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Indirect acute lung injury (ALI, not caused by a direct
insult to the lung) represents the first organ dysfunc-
tion in trauma patients, with nonpulmonary sepsis
being the most common cause of indirect ALI. Den-
dritic cells (DCs) are thought to participate in a num-
ber of inflammatory lung diseases; however, their
role in indirect ALI is currently not established. Using
a clinically relevant model of indirect ALI induced in
mice by hemorrhagic shock followed 24 hours later
by polymicrobial septic challenge, we report that ma-
ture DC numbers were markedly increased in the
lung during indirect ALI. DC depletion induced a sig-
nificant increase in indirect ALI severity, which was
associated with enhanced lung and plasma proin-
flammatory cytokine concentration and recruitment
of proinflammatory CD115� monocytes in response
to increased lung monocyte chemotactic protein-1
production. Among the different DC subpopulations,
plasmacytoid DCs, which were induced and activated
in the lung during indirect ALI, were responsible for
this effect because their specific depletion reproduced
the observations made in DC-depleted mice. As the re-
cruitment of monocytes to the lung plays a central del-
eterious role in the pathophysiology of indirect ALI, our
data therefore position plasmacytoid DCs as important
regulators of acute lung inflammation. (Am J Pathol
2010, 176:764–773; DOI: 10.2353/ajpath.2010.090765)

Acute lung injury (ALI) and its most severe form, the
acute respiratory distress syndrome (ARDS), are the two
parts of a clinical syndrome defined by acute hypoxemic
respiratory failure, bilateral pulmonary infiltrate attribut-
able to edema, and normal cardiac filling pressures.1

Of those seriously injured trauma victims who survive
the first hours immediately after injury, upwards of 50%

develop some forms of multiple organ failure. In this
respect, ALI is reported to be one of the most common
forms of organ dysfunction in these individuals.1–2 Every
year, ALI and ARDS are thus the cause of more than
74,000 deaths in the United States.2

This syndrome can be categorized into direct (pulmo-
nary) and indirect (nonpulmonary) ALI. Epidemiologi-
cally, direct ALI accounts for 57% of all cases and is
caused mainly by pneumonia, aspiration, and lung
trauma. Indirect ALI accounts for the residual 43% with
nonpulmonary sepsis being the most frequent underlying
disease.3 Among all causes, sepsis is associated with
the highest risk of progression to ALI (approximately
40%) and sepsis-associated ARDS carries the highest
mortality rates from ARDS.1,2,4 Importantly, patients de-
veloping ALI after nonpulmonary sepsis (indirect ALI)
present with a higher mortality rate than patients with
pulmonary sepsis (direct ALI).5

Despite almost 35 years of intense investigation, the
fundamental mechanisms that initiate and propagate
lung injury have not yet been defined completely.1 In
particular, mechanisms leading to direct versus indirect
ALI may be different, with pulmonary infections causing
lung injury directly via the pathogen and host response
versus nonpulmonary infections causing lung injury indi-
rectly via systemic inflammation.1 Moreover, findings
from a number of studies suggest that “priming” of dif-
ferent cell types occurs and appears to play significant
roles in mediating the increased inflammation associated
with this injury.1,6 However, despite a good understand-
ing of the process that initiates and promotes host inflam-
mation, little is known about the host immune cells that
are responsible for the inhibition of the inflammatory
response.
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Dendritic cells (DCs), both myeloid (mDCs) and plas-
macytoid (pDCs), exist in the lung in relatively small
numbers.7,8 In this location, they are ideally positioned to
play a central role in the immune response during infec-
tion/inflammation.7,8 Indeed, a role for DCs has been
shown in a number of lung inflammatory diseases in
human (asthma, chronic obstructive pulmonary disease,
lung cancer, or transplant rejection).7 Moreover, during
ongoing inflammation, DCs migrate to the lung where
they not only maintain and enhance local immune re-
sponse, but also regulate this response.7,9 Therefore, we
hypothesized that DCs have a role in the pathophysiology
of indirect ALI. We investigated this using a clinically
relevant model of indirect ALI induced in mice by a
hemorrhagic shock followed 24 hours later by a polymi-
crobial septic challenge.

Materials and Methods

Animals

Male transgenic CD11c-DTR (Diphtheria Toxin Recep-
tor) mice (B6.FVB-Tg[Itgax-DTR/EGFP]57Lan/J) 8 to 10
weeks old were used in comparison with age-matched
control mice (C57BL/6; Jackson Laboratory, Bar Harbor,
ME). Experiments were done in accordance with Na-
tional Institute of Health (Bethesda, MD) guidelines and
were approved by Rhode Island hospital’s animal use
committee.

Indirect ALI

Indirect ALI was induced by hemorrhagic shock (Hem)
followed by cecal ligation and puncture (CLP) 24 hours
later as previously described in our laboratory.10–13

Hemorrhage

In brief, mice were anesthetized with isoflurane, re-
strained in a supine position, and catheters were inserted
into both femoral arteries (all incisions bathed in lidocaine
during this protocol). Anesthesia was discontinued and
blood pressure was continuously monitored through one
catheter attached to a blood pressure analyzer (BPA;
MicroMed, Louisville, KY). When fully awake, as determined
by a mean blood pressure of �95 mm Hg, the mice were
bled over a five- to ten-minute period to a mean blood
pressure of 30 � 5 mm Hg and were kept stable for 90
minutes. Immediately after hemorrhage, mice were re-
suscitated with Ringer’s lactate at four times the drawn
blood volume. After resuscitation, arteries were ligated,
catheters were removed, catheter sites were sutured,
and mice were returned to their cages. Sham hemor-
rhage was performed as control, and these mice under-
went the same surgical procedure. However, no blood
was withdrawn.

Polymicrobial Sepsis

To summarize, mice were anesthetized with isoflurane
and were restrained in supine position. A 1-cm midline
incision was made and the cecum was ligated with 5-0
silk threads and punctured twice with a 22-gauge needle.
The cecum was then replaced, the incision was sutured,
and lidocaine was applied. Mice were resuscitated with 1
ml of Ringer’s lactate (s.c.) and returned to their cages.

Intraperitoneal Injection of Diphtheria Toxin

Intraperitoneal (i.p.) injections of diphtheria toxin (DTx, 4
�g/kg) in CD11c-DTR and in C57BL/6 mice were per-
formed 12 hours before the induction of indirect acute
lung injury. The ablation of DCs was monitored 24 hours
after CLP by the measurement of the percentage of
CD11c�MHC II� cells both in lung and in spleen by flow
cytometry.14

Intratracheal Instillation of Diphtheria Toxin,
Clodronate Liposomes, or Antibodies

Intratracheal (i.t.) instillations of DTx (2 �g/kg) in CD11c-
DTR and in C57BL/6 mice, of functional grade purified
anti-mPDCA-1 (Plasmacytoid Dendritic Cell Antigen-1)
antibody (100 �g/mice – clone JF05-1C2.4.1 – Miltenyi
Biotec, Auburn, CA), or anti–monocyte chemotactic pro-
tein-1 (MCP-1) neutralizing antibody (75 �g/mice – clone
123616 - R&D Systems, Minneapolis, MN) or correspond-
ing IgG2b (R&D Systems) were performed as previously
described.10 Briefly, mice were lightly anesthetized using
isoflurane and placed vertically, their tongues were
pulled out, and using a long-nasal tip liquid was placed at
top of the trachea and actively aspirated by the mouse.
Gasping of treated mice verified liquid application to the
alveolar space. Similarly, clodronate (Cl2MBP) and control
(PBS) liposomes (100 �l/mouse), which were generously
provided by Dr. van Rooijen (Department of Molecular Cell
Biology, Amsterdam, NL), were injected i.t. into the mouse
lungs 12 hours before induction of indirect ALI.15

Experimental Groups and Sample Acquisition

Twenty-four hours after CLP, mice were euthanized with
an overdose of CO2. Blood was collected via cardiac
puncture into heparinized syringes. Blood samples were
centrifuged, and plasma was collected and stored at
�80°C for cytokine analysis. The left lobe of the lung was
ligated and harvested for histology. Bronchoalveolar la-
vage fluid (BALF) was then collected to assess protein
concentration as an index of lung permeability (injury).
The trachea was exposed via a midline incision and
cannulated with a sterile polypropylene 18-gauge cathe-
ter. The lungs were lavaged with 0.6 ml of saline 2-times
for an average of 1 ml lavage fluid per lung. Lavage fluid
was centrifuged 1500g for 10 minutes at 4°C and super-
natant was collected for protein assay. Lung tissue was
subsequently harvested for digestion, assessment of cy-
tokine levels, neutrophil influx, and apoptosis. In some
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experiments, spleens were harvested and gently ground
to produce a single-cell suspension between frosted mi-
croscope slides.16 After hypotonic lysis of erythrocytes,
splenocytes were washed once with PBS and cell num-
bers were counted and cell viability was assessed by
Trypan Blue dye exclusion.

Lung Histology

The left lobe of the lung was harvested and either fixed in
10% formalin, paraffin embedded, stained with hematox-
ylin & eosin before examination by light microscopy for
lung morphology,10–11,13 or in some cases quick-frozen
and acetone-fixed lung tissue sections were prepared for
immunohisto-chemical analysis. For the frozen sections,
after rinsing to remove mounting media, slides were in-
cubated with purified rat anti-mPDCA-1 monoclonal anti-
body for one hour at room temperature in a humidified
chamber. Slides were rinsed and incubated with a bio-
tinylated mouse anti-rat IgG2b (BD biosciences, San
Jose, CA) for 30 minutes at room temperature and then
rinsed. Incubation with streptavidin-horseradish peroxi-
dase was then performed for 30 minutes at room temper-
ature, followed, after rinsing, by incubation with diamino-
benzidine substrate for five minutes. Finally, slides were
counterstained with methyl green for one minute and then
analyzed by light microscopy. A process of specimen
blinding was routinely used to mitigate the subjectivity of
investigators determination of tissue morphology.

Lung Myeloperoxidase Activity and Caspase 3
Activity Assay

An assessment of lung myeloperoxidase activity, a
marker for neutrophil influx, was measured according to
established protocols.17 Lung tissue was homogenized
in lysis buffer and protein concentration was assessed
using the Bradford dye binding procedure (Bio-Rad, Her-
cules, CA). Caspase-3 activity in lung tissue was quanti-
fied by fluorometric analysis as described elsewhere.18

Quantification of Cytokines/Chemokines

Mouse MCP-1, tumor necrosis factor-� (TNF-�), interleu-
kin-6 (IL-6, BD biosciences), and interferon-� (IFN-�, PBL
Biomedical Laboratories, Piscataway, NJ) were mea-
sured on lung-tissue homogenate and plasma using
commercially available sandwich ELISA kits.10–11,13

Enzymatic Lung Digest

Lung parenchymal cells were isolated from PBS-per-
fused whole lungs using a modification of methods de-
scribed by Summer et al19 and De Paepe et al.20 In brief,
after euthanization, the pleural and peritoneal cavities
were opened via a midline incision. Clamps were placed
on the superior vena cava and inferior vena cava, and
lungs were flushed with cold Hanks’ Balanced Salt solu-
tion (HBSS, GIBCO, Carlsbad, CA) infused through the

right ventricle and drained through an incision made in
the left ventricle. The whole lung (from which the large
conducting airways were dissected away) was placed in
a plastic culture dish in 2 ml enzyme solution (2.4U/ml
Dispase II, 0.1% Collagenase A [Roche Applied Science,
Indianapolis, IN], 2.5 mmol/L CaCl2 [Sigma-Aldrich, St.
Louis, MO] in HBSS). Lungs were then minced, trans-
ferred into a 50-ml conical tube, and incubated at 37°C
water bath for 45 minutes. One ml of cold HBSS was
added to lung digest and the digest solution was pipetted
up and down to break up remaining tissue. Lung digest
solution was then passed through a 40-�m filter into a
clean 50-ml conical tube and was centrifuged for 10
minutes, 500g at 4°C. The cellular pellet was washed
with HBSS, resuspended in 1 ml of HBSS, and total
viable cell number was determined using Trypan Blue
dye exclusion. Isolated cells were then phenotyped by
flow cytometry.

Flow Cytometry Phenotyping and Cell Sorting

Relative percentages of dendritic cells, pDCs and mDCs,
and monocytes/macrophages among total lung cells
were measured by flow cytometry (BD FACSArray or BD
FACSAria, San Diego, CA). Monoclonal antibodies and
their respective isotype controls were used to stain lung
cells according to manufacturer’s recommendation:
phycoerythrin (PE) or allophycocyanin (APC)-labeled
anti-CD45, PE-labeled anti-CD115, APC-labeled anti-
CD80, PE, APC, or PECy7-labeled anti-CD11c, PE or
APC-labeled anti-CD11b, PE or PECy7-labeled anti-B220,
PE or APC-labeled anti-GR1, APC-labeled anti-MHC class II
(eBioscience, San Diego, CA), APC-labeled anti-mPDCA-1,
PE-labeled anti-Ly-6C (Miltenyi Biotec). CX3CR1 cell-sur-
face staining was performed using a primary incubation
with rabbit anti-CX3CR1 polyclonal IgG (eBioscience)
followed by a secondary incubation using APC-labeled
goat anti-rabbit antibody (R&D Systems). Finally, cell sort-
ing (BD FACSAria, San Diego, CA) was performed for the
isolation of pDCs (CD11c�GR1�B220�PDCA-1�) from
lungs harvested from C57BL/6 mice after Hem � CLP.

Cell Culture Experiments

J774A.1 cells (ATCC T1B-67 – murine monocyte/macro-
phage cell type) were cultured with isolated pDCs (1/10
ratio) and recombinant murine TNF-� (5 ng/ml) in DMEM
supplemented medium. Supernatants were harvested 24
hours later, and MCP-1 concentration was measured as
described above.

Statistical Analysis

Data are presented as mean � SEM For multiple group
comparison, and one-way analysis of variance was used
followed by Student–Newman–Keuls method.21 For two-
group comparison, Mann–Whitney U test was applied.
P � 0.05 was considered significant.
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Results

Murine Model of Indirect Acute Lung Injury

This model of indirect ALI induced in mice after Hem �
CLP has been repeatedly used and described by our
laboratory.10–13 Because we observed in preliminary ex-
periments that the severity of indirect ALI was markedly
increased in DC-depleted mice (increased number of
deaths after Hem � CLP, increased weight loss, de-
creased physical activity, and food intake in comparison
with C57BL/6 mice) for this set of experiments, the model
was titered down not to induce too severe a lung injury in
the background control (C57BL/6) mice. For this reason,
only a small increase in BALF protein concentration and
in proinflammatory cytokine production in C57BL/6 mice
after Hem � CLP was routinely seen when compared with
mice after CLP alone. To note, typical values measured in
our lab in C57BL/6 mice after Hem � CLP are on average
0.4 mg/ml for BALF protein, 1000 pg/ml for plasmatic
IL-6, and 300 pg/ml for plasmatic MCP-1 concentra-
tions.22 Moreover, although we show only the sham
Hem � CLP (which we have not found to differ from
Hem � sham CLP) or sham Hem � sham CLP groups as
our controls for the studies here, we have previously
documented that neither Hem nor CLP alone is capable
of inducing substantial/consistent increases in indices of
lung inflammation, apoptosis, or injury in our model.10–12

Finally, as recommended by the Jackson laboratory,
C57BL/6 mice were chosen as control (ie, mice without
DC depletion after DTx injection) for CD11c-DTR mice.
Both strains were thus equally treated with DTx through-
out the study. Nevertheless, we verified in a preliminary
experiment that (1) the percentage and number of lung
DCs (Figure 1, A and B), (2) BALF protein concentration
(data not shown), (3) lung myeloperoxidase activity (see
Supplemental Figure 1B at http://ajp.amjpathol.org), (4)
lung caspase 3 activity (see Supplemental Figure 1C at
http://ajp.amjpathol.org), and (5) lung and plasma cyto-
kine concentrations (data not shown) were not different in
CD11c-DTR mice not depleted of DCs (ie, not treated
with DTx) in comparison with C57BL/6 mice after Hem �
CLP. Finally, the specificity for DC depletion of DTx treat-
ment in CD11c-DTR mice was also verified. Beside the
results presented in this article regarding BALF macro-
phages and lung neutrophils, we demonstrated in an-
other set of experiments that lung T cell number was
similarly increased after Hem � CLP in these mice and in
C57BL/6 mice treated with DTx.13

The Number of Mature Dendritic Cells Is
Increased in the Lung after Hem � CLP

The role of DCs in the pathophysiology of indirect ALI has
not been emphasized. To investigate this, CD11c-DTR
mice, which have been engineered to express the human
receptor for DTx linked with the CD11c molecule,23 and
control C57BL/6 mice were injected i.p. with DTx 12
hours before the induction of indirect ALI by Hem fol-
lowed 24 hours later by a polymicrobial septic challenge

(CLP). The number of mature DCs was then measured by
flow cytometry 24 hours after CLP in enzymatically-di-
gested lungs (from which the large conducting airways
were dissected away) and in the spleens. We initially
observed that, in C57BL/6 mice as well as in CD11c-DTR
mice not treated by DTx, both percentages (Figure 1A)
and absolute count (Figure 1B) of lung CD11c�MHC II�

cells were increased after Hem � CLP in comparison with
mice after CLP only. Interestingly, in the spleen as well, a
similar increase was observed (Figure 1, C and D). In
contrast, in DTx-treated CD11c-DTR mice, both percent-
age and absolute count of CD11c�MHC II� cells were
found to be significantly decreased in comparison with
C57BL/6 mice in lung (Figure 1, A and B) and spleen
(Figure 1, C and D) after Hem � CLP. Of note, no de-
crease in the number of resident pulmonary macro-
phages (CD11c�MHC II� lung cells24) was observed in
CD11c-DTR mice in comparison with C57BL/6 after
Hem � CLP (Figure 1E).

Depletion of Lung Dendritic Cells Is Associated
with an Increased Severity of Indirect ALI

Markers of lung dysfunctions were monitored after
Hem � CLP in CD11c-DTR and C57BL/6 mice injected
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Figure 1. The number of mature dendritic cells is increased in the lung after
Hem � CLP. CD11c-DTR (black bars) and C57BL/6 mice (dark gray bars)
were injected intraperitoneally with diphtheria toxin (4 �g/kg) 12 hours
before hemorrhagic shock (Hem) followed 24 hours later by cecal ligation
and puncture (CLP, n � 10 mice per group). As controls, mice were submit-
ted to Sham Hem � CLP (white bars). CD11c-DTR mice (n � 3, light gray
bars) not treated with the toxin were also submitted to Hem � CLP. A:
Percentage of mature lung dendritic cells (CD11c�MHC II�).14 B: Absolute
number (Nbr) of mature lung dendritic cells. C: Percentage of mature splenic
dendritic cells. D: Absolute number of mature splenic dendritic cells. E:
Absolute number of resident lung macrophages (CD11c�MHC II�).24 Values
are expressed as mean � SEM. *P � 0.05.
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i.p. with DTx. DC depletion led to increased BALF protein
concentration after Hem � CLP (an index of lung perme-
ability, Figure 2A) and increased alveolar septal thicken-
ing, associated with marked cellular infiltrates and alve-
olar congestion/collapse as observed in lung histology
slides (histological indices of cell swelling and granulo-
cyte influx, Figure 2B), suggesting that the severity of
indirect ALI was increased in the absence of DCs. In-
creased neutrophil recruitment, apoptosis, and proin-
flammatory response play a fundamental role in the
pathophysiology and the severity of indirect ALI.1 Al-
though we did not observe any change in lung neutrophil
recruitment (measured both by the number of lung GR1�

cells [see Supplemental Figure 1A at http://ajp.amjpathol.
org] and lung myeloperoxidase activity [see Supplemen-
tal Figure 1B at http://ajp.amjpathol.org]) or in lung
caspase 3 activity (a marker of apoptosis [see Supple-
mental Figure 1C at http://ajp.amjpathol.org]) in DC-de-
pleted mice in comparison with C57/BL6 mice, TNF-�,
IL-6, and MCP-1 concentrations were markedly in-
creased both in the lung and plasma of DTx-treated
CD11c-DTR mice after Hem � CLP in comparison with
C57BL/6 mice (Figure 2, C and D). Immature DCs are
present in the lung of naive mice and can be induced to
mature after stimulation. Mature DCs can also be re-

cruited from the periphery during infection/inflammation.7

We thus investigated whether the increased proinflam-
matory response seen in DC-depleted mice after Hem �
CLP was attributable to the effect of locally activated or
recruited DCs. To this end, local depletion of lung DCs
was achieved by i.t. instillation of DTx before the induc-
tion of indirect ALI in CD11c-DTR and C57BL/6 mice by
Hem � CLP. Lung instillation of DTx was associated with
a significant reduction in the percentage (see Supple-
mental Figure 2A at http://ajp.amjpathol.org) and abso-
lute count (Figure 2E) of CD11c�MHC II� cells in CD11c-
DTR mice compared with C57BL/6 mice. No such
decrease was observed in the spleen (see Supplemental
Figure 2, B and C at http://ajp.amjpathol.org). Most im-
portantly, as observed in our first set of experiments, local
depletion of lung DCs after Hem � CLP was associated
with a major increase in pro-inflammatory cytokine re-
sponse both in the plasma (Figure 2F) and the lung
(Figure 2G). This suggests that DCs that are induced to
mature locally in the lung after Hem � CLP play a pro-
tective anti-inflammatory role during indirect ALI in mice.

Dendritic Cell Depletion Is Associated with the
Recruitment of Proinflammatory Monocytes to
the Lung after Hem � CLP

Prior studies in our lab suggest that either pulmonary
macrophages or epithelial cells have the capacity to
produce proinflammatory cytokines/chemokines in re-
sponse to shock and/or subsequent septic insult.22,25 A
marked increase in the percentage and number of lung
CD115� cells was observed in DC-depleted mice after
Hem � CLP in comparison with C57BL/6 mice (Figure
3A). These cells expressed CD80 and CX3CR1 implying
an activated/proinflammatory phenotype (Figure 3B),26

as well as CD11b but not CD11c further suggesting that
they were monocytes newly recruited to the lung (Figure
3B).27 However, no GR1 expression could be detected
on these cells (data not shown). Most importantly, deple-
tion of lung CD115� cells by liposomal clodronate i.t.
instillation in DC-depleted mice was able to block the
increased proinflammatory cytokine production seen in
these mice, whereas instillation of control (PBS) lipo-
somes had no such effect (Figure 3C). This suggests that
the newly recruited CD115� monocytes were playing a
role in the increased proinflammatory cytokine produc-
tion observed in DC-depleted mice after Hem � CLP.
Finally, as the role of MCP-1 in the recruitment of mono-
cytes to the lung during ALI has been previously de-
scribed,28,29 and as we observed an increased lung
MCP-1 concentration in association with an increased
recruitment of proinflammatory monocytes in DC-de-
pleted mice, we investigated the involvement of this che-
mokine on the recruitment of monocytes in our model. We
observed that the specific blockage of lung MCP-1 ac-
tivity using anti–MCP-1 Abs administered i.t. in CD11c-
DTR mice treated with DTx was associated with a de-
creased recruitment of CD115� monocytes to a level that
was not different from C57BL/6 mice after Hem � CLP
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Figure 2. The severity of indirect acute lung injury is increased in DC-
depleted mice. CD11c-DTR (black bars) and C57BL/6 mice (gray bars) were
injected either intraperitoneally (4 �g/kg, n � 10 mice per group) (A–D) or
intratracheally (2 �g/kg, n � 5 mice per group; E–G) with diphtheria toxin
12 hours before hemorrhagic shock (Hem) followed 24 hours later by cecal
ligation and puncture (CLP). As controls, mice were submitted to Sham
Hem � CLP (white bars). A: Broncho-alveolar lavage fluids (BALF) protein
concentration. B: Representative lung sections obtained after Hem � CLP and
stained with hematoxylin and eosin. C: Plasma cytokine concentrations. D: Lung
cytokine concentrations. E: Absolute number (Nbr) of mature lung dendritic
cells (CD11c�MHC II�).14 F: Plasma cytokine concentrations. G: Lung cytokine
concentrations. Values are expressed as mean � SEM. *P � 0.05.
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(Figure 3D). This suggests that lung DCs control the
recruitment of proinflammatory monocytes during indi-
rect ALI in mice through the regulation of lung MCP-1
production.

Both Myeloid and Plasmacytoid Dendritic Cells
Are Induced in the Lung after Hem � CLP

Both mDCs and pDCs are present in the lung of normal
mice.7 We observed that the number of both mDCs

(CD11c�MHC II�CD11b� - Figure 4A) and pDCs
(CD11c�GR1�B220�PDCA-1� - Figure 4B) were mark-
edly increased in the lung of C57BL/6 mice after Hem �
CLP in comparison with mice after CLP alone or naïve
mice. Most importantly, we verified that these two DC
subpopulations were depleted after Hem � CLP in the
lung of CD11c-DTR mice treated with DTx (Figure 4C).
Regarding pDCs, this was also confirmed by PDCA-1
immunohistological staining (Figure 4D). Finally, we ob-
served that the increased number of pDCs after Hem �

Figure 3. DC-depletion is associated with an increased
recruitment of proinflammatory monocytes to the lung
after Hem � CLP. CD11c-DTR (black bars) and C57BL/6
mice (gray bars) were injected intraperitoneally with
diphtheria toxin (4 �g/kg) 12 hours before hemorrhagic
shock (Hem) followed 24 hours later by cecal ligation
and puncture (CLP, n � 8 mice per group). As controls,
mice were submitted to Sham Hem � CLP (white bars).
A: Percentage and absolute number (Nbr) of recruited
lung CD115� cells. B: Representative histograms for
cell-surface expressions of CD80, CX3CR1, CD11b, and
CD11c molecules on lung CD115� cells in CD11c-DTR
mice after Hem � CLP (white histogram � isotype con-
trol). C: Clodronate and control (PBS) liposomes (100
�l/mouse) were administered intratracheally in CD11c-
DTR and C57BL/6 mice treated with diphtheria toxin 12
hours before Hem � CLP. Percentage of lung CD115�

cells and lung cytokine concentrations were measured.
D: Anti–MCP-1 blocking antibodies (�MCP-1 Abs –
black bars) or IgG (75 �g/mouse – gray bars) were
administered intratracheally 12 hours before Hem � CLP
in CD11c-DTR mice treated with diphtheria toxin (n � 4
to 6 mice per group). Percentage and absolute count of
lung CD115� cells were measured. Values are expressed
as mean � SEM. *P � 0.05.
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Figure 4. Both mDCs and pDCs are induced in
the lung after Hem � CLP and are depleted in
CD11c-DTR mice injected with diphtheria toxin.
C57BL/6 mice were submitted to hemorrhagic
shock (Hem) followed 24 hours later by cecal liga-
tion and puncture (CLP – black bars). As controls,
mice were submitted to Sham Hem � CLP (gray
bars). Results in naive mice are also presented (white
bars). A: Absolute number (Nbr) of lung mDCs
(CD11c�MHC II�CD11b�). B: Absolute number of
lung pDCs (CD11c�GR1�B220�PDCA-1�). C:
CD11c-DTR and C57BL/6 mice were injected intra-
peritoneally with diphtheria toxin (4 �g/kg) 12 hours
before Hem � CLP. One representative dot-plot is
shown for both mDCs (CD11b�CD11c�) and
pDCs (GR1�CD11c�) stainings in C57BL/6 and
CD11c-DTR mice. D: Representative slides for
frozen lung sections immunohistochemically
stained with anti–mPDCA-1 antibody. Black ar-
rows show positive staining. E: Lung IFN-� con-
centration measured in C57BL/6 mice. Values
are expressed as mean � SEM (n � 5 to 8 mice
per group). *P � 0.05.
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CLP was associated with an increased lung IFN-� pro-
duction (Figure 4E), suggesting that these cells were
activated in the lung during this process.

Lung Plasmacytoid DC-Depletion Reproduces
the Effects Observed in DC-Depleted Mice after
Hem � CLP

Previous studies have shown that lung pDCs can play an
immunoregulatory role after infection, which may be cru-
cial for the prevention of excessive immune activation
and immunopathology.30,31 Here we observed that i.t.
instillation of anti–PDCA-1 antibodies (Abs) 12 hours be-
fore the induction of indirect ALI in C57BL/6 mice was
associated with a significant reduction in lung pDC num-
ber (Figure 5A) and lung IFN-� production (Figure 5B)
suggesting that a complete blockade of injury-induced
lung pDC activation was achieved. In this model no de-
crease in lung mDC number was observed (Figure 5C).
Most importantly, as observed earlier in CD11c-DTR
mice, pDC-depletion led to an increased recruitment of
CD115� monocytes to the lung (Figure 5D) that was
associated with an increased lung MCP-1 production
(Figure 5E) after Hem � CLP. Therefore, among the DC
subpopulations that are present in the lung, pDCs might

play a protective anti-inflammatory role during indirect
ALI through the regulation of the recruitment of proinflam-
matory monocytes. Finally, because among other cell
populations CD115� monocytes themselves can pro-
duce increased MCP-1 after stimulation, we investigated
whether lung pDCs could regulate this production via a
direct interaction with monocytes. To this end, lung pDCs
were cell sorted after Hem � CLP and cultured 24 hours
with J774 monocyte cells stimulated with recombinant
TNF-�. However, in vitro, no regulatory effect of lung
pDCs on the increased production of MCP-1 by J774
monocytes after stimulation with TNF-� was observed
(Figure 5F). This suggests that the regulation by pDCs of
MCP-1 production and monocyte recruitment to the lung
during indirect ALI is not attributable to a direct effect
(neither via cell–cell interaction nor through the release of
a soluble factor) of pDCs on monocytes.

Discussion

The early development of indirect ALI is characterized by
the recruitment to the lung of activated neutrophils and
monocytes/macrophages, experiencing a delay in apo-
ptosis and an increase in respiratory burst.1,5,32 Concom-
itantly, lung epithelial cells undergo apoptosis,33 thus
contributing to destruction of the pulmonary epithelium
and compromised barrier function.1,32 Here we describe
the involvement of a novel cell population in the patho-
physiology of indirect ALI: we showed that pDCs are
induced and activated in the lung after Hem � CLP and
play an inhibitory role in the recruitment of proinflamma-
tory monocytes through the regulation of lung MCP-1
production.

In healthy lungs, immature DCs reside in airway epi-
thelium, alveolar septae, and around pulmonary ves-
sels.34 In response to infection/inflammation, the number
of mature DCs increases dramatically in the lung, in some
cases peaking already at two hours after challenge.7,35

This increase in number can be attributable to the recruit-
ment of mature DCs from the blood stream or the local
maturation of resident lung DCs.7 In our model, despite
the absence of direct lung injury, an increase in the
number of mature DCs (CD11c�MHC II�) in the lung was
observed after Hem � CLP. Most interestingly, this in-
crease was mainly attributable to local maturation of DCs
despite a small recruitment from the periphery.

Two DC phenotypes are important for lung defenses:
mDCs, which are by far the predominating lung DC pop-
ulation (�95%) and the newly described pDCs.30 We
observed that both pDCs and mDCs numbers were in-
creased in the lung after Hem � CLP and that pDCs were
activated during this process since lung IFN-� produc-
tion was increased after Hem � CLP.

DCs have been shown to be activated by LPS, myco-
peptides, and viral RNA because of their expression of
toll-like receptors, and by dying cells or cells from the
adaptive or innate immune system.36 Most interestingly, it
has been described that the maturation stage of lung
DCs profoundly governs a state of tolerance or immunity
in the lung.35 In line, our data suggest that pDCs are
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Figure 5. Lung pDC-depletion is associated with an increased recruitment of
proinflammatory monocytes to the lung after Hem � CLP. C57BL/6 mice
were injected intratracheally with anti–PDCA-1 antibodies (�PDCA1 Abs –
black bars) or IgG (100 �g/mouse-gray bars) 12 hours before hemorrhagic
shock (Hem) followed 24 hours later by cecal ligation and puncture (CLP,
n � 5 mice per group). As controls, mice were submitted to Sham Hem �
CLP (white bars). A: Absolute number (Nbr) of lung pDCs (CD11c�GR1�

B220�PDCA-1�). B: Lung IFN-� concentration. C: Absolute number of lung
mDCs (CD11c�MHC II�CD11b�). D: Absolute number of lung CD115�

cells. E: Lung MCP-1 concentration. F: MCP-1 concentration in the superna-
tant of cell-sorted lung pDCs incubated 24 hours with J774 monocytes (1/10
ratio) in the presence of recombinant murine TNF-� (5 ng/ml). Values are
expressed as mean � SEM. *P � 0.05.
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“primed” to mature and are activated [even though fac-
tor(s) (soluble or cell-mediated) responsible for their mat-
uration in this model remain to be determined] and play
an anti-inflammatory role in the lung during indirect ALI.
Therefore, the concept of “priming” that has been shown
to occur at several cellular levels during indirect ALI and
to play significant roles in mediating the increased inflam-
mation associated with this injury,1,6 might be playing a
role in the activation of anti-inflammatory mechanisms in
the lung during indirect ALI as well.

So far, no data are available regarding the role of lung
DCs in the pathophysiology of indirect ALI. We first ob-
served that DC depletion was associated with an in-
creased severity of lung injury. Similarly, after CLP alone,
Scumpia et al observed that DC depletion was associ-
ated with an increased mortality in mice.14 In our model,
this was not attributable to increased apoptosis or in-
creased neutrophil recruitment to the lung but rather
appears to be attributable to the recruitment of a popu-
lation of proinflammatory CD115� monocytes.

Moreover, selective pDC depletion was able to repro-
duce the effects observed in DC-depleted mice, implying
that pDCs that are induced/activated in the lung during
indirect ALI play an inhibitory role in the recruitment of
pro-inflammatory monocytes to the lung.

PDCs in the lung are immature, expressing low levels
of MHC II and costimulatory molecules yet high levels of
the inhibitory B7 family member PD-L1 known to sup-
press T cell activation through interaction with PD-1.30

This profile of high inhibitory and low costimulatory mol-
ecule expression together with the poor T cell stimulatory
capacity ex vivo point to the immunoregulatory role of
pDCs in the lung and these cells have been shown to
protect against the development of airway inflammation
to harmless antigens.30

Moreover, recent studies have shown the capacity of
subsets of DCs to directly regulate the innate immune
response. Very similarly to our results, Abe et al showed
in a murine model of colitis that, depending on their mode
of activation, DCs could regulate colonic inflammation by
inhibiting macrophages proinflammatory cytokine pro-
duction.37 Moreover, Fujita et al observed a crucial role
for tolerogenic DCs not only in regulating T-cell re-
sponses in acquired immunity but also in the damping of
host local and systemic inflammatory responses to micro-
bial pathogens in innate immunity.38 Their data showed
that DCs were able to suppress the production of proin-
flammatory cytokines by inflammatory macrophages. Im-
portantly, Kool et al recently demonstrated that lung
pDCs were recruited to the lung in a model of allergic
asthma and regulated airway inflammation because their
removal using specific pDC-depleting Abs enhanced in-
flammation.39 These data, along with ours, expand the
role of DCs beyond T cell activation and position pDCs as
important inhibitors of acute inflammation.

Monocytes are central players in the pathophysiology
of ALI/ARDS.1,5 An early expansion of mononuclear
phagocyte population has been observed in the BALF of
patients with ARDS, which was mainly attributable to a
rapid influx of monocytes from the vascular compart-
ment.29 Similarly, we observed a marked increase in the

number of BALF macrophages both in control and in
DC-depleted mice after Hem � CLP (Figure 1E). Most
importantly, in patients, continuous recruitment of mono-
cytes to the lung was associated with increased mortality,
whereas patients presenting with decreased monocyte
influx and normalization of the mononuclear phagocyte
population concentration had a better survival.29 This
suggests that the continuous recruitment of monocytes to
the lung in ARDS plays a deleterious role in the patho-
physiology of ALI/ARDS, and that ways to decrease/
block this recruitment might represent new avenues in
treating this disease.29

Upregulation and secretion of MCP-1 in the alveolar
compartment appears to be central to this process with
strong correlation with the severity of respiratory failure.
Elevated MCP-1 levels in BALF have been demonstrated
in patients with ARDS.40

MCP-1 expression in monocytes is induced by trans-
endothelial migration and interaction with extracellular
matrix protein,41,42 suggesting that monocytes them-
selves trigger sustained monocyte recruitment and pro-
mote ongoing inflammation in ALI, in accordance with our
data. Interestingly, we observed that pDCs were playing
a role in this process because MCP-1 concentration was
markedly increased in pDC-depleted mice in association
with increased monocyte recruitment. Moreover, in DC-
depleted mice, MCP-1 blockade was associated with a
decreased CD115� cell recruitment after Hem � CLP.
However, in our model, this was not attributable to a
direct interaction between pDCs and monocytes.

One can argue that monocytes and macrophages may
not be the only cells responsible for MCP-1 secretion in
ALI. Indeed, epithelial cells (EpCs) have been shown to
secrete MCP-1 constitutively and in response to TNF-�
and IL-1,43,44 and they showed a polar secretion of this
chemokine into the apical compartment for initiating or
maintaining a chemotactic gradient.45 DCs have been
found to exist within the epithelium of the lung.43 Such a
close neighborhood per se strongly suggests an exten-
sive DCs-EpCs cooperation. Moreover, during inflamma-
tion, EpCs are one of the principal sources of the che-
mokines, including MCP-1, necessary to attract immature
DCs and monocytes.43,44 Lung EpCs therefore appear, in
our model, as a potential central third player in the reg-
ulation of the recruitment of proinflammatory monocytes
by lung pDCs. This deserves to be investigated in addi-
tional experiments.

In conclusion, our work shows that pDCs are induced
and activated in the lung during indirect ALI in mice and
control the recruitment of proinflammatory monocytes
through the regulation of lung MCP-1 production. As our
understanding of the pathophysiology of indirect ALI im-
proves, new strategies will evolve to prevent and cure this
deadly disease. Given that transplantation of DCs has
provided a novel therapeutic approach to treat cancer
and HIV patients36 and has shown positive effect on
treating lung dysfunctions in murine models of sep-
sis,46,47 transplantation of immunocompetent DCs/pDCs
might represent a potential therapeutic strategy to treat
patients with indirect ALI.
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