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Aberrant immune responses, including hyperresponsiveness to Toll-like receptor (TLR)
ligands, underlie acute respiratory distress syndrome (ARDS). Type I interferons confer
antiviral activities and could also regulate the inflammatory response, whereas little is
known about their actions to resolve aberrant inflammation. Here we report that
interferon-β (IFN-β) exerts partially overlapping, but also cooperative actions with
aspirin-triggered 15-epi-lipoxin A4 (15-epi-LXA4) and 17-epi-resolvin D1 to counter
TLR9-generated cues to regulate neutrophil apoptosis and phagocytosis in human
neutrophils. In mice, TLR9 activation impairs bacterial clearance, prolongs Escherichia coli–
evoked lung injury, and suppresses production of IFN-β and the proresolving lipid
mediators 15-epi-LXA4 and resolvin D1 (RvD1) in the lung. Neutralization of endogenous
IFN-β delays pulmonary clearance of E. coli and aggravates mucosal injury. Conversely,
treatment of mice with IFN-β accelerates clearance of bacteria, restores neutrophil phago-
cytosis, promotes neutrophil apoptosis and efferocytosis, and accelerates resolution of air-
way inflammation with concomitant increases in 15-epi-LXA4 and RvD1 production in
the lungs. Pharmacological blockade of the lipoxin receptor ALX/FPR2 partially prevents
IFN-β–mediated resolution. These findings point to a pivotal role of IFN-β in orchestrat-
ing timely resolution of neutrophil and TLR9 activation–driven airway inflammation and
uncover an IFN-β–initiated resolution program, activation of an ALX/FPR2-centered,
proresolving lipids-mediated circuit, for ARDS.
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specialized proresolving lipid mediators

Acute respiratory distress syndrome (ARDS) is a common syndrome associated with highmor-
tality in patients admitted to intensive care units (1). ARDS is characterized by diffuse alveolar
damage that develops in patients with known risk factors, most commonly pneumonia, sepsis,
or trauma (2, 3). The initial alveolar damage leads to recruitment of neutrophils and
monocytes, which further aggravate injury (3). Treatment of the underlying cause and
lung-protective ventilation are the main elements of supportive therapy (4, 5). Importantly, no
therapies are available to resolve the aberrant immune responses underlying ARDS.
Type I interferons, IFN-α and IFN-β, are well established to confer antiviral activities

to host cells and could also regulate the inflammatory response. A delayed type I inter-
feron response triggers the generation of proinflammatory cytokines and facilitates the
recruitment of monocytes to the lung, resulting in lethal pneumonia in mice infected
with SARS-CoV-1 (6) or SARS-CoV-2 (7). Type I interferons break TNF-induced tol-
erance to Toll-like receptor (TLR) signals on monocytes/macrophages, rendering them
hyperresponsive to additional TLR signals concurrent with inflammatory activation (8).
For instance, bacterial DNA (CpG DNA) or mitochondrial DNA through TLR9
impairs neutrophil phagocytosis, delays neutrophil apoptosis, and perpetuates inflamma-
tion (9, 10). In contrast, IFN-β protects against lethal polymicrobial sepsis through
inhibiting IL-1 production and/or induction of IL-10 (11–13). IFN-β produced by mac-
rophages during resolution of bacterial pneumonia facilitates removal of neutrophils
from inflamed tissues and reprograms macrophages to a proresolving phenotype, thereby
driving inflammatory resolution in mice (14). However, the underlying mechanisms are
incompletely understood; albeit these would be essential for implementing precision
treatment with IFN-β.
Resolution of inflammation is an active process governed by specialized proresolving

lipid and protein mediators (SPMs) (15–19). These mediators converge on select recep-
tors, including the pleiotropic lipoxin A4 receptor/formyl peptide receptor 2 (ALX/FPR2)
(20). ALX/FPR2 plays critical roles in host defense and orchestrating inflammatory reso-
lution (20–23). ALX/FPR2 binds multiple lipid ligands, including aspirin-triggered
15-epi-lipoxin A4 (15-epi-LXA4) and 17-epi-resolvin D1 (17-epi-RvD1), generated
within the inflammatory microenvironment (17, 18). SPMs inhibit neutrophil recruit-
ment, promote neutrophil apoptosis and efferocytosis, and facilitate tissue repair and
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return to homeostasis (17, 18, 24). Activation of ALX/FPR2
with 15-epi-LXA4 or 17-epi-RvD1 counters TLR9-generated
cues, restores impaired neutrophil function, and enhances timely
resolution of airway bacterial infections (9). Since resolution of
inflammation is skewed toward a proresolving lipid profile
(18, 25, 26), we investigated whether IFN-β can modulate ALX/
FPR2-based resolution mechanisms. Here, we report that IFN-β
exerts partially overlapping, but also cooperative actions with
17-epi-RvD1 to counter TLR9-generated signals to regulate neu-
trophil phagocytosis and apoptosis in vitro. In mice, IFN-β facili-
tates clearance of bacteria, neutrophil apoptosis and efferocytosis,
and promotes the resolution of acute airway inflammation, in
part, by stimulating generation of proresolving lipids and activa-
tion of ALX/FPR2-centered proresolving circuits. Our results
uncover a hitherto unrecognized effector mechanism by which
IFN-β may facilitate resolution of ARDS.

Results

IFN-β Acts in Concert with 15-Epi-LXA4 and 17-Epi-RvD1 to
Overcome TLR9-Mediated Impaired Apoptosis in Human Neu-
trophils. Confirming our previous results (9, 10), CpG DNA
prolonged neutrophil survival by delaying intrinsic apoptosis as
indicated by reduced staining for annexin-V, prevention of the col-
lapse of mitochondrial transmembrane potential, and hypoploid
nuclei (Fig. 1 A–D). Pretreatment of neutrophils with IFN-β
countered the survival cue from CpG DNA in a concentration-
dependent fashion (Fig. 1 A–D). The inhibitory action was still
detectable when neutrophils were treated with IFN-β at 60 min
post-CpG DNA (SI Appendix, Fig. S1). Because ligation of ALX/
FPR2 with proresolving lipid mediators, including 15-epi-LXA4

and 17-epi-RvD1, can efficiently counter the prosurvival action of
CpG DNA (9), we compared the effects of IFN-β, 15-epi-LXA4,
and 17-epi-RvD1. Pretreatment of neutrophils with either IFN-β,
15-epi-LXA4, or 17-epi-RvD1 resulted in reversal of the prosur-
vival action of CpG DNA, and the effects of IFN-β and 15-epi-
LXA4 or 17-epi-RvD1 were additive (Fig. 1 E–H). Both IL-1β
and 17-epi-RvD1 attenuated CpG DNA preservation of Mcl-1
expression, a central regulator of life span of human neutrophils
(27), with more pronounced decreases in the presence of both
IL-1β and 17-epi-RvD1 (Fig. 1 I and J). IFN-β signals through
IFNα/βR in neutrophils (14), and pharmacological blockade of
formyl peptide receptors did not alter its proapoptosis action
(SI Appendix, Fig. S2).
Consistent with previous results (9), CpG DNA impaired

phagocytosis of bacteria and phagocytosis-induced neutrophil
apoptosis via neutrophil elastase–mediated cleavage of C5aR
(CD88) (Fig. 2 A–D). IFN-β did not affect these responses to
CpG DNA (Fig. 2 A–D), and consequently did not restore
impaired killing of Escherichia coli by CpG DNA (Fig. 2E). By
contrast, 15-epi-LXA4 and 17-epi-RvD1 reversed CpG DNA
suppression of phagocytosis-induced death in neutrophils at 24
h of culture as assessed by staining for annexin-V and hypoploid
DNA (Fig. 2 F and G). Both 15-epi-LXA4 and 17-epi-RvD1
exerted similar actions in the absence and presence of IFN-β
(Fig. 2 F and G).
Since human neutrophils express 5-lipoxygenase and can express

cyclooxygenase-2 (17, 18), we next examined whether IFN-β
could directly stimulate 15-epi-LXA4 and RvD1 production.
Challenging neutrophils with IFN-β for 10 min or 4 h did not
produce statistically significant increases in the levels of these
SPMs, not even in the presence of CpG DNA (SI Appendix, Fig.
S3 A and B). Phagocytosis of E. coli resulted in significant
increases in 15-epi-LXA4 and RvD1 secretion, which was

markedly suppressed by CpG DNA (SI Appendix, Fig. S3 C and
D). IFN-β evoked increases in 15-epi-LXA4 and RvD1 secretion
by phagocytosing neutrophils in the presence of CpG DNA,
though these changes did not reach statistical significance (SI
Appendix, Fig. S3 C and D).

IFN-β Restores TLR9-Impaired Bacterial Clearance, Regulates
Cytokine and Lipid Mediators, and Facilitates Resolution of
Airway Inflammation. Having characterized IFN-β regulation
of apoptosis in human neutrophils in vitro, we investigated the
effects of IFN-β on the resolution of inflammation in mice. We
used models of lung inflammation evoked by intratracheal instil-
lation of live E. coli, which resolves within 48 h without treat-
ment and can be prolonged by simultaneous administration of
CpG DNA (9). As anticipated, wild-type mice rapidly cleared
E. coli (Fig. 3A) parallel with rapid dissipation of inflammatory
infiltrates in the lung (Fig. 3 B–F and SI Appendix, Fig. S4). By
contrast, lung inflammation persisted at least 48 h in mice that
received E. coli plus CpG DNA. This is reflected by delayed
bacterial clearance (Fig. 3A), massive neutrophil accumulation
(Fig. 3B and SI Appendix, Fig. S4B), reduced neutrophil apoptosis
(Fig. 3D) and efferocytosis (Fig. 3E), and edema formation (Fig. 3F
and SI Appendix, Fig. S4C). CpG DNA significantly reduced lavage
fluid levels of 15-epi-LXA4 (Fig. 3G), RvD1 (Fig. 3H), and IL-10
(SI Appendix, Fig. S4J) at 24 h and 48 h, whereas it evoked marked
and prolonged increases in lavage fluid levels of proinflammatory
cytokines (SI Appendix, Fig. S4 D–I).

Treatment with IFN-β at 6 h post E. coli, near the peak of
inflammation, accelerated clearance of bacteria in mice that
either received E. coli or E. coli plus CpG DNA (Fig. 3A). Thus,
no bacteria were detectable in lung homogenates at 48 h. Antiin-
flammatory and proresolving actions were also evident as IFN-β
markedly reduced lavage fluid total leukocyte (SI Appendix, Fig.
S4A) and neutrophil counts (Fig. 3B), and tissue myeloperoxi-
dase (MPO) content (SI Appendix, Fig. S4B) with concomitant
increases in the number of monocytes/macrophages (Fig. 3C).
Decreased neutrophil accumulation occurred parallel with
increases in the percentage of apoptotic neutrophils (Fig. 3D)
and the percentage of macrophages containing apoptotic bodies
at 24 and 48 h (Fig. 3E). Treatment with IFN-β also attenuated
edema formation (Fig. 3F and SI Appendix, Fig. S4C) and pro-
duced increases in lavage fluid levels of 15-epi-LXA4 (Fig. 3G)
and RvD1 (Fig. 3H). IFN-β reduced lavage fluid levels of IL-6,
TNF-α, IL-1β, G-CSF, KC, and IL-17A to near control values
at 24 h and 48 h, whereas it evoked increases in IL-10, which
persisted at 48 h (SI Appendix, Fig. S4 D–J). The effects of IFN-
β were comparable in the two models of lung injury, underscor-
ing its therapeutic potential.

Spontaneous resolution of E. coli infection was associated
with marked increases in IFN-β level, which was evident at 6 h
post E. coli and peaked around 24 h (Fig. 4A). By contrast, no
increases in lavage fluid IFN-β levels, not even at 48 h, were
detectable in mice that had received E. coli plus CpG DNA
(Fig. 4A). We also detected strong positive correlations of lavage
fluid IFN-β levels with the percentage of apoptotic neutrophils
(Fig. 4B), percentage of macrophages with apoptotic bodies
(Fig. 4C), and lavage fluid levels of 15-epi-LXA4 (Fig. 4D) and
RvD1 (Fig. 4E).

Having shown the beneficial actions of IFN-β treatment in
spontaneously resolving and more severe prolonged lung injury
models, we investigated the impact of neutralizing endogenous
IFN-β. Pretreatment of mice with an anti–IFN-β antibody
impaired E. coli clearance at 24 h (Fig. 5A) while enhancing and
prolonging E. coli-evoked lung inflammation (Fig. 5 B–F and
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SI Appendix, Fig. S5). Thus, neutralizing IFN-β enhanced lavage
fluid neutrophil (Fig. 5B) and monocyte counts (Fig. 5C), lung
myeloperoxidase content (SI Appendix, Fig. S5B) and edema for-
mation (Fig. 5F and SI Appendix, Fig. S5C) compared with IgG
control. By contrast, blocking INF-β significantly reduced the
percentage of apoptotic neutrophils (Fig. 5D) and macrophages
with apoptotic bodies (Fig. 5E), and lavage fluid levels of
15-epi-LXA4 (Fig. 5G) and RvD1 (Fig. 5H) at both 24 h and
48 h post E. coli. Neutralizing IFN-β increased lavage fluid levels
of IL-6, TNF-α, IL-1β, G-CSF, KC, and IL-17A at 24 h and 48
h (SI Appendix, Fig. S5 D–I), while it prevented E. coli-evoked
increases in IL-10 at 24 h (SI Appendix, Fig. S5J).

IFN-β Activates ALX/FPR2-Based Proresolution Circuits. Next,
we investigated the role of 15-epi-LXA4 and RvD1 in mediat-
ing IFN-β enhanced resolution of lung inflammation. As these

lipids act through ALX/FPR2 (17, 18), mice were injected with
the selective FPR1 antagonist cyclosporin H or the FPR2/ALX
inhibitor WRW4 (20, 28) before treatment with IFN-β at 6 h
post E. coli plus CpG DNA (Fig. 6A). While cyclosporin H did
not interfere with the proresolving actions of IFN-β (Fig. 6
B–K), administration of WRW4 partially countered IFN-β dis-
sipation of inflammation, as evidenced by persisting inflamma-
tory cell infiltration and tissue injury (Fig. 6B) and delayed
clearance of E. coli (Fig. 6C). Consistently, lung MPO content
(Fig. 6D), lavage fluid neutrophil (Fig. 6E), and total leukocyte
counts (SI Appendix, Fig. S6A) were significantly lower in
WRW4 plus IFN-β–treated mice than in mice treated with
IFN-β only. The numbers of monocytes/macrophages did not
differ significantly in these groups (Fig. 6F), whereas the per-
centage of apoptotic neutrophils (Fig. 6G) and the percentage
of macrophages containing apoptotic bodies (Fig. 6H) were
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Fig. 1. IFN-β and 17-epi-RvD1 act in concert to reverse CpG DNA suppression of neutrophil apoptosis. Human neutrophils (5 × 106 cells/mL) were cultured
with IFN-β (12.5 or 50 ng/mL) and then challenged with CpG DNA (1.6 μg/mL) (A–D), or pretreated with IFN-β (50 ng/mL) plus 15-epi-LXA4 (1 μM) or 17-epi-RvD1
(200 nM) for 10 min and then challenged with CpG DNA (E–H). Cell viability (propidium iodide staining) (A and E), annexin-V staining (B and F), mitochondrial
transmembrane potential (Δψm, CMXRos staining) (C and G), and nuclear DNA content (D and H) were analyzed after 24 h of culture. Data are means ± SEM
(n = 6 different blood donors). *P < 0.05, **P < 0.01, ***P < 0.001 (Dunn’s multiple contrast hypothesis test). (I and J) Mcl-1 expression. Neutrophils were lysed
after isolation (t0) or after culture with CpG DNA (1.6 μg/mL) with or without 17-epi-RvD1 (200 nM) plus IFN-β (50 ng/mL) for 4 h. Proteins were subjected to
immunoblotting with antibodies to Mcl-1 or actin. Representative blots (I) and densitometry analysis show five independent experiments with different blood
donors (J). *P < 0.05, **P < 0.01 (Dunn’s multiple contrast hypothesis test).
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markedly reduced. Lavage fluid protein levels were significantly
higher (Fig. 6I) in mice that received WRW4 plus IFN-β com-
pared to IFN-β treatment alone. Furthermore, WRW4 drasti-
cally reduced IFN-β–evoked increases in lavage fluid levels of
15-epi-LXA4 (Fig. 6J), RvD1 (Fig. 6K), and IL-10 (SI
Appendix, Fig. S6I). Conversely, lavage fluid concentrations of
IL-6, TNF-α, IL-1β, GC-SF, KC, and IL-17A were signifi-
cantly higher in the WRW4 plus IFN-β group than in mice
treated with IFN-β only (SI Appendix, Fig. S6 C–H).
Because selective ALX/FPR2 blockade reduced lavage fluid lev-

els of 15-epi-LXA4 and RvD1, we studied the time course of
changes in these lipids following treatment of mice with either
15-epi-LXA4 or 17-epi-RvD1, at doses that accelerated resolution
of inflammation (9), at 6 h post CpG DNA plus E. coli. We
used 17-epi-RvD1 instead of RvD1 because it was shown to be
longer acting yet acting on the same receptor (17, 18). As antici-
pated, treatment with either 15-epi-LXA4 or 17-epi-RvD1 mark-
edly reduced lavage fluid neutrophil numbers (SI Appendix, Fig.
S7A) and protein levels (SI Appendix, Fig. S7B). Intriguingly,
bolus injection of either 15-epi-LXA4 or 17-epi-RvD1 resulted in
significantly elevated lavage fluid levels of 15-epi-LXA4 at 24 h
post CpG DNA plus E. coli, returning to baseline (control) levels
at 48 h (SI Appendix, Fig. S7C). Likewise, treatment with 15-epi-
LXA4 or 17-epi-RvD1 led to significantly higher lavage fluid
RvD1 levels at 24 h, and RvD1 levels remained elevated at 48 h
in mice treated with 15-epi-LXA4 (SI Appendix, Fig. S7D).

Discussion

Here, we provide evidence that IFN-β is essential for limiting air-
way inflammation and demonstrate a complex interplay between
IFN-β and proresolving lipid mediators. IFN-β acted in concert
with 17-epi-RvD1 to promote neutrophil apoptosis, but did not
restore TLR9-impaired phagocytosis in vitro. Treatment with
IFN-β accelerated clearance of bacteria, restored neutrophil phago-
cytosis, and facilitated phagocytosis-induced apoptosis and effero-
cytosis, consequently dampening inflammation and accelerating
resolution of E. coli plus TLR9 activation–evoked airway inflam-
mation in vivo. Antibody neutralization experiments confirmed
IFN-β as an important driver of resolution in these models. IFN-β
also evoked generation of the SPMs, 17-epi-LXA4 and RvD1,
parallel with enhanced neutrophil apoptosis and efferocytosis. More-
over, pharmacological blockade of ALX/FPR2 partially prevented
IFN-β–mediated resolution. Thus, activation of ALX/FPR2-cen-
tered resolution circuits by IFN-β may function as a downstream
mechanism for its proresolving actions in mucosal inflammation.

IFN-β, produced by nonphagocytic resolution phase macro-
phages, mediates both feedback and bidirectional cross-talk
between macrophages and neutrophils to facilitate removal of
neutrophils from the inflamed tissue, critical for the timely res-
olution of inflammation (14). Neutrophil apoptosis is required
for their removal by macrophages via efferocytosis, and hence it
is one of the checkpoints that determine the outcome of

0

800

1600

3200

C
D

11
b 

(R
FU

)

IFN-β
CpG DNA

- + +
+ +
-

--

0

180

270

360

450

IFN-β
CpG DNA

- + +
+ +
-

--
C

5a
R

 (R
FU

)
0

0.1

0.2

0.3

0.4

(μ
g/

10
  n

eu
tro

ph
ils

/6
0 

m
in

)
El

as
ta

se
 re

le
as

e

IFN-β
CpG DNA

- + +
+ +
-

--
0

200

400

600

800

Ph
ag

oc
yt

os
is

 (R
FU

)

IFN-β (ng/mL)
CpG DNA

--
-

12.5 50

- -
12.5 50

 (μg/mL)
-

0.4 1.6 1.6 1.6

%
 S

ur
vi

va
l 

0

20

40

60

80

IFN-β
CpG DNA

- + +
+ +
- -- - + +

+ +
- --

E. coli : PMN 1:1 7:1

0

20

40

60

80

100

%
 A

nn
ex

in
-V

 p
os

iti
ve

 c
el

ls

0

20

40

60

80

100

%
 C

el
ls

 w
ith

 h
yp

op
lo

id
 D

N
A

IFN-β
CpG DNA

E. coli 

17-epi-RvD1

-
+

+
-

-
+

--
+

+-
-

+
+

- -

+ -
+ +
+ +-

- -

+ ++

2400

90

**
**

*
*

**
** *

*
*

**
**

**
**

**
** *

* **
** * *

A B C D

E F G

- -- -15-epi-LXA4 -

+
+-

+ +

+ +

+

- -
- -

*
*

IFN-β
CpG DNA

E. coli 

17-epi-RvD1

-
+

+
-

-
+

--
+

+-
-

+
+

- -

+ -
+ +
+ +-

- -

+ ++

- -- -15-epi-LXA4 -

+
+-

+ +

+ +

+

- -
- -

*
*

Fig. 2. 17-epi-RvD1, but not IFN-β restores impaired phagocytosis-induced neutrophil apoptosis. (A–C) Human polymorphonuclear neutrophil granulocytes
(PMNs (5 × 106 cells/mL) were cultured for 10 min with IFN-β (50 ng/mL) and then with CpG DNA (1.6 μg/mL) for 60 min. Surface expression of CD11b (A)
and complement 5a receptor (C5aR, CD88) (B) was assessed by flow cytometry; neutrophil elastase activity in cell-free culture media was measured with a
colorimetric assay using N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide as a substrate (C). Results are means ± SEM (n = 5 or 6 different blood donors). *P
< 0.05, **P < 0.01. (D) Neutrophils were cultured with IFN-β for 10 min and CpG DNA for 60 min and then with opsonized FITC-labeled E. coli (seven bacteria
per neutrophil) 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 = 5 different blood donors). *P < 0.05. (E) Neutrophils were cultured with IFN-β (50 ng/mL) for 10 min CpG DNA and then mixed
with E. coli at a ratio of 1:1 or 1:7 for 3 h. Bacteria levels in culture media were assessed by growth on tryptic agarose. (F and G) Neutrophils were cultured
with IFN-β (50 ng/mL), 15-epi-LXA4 (1 μM), or 17-epi-RvD1 (200 nM) for 10 min, then with CpG DNA (1.6 μg/mL) and opsonized FITC-labeled E. coli (seven bac-
teria per neutrophil) for 24 h. Apoptosis was assessed by annexin-V staining (F) and nuclear DNA content (G) with flow cytometry. Results are means ± SEM
(n = 5 different blood donors). *P < 0.05, **P < 0.01, ***P < 0.001 (Dunn’s multiple contrast hypothesis test).

4 of 10 https://doi.org/10.1073/pnas.2201146119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201146119/-/DCSupplemental


inflammation (24, 29, 30). CpG DNA through TLR9 gener-
ates survival cues for neutrophils (10) and impairs phagocytosis
and phagocytosis-induced apoptosis (9). IFN-β overrode the
antiapoptosis signal from CpG DNA, thus redirecting human
neutrophils to apoptosis. The proapoptotic action of IFN-β
was dominant over CpG DNA–mediated effects even when it
was added as a treatment, highlighting its therapeutic potential.
IFN-β did not restore CpG DNA–impaired phagocytosis and
subsequently phagocytosis-induced neutrophil death in vitro.
In contrast, IFN-β accelerated bacterial clearance in mice, indi-
cating activation of additional counterregulatory signaling. Of
note, IFN-β acted in concert with 15-epi-LXA4 and 17-epi-
RvD1 to overcome the antiapoptosis signal from CpG DNA
by preventing the CpG DNA preservation of Mcl-1 expression,
a key regulator of apoptosis in human neutrophils (27).
Confirming previous results (9), both 15-epi-LXA4 and
17-epi-RvD1 restored TLR9-mediated impaired phagocytosis
in vitro and this was not affected by IFN-β.

The mouse models were chosen for their clinical relevance
(31, 32) and because of the self-resolving nature of E. coli–
induced inflammation that can be aggravated and prolonged
by simultaneous administration of CpG DNA (9). CpG DNA
has been detected in the blood of critically ill patients (33) and
in the airways (34). CpG DNA promotes neutrophil accumula-
tion and neutrophil-mediated lung injury (9, 10, 34, 35),
leading to persisting inflammation. After intratracheal E. coli chal-
lenge, there were spontaneous increases in bronchoalveolar lavage
(BAL) fluid IFN-β parallel with resolution of inflammation. Anti-
body neutralization experiments confirmed that IFN-β is indis-
pensable for resolution of airway inflammation in this setting.
Mice that received CpG DNA were less efficient in clearing E.
coli than vehicle-treated controls and failed to increase IFN-β and
resolve mucosal inflammation within 48 h. We suggest that sup-
pression of IFN-β production by CpG DNA released from prolif-
erating bacteria represents a mechanism by which microbes may
evade host defense.
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Lavage fluid levels of IFN-β were positively correlated with
the percentage of apoptotic neutrophils and macrophage effero-
cytosis in the lavage fluid as well as with levels of the proresolv-
ing lipid mediators 15-epi-LXA4 and RvD1. Moreover, selective
blockade of ALX/FPR2 with WRW4 partially blocked IFN-β–
mediated resolution, leading to impaired bacterial clearance and
persisting lung injury. WRW4 also attenuated IFN-β–
stimulated increases in 15-epi-LXA4 and RvD1 parallel with
increased neutrophil accumulation and edema formation and
reduced neutrophil apoptosis and efferocytosis, hallmarks of
prolonged lung injury (24, 26, 30). Moreover, WRW4 reversed
IFN-β suppression of proinflammatory cytokines, such as IL-6,

TNFα, and KC, and prevented IFN-β–stimulated increases in
IL-10, consistent with prolonging airway inflammation and
delaying IFN-β–facilitated resolution. TNF-α displays a tolerizing
action on monocytes and macrophages, causing hyperresponsive-
ness to TLR signals (8). However, IFN-β efficiently countered
TLR9-mediated delay of neutrophil apoptosis both in vitro and
in vivo despite reduced TNF-α generation, indicating cell
type–specific modulation of TLR9 signaling. Since IL-10 pro-
motes efferocytosis (36) and limits the severity of bacterial infec-
tions (37, 38), it may act downstream to IFN-β. In contrast to
WRW4, the FPR1-selective inhibitor cyclosporin H did not
affect the proresolving action of IFN-β. Furthermore, as WRW4
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did not modify the proapoptosis action of IFN-β in human neu-
trophils, IFN-β partially promoted resolution via ALX/FPR2-
based mechanisms. ALX/FPR2 is a cognate receptor for 15-epi-
LXA4 and is expressed on several immune cell types, including
neutrophils (20). Fpr2-deficient mice, in models of
ischemia–reperfusion, sepsis, atherosclerosis, and obesity, exhibit
profound nonresolving inflammation, indicating that this recep-
tor is important for counterregulatory signaling (39–42).
Together our findings bolster the idea that IFN-β activates ALX/

FPR2-mediated resolution circuits through induction of SPMs
acting on this receptor.

Of note, treatment of mice with either 15-epi-LXA4 or 17-epi-
RvD1 resulted in marked elevations of lavage fluid levels of 15-epi-
LXA4 and RvD1 that persisted for 24 h and 48 h, respectively. It is
unlikely that these reflect pulmonary accumulation of the injected
lipids, because of their short half-life in the circulation (43); rather
these findings underscore the intricate interplay among proresolving
lipid mediators in orchestrating resolution (44). SPMs have partially
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overlapping and synergistic effector functions and could induce gen-
eration of other SPMs. For instance, resolvin E1 was shown to
stimulate LXA4 synthesis during the resolution of allergic airway
inflammation (45) and ligation of ALX/FPR2 triggers LXA4 synthesis,
setting in motion integrated actions underpinning resolution (23).
IFN-β also increased BAL fluid RvD1 levels. As RvD1 signals

through both ALX/FPR2 and GPR32 to facilitate resolution (25,
46), IFN-β likely promoted additional counterregulatory mecha-
nisms distinct from ALX/FPR2-centered ones, which would
require further investigations. Together, these findings uncover a
“fingerprint” of selective mediator regulation by IFN-β to promote
resolution. The observations that IFN-β did not stimulate SPM

secretion from human neutrophils and only partially reversed
CpG DNA suppression of phagocytosis-stimulated production of
15-epi-LXA4 and RvD1 would indicate that neutrophils were not
a major source of IFN-β–induced generation of these SPMs
in vivo. While our study did not address the cellular sources of
SPMs, IFN-β reprogramming of resolution-phase macrophages,
including increased expression of the SPM-producing enzyme
12/15-lipoxygenase (14, 17, 18) and their high capacity to pro-
duce SPMs (47) would imply these cells as potential sources of
SPMs detected in our models of airway inflammation.

The present and previous studies underscore the potent anti-
inflammatory, proresolving actions of IFN-β in addition to its
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broad antiviral activities. These findings would suggest the ther-
apeutic potential of IFN-β to dampen aberrant immune
responses underlying ARDS of bacterial and viral origin. Since
mitochondrial DNA fully mimics the actions of CpG DNA
(9), our findings may have relevance to airway injury evoked by
viral infections. Of note, IFN-β was reported to reduce SARS-
CoV-1–evoked ARDS (48) and ongoing trials are testing its
efficacies in SARS-CoV-2–infected patients (49). Given that
IFN-α and IFN-β have overlapping functions, bind to the same
receptor IFNα/βR (50), and exhibit similar therapeutic benefits
(48), it seems unlikely that the association of IFN-β with SPMs
is specific for this interferon. Whether type II interferons,
which share some common mechanisms with type I interferons
to elicit immune responses, could also stimulate SPMs remains
to be investigated. Although there are limitations in extrapolat-
ing from our short-term assays to chronic conditions, our data
indicate that IFN-β and SPMs restore impaired neutrophil
function, rather than simply reduce neutrophil survival, which
could lead to immunosuppression. However, this possibility
seems unlikely as SPMs are not immunosuppressive (18) and
IFN-β itself did not affect neutrophil survival (ref. 14 and the
present study).
Collectively, our results indicate that IFN-β is essential for

the timely resolution of neutrophil-driven airway inflammation.
To promote resolution, IFN-β restored impaired phagocytosis,
accelerated clearance of bacteria, redirected neutrophils to apo-
ptosis and enhanced efferocytosis, and decreased production of
proinflammatory cytokines, which were largely mediated by
IFN-β–stimulated generation of proresolving lipid mediators
that signal through ALX/FPR2. These findings also imply the
therapeutic potential of harnessing the interplay between IFN-β
and ALX/FPR2-centered circuits for promoting the resolution
of ARDS.

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.

Neutrophil Isolation and Culture. Neutrophils were isolated (51) from the
venous blood of healthy volunteers. The Clinical Research Committee at the
Maisonneuve-Rosemont Hospital approved the experimental protocols (permit
No. 99097) and each blood donor gave written informed consent. Neutrophils
(5 × 106 cells/mL, purity >96%, viability >98%) were cultured in RPMI medium
1640 supplemented with 10% autologous serum, IFN-β (12.5 to 50 ng/mL;
Peprotech), 15-epi-LXA4 (1 μM; Cayman Chemical) or 17-epi-RvD1 (200 nM;
Cayman Chemical), and then challenged with CpG DNA (E. coli strain B, 0.4 to
1.6 μg/mL). In some experiments, neutrophils were cultured with the FPR1
inhibitor cyclosporin H (1 μM, Tocris) or the ALX/FPR2 inhibitors N-t-Boc-Phe-Leu-
Phe-Leu-Phe (Boc-2, 50 μM; MP Biomedicals) or Trp-Arg-Trp-Trp-Trp (WRW4,
5 μM; Tocris) (20), and then challenged with IFN-β and CpG DNA.

Apoptosis. Apoptosis in human neutrophils was assessed by annexin-V stain-
ing, nuclear DNA content, and mitochondrial transmembrane potential with flow
cytometry (9).

CD11b and CD88 Expression. Neutrophil surface expression of CD11b and
CD88 was assessed using R-phycoerythrin-conjugated anti-CD11b antibody (BD
Biosciences) and fluorescein isothiocyanate (FITC)-labeled anti-CD88 antibody
(BioLegend), respectively, with flow cytometry (9).

Phagocytosis and Phagocytosis-Induced Cell Death. For quantitative anal-
ysis of phagocytosis, neutrophils were mixed with FITC-labeled E. coli (Invitro-
gen) for 30 min and intracellular fluorescence was analyzed with flow cytometry
(9). For assessment of cell death, neutrophils were cultured for 24 h with live
E. coli (American Type Tissue Culture) with or without IFN-β. Apoptosis was
assessed by annexin-V staining and mitochondrial transmembrane potential
with flow cytometry.

Bacterial Killing. Neutrophils were cultured with IFN-β and CpG DNA and then
mixed with E. coli for 3 h. Bacteria levels in culture media were assessed by
growth on tryptic agarose.

In Vivo Lung Inflammation. Female C57BL/6 mice (aged 8 to 14 wk, Charles
River Laboratories) were housed in pathogen-free conditions. The Animal Care
Committee of the Maisonneuve-Rosemont Hospital approved the protocols
(permit Nos. 2015-31 and 2019-1765). Mice were injected intratracheally with
5 × 106 live E. coli with or without simultaneous injection of CpG DNA (1 μg/g,
intraperitoneally [i.p.]) (9). At 6 h postinfection, mice were treated with IFN-β
(BioLegend) (2.5 ng/g, i.p.), 15-epi-LXA4 (125 ng/g, i.p.), or 17-epi-RvD1
(25 ng/g, i.p.), as informed from previous studies (9, 51, 52). Some mice
received cyclosporin H (5 μg/g, i.p.) or WRW4 (1 μg/g, i.p.) (28) 10 min before
IFN-β or were injected with an anti–IFN-β antibody (1 μg/20 g, i.p., Abcam) or
IgG1 before intratracheal challenge with E. coli.

Assessment of Inflammation. At the indicated times, mice were killed and
the lungs were lavaged. Lavage fluid protein, leukocyte counts, percentage of
apoptotic neutrophils and macrophages containing apoptotic bodies, IFN-β,
15-epi-LXA4, RvD1, and cytokine levels were determined (9, 14). In separate
experiments, lungs were removed without lavage and processed for histological
evaluation, determination of dry-to-wet weight ratio, tissue myeloperoxidase
activity, and bacterium contents (9, 51).

Statistical Analysis. Results are expressed as means ± SEM. Statistical com-
parisons were made by analysis of variance using ranks (Kruskal–Wallis test) fol-
lowed by Dunn’s multiple contrast hypothesis test to identify differences
between various treatments. Correlations were analyzed by the Spearman test.
P values <0.05 were considered statistically significant.

Data Availability. All study data are included in the article and/or SI Appendix.
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