearance and phagocytosis-induced PMN apoptosis are impor-
tant mechanisms by which aspirin-triggered 15-epi-LXA4 and 17-
epi-RvD1 facilitate resolution of acute lung inflammation. These
findings also underscore ALX/FPR2 as a potential therapeutic
target for combating bacterial infections.

Materials and Methods
A brief description of the materials and methods can be found below,
whereas an expanded methods section can be found in SI Appendix.

Bacterial and Mitochondrial DNA. E. coli DNA (strain B; Sigma-Aldrich) was
purified by extraction with phenol-chloroform and ethanol precipitation
(25). Mitochondrial DNA was isolated from human neutrophils using
the Mitochondrial DNA Isolation Kit (BioVision). All DNA preparations con-
tained <5 ng of LPS per milligram DNA by Limulus assay.

Blood Donors.Venous bloodwas obtained fromnonsmoking apparently healthy
volunteers (male and female, 26 to 65 y old). The Clinical Research Committee at
the Maisonneuve-Rosemont Hospital approved the experimental protocols
(project no. 99097) and each blood donor gave written informed consent.

Neutrophil Isolation and Culture. Neutrophils (5 × 106 cells per milliliter,
purity > 95%, viability > 98%, apoptotic < 2%) were resuspended in RPMI
medium 1640 supplemented with 10% (vol/vol) autologous serum on a ro-
tator with neutrophil elastase inhibitor IV (20 μM; Calbiochem), neutralizing
anti-proteinase 2 Ab (5 μg/mL; Abcam), cathepsin G inhibitor (20 μM; Calbio-
chem), 1,10-phenantroline (4 mM; Sigma-Aldrich), and PMSF (2 mM), and then
challenged with CpG DNA or mtDNA (0.4 to 1.6 μg/mL). In some experiments,
PMNs were preincubated with 15-epi-LXA4 (5S,6R,15R-trihydroxy-7E,9E,11Z,13E-
eicosatetraenoic acid; 0.06 to 1 μM; Cayman Chemical) or 17-epi-RvD1
(7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid; 0.12.5
to 200 nM; Cayman Chemical) with or without the ALX/FPR2 inhibitor Boc-
2 (50 μM; MP Biomedicals) or WRW4 (5 μM; Tocris) and then challenged
with CpG DNA. In additional experiments, neutrophils were cultured with
purified NE or PR3 (Athens Research and Technology).

CD11b, C5aR, and ALX/FPR2 Expression. PMN surface expression of CD11b, C5aR
(CD88), andALX/FPR2was assessed using R-phycoerythrin–conjugatedmouse anti-
human CD11b mAb (clone D12; BD Biosciences), FITC-labeled anti-CD88 mAb
(clone S5/1; BioLegend), and FITC-labeled FITC-conjugated mouse anti-human
ALX/FPR2 mAb (clone 30445; R&D Systems), respectively, with flow cytometry.

Phagocytosis and Phagocytosis-Induced Cell Death. For quantitative analysis of
phagocytosis, PMNs were mixed with opsonized FITC-labeled E. coli at a ratio
of 1:7 for 30 min and intracellular fluorescence was analyzed with flow
cytometry (37). To assess apoptosis following phagocytosis, PMNs were cul-
tured for 24 h with Saccharomyces cerevisiae (5 yeast particles per neutro-
phil) or E. coli (7 bacteria per neutrophil) with or without 15-epi-LXA4 (1 μM),
17-epi-RvD1 (0.2 μM), DPI (20 μM), and TLR9 inhibitory oligodeoxynucleotide
5′-tttagggttagggttaggg-3′ (1.25 or 5 μM; InvivoGen) (38) and the percentage
of cells with apoptotic nuclei (condensed or fragmented chromatin) was
evaluated under a fluorescence microscope (37).

Apoptosis. Apoptosis in human PMNs was assessed by annexin V staining,
nuclear DNA content, mitochondrial transmembrane potential, and in-
tracellular caspase-8 and capase-3 activity with flow cytometry (25, 37).

Proteome Profiler Arrays. Human neutrophils were challenged with CpG DNA
(1.6 μg/mL) or vehicle for 30 min and lysed, and proteins were quantitated
using the Human Phospho-MAPK Array Kit (R&D Systems).

Neutrophil Elastase and Proteinase 3 Release. NE and PR3 activities in condi-
tioned culturemedia were analyzed by specific colorimetric enzymatic assays.

Animals. All animal experiments were performed in accordance with animal
welfare guidelines and authorized by the Animal Care Committee of the
Maisonneuve-Rosemont Hospital (permit nos. 2014-07 and 2015-31). The
experiments were performed on female C57BL/6 mice (Charles River Labo-
ratories) and Tlr9−/− mice (breeding pairs were obtained from Akiko Iwasaki,
Yale School of Medicine, New Haven, CT).

Lung Inflammation. Lung inflammation was induced in 8- to 14-wk-old female
mice by intratracheal instillation of 5 × 106 colony-forming units (CFUs) live E.
coli (37) with or without simultaneous i.p. injection of CpG DNA (1 μg/g body
weight; b.w.). At 6 h (near the peak of inflammation), mice were treated
with15-epi-LXA4 (125 ng/g b.w., i.p.) or 17-epi-RvD1 (25 ng/g b.w., i.p.), as
informed from previous studies (49, 55–57).

Assessment of Inflammation. At 6, 24, or 48 h post injection of E. coli, lungs
were lavaged or processed for analysis without lavage. BAL fluid protein and
total and differential leukocyte counts were determined using standard
techniques (49). Apoptosis in Ly6G-positive neutrophils was assessed by
annexin V staining using flow cytometry. The percentage of macrophages
containing apoptotic bodies was assessed following staining with hematoxylin
and eosin (49). BAL fluid cytokine levels were measured using a multiplexed
bead-based immunoassay (Bio-Plex Pro Coupled magnetic beads; Bio-Rad).
BAL fluid levels of 15-epi-LXA4 and RvD1 were assessed by selective direct
ELISAs (Cayman Chemical). Lungs removed without lavage were processed for
standard histological evaluation and determination of lung dry-to-wet weight
ratio and tissue myeloperoxidase activity (49). Lung bacteria levels were
assessed by growth on tryptic agarose using aliquots of lung homogenates.

Statistical Analysis. Results are expressed as means ± SEM. Statistical com-
parisons were made by ANOVA using ranks (Kruskal–Wallis test) followed by
Dunn’s multiple contrast hypothesis test to identify differences between
various treatments or by ANOVA using ranks (Friedman test) followed by the
Wilcoxon–Wilcox test for repeated measures. A value of P < 0.05 was
considered statistically significant.

Data Availability. All data supporting the findings of this paper are available
within the article and SI Appendix.
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