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The Journal of Immunology

Resolvin D1 Dampens Pulmonary Inflammation and

Promotes Clearance of Nontypeable Haemophilus influenzae

Amanda Croasdell,*,† Shannon H. Lacy,*,† Thomas H. Thatcher,†,‡ Patricia J. Sime,*,†,‡ and

Richard P. Phipps*,†,‡

Nontypeable Haemophilus influenzae (NTHi) is a Gram-negative, opportunistic pathogen that frequently causes ear infections,

bronchitis, pneumonia, and exacerbations in patients with underlying inflammatory diseases, such as chronic obstructive pulmonary

disease. In mice, NTHi is rapidly cleared, but a strong inflammatory response persists, underscoring the concept that NTHi induces

dysregulation of normal inflammatory responses and causes a failure to resolve. Lipid-derived specialized proresolving mediators

(SPMs) play a critical role in the active resolution of inflammation by both suppressing proinflammatory actions and promoting

resolution pathways. Importantly, SPMs lack the immunosuppressive properties of classical anti-inflammatory therapies. On the basis

of these characteristics, we hypothesized that aspirin-triggered resolvin D1 (AT-RvD1) would dampen NTHi-induced inflammation

while still enhancing bacterial clearance. C57BL/6 mice were treated with AT-RvD1 and infected with live NTHi. AT-RvD1–treated

mice had lower total cell counts and neutrophils in bronchoalveolar lavage fluid, and had earlier influx of macrophages. In addition,

AT-RvD1–treated mice showed changes in temporal regulation of inflammatory cytokines and enzymes, with decreased KC at 6 h and

decreased IL-6, TNF-a, and cyclooxygenase-2 expression at 24 h post infection. Despite reduced inflammation, AT-RvD1–treated mice

had reduced NTHi bacterial load, mediated by enhanced clearance by macrophages and a skewing toward an M2 phenotype. Finally,

AT-RvD1 protected NTHi-infected mice from weight loss, hypothermia, hypoxemia, and respiratory compromise. This research

highlights the beneficial role of SPMs in pulmonary bacterial infections and provides the groundwork for further investigation into

SPMs as alternatives to immunosuppressive therapies like steroids. The Journal of Immunology, 2016, 196: 2742–2752.

N
ontypeable Haemophilus influenzae (NTHi) is a Gram-

negative, opportunistic bacterial pathogen found in the

upper respiratory tract. NTHi is the most common col-

onizing bacterium and causes ear infections, bronchitis, and more

invasive diseases such as bacteremia and pneumonia (1, 2). People

with underlying lung inflammation, such as chronic obstructive pul-

monary disease (COPD), cystic fibrosis, or a pre-existing infection,

are particularly susceptible to infectious exacerbations, which lead

to high rates of hospitalization and worsening of symptoms; NTHi

is a major cause of exacerbation (3–6). NTHi is indeed the most

common colonizing bacterium found in COPD patients, with the

bacterial load correlating to airway inflammation, symptoms, and

exacerbations (6–8). These infections are persistent and recurring,

and a history of exacerbations is the single best predictor of further

exacerbations (9). Although a vaccine is available for the com-

monly infectious H. influenzae type B, it does not protect against

NTHi, which continues to increase in incidence (10). Furthermore,

there is increased prevalence of strains with antibiotic resistance

(10–12). These infections are typically persistent, with some

strains acquiring drug resistance or the ability to avoid opsoni-

zation and thereby “trick” macrophages to avoid phagocytosis,

resulting in the propagation and colonization of bacteria in the

airways (13, 14). Multiple studies have shown that NTHi infections

induce a strong and prolonged inflammatory response, characterized

by influx of inflammatory cells, release of cytokines, activation of

the NF-kB pathway, and initiation of TLR signaling pathways (15–

18). In mice, NTHi is rapidly cleared, but inflammation persists,

providing evidence for how this bacterium might induce a dysreg-

ulation of normal inflammatory responses and a failure to resolve.

Recently, endogenous lipid-derived mediators termed special-

ized proresolving mediators (SPMs) have been identified as key

players in the resolution of inflammation (19). SPMs are deriva-

tives of polyunsaturated fatty acids and are divided into subclasses

based on their biosynthetic pathways and structures, including

lipoxins, resolvins, protectins, and maresins (19). SPMs have both

anti-inflammatory and proresolving actions, and it is clear that

they are not immunosuppressive. These molecules act to promote

a paradigm shift in immune cell function, enhancing apoptotic cell

clearance, promoting production of proresolving cytokines, and

inducing an alternative M2 macrophage phenotype (19–22). SPMs

are effective at reducing inflammation and promoting resolution in
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a variety of nonmicrobial models, including lung-related diseases

such as COPD, asthma, and fibrosis (20, 21, 23).

Along with these proinflammatory nonmicrobial insults, there is

a growing interest in evaluating the efficacy of SPMs against in-

fectious agents. LPS is often used as a surrogate for Gram-negative

bacteria, and certain SPMs—namely, lipoxins and D-series resol-

vins—dampen LPS-induced inflammatory cell influx and proin-

flammatory cytokine production (24–26). SPMs have also shown

efficacy in sepsis models by promoting resolution while enhancing

bacterial clearance, and ligands for the lipoxin A4 receptor (FPR2/

ALX) have a protective effect against experimental sepsis (27–

32). Indeed, SPMs can be used as an adjunct to antibiotics, and

thereby lower antibiotic requirements or act synergistically with

antibiotics for improved host responses (33, 34). There still exists,

though, a major knowledge gap regarding the efficacy of SPMs in

resolving pulmonary bacterial infections; this is especially critical

given the susceptibility of the lung to infection. On the basis of the

non-immunosuppressive nature of SPMs and their efficacy in other

inflammatory lung models, we hypothesized that aspirin-triggered

resolvin D1 (AT-RvD1) would attenuate NTHi-induced lung in-

flammation without impairing bacterial clearance. Given the high

incidence of NTHi and other bacterial lung infections and their

role in promoting exacerbations, this represents an important area

of translational research with high clinical impact.

Materials and Methods
Materials

Mouse IL-6 (431401), IL-10 (431411), and TNF-a (430901) ELISA kits and
Anti-F4/80 mouse BV421 Ab (123131) were purchased from BioLegend

(San Diego, CA). Mouse CXCL1/KC ELISA kit (DY453-05) was pur-
chased from R&D Systems (Minneapolis, MN). Collagenase (234155) was
purchased from EMD Millipore (Billerica, MA). Anti-CD206 mouse
Alexa Fluor 647 Ab (MCA2235A647T) was purchased from AbD Serotec
(Raleigh, NC). Anti–Ly-6G (Gr-1) mouse PE Ab (553128) was purchased
from BD Pharmingen (San Jose, CA). Blood agar base (70133), hemin
(H9039), and b-NAD hydrate (NAD) (N3014) were purchased from
Sigma-Aldrich (St. Louis, MO). Brain heart infusion (237500) and anti-CD80
mouse PerCP-Cy5.5 Ab (560526) were purchased from BD Biosciences
(San Jose, CA). PGE2 enzyme immunoassay reagents and AT-RvD1 were
purchased from Cayman Chemical (Ann Arbor, MI). Secondary Western
blot Abs (115-035-146, 111-035-144) were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). PBS (14200-075) was
purchased from Life Technologies (Waltham, MA).

NTHi culture and growth

NTHi strain 12 (clinical isolate) was used for all infections. To culture
bacteria, NTHi glycerol stock was streaked on chocolate agar plates and
grown at 37˚C, 5% CO2 for 24 h. A single colony was inoculated into
supplemented brain heart infusion broth (brain heart infusion, hemin,
NAD) overnight. The bacterial suspension was subcultured and then
centrifuged to form a bacterial pellet. The NTHi pellet was resuspended in
13 PBS and the OD measured via spectrophotometer at a 600-nM
wavelength, using OD to determine CFUs (1.00 OD = 1 3 109 CFUs).

In vivo treatment and exposures

Adult female C57BL/6J mice were purchased from The Jackson Laboratory
(Bar Harbor, ME) and used at 8–10 wk of age. All animal procedures were
approved and supervised by the University of Rochester University
Committee on Animal Resources (UCAR protocol number 2007-127). For
initial dosing experiments, mice were infected by oropharyngeal aspiration
(35) with 1 3 105–108 CFUs of NTHi in 40 mL 13 PBS or PBS vehicle
(veh) and euthanized at 6–120 h following infection. Mice were euthanized
with i.p. injection of 100 mg/kg pentobarbital sodium plus 12.5 mg/kg
phenytoin sodium (Euthasol; Virbac AH, Fort Worth, TX).

FIGURE 1. NTHi dose-dependently induces inflammation in C57BL/6 mice. Mice infected with 1 3 105–107 CFUs NTHi had dose-dependently in-

creased numbers of total cells, neutrophils, and macrophages at 6 h and 24 h (A–C) post infection. NTHi infected mice also had dose-dependent levels of

bacteria present in the lung at 6 h, with .90% of bacteria cleared by 24 h for all doses (D). NTHi-infected mice had prolonged weight loss (E) and

prolonged influx of inflammatory cells (F). Statistical significance was determined by one-way ANOVA. Overall p = 0.0014 [(A), 6 h], p = 0.0041 [(A),

24 h], p = 0.0002 [(B), 6 h], p = 0.0022 [(B), 24 h], p = 0.06 [(C), 24 h] p, 0.0001 (D–F) with the Bonferroni posttest for multiple comparisons (*p , 0.05,

**p , 0.01, ***p , 0.001, ****p , 0.0001), n = 5 mice per group.

The Journal of Immunology 2743
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To determine the efficacy of AT-RvD1, mice were treated with 20 ng or
100 ng per mouse of AT-RvD1 in 40 mL 13 PBS by oropharyngeal as-
piration and given a second dose 24 h later, prior to infection. As the
average starting weight of the mice was 18.1 61.5 g (mean 6SD), this
corresponded to doses of 1.1 60.1 mg/kg and 5.5 60.4 mg/kg. Mice were
then infected with 1 3 106 CFUs of NTHi in 40 mL 13 PBS by oro-
pharyngeal aspiration; 13 PBS was used as a veh control. Mice were
euthanized 6–24 h following NTHi infection. Mice were weighed imme-
diately before NTHi infection and again immediately before euthanasia.
Immediately prior to euthanasia, temperature readings were also taken
using a rectal thermometer. Respiratory physiology was assessed using the
Harvard Apparatus Small Rodent Plethysmograph. Oxygen saturation of
hemoglobin was measured using a tail clip and the Starr Life Sciences
Mouse Oximeter according to the manufacturer’s protocols. After all
biometric readings were obtained, the mice were euthanized and tissue was
harvested as described below.

Analysis of bronchoalveolar lavage fluid and lung tissue

Bronchoalveolar lavage (BAL) fluid (BALF) was collected as previously
described (21). The cranial lobe of the right lung was removed to assess
bacterial load. The remainder of the right lung was frozen for further
analysis. Differential BALF cell counts were obtained using Richard Allen
three-step staining according to the manufacturer’s protocol. Total protein
in BALF was determined by the bicinchoninic acid colorimetric assay

(23225; ThermoScientific, Waltham, MA). Levels of IL-6, TNF-a, KC, and
IL-10 cytokines in BALF were determined by ELISA. The right lung was
homogenized in CW buffer (50 mM Tris-HCL, 2% SDS) using a glass bead
homogenizer (Next Advance Bullet Blender, Averill Park, NY), and
cyclooxygenase-2 (Cox-2) protein was analyzed by Western blotting (36). In
some experiments, the lungs were inflated and fixed with 10% neutral buffered
formalin without undergoing lavage. Tissues were embedded with paraffin,
sectioned (5 mm), and stained for neutrophils, as described previously (21).

Assessment of bacterial load

The cranial lung lobe was homogenized in 1 ml 13 PBS. Serial dilutions
were plated onto chocolate agar plates and NTHi grown at 37˚C, 5% CO2.
Colonies were counted 24 h after plating.

Assessment of bacterial clearance, efferocytosis, and

macrophage phenotype

Efferocytosis was performed as previously described 6 and 24 h after NTHi
infection (21). To assess bacterial clearance and macrophage phenotype,
mice were sacrificed 8 h after NTHi infection. BALF was obtained or the
right lung lobes were removed and digested with collagenase for 30 min.
Cells were collected through a cell strainer and centrifuged at 70003 g for
10 min. RBCs were removed using 13 ACK lysis buffer. Cells from BALF
and digested lung were stained with Abs against CD80, CD206, F4/80,

FIGURE 2. AT-RvD1 shifts the profile of inflam-

matory cell influx. Differential cell counts were de-

termined from BALF of AT-RvD1 (20 or 100 ng per

mouse, oropharyngeal aspiration) and/or NTHi (1 3

106 CFUs, oropharyngeal aspiration) inoculated mice.

Total cell (A and D), neutrophil (B and E), and mac-

rophage (C and F) counts were evaluated at 6 h (A–C)

and 24 h (D–F). Statistical significance was determined

by two-way ANOVA. Overall p , 0.0001, NTHi (all

panels), p = 0.0055, AT-RvD1 (B), p = 0.0021, AT-

RvD1 (C), p , 0.0001, AT-RvD1 (D and E) with the

Bonferroni posttest for multiple comparisons (*p ,

0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001), n =

5–8 mice per group.

2744 RESOLVINS ATTENUATE NTHi LUNG INFECTIONS
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CD11b, and Gr-1 for 30 min to identify cellular populations, macrophage
phenotype, and bacterial clearance. For these experiments, NTHi was la-
beled with FITC Ab; 10 mL of a 10 mg/ml solution of FITC in DMSO was
added to a suspension of NTHi and incubated in the dark for 30 min,
followed by centrifugation and resuspension of the bacteria in 13 PBS, as
above. Following staining, cells were fixed with 4% paraformaldehyde
(15710; EMS) for 20 min. Fixed cells were then permeabilized and stained
for intracellular Gr-1. Endpoints were assessed by flow cytometry.

Statistical analysis

All experiments were performed on four to nine mice per group and were
repeated at a minimum of two to four independent experiments. Results are
expressed as SEM. All data were normally distributed, and parametric
statistical analyses were performed using a t test or one- or two-way
ANOVA with the Bonferroni posttest correction for multiple compari-
sons (indicated on figures) using GraphPad Prism Software (San Diego,
CA). No statistical significance was found between veh/veh versus AT-
RvD1 unless indicated. In addition, AT-RvD1/veh versus NTHi groups
yielded a similar level of statistical significance as veh/veh versus NTHi

groups, and veh/veh versus AT-RvD1/NTHi yielded a similar level of
statistical significance as veh/veh versus veh/NTHi comparisons unless
otherwise indicated. The lack of statistical bar indicates that no signi-
ficance was found.

Results
NTHi dose-dependently induces persistent inflammation

despite rapid bacterial clearance

To characterize the timing and magnitude of NTHi-induced in-

flammation and infection, we first infected mice with 13 105–108

CFUs NTHi and evaluated several key markers of inflammation.

Instillation of 1 3 108 CFUs caused significant tissue damage and

morbidity (data not shown). At lower doses (1 3 105–1 3 107),

NTHi increased the total number of inflammatory cells, neutro-

phils, and macrophages in BALF at both 6 and 24 h post infection

in a dose-dependent manner (Fig. 1A–C). We additionally determined

FIGURE 3. AT-RvD1 decreases neutrophil influx

and promotes enhanced efferocytosis. Histological

sections were taken from AT-RvD1 (20 or 100 ng per

mouse, oropharyngeal aspiration) and/or NTHi (1 3

106 CFUs, oropharyngeal aspiration) inoculated mice

at 6 h and 24 h and were stained for neutrophils (brown

stain) and counterstained with hemotoxylin at original

magnification340 (A). Efferocytosis from BAL (B and

C) and collagenase digestion (D and E) at 6 h (B and D)

and 24 h (C and E) were also evaluated by flow

cytometry. F4/80+/Ly6G+ cells represent macrophages

with ingested neutrophils. Statistical significance was

determined by two-way ANOVA. Overall p , 0.0001,

NTHi (all panels), p = 0.0178, AT-RvD1 (B) with the

Bonferroni posttest for multiple comparisons (*p ,

0.05, **p , 0.01, ***p , 0.001), n = 5–8 mice per

group.

The Journal of Immunology 2745
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bacterial colony counts to evaluate clearance. In pilot testing,

bacteria were distributed throughout the lung lobes in equal ratio

to the lobe size (data not shown), and the right cranial (upper) lobe

was used in future experiments to maintain consistency. Bacterial

CFUs reflected the infective dose at 6 h; .98% of NTHi was

cleared by 24 h (Fig. 1D). NTHi was never detected in the blood,

spleen, or liver of infected mice (data not shown). Despite this

rapid bacterial clearance and lack of bacteremia, mice infected

with 1 3 106 CFUs of NTHi exhibited significant weight loss up

to 96 h post infection, with recovery beginning at 48 h (Fig. 1E).

Mice additionally had increasing total inflammatory cell counts

48 h post infection; by 72 h these elevated cell counts began to

decrease, indicative of the initiation of resolution (Fig. 1F). These

data confirm that NTHi induces persistent and prolonged lung

inflammation, despite rapid bacterial clearance.

AT-RvD1 alters the NTHi-induced inflammatory cell profile

and promotes efferocytosis

We next evaluated whether AT-RvD1 could attenuate excessive

NTHi-induced inflammation. AT-RvD1 did not dampen initial

FIGURE 4. AT-RvD1 dampens production of proinflammatory cytokines. Levels of proinflammatory cytokines were measured in BALF of AT-RvD1

(veh, black bars; 20 ng per mouse, dark gray bars; or 100 ng per mouse, light gray bars, oropharyngeal aspiration) and/or NTHi (1 3 106 CFUs, oro-

pharyngeal aspiration) inoculated mice at 6 h and 24 h. Total protein was determined by bicinchoninic acid (A). BALF was assessed for IL-6 (B), TNF-a

(C), KC (D), and IL-10 (E). PGE2 (F) expression and Cox-2 (G and H) expression were also evaluated in lung homogenates by enzyme immunoassay and

Western blot, respectively (representative blots shown, densitometry on n = 4–5 mice per group). Statistical significance was determined by two-way

ANOVA. Overall p, 0.0001, NTHi (A–D, F, and H), p = 0.030, AT-RvD1 [(B), 6 h], p = 0.0257, AT-RvD1 [(D), 24 h], p = 0.0131, AT-RvD1 [(H), 6 h] with

the Bonferroni posttest for multiple comparisons (*p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001), n = 4–6 mice per group.

2746 RESOLVINS ATTENUATE NTHi LUNG INFECTIONS
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NTHi-induced cell infiltration at 6 h, but AT-RvD1–treated mice

had significantly reduced total BALF cell counts at 24 h post in-

fection (Fig. 2A, 2D). AT-RvD1–treated mice also had decreased

total polymorphonuclear neutrophil numbers at both 6 and 24 h

(Fig. 2B, 2E). In contrast, AT-RvD1 increased the total number of

macrophages at 6 h (Fig. 2C). However, at 24 h NTHi-infected

mice showed increased total levels of macrophages; AT-RvD1–

treated mice had no difference in total macrophage counts com-

pared with NTHi-infected and veh-treated mice by 24 h (Fig. 2F).

Histological sections of lung tissue were also evaluated for

neutrophil influx. NTHi-infected mice had increased neutrophil

staining at 6 and 24 h post infection (Fig. 3A). These increases

were strongly attenuated by AT-RvD1 treatment at both time

points (Fig. 3A). Alveolar macrophages were additionally evalu-

ated by flow cytometry to determine if enhanced efferocytosis

accounted for this difference. AT-RvD1–treated mice had in-

creased uptake of apoptotic neutrophils (early in the inflammatory

response, at 6 h) in macrophages from BALF, and enhanced

neutrophil uptake at 24 h by macrophages from collagenase-

digested lungs (Fig. 3B–E).

AT-RvD1 temporally dampens proinflammatory cytokines and

Cox-2

In addition to inflammatory cell influx, we also measured the effect

of AT-RvD1 on NTHi-induced production of inflammatory cyto-

kines in BALF. NTHi-infected mice had significantly more protein

in their BALF at both 6 and 24 h, indicative of edema and

inflammation (Fig. 4A). NTHi also promoted induction of proin-

flammatory cytokines IL-6, TNF-a, and KC (Fig. 4B–D). AT-

RvD1 did not alter IL-6 or TNF-a production at 6 h but did

reduce the level of KC (Fig. 4B–D). At 24 h, AT-RvD1 attenuated

production of both TNF-a and IL-6 levels (Fig. 4B, 4C). KC had

returned to near-background levels at 24 h, and there were no

further reductions with AT-RvD1 (Fig. 4D). Along with proin-

flammatory cytokines, we evaluated the effect of NTHi and AT-

RvD1 on the anti-inflammatory cytokine IL-10. At 6 h, NTHi

reduced IL-10 expression, which was restored by AT-RvD1

treatment (Fig. 4E).

We further evaluated the effect of AT-RvD1 on PGE2 and Cox-2

expression. Cox-2 plays multiple roles in the inflammatory pro-

cess and catalyzes production of PGE2, a PG with important roles

in bacterial infections. NTHi induced strong Cox-2 expression.

AT-RvD1 did not attenuate NTHi-induced Cox-2 expression at 6 h

but dose-dependently dampened expression at 24 h (Fig. 4G, 4H).

PGE2 was also increased by NTHi, with trending decreases with

AT-RvD1 treatment (Fig. 4F). Taken together, these data reflect

the temporal regulation abilities of AT-RvD1 in reducing inflam-

matory cytokine and enzyme expression.

AT-RvD1 promotes bacterial clearance

A defining characteristic of AT-RvD1 is its ability to dampen

inflammation and promote resolution without being immunosup-

pressive. To evaluate this property, we examined the effect of AT-

RvD1 treatment on pulmonary bacteria levels. AT-RvD1–treated

mice displayed dose-dependent decreases in bacterial colonies,

consistent with bacterial clearance; this effect was evident as early

as 6 h and was statistically significant by 8, 12, and 24 h (Fig. 5).

AT-RvD1 did not directly act to kill NTHi, as colony counts on

chocolate agar plates streaked with an NTHi or NTHi plus AT-

RvD1 suspension were not significantly different (data not

shown).

SPMs have been shown in nonmicrobial models of inflammation

to increase phagocytic abilities of innate immune cells (20, 22, 37,

38). In particular, SPMs promote alternative M2 macrophages to

mediate this enhanced phagocytosis. We hypothesized that AT-

RvD1–induced decreases in bacterial CFUs were therefore due to

polarization of macrophages to an M2 phenotype, which thereby

mediated enhanced clearance of NTHi. Macrophages obtained by

both BAL and lung collagenase digestion from AT-RvD1–treated

mice had a reduced ratio of proinflammatory M1 macrophages

(CD80) to proresolving M2 macrophages (CD206), compared

with NTHi-infected mouse macrophages (Fig. 6A, 6E). This

finding indicates a shift toward alternative M2 macrophages in AT-

RvD1–treated mice. We further evaluated phagocytosis of NTHi

by M1 macrophages, M2 macrophages, and neutrophils. Mice

were instilled with fluorescently labeled NTHi, and double-stained

macrophages and neutrophils were analyzed by flow cytometry.

AT-RvD1 treatment induced no difference in NTHi phagocytosis

by CD80+ macrophages or by neutrophils, but CD206+ macro-

phages had a dose-dependent increase in NTHi uptake with AT-

RvD1 treatment (Fig. 6B–D, F–H).

AT-RvD1 protects health outcomes in NTHi-infected mice

Along with dampened inflammation and enhanced bacterial

clearance, we investigated whether AT-RvD1 could improve the

general health of infected mice. NTHi-infected mice exhibit a trend

toward weight loss as early as 6 h post infection, with significant

(#15%) weight loss at 24 h (Fig. 7A, 7B). The mice also exhibit a

significant 1.5˚C drop in body temperature 6 h post infection;

normal body temperature was restored by 24 h (Fig. 7C, 7D). AT-

RvD1 treatment protected the mice from both weight loss and

hypothermia, thereby preventing them from going into shock

(Fig. 7A–D). NTHi-infected mice also had altered respiratory

physiology, with increased respiratory rates and decreased tidal

volume at 24 h, indicative of respiratory distress (Fig. 8A–D).

NTHi-infected mice further exhibit a dramatic drop in the O2

saturation of hemoglobin, comparable to that seen in humans who

require mechanical ventilation (Fig. 8E, 8F). These alterations to

respiratory physiology and O2 saturation were dose-dependently

rescued by AT-RvD1 treatment, restoring respiratory health

(Fig. 8A–F). These results demonstrate the strong therapeutic

potential of AT-RvD1 against NTHi infection.

Discussion
SPMs represent a novel class of non-immunosuppressive small

lipid molecules with high clinical potential for treatment of

FIGURE 5. AT-RvD1–treated mice have decreased NTHi bacterial bur-

den. Colony counts were assessed in lung homogenates 6–24 h post infection

with 1 3 106 CFUs of NTHi. Statistical significance was determined at each

time point by one-way ANOVA with the Bonferroni posttest for multiple

comparisons (*p , 0.05, **p , 0.01), n = 3–6 mice per group.
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inflammatory diseases. In this article, we have shown that AT-RvD1

is effective at dampening NTHi-induced lung inflammation, while

still promoting bacterial clearance. AT-RvD1–treated mice had

reduced inflammatory cell influx, with a higher macrophage/

neutrophil ratio and increased efferocytosis, compared with

NTHi-infected mice receiving veh treatment. AT-RvD1 attenuated

levels of proinflammatory cytokines and Cox-2 expression while

preventing decreases in anti-inflammatory cytokines. Critically,

these anti-inflammatory effects did not impair bacterial clearance,

and AT-RvD1–treated mice had fewer NTHi CFUs. This de-

creased bacterial burden was mediated by an increase in M2

macrophages, which had enhanced bacterial phagocytosis.

Overall, AT-RvD1–treated mice had less weight loss, less hypo-

thermia, improved respiratory physiology, and a smaller drop in

FIGURE 6. AT-RvD1 promotes

M2 macrophages to mediate NTHi

clearance. Mice were treated with AT-

RvD1 (veh, black bars; 20 ng per

mouse, dark gray bars; or 100 ng per

mouse, light gray bars, oropharyngeal

aspiration) and/or NTHi (1 3 106

CFUs, oropharyngeal aspiration) for

8 h. Macrophages and neutrophils

were obtained from BAL (A–D) and

collagenase digestion (E–H). Macro-

phage phenotype was assessed by

flow cytometry (A and E). Uptake

of NTHi by CD80+ macrophages,

CD206+ macrophages, and neutro-

phils was also assessed by flow

cytometry in BAL (B–D) and colla-

genase-digested lungs (F–H). Statis-

tical significance was determined by

two-way ANOVA. Overall p , 0.0001,

NTHi (all panels), p = 0.0288, AT-

RvD1 (A), p = 0.0018, AT-RvD1 (F),

p , 0.0001, AT-RvD1 (G), p = 0.0032,

AT-RvD1 (H) with the Bonferroni

posttest for multiple comparisons

(*p, 0.05, **p, 0.01, ***p, 0.001,

****p , 0.0001), n = 3–6 mice per

group.
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O2 saturation, indicating less hypoxemia. These effects un-

derscore the clinical therapeutic potential of AT-RvD1 for

NTHi infection.

In each of our observed endpoints, all NTHi-infected mice

mounted an initial inflammatory response, but the AT-RvD1–

treated mice had more rapid clearance of NTHi and resolution of

inflammation. At 6 h post infection, in the early stages of bacterial

clearance, AT-RvD1 dampened KC, a cytokine that promotes

neutrophil recruitment, contributing to decreased levels of neu-

trophils in AT-RvD1–treated lungs. However, AT-RvD1 did not

dampen levels of IL-6 and TNF-a until 24 h. These cytokines are

important for initial inflammatory responses, with TNF-a partic-

ularly contributing to bacterial phagocytosis and killing. This

same effect was seen in inflammatory cell influx, wherein AT-

RvD1 did not halt inflammatory cell influx, but shifted the cel-

lular profile to promote an early increase in macrophages and a

faster clearance of neutrophils. This regulation of cytokines at

different time points is key for several reasons. First, AT-RvD1

does not broadly block all cytokine signaling, distinguishing

SPMs from other strictly anti-inflammatory therapies. This non-

immunosuppressive nature is further seen as SPMs increase

macrophage influx, enhance efferocytosis, and increase the

phagocytic abilities of macrophages (20–22, 25, 33, 39). Second,

AT-RvD1 decreases in KC levels early on demonstrate that SPMs

can preferentially regulate early cytokine release to jump-start

resolution. Third, endogenous resolution of NTHi-induced in-

flammation is slow, occurring days after bacterial clearance.

AT-RvD1, however, enhances natural resolution, more rapidly

clearing apoptotic cells and dampening proinflammatory cytokine

release. These data highlight that SPMs do not suppress immune

cell function but instead promote a shift in macrophage functional

activities to speed the resolution process.

Along with temporal regulation of proinflammatory cell influx

and cytokines, SPMs are also capable of shifting cytokine pro-

duction to promote enhanced levels of anti-inflammatory or pro-

resolving cytokines. SPMs are derived from v three and v six fatty

acids, precursors that can undergo lipid class switching to produce

both pro- and anti-inflammatory molecules in a temporal manner

and under different stimuli (40). This feature is highlighted by our

results with Cox-2; although AT-RvD1 partially inhibited the

increased expression of Cox-2 in NTHi-treated mice at 24 h, it

paradoxically increased Cox-2 expression in veh-treated mice.

Cox-2 is capable of producing both pro- and anti-inflammatory

mediators, and AT-RvD1 has been shown to increase Cox-2 under

homeostatic conditions in human macrophages (20, 41). There-

fore, AT-RvD1 may be acting to promote other SPMs or PGs to

maintain homeostatic conditions in the absence of an inflamma-

tory response, but dampening NTHi-induced Cox-2 expression to

prevent production of proinflammatory mediators. Furthermore,

PGE2 continues to increase at 24 h, in contrast to other cytokines,

despite no change in mouse PGE synthase 1 (data not shown).

Although Cox-2 expression is lower at 24 h than at 6 h, Cox-2 in

veh/NTHi mice is still significantly elevated above that in veh/veh

mice, which could account for the increased PGE2. Furthermore,

PGE2 has been shown to have both pro- and anti-inflammatory

actions. Thus, late-stage PGE2 could be acting in an anti-inflammatory

manner or may simply be the result of accumulated PGs. The

connection between Cox-2 and SPM production is a broad area

of study and one that bears further investigation in this model.

Overall, regulation of lipid mediator class switching is an im-

portant characteristic of SPMs, as is the shift to promote anti-

inflammatory cytokines. Eicosanoids, including both SPMs

and proinflammatory mediators, produced in the early stages of

inflammation can form feedback loops to promote the shift to

FIGURE 7. AT-RvD1 dampens NTHi-induced weight

loss and hypothermia. Mice inoculated with AT-RvD1

(20 or 100 ng per mouse, oropharyngeal aspiration)

and/or NTHi (13 106 CFUs, oropharyngeal aspiration)

were weighed immediately before infection and at time

of sacrifice at 6 and 24 h (A and B). In addition, the core

temperature was recorded prior to euthanasia at 6 and

24 h (C and D). Statistical significance was determined by

two-way ANOVA. Overall p , 0.0001, NTHi (A–C), p =

0.0006, AT-RvD1 (B), p = 0.0019, AT-RvD1 (C) with the

Bonferroni posttest for multiple comparisons (*p, 0.05,

**p , 0.01, ***p , 0.001), n = 3–6 mice per group.
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anti-inflammatory lipids (40, 42). Although further in-depth in-

vestigations are needed to fully elucidate the role of Cox-2 in

inflammation and SPM-mediated resolution, there is evidence that

these distinct lipid mediator profiles produced at different stages

of inflammation can mediate the progression from initiation of

inflammation through to resolution and can reprogram immune

cells to promote resolution.

In our studies, some actions of AT-RvD1 are dose dependent

(such as phagocytosis and efferocytosis), whereas other effects are

similar at the 20-ng and 100-ng doses (such as reductions in in-

flammatory cells and cytokines). Different components of the

resolution process may be more sensitive to the actions of AT-RvD1

(such as dampening of inflammatory cytokines compared with

proresolving phagocytosis), and it is possible that a dose-dependent

change in cytokines and inflammatory cells would have been seen

at doses ,20 ng. Because different SPMs act through different

receptors (43, 44), it is also possible that a combination of SPMs

would have stronger proresolving effects than higher doses of

single SPMs. Such combination studies will be an important next

step toward development of SPMs as clinical therapies.

The non-immunosuppressive properties of SPMs are most

clearly demonstrated by their ability to mediate macrophage

phenotypic switching.We observed an increase in the percentage of

M2 macrophages and a decrease in the percentage of M1 mac-

rophages, culminating in an overall shift in the ratio of these

phenotypes with AT-RvD1 treatment. M2 macrophages are known

to promote resolution, and a number of studies have demonstrated

their enhanced phagocytic capabilities (39, 45–47). Moreover,

multiple chronic inflammatory diseases have been linked to a

skewed M1/M2 profile, with a deficiency in M2 macrophages

presumably causing phagocytic and resolution deficiencies

(45, 48).

FIGURE 8. AT-RvD1 improves re-

spiratory health in NTHi-infected mice.

Respiratory outcomes were measured

for mice inoculated with AT-RvD1 (veh,

black bars; 20 ng per mouse, dark gray

bars; or 100 ng per mouse, light gray

bars, oropharyngeal aspiration) and/or

NTHi (1 3 106 CFUs, oropharyngeal

aspiration) at 6 and 24 h post infection.

Respiratory rates (A and B), tidal vol-

ume (C and D), and O2 saturation of

hemoglobin (E and F) were assessed.

Statistical significance was determined

by two-way ANOVA. Overall p = 0.0044,

NTHi (B), p = 0.004, NTHi (C), p = 0.002

(D), p = 0.0005, NTHi (F), p = 0.0069,

AT-RvD1 (B), p = 0.0452, AT-RvD1 (D)

with the Bonferroni posttest for multiple

comparisons (*p , 0.05, **p , 0.01),

n = 3–6 mice per group.
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Patients with COPD in particular have deficient phagocytosis,

and NTHi is a common pathogen in COPD exacerbations and other

underlying inflammatory conditions (3). NTHi can avoid opsoni-

zation and clearance, allowing for persistent colonization in the

human lung. In our study, AT-RvD1 increased bacterial clearance

from the lung through enhanced macrophage phagocytosis. Al-

though the specific mechanisms by which AT-RvD1 acts to en-

hance phagocytosis are unknown, this ability has been observed in

other models (20–22, 38). In addition, AT-RvD1–treated mice may

have decreased bacterial burden because of enhanced macrophage

killing. Although SPMs do not have direct antibacterial properties,

they can enhance internalization of bacteria, TNF-a expression,

and reactive oxygen species production to mediate killing (25, 33).

Although we have not yet demonstrated that AT-RvD1 or other

SPMs can improve phagocytosis and bacterial killing in the con-

text of chronic lung inflammatory disease, we recently reported

that AT-RvD1 attenuates cigarette smoke–induced emphysema in

a mouse model, with reductions in inflammatory signaling and

oxidative stress (49). Future studies that evaluate SPMs in a set-

ting of infection following chronic lung disease will be important

to understand the translation potential of these compounds. We

will also be very interested to determine whether SPMs are

equally efficacious in a model of chronic recurrent infection—that

is, whether SPMs would be effective if given during a third or

fourth infection after several rounds of untreated infection.

AT-RvD1 may be acting through a number of signaling path-

ways to mediate its effects. As described above, Cox-2 can regulate

the production of pro- and anti-inflammatory signals, including

SPM production. NTHi has been shown to activate the NF-kB

and MAPK pathways to promote inflammation (17). SPMs have

also been shown in multiple studies to act on the NF-kB pathway

to mediate their effects (20, 24, 27, 33). Moreover, NTHi induces

expression of TAK-1, which leads to enhanced NF-kB expression;

TAK-1 is negatively regulated by cylindromatosis (CYLD), a

primary negative regulator for NTHi-induced inflammation over-

all (50, 51). Our laboratory has shown in epithelial cells that

AT-RvD1 can dampen TAK-1, highlighting another potential tar-

get in NTHi infections (37). Many different signaling molecules

exist that are regulated by both NTHi and SPMs, and these can-

didate markers represent an interesting area for future mechanistic

studies.

The proresolving actions of AT-RvD1 yielded markedly im-

proved respiratory physiology in treated mice in this study. NTHi-

infected mice demonstrated elevated respiratory rates and

decreased tidal volumes; importantly, these alterations were

accompanied by dramatic decreases in oxygen saturation of

hemoglobin, highlighting an important clinical consequence of

impaired lung physiology. Remarkably, AT-RvD1 treatment sig-

nificantly improved lung physiology, resulting in improved oxygen

saturation of hemoglobin in NTHi-infected mice. The ability of AT-

RvD1 to protect against NTHi-induced weight loss was likely

multifactorial; because treated mice had improved respiratory

physiology and thermal homeostasis, and thus lower metabolic

demand for basic functions such as breathing and maintaining body

temperature, this contributed to preventing weight loss. These are

the first observed effects of NTHi on respiratory rates, oxygen

saturation, and temperature in mice, and the first evidence that

SPMs can act to improve these health markers in a live bacteria,

pulmonary infection model.

These data represent, to our knowledge, the first evidence in a

pulmonary model that SPMs can act in a proresolving manner to

dampen inflammation and improve lung physiology while still

enhancing bacterial clearance. These unique properties open up a

wide range of therapeutic opportunities for AT-RvD1, particularly

as an alternative for chronic inflammatory conditions such as

COPD, in which infective exacerbations are common. AT-RvD1

has high therapeutic potential for such patients, and these studies

are a step in investigating this novel and critical area of resolution

research.
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33. Chiang, N., G. Fredman, F. Bäckhed, S. F. Oh, T. Vickery, B. A. Schmidt, and
C. N. Serhan. 2012. Infection regulates pro-resolving mediators that lower an-
tibiotic requirements. Nature 484: 524–528.

34. Ueda, T., K. Fukunaga, H. Seki, J. Miyata, M. Arita, T. Miyasho, T. Obata,
K. Asano, T. Betsuyaku, and J. Takeda. 2014. Combination therapy of 15-epi-
lipoxin A4 with antibiotics protects mice from Escherichia coli-induced sepsis*.
Crit. Care Med. 42: e288–e295.

35. Lakatos, H. F., H. A. Burgess, T. H. Thatcher, M. R. Redonnet, E. Hernady,
J. P. Williams, and P. J. Sime. 2006. Oropharyngeal aspiration of a silica sus-
pension produces a superior model of silicosis in the mouse when compared to
intratracheal instillation. Exp. Lung Res. 32: 181–199.

36. McMillan, D. H., C. J. Baglole, T. H. Thatcher, S. Maggirwar, P. J. Sime, and
R. P. Phipps. 2011. Lung-targeted overexpression of the NF-kB member RelB
inhibits cigarette smoke-induced inflammation. Am. J. Pathol. 179: 125–133.

37. Hsiao, H. M., T. H. Thatcher, E. P. Levy, R. A. Fulton, K. M. Owens,
R. P. Phipps, and P. J. Sime. 2014. Resolvin D1 attenuates polyinosinic-
polycytidylic acid-induced inflammatory signaling in human airway epithelial
cells via TAK1. J. Immunol. 193: 4980–4987.

38. Colas, R. A., M. Shinohara, J. Dalli, N. Chiang, and C. N. Serhan. 2014.
Identification and signature profiles for pro-resolving and inflammatory lipid
mediators in human tissue. Am. J. Physiol. Cell Physiol. 307: C39–C54.

39. Ariel, A., and C. N. Serhan. 2012. New lives given by cell death: macrophage
differentiation following their encounter with apoptotic leukocytes during the
resolution of inflammation. Front. Immunol. 3: 4.

40. Levy, B. D., C. B. Clish, B. Schmidt, K. Gronert, and C. N. Serhan. 2001. Lipid
mediator class switching during acute inflammation: signals in resolution. Nat.
Immunol. 2: 612–619.

41. Gilroy, D. W., P. R. Colville-Nash, D. Willis, J. Chivers, M. J. Paul-Clark, and
D. A. Willoughby. 1999. Inducible cyclooxygenase may have anti-inflammatory
properties. Nat. Med. 5: 698–701.

42. Wu, D., S. Zheng, W. Li, L. Yang, Y. Liu, X. Zheng, Y. Yang, L. Yang, Q. Wang,
F. G. Smith, and S. Jin. 2013. Novel biphasic role of resolvin D1 on expression
of cyclooxygenase-2 in lipopolysaccharide-stimulated lung fibroblasts is partly
through PI3K/AKT and ERK2 pathways. Mediators Inflamm. 2013: 964012.

43. Krishnamoorthy, S., A. Recchiuti, N. Chiang, S. Yacoubian, C. H. Lee, R. Yang,
N. A. Petasis, and C. N. Serhan. 2010. Resolvin D1 binds human phagocytes
with evidence for proresolving receptors. Proc. Natl. Acad. Sci. USA 107: 1660–
1665.

44. Chiang, N., C. N. Serhan, S. E. Dahlén, J. M. Drazen, D. W. Hay, G. E. Rovati,
T. Shimizu, T. Yokomizo, and C. Brink. 2006. The lipoxin receptor ALX: potent
ligand-specific and stereoselective actions in vivo. Pharmacol. Rev. 58: 463–487.

45. Martinez, F. O., and S. Gordon. 2014. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 6: 13.
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