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Intratracheal instillation of apoptotic cells enhances resolution of experimental lung inflammation by
incompletely understood mechanisms. We report that this intervention induces functional regulatory
T lymphocytes (Tregs) in mouse lung experimentally inflamed by intratracheal administration of
lipopolysaccharide. Selective depletion demonstrated that Tregs were necessary for maximal apoptotic
celledirected enhancement of resolution, and adoptive transfer of additional Tregs was sufficient to
promote resolution without administering apoptotic cells. After intratracheal instillation, labeled
apoptotic cells were observed in most CD11cþCD103þ myeloid dendritic cells migrating to mediastinal
draining lymph nodes and bearing migratory and immunoregulatory markers, including increased CCR7
and b8 integrin (ITGB8) expression. In mice deleted for av integrin in the myeloid line to reduce
phagocytosis of dying cells by CD103þ dendritic cells, exogenous apoptotic cells failed to induce
transforming growth factor-b1 expression or Treg accumulation and failed to enhance resolution of
lipopolysaccharide-induced lung inflammation. We conclude that in murine lung, myeloid phagocytes
encountering apoptotic cells can deploy av integrinemediated mechanisms to induce Tregs and
enhance resolution of acute inflammation. (Am J Pathol 2020, 190: 1224e1235; https://doi.org/
10.1016/j.ajpath.2020.02.010)
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Although acute inflammation often resolves, persistent
inflammation is a common and frequently intractable clin-
ical problem.1e3 Nevertheless, a growing body of data in-
dicates that inflammation may normally be kept in check by
safe immunosuppressive clearance of cells dying by
apoptosis.4e10 Both in vitro and in vivo approaches have
demonstrated that myeloid phagocytes [both macrophages
and immature dendritic cells (DCs)] employ various mo-
lecular complexes assembled by phagocyte cell surface av
integrin to bind cells dying by apoptosis11e16 and trigger
anti-inflammatory responses, such as elaboration of active
transforming growth factor-b1 (TGF-b1) and induction of
CD4þCD25þFoxP3þ regulatory T lymphocytes (Tregs) by
CD103þ DCs.11,17e20 A substantial body of data implicates
avb3 and avb5 integrins in phagocytosis of apoptotic cells
stigative Pathology. Published by Elsevier Inc
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by macrophages and DCs, respectively, whereas myeloid
avb8 integrin is required for efficient production of active
TGF-b1 from the surface-bound latent form, a key immu-
nosuppressive consequence of phagocytic clearance of cells
dying by apoptosis.11e20 However, whether such av-
dependent mechanisms can be deployed in the acutely
injured lung to promote resolution of inflammation has been
unknown.
Inhalation of bacterial endotoxins, such as lipopolysac-

charide (LPS), can cause lung inflammation and is impli-
cated in a range of lung diseases affecting humans, such as
.
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Apoptotic Cells and Tregs in Lung Injury
various occupational dust disorders,21 and animals (eg,
equine heaves).22 Therefore, many have sought to dissect
mechanisms of lung inflammation and its resolution by study
of self-limited experimental lung inflammation induced by
intratracheal administration of LPS. In this clinically relevant
model, there is circumstantial evidence that clearance of cells
dying by apoptosis is important in directing resolution of
acute lung inflammation. Huynh et al10 demonstrated that
intratracheal administration of apoptotic cells enhanced res-
olution of LPS-induced lung inflammation in a TGF-
b1edependent manner. Although TGF-b1 is now widely
recognized as a key stimulus inducing Tregs,23 the role of
such lymphocytes was not dissected by these investigators.
Nevertheless, although D’Alessio et al24 did not examine
effects of exogenous apoptotic cells, they did elegantly
employ loss-of-function and gain-of-function approaches to
demonstrate that Tregs are crucial for resolution of LPS-
induced lung inflammation and are associated with
increased TGF-b1 production and enhanced clearance of
leukocytes by apoptosis and subsequent phagocytosis.
Nevertheless, it was not known whether induction of Tregs is
required for exogenous apoptotic cells to direct enhanced
resolution of LPS-driven acute lung inflammation.

In this study, it was demonstrated that intratracheal admin-
istration of exogenous apoptotic cells not only enhances res-
olution of LPS-induced lung inflammation, but also induces
functional Tregs in the lung, capable of suppressing T-cell
proliferation in mixed cell culture. By selective inducible
deletion of Tregs,25 it was confirmed that Tregs are necessary
for maximal enhancement by administered apoptotic cells of
resolution of lung inflammation. Adoptive transfer was also
deployed to demonstrate that Tregs are sufficient for enhanced
resolution, being able to substitute for exogenous apoptotic
cells in promoting resolution of LPS-induced lung inflamma-
tion in wild-type mice. There is strong evidence in the gut that
Tregs are induced in draining lymph nodes by immunoregu-
latoryCD103þmyeloid dendritic cells that havemigrated from
the gut wall, having taken up cells dying by apoptosis at that
site.26e32 The fate of labeled exogenous apoptotic cells that
were administered intratracheally was therefore tracked. Most
CD11cþCD103þ lung DCs migrating to draining mediastinal
lymph nodes had ingested exogenous apoptotic cells and had
acquired amigratory immunoregulatory phenotype expressing
CCR7 and b8 integrin (ITGB8). The myeloid av integrin is
crucial for the induction of Tregs by immunoregulatory
CD103þ DCs that have ingested apoptotic cells.11,18,20,32

Therefore, this study used mice selectively deficient for av in
the myeloid line, which is thought in myeloid DCs to inhibit
avb5-mediated phagocytosis of apoptotic cells11,14,15 and
avb8-directed activation of TGF-b1.11,33 It was observed that
intratracheal administration of apoptotic cells neither induced
TGF-b1 expression nor Treg accumulation and failed to
enhance resolution of LPS-induced lung inflammation in mice
lacking av in the myeloid line.

We conclude that exogenous apoptotic cells promote
resolution of experimental lung inflammation by migratory
The American Journal of Pathology - ajp.amjpathol.org
immunosuppressive CD103þ dendritic cells and myeloid av
integrinedependent induction of regulatory T lymphocytes.
We discuss the relevance of these findings to regulation of
inflammatory responses in the lung in health and disease.

Materials and Methods

Animals

C57BL/6 mice (aged 6 to 8 weeks) were purchased from
Charles River Laboratories (Tranent, Scotland, UK).
FoxP3egreen fluorescent protein reporter mice and
FoxP3.LuciDTR-4 mice25 were obtained from the Anderton
Group [Medical Research Council (MRC) Center for
Inflammation Research, University of Edinburgh, Edin-
burgh, UK]. We have previously demonstrated11 targeting
of av deletion in av-tie2 mice backcrossed to C57BL/6
backgrounds for 10 generations. In these experiments,
control mice were wild-type genotype from the same litters
at 6 to 8 weeks old. All mice were housed in conventional
specific and opportunistic pathogen-free facilities. All ex-
periments were performed after Research Ethics Committee
and veterinary review at the University of Edinburgh, and
were conducted in accordance with the UK Home Office
Scientific Procedures Act (1986) under license P4871232F.

Generation of Apoptotic Cells

Themouse thymuswas removed and disaggregated by passing
through a 40-mm cell strainer in RPMI 1640 medium supple-
mented with 2 mmol/L L-glutamine, 100 U/mL penicillin, and
100 g/mL streptomycin, to yield a single-cell suspension.
Sometimes, thymocytes were stained with CM-orange (Invi-
trogen, Carlsbad, CA) in serum-free RPMI 1640 medium in a
37�C incubator for 20minutes before aging them. Thymocytes
were aged overnight at 4 � 106/mL in RPMI 1640 supple-
mented medium with 1% fetal bovine serum and 1 mmol/L of
dexamethasone, which yielded a largely annexin Vepositive
(>85% � 5%) and low propidium iodide (PI)-positive
(<15%� 5%) cell population, as previously described.11,18,20

Airway Challenge and Treatment

Mice were lightly anesthetized with isoflurane and intra-
tracheally instilled with 15 mg LPS (Sigma-Aldrich, St.
Louis, MO; Escherichia coli serotype O26:B6). After 6
hours, 2 � 106 apoptotic cells in 50 mL phosphate-buffered
saline (PBS) or PBS only as a control were intratracheally
instilled. Control mice were challenged with 50 mL PBS.
Mice were sacrificed at 24 hours and 6 days by cervical
dislocation. For studies of possible transport of apoptotic
cells by DCs, mice were intratracheally instilled with 50 mL
of 8 mmol/L carboxyfluorescein succinimydl ester (CFSE)
(Invitrogen) in PBS to label DCs; after 6 hours, 20 � 106

apoptotic cells stained with CM-orange in 50 mL PBS with
10 mg LPS were instilled intratracheally. Labeled apoptotic
1225
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cells were administered at a larger dose to ensure they could
be tracked, given that apoptotic cells are normally ingested
and destroyed rapidly by phagocytes.5 Mice were sacrificed
at 24 hours; lung draining mediastinal lymph nodes (dMLNs)
were frozen into OCT compound and stored in �80�C
freezer for section and microscopy analysis.

In Vivo Depletion of FoxP3þ T Cells

FoxP3.LuciDTR-4 mice (aged 6 to 8 weeks) were used.25

FoxP3þ T cells were depleted 2 days before intratracheal
instillation by i.p. injection of diphtheria toxin17 (Sigma, St.
Louis, MO) at 24 ng/g mouse body weight every day.
Diphtheria toxin was injected intraperitoneally every 2 days
(day 2 and day 4) at 24 ng/g mouse after intratracheal
treatments (day 0). Control mice received the same volume
of PBS by i.p. injection. Confirmation of FoxP3þ T-cell
depletion was determined by staining peripheral blood 2
days after i.p. injection of diphtheria toxin (data not shown)
and 6 days after intratracheal treatments. Mice were sacri-
ficed by cervical dislocation after 6 days. Bronchoalveolar
lavage (BAL), lung, and lung dMLN tissues were collected.

Isolation of Cells from BAL and Tissues

Mice were sacrificed by cervical dislocation. The trachea was
exposed and cannulated with a 21-gauge needle encased in a
silicon tube. Lungs were lavaged three times with 1 mL of
cold PBS. Samples were centrifuged at 300� g for 5 minutes
at 4�C, and supernatant from the first lavage was stored in
�80�C for cytokine detection. Cell counts were performed
by using a Z2 Coulter counter (Beckman Coulter, Fullerton,
CA), according to manufacturer’s instructions. Single-cell
suspensions were used for further analysis.

After performing BAL, lungs were perfused via the right
ventricle of the heart with 5 mL PBS to deplete the intra-
vascular pool of cells from the lung vasculature. Lung and
lung dMLNs were removed, cut into pieces, and digested in
RPMI 1640 medium containing DNase I (0.2 mg/mL) and
Liberase TL (0.33 mg/mL) or collagenase D (2 mg/mL) (all
from Roche, Welwyn Garden City, UK) for 30 minutes at
37�C and then incubated in PBS/0.5% bovine serum albumin/
10 mmol/L EDTA for another 5 minutes. Single-cell sus-
pensions were prepared from the predigested tissues by
passing through 40-mm cells strainers (BD Falcon, Devon,
UK) and washed cell strainer with PBS/0.5% bovine serum
albumin/2 mmol/L EDTA. Red blood cells were lysed by
using ammonium chloride buffer (Sigma). Cell count was
performed with a Z2 Coulter counter.

Flow Cytometry and Antibodies

The single-cell suspensions from BAL, lung, and dMLNs
were prepared as described above. Cells were pre-incubated
with 5 mg/mL blocking antibody against CD16/CD32
(eBioscience, San Diego, CA) to reduce non-specific
1226
binding. The cells were stained in PBS containing 0.2%
bovine serum albumin and 0.02% NaN3 with antibodies as
follows: antieCD11c-allophycocyanin (APC) or phospha-
tidylethanolamine (PE)eCy7 (HL3) and antieCD103-PE or
PerCP-Cy5.5 (M290; BD Bioscience, Wokingham Berk-
shire, UK); antieCD45-AF700 (30-F11), antieCD3-APC-
Cy7 (17A2), antieCD64-PE-Cy7 (X54-5/7.1), antieI-A/I-
E-BV421 (M5/114.15.2), and Zombie Aqua Fixable
Viability marker (all from BioLegend, San Diego, CA);
and antieCD11b-PerCP-Cy5.5 or APC-Cy7 (M1/70),
antieLy6G (GR-1)efluorescein isothiocyanate (RB6-8C5),
CD4-PerCP-Cy5.5 (RM4-5), and mouse regulatory T-cell
staining kit (FoxP3 FJK-16s-PE, CD4efluorescein isothio-
cyanate, CD25-APC; all from eBioscience). Fluorescence-
activated cell sorting (FACS) data acquisition was
performed on a BD LSR Fortessa (BD Bioscience) running
FACS Diva software version 8.0.1. FlowJo software version
9.9.4 (Tree Star, Ashland, OR) was used for data analysis.
Cell sorting was performed on a FACSAria (BD Biosci-
ence) flow cytometer.

Histologic Scores and Immunohistochemical Analysis
of Lung Tissue

After BAL, lungs were perfused with PBS; and for histo-
logic examination, lungs were inflated with and fixed in
10% neutral-buffered formalin. Organs were embedded in
paraffin, and transversal sections (4 mm thick) were cut and
stained with hematoxylin and eosin (Sigma-Aldrich).
Inflammation was scored34 for each mouse at �200
magnification by averaging the score of 10 consecutive
fields where the lung was correctly inflated and the field
contained a complete transaction of at least one bronchiole,
blood vessels, and alveolar airway. Inflammation was
scored on an increasing severity score of 1 to 5 in the per-
ivascular and peribronchiolar alveolar tissue compartment
(1, no cells; 2, <20 cells; 3, 20 to 50 cells; 4, 50 to 100 cells;
and 5, >100 cells). Histologic scores were performed
blinded (A.Z.) to experimental details. Lung hematoxylin
and eosin staining images were obtained using a Zeiss Axis
A1 (Carl Zeiss Ltd., Cambridge, UK) stereology
microscope.

Cell Proliferation Assay

Single-cell suspensions from BAL and lung were harvested
as described above. Lung cells were spun over Lympholyte-
M (VHBio, Gateshead, UK) was used to isolate mononuclear
leukocytes. Lung CD4þ T cells were sorted by magnetic
positive selection separation (CD4þ T Cell Isolation Kit;
Miltenyi Biotec, Bergisch Gladbach, Germany). The total
BAL cell and CD4þ cells were washed and resuspended in
complete medium (RPMI 1640 medium supplemented with
10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mmol/L L-glutamine, and 50 mmol/L 2-
mercaptoethanol; Invitrogen) and plated into 96-well round
ajp.amjpathol.org - The American Journal of Pathology
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bottom plates at 100 � 103 per well in triplicate. Cells were
stimulated with anti-CD3e (5 mg/mL; BD Biosciences) for 72
hours. 3H-thymidine (0.5 mCi) was added to each well at the
last 16 hours. Cell proliferation was analyzed by counting
incorporation in a b scintillation counter (Wallac, Buck-
inghamshire, UK).
Quantification of mRNA Expression

Cells from BAL, lung, and dMLNs were harvested as
described above. CD11cþ cells were sorted by using CD11c
MACs microbeads (Miltenyi Biotech). Sorted cells were
spun down and put into 0.5 mL TRIzol (Invitrogen) for
RNA extraction. cDNA was synthesized using High Ca-
pacity Reverse Transcription kit (Applied Biosystems,
Foster City, CA). For real-time PCR, all primer and probe
mixes and TaqMan fast master mixes were purchased from
Applied Biosystems. For genes of interest, mRNA expres-
sion was quantified by using ABI 7500 fast real-time PCR
system, according to the manufacturer’s instructions. The
mRNA relative expression level of target gene was
normalized to housekeeping gene 18s.
Isolation and Adoptive Transfer of CD4þ CD25þ T Cells
and CD4þCD25� T Cells

Spleens fromnaïveC57BL6micewere prepared for single-cell
suspensions. CD4þCD25þ cells (Tregs) and CD4þCD25�

cells (T cells) were isolated by using MACS bead mouse
CD4þCD25þTreg isolation kit (MiltenyiBiotec), according to
the manufacturer’s instructions. The purity of CD4þCD25þ

T-cell and CD4þCD25� T-cell fractions was >93%, as
assessed by flow cytometry. Single-cell suspensions (5 � 105

in 100 mL of PBS) were adoptively transferred at 6 hours after
intratracheal instillation via tail vein injection.
Cytokine Production Measurements

BAL IL-10, active TGF-b1, tumor necrosis factor-a, and
IL-6 levels were measured by using enzyme-linked immu-
nosorbent assay kits (R&D Systems, Minneapolis, MN).
In Vivo Assay of Phagocytosis of Apoptotic Thymocytes

To assess the ability of lung resident DCs to clear apoptotic
cells in vivo, 10 � 106 fluorescently labeled (Cell Tracker
Green CMFDA; Invitrogen) apoptotic thymocytes in 50 mL
PBS were instilled intratracheally. Mice were sacrificed after
1 hour, and BAL lavage was collected. Cells were stained
with anti-mouse CD11c-APC, major histocompatibility
complex (MHC) II-BV421, and CD103-PE on ice for 20
minutes. Cells were analyzed by FACS, and DCs were
gated on CD11cþMHCIIþh cells. DC phagocytosis was
assessed by fluorescence percentage.
The American Journal of Pathology - ajp.amjpathol.org
Fluorescence Microscopy

Cryosections (5 mm thick) of dMLNs were cut and fixed in
4% paraformaldehyde and stained with DAPI (eBioscience).
Images were obtained using an Axioskop microscope (Carl
Zeiss Ltd.).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
software 6.0 (GraphPad Software, San Diego, CA). Data were
analyzed by using an unpaired t-test when comparing two
experimental groups. And one-way analysis of variance with
Bonferroni or Tukey post-hoc test was used when comparing
more than two experimental groups. Statistics were calculated
using two-way analysis of variance Tukey post-hoc test when
comparing more than two groups with two factors.

Results

Intratracheal Apoptotic Cells Enhance Resolution of
LPS-Induced Lung Inflammation and Induce
Regulatory T Cells

Exogenously administered apoptotic cells have been shown
previously to modulate experimentally induced inflammation
in several systems.9e11 Fifteen micrograms of LPS was
administered via tracheal instillation in ether-anesthetized
C57BL6 mice, after assessing lung inflammation at day 6,
when granulocyte andmononuclear cell numbers are known to
be declining in this model of self-limited lung inflamma-
tion2,10,24 (Figure 1). At 6 hours after intratracheal installation
of LPS, when granulocyte numbers in BAL are known to be
increasing at the fastest rate observed in this model,2,10,24

intratracheal administration of 2 � 106 mouse apoptotic thy-
mocytes enhanced resolution of experimental lung inflamma-
tion, as assessed by histology (Figure 1, A and B) and total cell
count in BAL (Figure 1C). Live thymocytes, instilled intra-
tracheally at 2 � 106 at 6 hours as a control for apoptotic
thymocytes, had no effect on LPS-induced lung inflammation
at 6 days (eg, in BAL, total cell count in 3 mL was
49.9 � 3.9 � 104 with LPS alone and 48.5 � 3.8 � 104 with
LPS plus live thymocytes versus 26.7 � 2.8 � 104 with LPS
plus apoptotic thymocytes; data are given as means � SD;
n Z 6). When the presence of CD4þ T cells with the
FoxP3þCD25þ regulatory phenotype was assessed by immu-
nofluorescence flow cytometry of BAL, intratracheal admin-
istration of apoptotic thymocytes at 6 hours elicited an
approximate doubling of Tregs (Figure 1D) versus LPS alone.
In vitro evidence that this cell population included functional
Tregs was obtained in mixed cell culture over 3 days of both
total BAL cells or CD4þ cells purified from mouse lung ob-
tained 6 days after intratracheal LPS; incorporation of
3H-thymidine was significantly reduced in both assays where
animals had received intratracheal apoptotic cells at 6 hours
(Figure 1E).
1227
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Figure 1 Intratracheal administration of
apoptotic cells promotes resolution of lipopoly-
saccharide (LPS)einduced lung inflammation and
induces functional regulatory T cells (Tregs). As
described in Materials and Methods, female C57BL/
6 mice received control phosphate-buffered saline
(PBS) or the stimulus LPS by intratracheal instil-
lation at 0 days; 2 � 106 apoptotic thymocytes
(Acs) intratracheally at 6 hours; and at 6 days,
bronchoalveolar lavage (BAL) and lung tissue were
harvested. A: Lung hematoxylin and eosin staining
images. B: Lung injury score. C: Total BAL cell
numbers. D: BAL regulatory T-cell percentage and
number counts; representative fluorescence-
activated cell sorting plots gated on CD3þCD4þ T
cells. E: Total BAL cells (left panel) and lung CD4þ

cells (right panel) were harvested from the four
groups of experimental animals and were stimu-
lated in vitro with anti-CD3 for 3 days. Cell pro-
liferation was analyzed by counting incorporation
of 3H-thymidine. One experiment representative of
three is shown. Data are expressed as
means � SEM (BeE). nZ 6 individual mice (B); n
Z 3 experiments (BeD); n Z 3 to 4 mice per
group per experiment (BeD). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001
(one-way analysis of variance with Dunnett post-
hoc test). Scale bars Z 100 mm (A).

Zhang et al
Tregs Are Required and Sufficient for Enhancement of
Resolution of Experimental Lung Inflammation

Mice25 transgenic for the diphtheria toxin receptor under
the FoxP3 promoter were used to delete selectively
FoxP3þ Tregs in mice receiving intratracheal LPS at
day 0. Where diphtheria toxin was administered, as
described above (Materials and Methods), FoxP3þCD4þ

T cells were efficiently deleted in both BAL and cells
isolated from mediastinal lymph nodes (Figure 2A).
Deletion of Tregs abrogated the capacity of intratracheal
apoptotic thymocytes to enhance resolution of lung
inflammation assessed by histology (Figure 2B) or
neutrophil counts in dissociated mediastinal lymph nodes
(Figure 2C). Furthermore, this loss-of-function evidence
was complemented with gain-of-function conditions ach-
ieved by adoptive i.v. transfer of CD4þCD25þ Tregs to
1228
wild-type mice, as described above (Materials and
Methods). Administration of Tregs, but not CD4þCD25�

control T cells, recapitulated the capacity of intratracheal
apoptotic cells to enhance resolution of LPS-induced lung
inflammation, as assessed by histology (Figure 3, A and
B) and neutrophil counts in both BAL and dissociated
mediastinal lymph nodes (Figure 3C).
Phagocytosis of Intratracheal Apoptotic Cells Drives
the Migration of Immunoregulatory CD103þ Myeloid
Dendritic Cells to Mediastinal Lymph Nodes

A considerable body of evidence in various experimental
systems indicates that Tregs can be induced by immuno-
regulatory CD103þ (or species equivalent) myeloid DCs
migrating to draining lymph nodes after phagocytosis of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Regulatory T cells (Tregs) are required for
apoptotic cell (Acs) direction of resolution of lung
inflammation. FoxP3.LuciDTR-4 mice were treated by i.p.
injection of diphtheria toxin (DT),17 as described in
Materials and Methods, to secure depletion of FoxP3þ

Tregs. Mice were sacrificed 6 days after intratracheal
instillation of phosphate-buffered saline (PBS), lipopoly-
saccharide (LPS), or LPS with Acs; and tissues were
analyzed by flow cytometry and histology. A:
FoxP3-GFPþ expression flow cytometry plots after gating
on CD3þCD4þ T cells in bronchoalveolar lavage (BAL) and
lung draining mediastinal lymph nodes (dMLNs) after
intratracheal instillation of LPS with Acs (one represen-
tative of two experiments). B: Lung injury score from two
individual experiments. C: Single-cell suspensions from
lung dMLNs were stained with anti-mouse Ly6G
efluorescein isothiocyanate and CD11b-PerCP-Cy5.5.
Neutrophils were gated on Ly6G and CD11b double-
positive cells; one indicative flow cytometry plot is pre-
sented. Chart shows neutrophil numbers in dMLNs. Data
are expressed as means � SEM (B and C). n Z 6 indi-
vidual mice from 2 experiments (B and C). *P < 0.05,
***P < 0.001 (two-way analysis of variance with Tukey
post-hoc test).

Apoptotic Cells and Tregs in Lung Injury
cells dying by apoptosis in the periphery.27e32,35 Myeloid
DCs were labeled in mouse lung by intratracheal adminis-
tration of CFSE dye, followed 6 hours later by intratracheal
LPS (10 mg) mixed with CM-orangeestained apoptotic
thymocytes. Mice were then sacrificed at 24 hours (when
DC migration to draining lymph nodes is maximal35), and
flow cytometry of dissociated mediastinal lymph nodes
demonstrated that CFSE-stained, CD11cþCD103þ DCs had
migrated to lymph nodes from lung (Figure 4A). Fluo-
rescence microscopy of frozen sections of mediastinal
lymph nodes demonstrated that most DCs
The American Journal of Pathology - ajp.amjpathol.org
(means � SEM, 67.2% � 8.5%; n Z 3) were asso-
ciated with labeled apoptotic cells (Figure 4B), with
higher-power microscopy strongly suggesting that
CD103þ DCs had ingested exogenously administered
apoptotic cells (Figure 4C). It was assessed whether
such migrating CD103þ DCs had the expected migra-
tory immunoregulatory phenotype11,18,20 by assessing
cells dissociated from mediastinal lymph nodes 24 hours
after intratracheal administration. Where apoptotic cells
were administered, these significantly increased
both the proportion of CD103þ DCs in the
1229

http://ajp.amjpathol.org


LPS LPS + T Cells LPS + TregLPS + Acs

A

B

C

PBS
LPS

LPS + 
Treg

LPS + 
T Cell

LPS + 
Acs

1

2

3

4

5

Pe
rib

ro
nc

hi
ol

ar
 in

fla
m

m
at

io
n 

Sc
or

e

** *****

PBS
LPS

LPS + 
Treg

LPS + 
T Cell

LPS + 
Acs

1

2

3

4

5
*** *** ***

Pe
riv

as
cu

la
r I

nf
la

m
m

at
io

n 
Sc

or
e

PBS
LPS

LPS + 
Treg

LPS + A
cs

0

10

20

30

B
A

L 
N

eu
tr

op
hi

l N
um

be
rs

 (x
10

3 ) * **

PBS
LPS

LPS + 
Treg

LPS + 
T Cell

s

LPS + 
T Cell

s

LPS + 
Acs

0

5

10

15

20

dM
LN

 N
eu

tr
op

hi
l n

um
be

rs
 (x

10
4 )

* *

Figure 3 Adoptive transfer of regulatory T cells (Tregs) mimics promotion of resolution of lipopolysaccharide (LPS)einduced lung inflammation by
administered apoptotic cells (Acs). Single-cell suspensions of CD4þCD25þ T cells (Tregs) and CD4þCD25� T cells (T cells) prepared from naïve C57BL6 mouse
spleen were adoptively transferred via tail vein injection at 6 hours after intratracheal treatments. Mice were sacrificed and tissues were collected at day 6. A: Lung
hematoxylin and eosin staining images. B: Lung injury scores. C: Neutrophil numbers in bronchoalveolar lavage (BAL) and draining mediastinal lymph nodes
(dMLNs) were measured by cell counter and flow cytometry, as described in Materials and Methods and legend to Figure 2. In all cases, data were combined from
three individual experiments with at least three to nine individual mice. Data are expressed as means� SEM (B and C). *P < 0.05, **P < 0.01, and ***P < 0.001
(one-way analysis of variance with Dunnett post-hoc test). Scale bars Z 100 mm (A). Acs, apoptotic cell; PBS, phosphate-buffered saline.
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CD11cþMHCIIþ population in mediastinal lymph nodes
(Figure 5A) and mRNA expression for CD103, CCR7,
and ITGB8 (Figure 5B), markers of the migratory
immunoregulatory CD103þ DC population.11,18,20

Myeloid av Integrin Is Essential for Induction by
Intratracheal Apoptotic Cells of Tregs and Enhanced
Resolution of Lung Inflammation

To determine whether myeloid av integrin mediates
enhancement of resolution of experimental lung inflamma-
tion by exogenous intratracheal apoptotic cells, LPS-
induced inflammation was examined in mice deleted for
av in the myeloid line and controls. av-tie2 mice, in which
1230
defective phagocytosis of apoptotic cells and associated
uncontrolled inflammation have been shown to be specific
to av deficiency in the myeloid line, were used.11 In pre-
liminary experiments in untreated mice, assessing BAL
taken 1 hour after intratracheal administration of labeled
apoptotic cells, it was confirmed that deletion of myeloid av
integrin resulted in reduced phagocytosis of apoptotic cells
by CD11cþMHC IIþhi DCs (means � SEM,
18.07% � 2.55% versus 32.43% � 2.47% in wild-type
mice; n Z 6) and by the CD103þ subset of such DCs
(means � SEM, 14.89% � 2.50% versus 29.82% � 1.97%
in wild-type mice; n Z 6). In the av-tie2 mice, apoptotic
cells administered intratracheally failed to enhance resolu-
tion of inflammation, assessed by lung histology
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Lung dendritic cells (DCs) transport
apoptotic cells to the draining mediastinal lymph
nodes. C57BL6 mice received 50 mL carboxy-
fluorescein succinimydl ester (CFSE) (green) in
phosphate-buffered saline by intratracheal
administration to label lung DCs; 6 hours later,
CM-orangeestained apoptotic cells were adminis-
tered intratracheally with lipopolysaccharide. Mice
were sacrificed after 24 hours, and draining
mediastinal lymph nodes (dMLNs) were collected
for single-cell suspensions or histology. A: Single-
cell suspensions from lung dMLNs were stained
with CD11c and CD103. Flow cytometry plots show
one representative of three experiments. B: Fluo-
rescence microscopy of sections of a typical lung
draining mediastinal lymph node. dMLNs were
stained with DAPI; migrated DCs are green, and
apoptotic cells are red. Images were one repre-
sentative of three. C: High-power images of the
boxed areas from the relevant images in B. Scale
bars: 35 mm (B); 5 mm (C). SSA, side scatter axis.

Apoptotic Cells and Tregs in Lung Injury
(Figure 6A), and failed to induce Tregs, as assessed by flow
cytometry of BAL and dissociated lung tissue (Figure 6B).
Furthermore, apoptotic cells did not induce expression of
active TGF-b1 in mice lacking myeloid av integrin
(Figure 6C).
Discussion

Inhalation of inflammatory stimuli constitutes an ever-
present threat to the structural and functional integrity of
the lung. Yet, persistent inflammation of the lung is
infrequent, suggesting that powerful mechanisms exist to
suppress airway inflammation and promote its resolution.
In this report, we demonstrate that one such mechanism is
available to the experimentally inflamed lung. Intratracheal
administration of exogenous apoptotic cells enhanced
resolution of LPS-directed inflammation and induced
functional Tregs, shown by depletion and supplementation
to be necessary and sufficient for maximal acceleration of
resolution. Labeled apoptotic cells were present within
most CD11cþ CD103þ myeloid DCs migrating to draining
lymph nodes, which exhibited migratory immunoregula-
tory markers, such as enhanced expression of CCR7 and
b8 integrin (ITGB8). In mice deleted for av integrin in the
myeloid line, intratracheal administration of exogenous
The American Journal of Pathology - ajp.amjpathol.org
apoptotic cells failed to enhance resolution of
LPS-induced lung inflammation, increase TGF-b1
expression, or induce Tregs. We conclude that a potent
anti-inflammatory, proresolution mechanism is available to
the lung, constituted by phagocytic clearance of apoptotic
cells that leads to migration of immunosuppressive
CD103þ myeloid DCs bearing apoptotic cells to draining
lymph nodes and to myeloid av integrin-dependent in-
duction of anti-inflammatory Tregs.

This report in a clinically relevant model of lung
inflammation builds on a growing body of data that
indicate that CD103þ DC clearance of cells dying by
apoptosis suppresses inflammation in the gut by mecha-
nisms dependent on Tregs.11,26e32 Clearly, the micro-
biome of the gut constitutes an even greater threat of
persistent inflammation than inhaled proinflammatory
stimuli in the lung, so it is no surprise that this mechanism
was first characterized in the gut. Working in the rat,
MacPherson’s group27 identified a potentially immuno-
regulatory population of DCs in intestinal lymph that had
ingested apoptotic epithelial cells. This rat DC subset is
likely to be equivalent to CD11cþ CD103þ DCs in the
mouse, which have been shown by Powrie’s group and
others26e30 to migrate from the gut wall to draining lymph
nodes and to be critical for TGF-b1edependent induction
of CD4þ CD25þ FoxP3þ Tregs. More recently, elegant
1231
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Figure 5 Apoptotic cells enhance migration of CD103þ dendritic cells (DCs) with an immunoregulatory phenotype to draining mediastinal lymph nodes
(dMLNs). Lung dMLN single-cell suspensions were prepared 24 hours after intratracheal administration of phosphate-buffered saline (PBS) as a control,
apoptotic cells (Acs), lipopolysaccharide (LPS) plus PBS (LPS), or LPS plus apoptotic cells (LPS þ Acs). A: Lung dMLN CD103þ DC percentage (CD103þCD11b�)
measured by gating on CD11cþMHC-IIþhi DCs. Flow cytometry plots display one representative of two experiments. Data were combined from two experiments.
B: Lung dMLN DC mRNA expression relative to 18s measured by quantitative PCR. To obtain sufficient CD11cþ DCs, lung dMLNs were pooled from five animals
per experimental group; CD11cþ DCs were isolated by using CD11c MACs beads and RNA prepared as described in Materials and Methods. Data are from three
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analysis of variance with Dunnett post-hoc test).
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studies from Blander’s group31,32 deployed genetically
directed in vivo labeling and inducible apoptosis in
genetically targeted gut epithelial cells to demonstrate that
CD11cþ DCs captured and ingested cells undergoing
apoptosis. Single-cell genomic analysis demonstrated that
CD11cþCD103þ DCs up-regulated expression of genes
directing migration to lymph nodes (such as CCR7) and
those involved in TGF-b1emediated induction of Tregs
(such as LRRC32).31,32 This important work supports our
preceding analysis of mice deleted for av integrin in the
myeloid line.11 In the presence of gut microbiota, such
mice developed spontaneous gut inflammation associated
with diminished clearance of apoptotic cells, a marked
reduction in Tregs in draining lymph nodes, and similarly
impaired capacity of CD11cþ DCs isolated from such
lymph nodes to induce FoxP3 Tregs ex vivo. We inferred
that expression of av by CD103þ DCs is necessary for
avb5-mediated ingestion of apoptotic cells and subse-
quent avb8-mediated activation of TGF-b1 needed to
induce regulatory T cells in the gut,11 a proposal sup-
ported by our subsequent work18,20 and by the work of
1232
Blander’s group.31,32 However, it was not known if such
myeloid av-dependent mechanisms operated in the lung,
although Desch et al35 had demonstrated in a system
geared to presentation of apoptotic cell-derived antigen to
CD8 T cells that intranasally administered apoptotic cells
were preferentially cleared by CD103þ DCs.
Before the current studies, there was circumstantial evi-

dence that clearance of apoptotic cells by immunoregulatory
DCs, leading to induction of Tregs, is a proresolution
mechanism available to the inflamed lung. D’Alessio et al24

observed that in Rag-1�/� lymphocyte-deficient mice with
delayed resolution of LPS-induced lung inflammation,
rescue with CD4þ CD25þ FoxP3þ Tregs normalized reso-
lution while increasing otherwise diminished levels of
leukocyte apoptosis, clearance by phagocytes, and produc-
tion of active TGF-b1, known to be necessary for induction
of Tregs.23 Furthermore, Henson’s group10 confirmed that
TGF-b1 was induced in the lung by intratracheal adminis-
tration of exogenous apoptotic cells, enhancing resolution of
LPS-induced lung inflammation. However, neither study
definitively linked phagocytic clearance of apoptotic cells
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Myeloid integrin av is required for
exogenous apoptotic cell direction of resolution of
lung inflammation and local induction of trans-
forming growth factor-b (TGF-b) and regulatory T
cells (Tregs). Integrin av-tie2 knockout (KO) and
litter control wild-type (WT) mice received lipo-
polysaccharide (LPS) or phosphate-buffered saline
(PBS) by intratracheal administration, followed at 6
hours with intratracheal administration of apoptotic
thymocytes (Acs) or PBS. Tissues were collected at
24 hours to assess TGF-b expression or 6 days to
assess cellular kinetics. A: Lung hematoxylin and
eosin staining images and injury scores at 6 days. B:
Bronchoalveolar lavage (BAL) and lung Treg per-
centage at 6 days. Representative flow cytometry
plots show Treg percentage by gating on CD3þCD4þ

T cells. C: BAL fluid TGF-b1 cytokine was measured
by enzyme-linked immunosorbent assay 24 hours
after intratracheal treatments. Chart shows one
representative of three individual experiments.
Data are expressed as means � SEM of individual
mice (AeC). n Z 2 experiments (A); n Z 3 ex-
periments (B and C); n Z 3 to 4 mice per group per
experiment (AeC). *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 (one-way
analysis of variance with Dunnett post-hoc test).
Scale bars Z 100 mm (A).

Apoptotic Cells and Tregs in Lung Injury
with induction of Tregs, nor was the role of DC ingestion of
apoptotic cells via av integrin addressed. Nevertheless,
despite providing new data on these issues, our study relied
on exogenous administration of (labeled) apoptotic cells.
Further work is needed, perhaps adapting to the lung the
The American Journal of Pathology - ajp.amjpathol.org
Blander group’s32 genetically directed labeling and targeted
cell death induction approaches developed for study of the
gut, to demonstrate definitively that cells endogenous to the
inflamed lung undergo apoptosis, are ingested by CD103þ

DCs, and induce Tregs necessary for prompt resolution.
1233
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Crossing such mice with animals lacking av integrin in the
myeloid line would be expected from the data reported
herein to result in diminished capacity for DCs to i) ingest
apoptotic cells, ii) elaborate active TGF-b1, iii) induce
Tregs, and iv) promptly resolve experimental lung
inflammation.

The current data point toward several future studies. It
would be of interest to explore whether apoptotic cells of
lineages different to the thymocytes used herein have av/
Treg-dependent proresolution effects in LPS-induced lung
inflammation, although this seems likely given previous
studies.1,10,36 Furthermore, although our data (Figures 1D,
2, and 3) strongly support the notion that numbers of Tregs
at the inflamed site are deterministic in promoting resolu-
tion, increased suppressive potency of Tregs after apoptotic
cell administration could be sought in the future. Although
LPS as a proinflammatory stimulus is relevant to some
types of clinical lung inflammation,21,22 further work with
proinflammatory stimuli derived from Gram-positive or-
ganisms would clearly be of interest. Indeed, future work
should determine whether resolution of persistent rather
than self-limited lung inflammation can be promoted by
administration of apoptotic cells, particulate ligands for
myeloid av integrin, or autologous Tregs. A limitation of
the approach taken in the current work is the focus on
cellular kinetics in acute lung inflammation, which are well
defined in the intratracheal LPS model.2,10,24 Alternative
models of lung inflammation will require study if effects of
apoptotic cell administration on functional end points are
to be determined. Last, further studies will also be needed
to explore an intriguing idea that arises from the current
data and our previous studies.11,18,20,37 We wonder
whether mechanisms defined as promoting resolution of
acute inflammation may also operate during health to
provide tonic suppression of inflammation, as inferred by
the transcriptional signatures described by Blander’s
group31 in myeloid phagocytes that have ingested an
induced wave of apoptotic cells in vivo and by spontaneous
inflammation in the (bacterially exposed) gut of mice
lacking in the av integrin in the myeloid line and with
consequently diminished capacity to ingest apoptotic cells,
elicit TGF-b1, and induce Tregs. Putative deficiencies in
such mechanisms for tonic suppression of lung inflamma-
tion could be a hitherto unrecognized factor in the patho-
genesis of diseases characterized by persistent lung
inflammation.

To conclude, intratracheal administration of apoptotic
cells to mice with self-limited lung inflammation induced
by LPS demonstrates that powerful cellular mechanisms to
suppress inflammation and promote its resolution are
available to the lung. Exogenous apoptotic cells are
ingested by CD103þ DCs that migrate from the airways to
draining lymph nodes. Induction of Tregs follows, by
mechanisms dependent on myeloid av integrin, and is
necessary and sufficient to enhance resolution of lung
inflammation.
1234
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