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Influenza viruses (IVs) cause pneumonia in humans with progression to lung failure. Pulmonary DCs are key 
players in the antiviral immune response, which is crucial to restore alveolar barrier function. The mecha-
nisms of expansion and activation of pulmonary DC populations in lung infection remain widely elusive. 
Using mouse BM chimeric and cell-specific depletion approaches, we demonstrated that alveolar epithelial cell 
(AEC) GM-CSF mediates recovery from IV-induced injury by affecting lung DC function. Epithelial GM-CSF 
induced the recruitment of CD11b+ and monocyte-derived DCs. GM-CSF was also required for the presence 
of CD103+ DCs in the lung parenchyma at baseline and for their sufficient activation and migration to the 
draining mediastinal lymph nodes (MLNs) during IV infection. These activated CD103+ DCs were indispens-
able for sufficient clearance of IVs by CD8+ T cells and for recovery from IV-induced lung injury. Moreover, 
GM-CSF applied intratracheally activated CD103+ DCs, inducing increased migration to MLNs, enhanced viral 
clearance, and attenuated lung injury. Together, our data reveal that GM-CSF–dependent cross-talk between 
IV-infected AECs and CD103+ DCs is crucial for effective viral clearance and recovery from injury, which has 
potential implications for GM-CSF treatment in severe IV pneumonia.

Introduction
Influenza viruses (IVs) may cause primary viral pneumonia in 
humans with rapid progression to lung failure and fatal outcome 
(1). Histopathologic and clinical features of IV-induced lung inju-
ry in humans resemble those of other forms of adult respiratory 
distress syndrome (ARDS), characterized by apoptotic alveolar epi-
thelial damage, loss of alveolar barrier function, and severe hypox-
emia (1–3). As soon as the infection spreads from the upper to the 
lower respiratory tract, alveolar epithelial cells (AECs) become pri-
mary targets for productive IV replication (3–5). At the same time, 
AECs release innate immune mediators, which activate myeloid 
mononuclear phagocytes such as alveolar macrophages or DCs 
or recruit their precursors to the site of infection (6). Combining 
sensor and effector functions of innate immunity, the lung epithe-
lium has recently been ascribed an important role in coordinat-
ing, maintaining, and balancing the phagocyte-mediated antiviral 
host response (7). The molecular signals involved in this cellular 
cross-talk between alveolar epithelium and local mononuclear 
phagocyte subsets during the host response to viral infection in 
situ, however, remain largely elusive.

Rapid and effective clearance of IVs from the distal lung is crucial 
for recovery from IV-induced lung injury. Different CD11c+MHCII+ 
pulmonary DC subsets critically contribute to pulmonary host 
defense (8, 9). In mice, these include CD11b+CX3CR1+CD103– and 
CD103+langerin+CD11b– parenchymal DCs, which form an elabo-
rate network in immediate proximity to AECs to rapidly encoun-
ter foreign antigen in the alveolar airspaces and lung interstitium 
and migrate to the draining mediastinal lymph nodes (MLNs) 
(10). Several reports demonstrate a key role for the pulmonary 

CD103+langerin+ DC subset in antiviral immunity in vitro and in 
vivo (11, 12), and elimination of CD103+langerin+ DCs during IV 
infection severely impairs induction of the CD8+ T cell–mediated 
response and delays viral clearance (13).

Under steady-state conditions, pulmonary CD11b+ and CD103+ 
DCs arise from circulating GR-1hi monocytes and pre-DCs, respec-
tively, and replenishment of their resident pools depends on FLt3/
Flt3L and M-CSF receptor (M-CSFR) (14). During lung infection 
or inflammation, the inflammatory DC subsets in particular, 
CD11b+ DCs and the less differentiated monocyte-derived DCs 
(mo-DCs), are expanded from the circulating GR-1hi monocyte 
pool, whereas the numbers of CD103+ DCs in lung tissue initially 
decline due to increased migration to MLNs (10, 13, 15, 16).

The growth factor GM-CSF is widely recognized as promoting 
differentiation and mobilization of myeloid cells in vivo and is fre-
quently used to generate DCs from BM- or blood-derived precursors 
in vitro (17, 18). It is crucially involved in antimicrobial pulmonary 
host defense (19, 20) and ameliorates lung injury when applied sys-
temically to IV-infected mice (21) by increasing size and activation 
of the alveolar macrophage pool (22, 23). Previously, 2 studies have 
demonstrated that GM-CSF drives the accumulation of CD11b+ DC 
populations in the gut lamina propria under homeostatic conditions 
(24, 25). More recently, GM-CSF was shown to expand radiosensitive 
langerin+CD103+ DCs in the skin and peripheral lymph nodes under 
steady-state and inflammatory conditions during autoimmune dis-
ease (26). With respect to the lung, however, the mechanisms mediat-
ing expansion and/or activation of parenchymal DC subsets during 
viral infection of the lower respiratory tract — and, in particular, the 
role of GM-CSF therein — remain to be defined.

Here, using a model of IV pneumonia, we elucidated a crucial 
role of IV-infected AECs in orchestrating pulmonary DC anti-
viral functions. Using BM chimeric and cell-specific depletion 
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strategies, we showed that AEC GM-CSF released upon IV infec-
tion was required for expansion and activation of the CD103+ 
migratory DC pool and for an appropriate antiviral T cell–medi-
ated immune response with recovery from IV-induced lung inju-
ry. Collectively, our data identified GM-CSF–dependent cross-
talk between viral target cells and local DCs in the distal lung 
and highlighted the AEC GM-CSF/GM-CSFR axis as a potential 
therapeutic target to increase pulmonary DC antiviral functions 
in the context of IV-induced lung injury.

Results
AECs induce recovery from IV-induced lung injury by release of GM-CSF. 
AECs are primary targets for IVs and, at the same time, represent 
important effector cells in the host defense of the distal respi-
ratory tract. Upon infection, they release cytokines that shape 
mononuclear phagocyte immune responses and initiate viral 
clearance. To address the role of GM-CSF in these processes, we 
tested whether AECs expressed GM-CSF in response to IV chal-
lenge. Indeed, both primary isolated and cultured murine and 
human AECs significantly upregulated Gm-csf mRNA upon in 
vitro PR8 infection, most prominent at 16 and 20 hours post 
infection, respectively (Figure 1A). Accordingly, AECs isolated 
from the lungs of PR8-infected mice showed increased Gm-csf 

expression compared with mock-infected controls at 3 days post 
infection (dpi; Figure 1B). To evaluate whether epithelial GM-CSF  
affected PR8-induced lung damage, we compared lung injury 
levels in WT mice, GM-CSF–deficient mice (referred to herein as 
Gm-csf–/–), and mice that express GM-CSF in AECs only (referred 
to herein as SPC-GM mice; see Methods). GM-CSF was released 
into the lungs of WT mice in response to PR8 infection and 
overexpressed constitutively and during IV infection in SPC-GM  
lungs compared with Gm-csf–/– mice (Figure 1C). Notably, GM-
CSF protein was not detectable in the serum of WT or SPC-GM 
mice at baseline or after PR8 infection (data not shown). Strik-
ingly, lung injury was highly increased in Gm-csf–/– compared with 
WT mice, and selective AEC GM-CSF expression in SPC-GM 
mice fully reverted increased alveolar injury, as demonstrated by 
analysis of AEC apoptosis, alveolar albumin leakage, and arterial 
oxygen saturation (Figure 1, D–F). Accordingly, 100% of Gm-csf–/–  
mice succumbed to infection with 500 PFU PR8 by 16 dpi, where-
as 40% of WT mice survived. Infection with an increased viral dose 
of 2,000 PFU, however, resulted in 100% mortality in WT mice 
by 16 dpi, whereas 75% of SPC-GM mice survived until 21 dpi  
(Figure 1G), which indicates that GM-CSF is crucial to survive 
severe IV infection and that alveolar overexpression of GM-CSF 
further attenuates the disease.

Figure 1
AEC GM-CSF attenuates acute 
lung injury and increases survival 
in PR8 infection. (A) Gm-csf mRNA 
expression in primary murine (m-) or 
human (h-) AECs infected with PR8 
in vitro. (B) Gm-csf mRNA induction 
in purified AECs from PR8-infected 
WT mice at 3 dpi. Expression of the 
type II AEC marker Sftpc was addi-
tionally determined. (C) GM-CSF 
release in LHs of PR8-infected WT, 
Gm-csf–/–, SPC-GM, Gm-csf–/–→WT,  
and WT→Gm-csf–/– mice. (D) AEC 
apoptosis, determined by quan-
tification of Annexin V binding to 
CD45–CD31–EpCam+ LH cells. 
(E) Alveolar albumin leakage ana-
lyzed after PR8 infection. The ratio 
of BALF and serum FITC fluores-
cence is expressed in AU. (F) Arte-
rial oxygen saturation (SO2). (G) 
Survival of WT and Gm-csf–/– mice 
infected with 500 PFU PR8 (n = 8 
per group), WT and SPC-GM mice 
infected with 2,000 PFU PR8 (n = 8 
per group), and Gm-csf–/–→WT and  
WT→Gm-csf–/– mice infected with 
500 PFU PR8 (n = 9 per group). 
Data are mean ± SD. *P < 0.05,  
***P < 0.005 vs. mock-infected con-
trol (ctl) or as indicated by brackets.
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In the lung, GM-CSF is expressed not only by AECs, but also by 
resident or recruited myeloid cells or further cell types (17), and 
various distal lung cell subsets were reported to be IV targets. We 
therefore analyzed in detail which alveolar cell populations were 
targets of PR8 during the course of infection. Significant numbers 
of type I and II AECs and CD11c+ leukocytes were PR8 infected by 
3 dpi, whereas ECs were hardly and neutrophils (data not shown) 
were not infected (Supplemental Figure 1A; supplemental material 
available online with this article; doi:10.1172/JCI62139DS1). We 
next analyzed which parenchymal cell types of the distal respiratory 
tract represented primary sources of GM-CSF after infection. Com-
parison of Gm-csf mRNA levels in flow-sorted type I and II AECs, 
bronchiolar epithelial cells (BECs; ref. 27), and endothelial cells 
revealed that type I AECs, BECs, and endothelial cells showed low 
baseline expression and no significant upregulation of GM-CSF  
at 3 dpi (Supplemental Figure 1C). Type II AECs showed the high-
est GM-CSF expression at baseline and, apart from bronchoalveo-

lar lavage fluid (BALF) leukocytes (which were mainly composed 
of resident alveolar macrophages and neutrophils, Supplemental 
Figure 1B), were the only lung cell population that significantly 
upregulated Gm-csf mRNA upon PR8 challenge. Notably, separat-
ed and cultured AECs from lungs of untreated WT mice showed 
GM-CSF release into the supernatants compared with endothelial 
cells or alveolar macrophages (∼180 pg/ml; data not shown). Given 
that type II AECs represented the most frequent parenchymal cells 
in distal lungs (>90%; data not shown) and a substantial type II 
AEC proportion was PR8 infected, we concluded that AECs are 
the primary source of GM-CSF in the distal lung at baseline and 
in particular upon PR8 infection.

To further discriminate the role of AECs as opposed to myeloid 
GM-CSF in the observed effects, we infected WT or Gm-csf–/– mice 
that were reciprocally BM transplanted and, after reconstitution 
for 56 days, displayed resident alveolar macrophages (Supple-
mental Figure 2A) and circulating leukocytes of donor origin. 

Figure 2
Lung-protective effects of AEC GM-CSF are mediated by pulmonary DCs in SPC-GM mice after PR8 infection. (A) FACS quantification of mac-
rophages (Mac; CD45+CD11c+SiglecF+MHCIIint; solid line) and DCs (CD45+CD11c+SiglecF–MHCIIhi; dashed line) in the lungs of uninfected or 
PR8-infected (7 dpi) WT, Gm-csf–/–, and SPC-GM mice. (B) Mice were i.t. treated with clodronate liposomes (CL) to deplete alveolar macrophages 
or with empty liposomes (EL) 48 hours prior to PR8 infection, and AEC apoptosis and alveolar albumin leakage were determined at 7 dpi. (C) 
Treatment protocol. WT and SPC-GM mice were lethally irradiated and transplanted 1 × 106 CD11c+/DTR BM cells to generate CD11c+/DTR→WT 
or CD11c+/DTR→SPC-GM chimeric mice. 26 days later, when >90% of lung DCs were of CD11c+/DTR donor phenotype (whereas alveolar macro-
phages were mainly of recipient CD11c+/+ phenotype), chimeras were treated with clodronate or empty liposomes i.t. and with DTX or PBS i.p. 
to deplete lung macrophages and DCs, respectively, then infected with PR8 48 hours later. (D) Depletion efficacy in CD11c+/DTR→WT chimeras 
at 28 dpi, determined by FACS. Fractions of alveolar (CD45+CD11c+MHCIIintSiglecF+; solid line) and lung tissue (CD45+CD11c+SiglecF+MHCIIint) 
macrophages and of alveolar DCs (CD45+CD11c+MHCIIhiSiglecF–; dashed line) were determined from BALF and LH, respectively, and fractions 
of CD45+CD11c+MHCIIhiCD103+ (red gates) and CD45+CD11c+MHCIIhiCD11b+ (blue gates) DCs were determined from LH and MLNs. (E) Survival 
of clodronate liposome/DTX–treated CD11c+/DTR→WT mice and empty liposome/PBS–, clodronate liposome/PBS–, or clodronate liposome/DTX– 
treated CD11c+/DTR→SPC-GM mice after PR8 infection (n = 7–8). Data are mean ± SD. *P < 0.05, ***P < 0.005.
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WT→Gm-csf–/– mice (with WT myeloid GM-CSF expression) 
showed very low GM-CSF levels in their lungs and increased lung 
injury after PR8 infection compared with Gm-csf–/–→WT mice 
(with lung parenchymal cell GM-CSF expression), as demonstrat-
ed by analysis of AEC apoptosis (Figure 1, C and D). Moreover, 
PR8-induced mortality was highly increased in chimeric mice lack-
ing epithelial GM-CSF expression compared with those lacking 
GM-CSF in myeloid cells (Figure 1G). Together, our data demon-

strated that AECs are a primary source of GM-CSF 
in the PR8-infected lung and that lung parenchymal, 
but not myeloid cell–expressed, GM-CSF protects 
mice from IV-induced lung injury.

Lung-protective effects of AEC GM-CSF in IV pneumonia 
are mediated by pulmonary DCs. Recent reports demon-
strated that AEC GM-CSF specifically enhanced host 
defense functions of resident alveolar macrophages 
during IV infection (22). To further dissect the con-
tribution of lung mononuclear phagocyte sub-
types to the beneficial effects of epithelial GM-CSF,  
we determined the numbers of macrophages and 
DCs in lung digests of WT, Gm-csf–/–, and SPC-GM 
mice. As shown in a representative FACS plot in  
Figure 2A, AEC GM-CSF was required for the pres-
ence of both CD11c+SiglecF+MHCIIint alveolar 
macro phages and lung CD11c+SiglecF–MHCIIhi DCs 
at baseline and during PR8 infection (7 dpi). We next 
addressed whether resident alveolar macrophages 
account for the observed beneficial effects of AEC 
GM-CSF. Depletion of alveolar macrophages prior 
to PR8 infection did not increase AEC apoptosis or 
albumin leakage in WT mice. Although macrophage 
depletion in SPC-GM mice resulted in increased IV-
induced epithelial apoptosis, AEC apoptosis and alve-
olar albumin leakage were still significantly reduced 
in SPC-GM compared with WT mice (Figure 2B),  
suggestive of further macrophage-independent  
GM-CSF–mediated effects. Of note, PR8 titers in 
BALF at 7 dpi were not significantly increased in WT 
or SPC-GM mice after macrophage depletion (Sup-
plemental Figure 2). To further dissect the role of alve-
olar macrophages versus DCs in our model, we gener-
ated BM chimeric WT and SPC-GM mice that were 
reconstituted with CD11c+/DTR BM after irradiation. 
In these chimeric mice, lung and MLN DCs were of 
CD11c+/DTR donor phenotype (Supplemental Figure 
3, A and B), whereas the majority of alveolar macro-
phages was of CD11c+/+ recipient phenotype at 28 days 
post BM transplantation. This model allows selective 
depletion of lung and MLN CD11b+ and CD103+ 
DCs (CD11c+MHCIIhi) by systemic diphtheria toxin 
(DTX) application and of alveolar and lung parenchy-
mal macrophages (CD11c+MHCIIintSiglecF+F4/80+)  
by intra-alveolar clodronate deposition (Figure 2,  
D and E). Whereas all control-treated CD11c+/DTR→ 
SPC-GM mice survived PR8 infection, macrophage-
depleted CD11c+/DTR→SPC-GM mice showed a 
slightly decreased survival rate of 75%, indicative of 
a minor role for lung macrophages in the observed 
effects of AEC-derived GM-CSF on IV-induced mor-
tality. In striking contrast, additional depletion of 

DCs resulted in a 100% mortality rate in CD11c+/DTR→SPC-GM 
mice at 8 dpi, with a comparable course of mortality in double-
depleted CD11c+/DTR→WT mice (Figure 2E). These data indicate 
that AEC GM-CSF exerts its beneficial effects on IV-induced lung 
injury primarily by its effect on lung DCs.

AEC GM-CSF is required for both homeostasis at baseline and expansion 
of pulmonary DC subsets during IV infection. Given that steady-state 
homeostasis and IV-induced expansion of CD11c+MHCIIhi DCs in 

Figure 3
AEC GM-CSF is required for accumulation of DC populations in the lung under 
steady-state conditions and after PR8 infection. SPC-GM, Gm-csf–/–, and WT 
mice were PR8 infected, and the number of total CD45+CD11c+MHCIIlo/hiSiglecF–  
DCs (A), CD11b+ DCs (CD45+CD11c+MHCIIhiB220–CD103–CD11b+; B), mo-
DCs (CD45+CD11c+MHCIIloB220–CD103–CD11b+; C), and CD103+ DCs 
(CD45+CD11c+MHCIIhiB220–CD103+; D) were quantified by counting LH cells and flow 
cytometric quantification of the respective proportions (see Supplemental Figure 3 for 
gating strategy). (E) Representative dot plots for lung DC subpopulations from uninfect-
ed (CD11b+, blue gates; CD103+, red gates, gated from CD45+CD11c+MHCIIhiB220– 
LH cells) and PR8-infected (CD11b+, blue gates; mo-DC, green gates, gated 
from CD45+CD11c+MHCIIhi/loB220– LH cells) mice. Data are mean ± SD.  
*P < 0.05, ***P < 0.005.
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lung parenchyma was dependent on AEC GM-CSF, we questioned 
whether expansion of different lung DC subsets shows an equiva-
lent extent of GM-CSF dependency. Figure 3A shows a time course 
of total numbers of lung CD11c+MHCIIhi DCs in WT, Gm-csf–/–, and 
SPC-GM mice, demonstrating their GM-CSF–dependent expan-
sion throughout the course of PR8 infection. DC subset differen-
tiation (see Supplemental Figure 4 for gating strategy) revealed that 
the amount of CD11b+ DCs and mo-DCs at baseline conditions 
was independent of AEC GM-CSF, but both DC subsets accumu-
lated to high numbers in the lung parenchyma after PR8 infection 
until 7 dpi only in the presence of AEC GM-CSF (Figure 3, B and C). 
In contrast, CD103+ DC numbers generally declined until 5–7 dpi  
in WT and SPC-GM mice, and their presence at baseline and 

throughout the course of infection was widely reduced in Gm-csf–/– 
mice (Figure 3D), which indicates that steady-state homeostasis of 
CD103+ DCs was GM-CSF dependent and that selective AEC over-
expression of GM-CSF was sufficient to restore lung CD103+ DC 
composition. Figure 3E shows a representative FACS plot of DC 
subsets in the 3 treatment groups at baseline (CD103+ and CD11b+ 
DCs) and 7 dpi (mo-DCs and CD11b+ DCs). Of note, accumulation 
of CD11c+MHCIIloB220+ plasmacytoid DCs in infected lungs was 
not dependent on GM-CSF (data not shown).

AEC GM-CSF mediates activation of CD103+ DCs and migration to 
the draining MLNs following IV infection. To evaluate whether AEC 
GM-CSF affect accumulation of pulmonary DC subsets in the 
MLNs, we quantified their numbers in uninfected and PR8-

Figure 4
AEC GM-CSF is required for CD103+ DC activation and migration to draining MLNs under steady-state conditions and upon PR8 infection.  
(A and B) WT, Gm-csf–/–, SPC-GM, WT→Gm-csf–/–, and Gm-csf–/–→WT mice were PR8 infected, and the fractions of CD11b+ DCs (A) and CD103+ 
DCs (B) in MLNs were quantified by flow cytometry using the gating strategy in C (red gates, CD103+ DCs; blue gates, CD11b+ DCs). (D) Migratory 
CD103+ DCs from LH of WT mice were additionally stained for IV NP or control IgG at 5 dpi. Representative FACS plot depicts the NP+ fraction 
of CD45+CD11c+MHCIIhiCD103+ DCs. (E) Comparative flow cytometric quantification of CD80 and CD86 expression on lung and MLN CD103+ 
DCs after PR8 infection. Values are given as mean intensities ×1,000 of PE (CD80) and PE-Cy7 (CD86) fluorescence. Data are mean ± SD.  
*P < 0.05, **P < 0.01, ***P < 0.005.
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infected WT, Gm-csf–/– and SPC-GM mice. mo-DCs were virtu-
ally undetectable in MLNs (data not shown). Unlike CD11b+ 
and CD8+ DCs, which were found in low amounts in MLNs of 
uninfected and infected mice of all treatment groups (Figure 4,  
A and C, and data not shown), CD103+ DCs accumulated in 
the draining MLNs in a GM-CSF–dependent manner during 
PR8 infection (Figure 4, B and C). Of note, lack of epithelial as 
opposed to myeloid cell GM-CSF caused reduced numbers of 
CD103+ DCs in MLNs of WT→Gm-csf–/– versus Gm-csf–/–→WT 
chimeric mice, and AEC overexpression of GM-CSF in SPC-GM 
mice even resulted in significantly increased CD103+ DC num-
bers at baseline and at 7 dpi compared with WT mice (Figure 4B),  

which suggests that AEC GM-CSF increases migration of lung 
CD103+ DCs to draining MLNs. Migration and activation of 
DCs is, at least in part, induced by sampling and processing of 
foreign antigen at the site of infection. In fact, approximately 
4% of pulmonary CD103+ DCs stained positive for IV nucleo-
protein (NP; Figure 4D), indicative of antigen uptake by this 
DC subset in the lung parenchyma, a characteristic feature of 
migratory DCs. To address whether epithelial GM-CSF is spe-
cifically required for CD103+ DC activation, surface expression 
of DC activation markers CD80 and CD86 were quantified in all 
treatment groups. Indeed, expression of activation markers on 
lung homogenate (LH) CD103+ DCs was, at least in part, depen-

Figure 5
AEC GM-CSF is required for alveolar antiviral CD8+ T cell responses and PR8 clearance from mouse lungs. (A) Absolute numbers of CD4+ and 
CD8+ T lymphocytes in BALF were determined by counting BALF cells and by flow cytometric quantification of the CD45+SSCloCD3+CD4+ and 
CD45+SSCloCD3+CD8+ fractions, respectively, after PR8 infection in WT, Gm-csf–/–, and SPC-GM mice. (B) Antigen-specific CD4+ and CD8+ T 
cell numbers in BALF or spleen, determined by analysis of the NPpeptide/H2-Db dextramer+ or the IFN-γ+ fraction of CD45+SSCloCD3+CD4+ and 
CD45+SSCloCD3+CD8+ cells, respectively, after PR8 infection (7 dpi). (C) Representative FACS plots of the IFN-γ analysis; percent values of the 
respective IFN-γ+ proportions are shown in each plot. (D) PR8 titers in WT, Gm-csf–/–, SPC-GM, WT→Gm-csf–/–, and Gm-csf–/–→WT mice, quanti-
fied from BALF at the indicated dpi by standard plaque assay and given as PFU/ml × log10 (detection limit, 101 PFU/ml × log10). Data are mean ± SD.  
*P < 0.05, **P < 0.01, ***P < 0.005. SSC, side scatter.
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dent on AEC GM-CSF in uninfected and PR8-infected mice. 
After migration to MLNs, CD80 and CD86 expression was still 
reduced in CD103+ DCs in Gm-csf–/– mice at 7 dpi (Figure 4E). 
Together, our data demonstrated that AEC GM-CSF mediates 
maturation and MLN migration of pulmonary CD103+ DCs.

AEC GM-CSF mediates recruitment of activated CD8+ T cells, associ-
ated with IV clearance from the lungs. Migratory CD103+ DCs were 
shown to preferentially drive antigen presentation to naive CD8+ 
T cells in the MLNs following IV infection (12), which are then 
recruited to the lung to clear infection. To test the role of epi-
thelial GM-CSF herein, we quantified numbers of T cell subsets 

in the alveolar space during the course of PR8 infection. CD4+ 
and CD8+ T cells accumulated in BALF until 11 dpi in WT mice, 
whereas GM-CSF deficiency abrogated this T cell response. Epi-
thelial GM-CSF expression, however, largely restored alveolar T 
cell accumulation in SPC-GM mice (Figure 5A). Of note, AEC 
GM-CSF was required for the accumulation of antigen-specific 
NPpeptide-dextramer+ or IFN-γ+CD4+ and IFN-γ+CD8+ T cells in the 
airspaces or in spleen (Figure 5B). Figure 5C depicts represen-
tative FACS plots showing the proportion of IFN-γ+CD4+ and 
IFN-γ+CD8+ T cells in BALF in the 3 treatment groups at 7 dpi. 
Accordingly, lung viral loads were significantly increased in Gm-csf–/–  

Figure 6
Lung-protective effects of AEC GM-CSF are mediated by CD103+ lung DCs. (A) Treatment protocol. WT or SPC-GM mice were transplanted  
1 × 106 Langerin+/DTR BM cells to generate Langerin+/DTR→WT or Langerin+/DTR →SPC-GM chimeric mice. 26 days later, when >90% of lung DCs 
were of Langerin+/DTR donor phenotype, mice were treated with either DTX or PBS to deplete CD103+ DCs, then infected with PR8 48 hours later 
for further analyses at 35 dpi. (B) At 28 dpi, efficacy of CD103+ DC depletion after PBS or DTX treatment was analyzed by FACS. The CD103+ 
fraction of CD45+CD11c+MHCIIhi LH cells was determined after gating on the CD45+CD11c+MHCIIhi population; percentage values are given. At 
7 dpi, the fractions of CD103+ and CD11b+ DCs in MLNs were quantified (C), using the gating strategy in Figure 3C; the proportions of IFN-γ+ 
of CD4+ and CD8+ T cells in BALF were quantified (D), as outlined in Figure 5C; and the fractions of NP+ EpCam+CD45– epithelial cells in LHs 
were determined by FACS (E), depicted as absolute numbers in Langerin+/DTR→WT and Langerin+/DTR→SPC-GM chimeric mice after PBS or 
DTX application. (F) AEC apoptosis in chimeric mice after PBS or DTX application was analyzed by FACS quantification of annexin V binding to 
CD45–CD31–EpCam+ LH cells at 7 dpi, and (G) total protein was determined in BALF. (H) Survival of PR8-infected chimeric mice after PBS or 
DTX treatment (n = 8–13). Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.005.
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compared with WT and SPC-GM mice (Figure 5D). Of note, AEC 
GM-CSF, but not leukocyte-expressed GM-CSF, was required 
for efficient PR8 clearance at 7 dpi, as shown in WT→Gm-csf–/–  
and Gm-csf–/–→WT chimeric mice, and AEC GM-CSF overexpres-
sion in SPC-GM mice even resulted in accelerated clearance com-
pared with WT mice (Figure 5D). We concluded that AEC GM-CSF  
mediates recruitment of IFN-γ+ T cells to the lung, which is asso-
ciated with enhanced clearance of infection.

AEC GM-CSF is required for effective host defense functions of CD103+ 
DCs and for recovery from IV-induced lung injury. To definitely demon-
strate the role of CD103+ DC activation in response to AEC GM-CSF  
for effective antiviral host defense and recovery from lung damage, 
we generated BM chimeras using WT or SPC-GM mice that were 
irradiated and reconstituted with Langerin+/DTR BM for 28 days.  
In this model, all pulmonary CD103+ DCs were of Langerin+/DTR 
(donor) phenotype (data not shown) and selectively depleted by 
DTX application 48 hours prior to PR8 infection (Figure 6A).  
The representative FACS plots in Figure 6B demonstrate high 
depletion efficiency in lungs of Langerin+/DTR chimeric mice treat-
ed with DTX compared with PBS-treated controls. Flow cytometric 
quantification of DCs in draining MLNs at 7 dpi with PR8 revealed 
that the CD103+, but not the CD11b+, DC subset was significantly 
reduced in DTX- versus PBS-treated chimeras of both WT and 
SPC-GM recipient phenotypes (Figure 6C). CD103+ DC deple-
tion resulted in reduced numbers of IFN-γ+CD4+ and IFN-γ+CD8+  
T cells in BALF at 7 dpi. Of note, CD8+ cytotoxic T cells in par-
ticular were reduced to equally low numbers in BALF of both WT 
and SPC-GM chimeric mice (Figure 6D). Accordingly, IV clear-
ance decreased in WT and SPC-GM chimeric mice after DTX 
treatment to comparable levels at 7 dpi (Figure 6E), which indi-
cates that the beneficial effect of AEC SPC-GM overexpression 

on antiviral host defense was completely abrogated upon CD103+ 
DC depletion. Analyses of lung injury parameters revealed simi-
larly increased AEC apoptosis and alveolar protein leakage in  
DTX-treated WT and SPC-GM chimeric mice compared with 
PBS-treated controls at 7 dpi (Figure 6, F and G). Finally, whereas 
all PBS-treated SPC-GM chimeras survived infection until 21 dpi,  
survival of DTX-treated SPC-GM and WT chimeric mice was sub-
stantially decreased (Figure 6H). Together, these data demonstrat-
ed that pulmonary CD103+ DCs are essential for AEC GM-CSF– 
mediated host defense functions, which lead to recovery from 
lung injury in PR8 pneumonia.

Intratracheal deposition of recombinant GM-CSF increases CD103+ DC 
migration and host defense and attenuates IV-induced lung injury. The 
beneficial effects of high AEC GM-CSF levels in IV pneumonia 
in SPC-GM mice prompted us to evaluate whether exogenously 
applied GM-CSF would be similarly protective in our model. 
We therefore infected WT mice with PR8 and on the same day 
applied a single dose of recombinant GM-CSF intratracheally 
(i.t.). CD103+ DC numbers were significantly increased at 7 dpi in 
MLNs of GM-CSF– versus control-treated mice (Figure 7A). Con-
comitantly, we found significantly increased numbers of CD4+ 
and CD8+ T cells in BALF (Figure 7B) and reduced viral titers 
at 7 dpi (P = 0.05; Figure 7C) after GM-CSF treatment. In addi-
tion, PR8-induced lung injury at 7 dpi was strikingly attenuated 
in GM-CSF–treated mice, as demonstrated by analyses of AEC 
apoptosis, alveolar albumin leakage, and arterial oxygen satura-
tion partial CO2 pressure (Figure 7, D–F). Together, these find-
ings highlighted the role of GM-CSF, naturally released from lung 
epithelium upon IV infection, in antiviral DC host defense and 
suggest local GM-CSF delivery for further evaluation as a poten-
tial treatment strategy in severe IV pneumonia.

Figure 7
GM-CSF application i.t. increases CD103+ DC migration, 
alveolar T lymphocyte recruitment, and viral clearance, 
which is associated with attenuated lung injury after PR8 
infection. WT mice were PR8 infected (or mock infected in 
selected experiments), followed by i.t. application of 5 μg 
GM-CSF or PBS plus 0.1% BSA. (A) At 7 dpi, the fraction 
of CD103+ DCs in MLNs was quantified by flow cytometry. 
(B) Absolute numbers of CD4+ and CD8+ T lymphocytes in 
BALF were determined by counting BALF cells and flow 
cytometric quantification of the CD45+SSCloCD3+CD4+ 
and CD45+SSCloCD3+CD8+ fractions, respectively, and (C) 
PR8 titers were determined from BALF by standard plaque 
assay. (D–F) At 7 dpi, AEC apoptosis (D), alveolar albumin 
leakage (given as ratio of BALF and serum FITC fluores-
cence in arbitrary units; E), and arterial oxygen saturation 
and partial CO2 pressure (pCO2; F) were determined. Data 
are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.005.
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Discussion
IV pneumonia is characterized by infection of distal bronchiolar 
and, importantly, AECs and frequently progresses to acute lung 
injury/ARDS with poor outcome. Rapid onset of effective host 
defense strategies is therefore crucial for attenuation of or recovery 
from IV-induced lung injury. Pulmonary DC subsets are key regula-
tors of antiviral innate and adaptive immune responses (13, 28–30).  
It is widely recognized that conventional DCs or their precursors 
are expanded at sites of inflammation or infection by defined 
chemokine-receptor interactions (16, 31, 32), and that they are 
armed with a variety of pattern recognition receptors enabling 
them to sense foreign antigen, including viruses, and inducing 
their further activation (33). Yet, the mechanisms of communica-
tion between primary viral target cells in the distal lung and juxta-
posed parenchymal DCs, which might be a critical link for infec-
tion-driven DC expansion or full activation, are poorly defined. We 
therefore tested the hypothesis that AEC-derived signals mediate 
expansion and host defense functions of pulmonary DC subsets 
in a mouse model of severe IV pneumonia. In fact, our data dem-
onstrated that IVs induce the growth factor GM-CSF in AECs in 
vitro and in vivo, which was required not only for expansion of 
mo-DCs and CD11b+ DCs in the lung, but particularly for activa-
tion and migration of CD103+ DCs to the draining MLNs. By its 
effects on CD103+ DCs, epithelial GM-CSF increases recruitment 
of IFN-γ+CD4+ and IFN-γ+CD8+ T cells to the air spaces, accelerates 
IV clearance, and mediates recovery from epithelial injury in terms 
of improved barrier function and gas exchange (Figure 8).

Initially considered to function solely as a physical barrier provid-
ing gas exchange, the alveolar epithelium is now increasingly rec-
ognized as an important effector in fine-tuning antiviral immune 
responses at both onset and resolution of inflammation (4, 5, 34). 
Mononuclear phagocyte homeostasis, in particular, is controlled 
by such tissue-specific microenvironmental factors that either 
maintain a threshold for responsiveness to avoid continuous or 
excess inflammation (35) or establish immune competence before 
activation or after contact with antigen (36). Notably, the intimate 
spatial proximity of the resident DC network with the distal lung 
epithelium provides an ideal basis for direct cell-cell communica-
tion to maintain DC homeostasis in steady state or shape an effec-
tive immune response toward invading pathogens. Hammad et al. 
recently demonstrated that the initial scanning behavior of lung 

DCs as well as their directed migration to the MLNs in response to 
LPS inhalation was largely dependent on TLR4 signaling by epithe-
lial cells (37), supporting the concept that epithelial cell–DC cross-
talk is required as a first step to initiate DC responses at the outer 
surface of the lung. The finding that parenchymal cells instruct the 
functional behavior of DCs, however, seems to be rather specific 
to mucosal surfaces, as Nolte et al. found no evidence for stromal 
instruction of splenic DCs to systemically administered antigens 
using a chimeric mouse model (38).

We and others have previously demonstrated that AECs are a sub-
stantial source of GM-CSF in the inflamed distal lung (39, 40), and 
GM-CSF was shown to be induced in a TLR-dependent way in alve-
olar epithelium following bacterial challenge in vitro (41). None-
theless, leukocytes of lymphoid and myeloid lineages, especially 
resident macrophages, were also found to be sources of GM-CSF in 
inflamed tissues (42). Of note, our data from BM chimeric mice defi-
cient in either leukocyte or parenchymal cell GM-CSF clearly indi-
cated that lung parenchymal, but not leukocyte-derived, GM-CSF  
induced the observed effects on DCs in IV infection. These find-
ings are reinforced by the fact that first, Gm-csf gene expression was 
highly expressed in ex vivo IV-infected primary murine or human 
AECs, and second, type II AECs were the only CD45– cell popula-
tion in the distal lung parenchyma that upregulated GM-CSF upon 
infection (Figure 1 and Supplemental Figure 1). Given that paren-
chymal DCs and AECs reside in direct cell-to-cell contact within the 
lung parenchyma, epithelial GM-CSF can be expected to preferen-
tially reach intra- or subepithelial DC populations. In this regard, 
previous findings on human lung sections demonstrated a role of 
GM-CSF expressed by hyperplastic type II AECs in mediating accu-
mulation of CD1a+ DCs adjacent to these cells in inflamed lungs 
and in regions of lung tumors (43), which suggests that GM-CSF–
dependent AEC-DC cross-talk is similarly operative in human lung 
disease. Whether a similar mechanism of epithelial cell–DC interac-
tion exists in the larger conducting airways or trachea will need to 
be defined in future studies.

We demonstrated that epithelial GM-CSF, at least in part, con-
tributed to the expansion of mo-DCs and of CD11b+ DCs in IV-
infected lungs, but was not required for the presence of these DC 
subsets in the lung under noninfectious conditions (Figure 3, B and 
C) or for CD11b+ DC homeostasis in draining MLNs (Figure 4A).  
Based on previous studies by us and others (44, 45), we assume 
that the inflammation-triggered expansion of CD11b+ DCs results 
primarily from increased recruitment of inflammatory precursors, 
rather than from local expansion of the tissue-resident subepithe-
lial CD11b+ DC pool. It is likely that pulmonary GM-CSF directly 
or indirectly mediates extravasation of mo-DC precursors that 
further differentiate toward a CD11b+ DC phenotype within the 
inflammatory alveolar microenvironment.

In contrast to our findings on CD11b+ DCs, CD103+ DC develop-
ment in the lung parenchyma was strongly dependent on GM-CSF  
in noninflammatory conditions. Expression of AEC GM-CSF in 
SPC-GM mice was sufficient to revert the reduced CD103+ DC 
numbers observed in Gm-csf–/– animals (Figure 3D). Given that 
CD103+ DCs are replenished from circulating pre-DC pools (15), 
we speculate that lung-expressed GM-CSF might provide either a 
direct or an indirect recruitment signal for blood-borne pre-DCs or 
induce local proliferation of differentiated CD103+ parenchymal 
DCs. Of note, we did not detect any leakage of epithelial GM-CSF  
into the circulation in WT or SPC-GM mice (data not shown). 
Interestingly, constitutive alveolar overexpression of GM-CSF  

Figure 8
AEC GM-CSF mediates recovery from IV-induced lung injury by 
improving antiviral host defense functions of pulmonary CD103+ DCs. 
IV infection induces GM-CSF in AECs, which is particularly required for 
activation and migration of CD103+ DCs to the draining MLNs. By its 
effects on CD103+ DCs, epithelial GM-CSF increases the recruitment 
of IFN-γ+CD4+ and IFN-γ+CD8+ T cells to the air spaces, accelerates IV 
clearance, and mediates recovery from epithelial injury.
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did not further increase the numbers of steady-state lung CD103+ 
DCs in SPC-GM versus WT mice, with BALF GM-CSF levels of 
595 ± 75 pg/ml compared with 47 ± 14 pg/ml in untreated mice 
(data not shown). This might be due to the requirement of a 
second signal, such as Flt3L, that additionally determines the 
numbers of tissue CD103+ DCs in steady state. Remarkably, base-
line CD103+ DC numbers in draining MLNs were significantly 
increased upon conditional and exclusive GM-CSF overexpres-
sion in the lung. Although we lack direct evidence that CD103+ 
DCs accumulating in MLNs are lung derived, these data suggest 
an enhanced migratory capacity of AEC GM-CSF–stimulated 
pulmonary CD103+ DCs, which is likely due to increased base-
line activation of CD103+ DCs in terms of CD80 expression, as 
observed in SPC-GM mice (Figure 4, B and E).

GM-CSF was widely used in clinical studies to attract or gener-
ate DCs at sites of disease (46, 47). The question of whether and to 
what extent GM-CSF controls the homeostasis of resident organ 
DCs and their functional properties during inflammatory diseas-
es, however, is still controversial. Whereas systemic GM-CSF is not 
involved in lymphoid organ DC development in the steady state 
(48), it was previously shown to play a role during inflammation 
(49), which suggests that GM-CSF might preferentially regulate 
the development of inflammatory DCs. Recently, however, several 
studies using GM-CSFR–deficient mice elucidated a role of the 
GM-CSF/GM-CSFR axis in the development of steady-state DCs 
in nonlymphoid tissues. Whereas Bogunovic et al. showed that 
GM-CSFR controls the development of CD103+CD11b+ DCs, but 
not CD103–CD11b+ DCs, in the gut lamina propria (24), another 
study revealed that lack of GM-CSFR compromises the develop-
ment of lamina propria CD11b+ DCs, but not CD11b– DCs (25). 
In the skin, GM-CSF was directly required for the accumulation 
of langerin+CD103+ DCs in peripheral lymph nodes under both 
steady-state and inflammatory conditions (26). With respect to the 
lung, Ginhoux et al. revealed that under noninflammatory condi-
tions, both CD103+ and CD11b+ DCs depended on the Flt3/Flt3L 
system, whereas CD11b+ DC development additionally required 
M-CSFR signaling, but the role of the GM-CSF/GM-CSFR axis 
was not explored in this study (14). Our data added to the afore-
mentioned reports and revealed what we believe to be a new role 
of tissue-expressed GM-CSF in steady-state turnover of lung and 
MLN CD103+ DCs. Importantly, we demonstrated a role of AEC 
GM-CSF in expanding inflammatory DC subsets and in improv-
ing resident lung DC host defense capacities during infection.

Upon IV infection and antigen sampling, CD103+ DCs left the 
lung parenchyma (Figure 3D) and accumulated in the draining 
MLNs until 7 dpi (Figure 4, B and E), which has been described 
previously for this DC subset (13). Although lung CD103+ DC 
numbers were already low in untreated Gm-csf–/– mice, we revealed 
that their capacity to migrate to MLNs in response to infection 
was additionally reduced compared with mice expressing epi-
thelial GM-CSF (Figure 4D). This was associated with decreased 
expression of surface maturation markers on CD103+ DCs in the 
lung, most prominently found for CD80 at 7 dpi. Remarkably, 
in Gm-csf–/– mice, the levels of costimulatory molecules on migra-
tory CD103+ DCs were still decreased after reaching the MLNs, 
suggestive of reduced potential to cross-present antigen to naive 
T cells and to create specific effectors, a primary task of this DC 
subset (12). Our findings on GM-CSF–dependent DC activa-
tion were in line with recent data identifying GM-CSF as a major 
licensing factor of CD8+ T lymphocytes to activate DCs during 

priming in lymphoid tissue. Signaling through the GM-CSFR 
in ex vivo–purified DCs was found to upregulate the expression 
of costimulatory molecules more efficiently than did any other 
inflammatory stimulus and provided a positive feedback loop in 
the stimulation of CD8+ T cell proliferation (50).

Indeed, we found reduced accumulation of antigen-specific 
CD4+ and CD8+ T cells in the spleen and airspaces in Gm-csf–/– 
mice compared with mice expressing lung epithelial GM-CSF, 
an effect associated with increased viral titers (Figure 5). Deple-
tion of langerin+CD103+ DCs nearly completely abrogated the 
generation and alveolar recruitment of IFN-γ+CD8+ T cells in 
both WT and SPC-GM chimeric mice and significantly reduced 
CD4+ T cell responses, confirming previous data on the role of 
CD103+ DCs in IV clearance (13) and indicating that the benefi-
cial effects of AEC GM-CSF on the immune response toward IVs 
were mediated by the CD103+ DC subset. Of note, recovery from 
IV-induced lung injury in terms of epithelial cell apoptosis, pro-
tein leakage, and, finally, survival largely depended on the pres-
ence of CD103+ DCs (Figure 6).

Lack of strategies to specifically target resident or inflammatory 
recruited lung CD11b+ DCs has retarded similar approaches for 
this cell type. Although we did not detect substantial accumula-
tion of CD11b+ DCs in the draining MLNs in response to IV infec-
tion, we cannot exclude a contribution of GM-CSF–dependent 
expansion or activation of this DC subset to adaptive anti-influ-
enza host defense. Recent data demonstrated that protective IV-
specific CD8+ T cell responses required interactions with DC sub-
sets directly within the lung tissue. Apart from other DC subsets, 
lung tissue–recruited, nonmigrating CD11b+ DCs significantly 
contributed to mounting effective local cytotoxic T cell responses 
and IV clearance (51), which is likely to occur to an undefined 
extent in our model. In addition, we previously demonstrated that 
lung-recruited inflammatory CD11b+ DCs are a primary source of 
innate immune mediators like TNF-α or IL-12p40 (45).

It is well established that AEC GM-CSF improves innate immune 
responses of myeloid cells, in particular alveolar macrophages, and 
increases their survival, which was recently shown to be protective 
during IV infection in vivo (22, 23, 52). Our present data suggest 
that GM-CSF overexpression accelerates viral clearance by 3 dpi,  
when innate immunity responses are prominent. Using WT and 
SPC-GM chimeric mice transplanted with CD11c+/DTR BM to 
deplete DCs, combined with clodronate-induced depletion of 
alveolar macrophages, we differentially addressed their respective 
contributions in the context of high-level AEC GM-CSF. Indeed, 
depletion of macrophages alone reduced survival by 25% com-
pared with nondepleted mice after IV challenge. However, addi-
tional depletion of lung DCs before infection was 100% lethal, 
regardless of whether these mice displayed normal or increased 
GM-CSF levels in their lungs (Figure 2). We therefore conclude 
that the lung-protective effects of GM-CSF in our model are 
largely mediated through its actions on DCs, although improved 
macrophage (or neutrophil) activity in SPC-GM mice likely con-
tributes to early antiviral host defense and prevention of lung inju-
ry. In this respect, we and others have shown that AEC GM-CSF  
critically mediates epithelial proliferation in inflammatory or 
hyperoxic lung injury, thereby actively supporting repair and res-
toration of barrier function and return to tissue homeostasis (39, 
53). Therefore, based on the beneficial effects observed for i.t. GM-
CSF treatment regarding CD103+ DC antiviral functions in our 
model (Figure 7) and its beneficial effects described in others (21), 



research article

3662 The Journal of Clinical Investigation   http://www.jci.org   Volume 122   Number 10   October 2012

in Dispase for 40 minutes at room temperature. The distal lung paren-
chyma was subsequently separated from the bronchial tree, minced in 
DMEM/2.5% HEPES with 0.01% DNase (Serva), and successively passed 
through 100- and 40-μm nylon filters. Obtained distal LH cells were 
counted and subjected to flow cytometric analysis as described above. 
Lung digests were composed of CD45+ leukocytes, CD31+ endothelial 
cells, and EpCam+ cells, which were mainly type II (∼93%) and type I (∼4%) 
AECs. In selected experiments, LH cells were subjected to CD45+ selec-
tion by magnetic separation using a MACS separation kit according o the 
manufacturer’s instructions (Miltenyi Biotech) prior to further analy-
ses. For RNA isolation and cytokine quantification, perfused lungs were 
removed, homogenized with a Tissue Homogenizer (Qiagen), and centri-
fuged. Supernatants and remaining tissue pellets were stored for further 
processing. 2–3 mediastinal lymph nodes per animal were digested in 
Dispase for 40 minutes at room temperature and subsequently processed 
for flow cytometric analyses. In selected experiments, 5 μg recombinant 
murine GM-CSF (R&D Systems) in 50 μl endotoxin-free PBS/0.1% BSA or 
PBS/0.1% BSA alone were i.t. applied directly after PR8 or mock infection. 
Lung macrophages were depleted by i.t. instillation of 50 μl clodronate-
loaded liposomes 48 hours prior to infection (Sigma-Aldrich). Empty 
liposome instillation served as control (Coatsome EL; NOF Corp.). DTX 
(Sigma-Aldrich) was either applied i.p. to deplete CD11c+/DTR cells (600 ng)  
or i.t. (50 ng) plus i.p. (400 ng) to deplete Langerin+/DTR cells.

Lung virus titers. Virus titers were determined by immunohistochemistry-
based plaque assay on confluent MDCK cells in 6-well plates in duplicates. 
Briefly, cells were incubated with 1 ml serial BALF dilutions for 1 hour  
and covered for 48 hours with Avicel (FMC Biopolymer) medium (50% v/v  
2× MEM, 50% v/v of 2.5% Avicel in H2O solution, 1% v/v penicillin-strep-
tomycin, 1.5% v/v of 7.5% NaHCO3, 0.1% v/v Trypsin, 0.3% v/v BSA). After 
overlay removal, cells were fixed, permeabilized, and stained with anti-NP 
mAb for 1 hour, followed by 1 hour staining with peroxidase-labeled anti-
mouse Ab (Dako) and 10 minutes incubation with TrueBlue peroxidase 
substrate (KPL) before quantification of stained plaques (detection limit, 
10 PFU/ml BALF).

Flow cytometry and cell sorting. Multiparameter flow cytometry was per-
formed using FACSCanto and LSR Fortessa flow cytometers equipped 
with DIVA software (BD Biosciences). 1–5 × 105 cells per sample of BALF, 
LH, or MLNs were fixed for 15 minutes in cold 1% paraformaldehyde and 
incubated with fluorochrome-labeled antibodies for 20 minutes at 4°C. For 
intracellular stainings (NP, IFN-γ, pro-SPC), cells were subsequently incu-
bated for 15 minutes in 0.2% saponin in PBS and incubated with anti-NP 
mAb, IFN-γ-APC, or anti–pro-SPC or respective isotype control mAbs for 
30 minutes at 4°C, followed by 30 minutes incubation with secondary anti-
mouse-Alexa Fluor 488 Ab in case of NP staining. Apoptosis analysis was 
performed on freshly prepared, nonfixed, nonpermeabilized LHs. Prior to 
antibody incubation, the samples were washed and resuspended in annex-
in V buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2). Immediately 
thereafter, cells were costained with respective mAbs and annexin V-647 in 
annexin V buffer for 20 minutes at 4°C. Cell sorting was performed using 
a FACSAriaIII equipped with 4 lasers and DIVA Software (BD Biosciences). 
The purities of sorted lung cell populations were always >93%.

ELISA. GM-CSF levels in LHs and serum were analyzed using a commer-
cially available ELISA kit (R&D Systems) according to the manufacturer’s 
instructions (detection limit, 1.8 pg/ml).

Isolation, culture, and infection of murine and human AECs. Murine AECs were 
isolated as described previously (39, 59). LHs were prepared as described 
above; the single-cell suspension was centrifuged, resuspended, and incu-
bated with biotinylated rat anti-mouse CD45, CD16/32, and CD31 mAbs 
(all BD Biosciences — Pharmingen) to deplete leukocytes and endothelial 
cells for 30 minutes. The contaminating cell types were removed by incuba-

local therapeutic application of GM-CSF might be considered to 
increase mononuclear phagocyte-mediated innate and adaptive 
host defense and to accelerate epithelial repair processes during 
severe IV pneumonia.

Methods
Reagents. The following anti-mouse mAbs/secondary reagents were used 
for flow cytometry: CD45.1-PE and -FITC (clone A20), CD45-FITC, -PE, 
and -APC (clone 30F-11), CD45.2-PerCp-Cy5.5 (clone 104), I-A/I-E-FITC 
(clone 2G9), SiglecF-PE (clone E502440), CD31-PE (clone MEK13.3), 
CD4-FITC (clone RM4-4), CD8-PE-Cy7 (clone 53-6.7), CD11c-APC (clone 
HL3), CD11b-PE (clone M1/70), B220-PE-Cy7 (clone RA3-6B2), CD80-PE 
(clone 16-10A1), CD86-PE-Cy7 (clone GL1), and isotype-matched control 
IgG Abs (all BD Biosciences — Pharmingen); CD45.2-APC-Cy7 (clone 104), 
CD3-PerCP (clone 145-2C11), CD103-PerCP (clone 2E7), EpCam-APC-
Cy7 and -eFluor450 (clone g8.8), CD31-Alexa Fluor 488 (clone MEK13.3), 
T1α/podoplanin-PE-Cy7 (clone 8.1.1), CD49f-PE (clone GoH3),  
IFN-γ-APC (clone XMG1.2), and isotype-matched control IgG-APC (all 
Biolegend); F4/80-Alexa Fluor 647 (clone CI:A3-1; Caltag); anti-influenza 
NP (Biodesign); NP-FITC (clone 431; Abcam), pro–surfactant protein C  
(pro-SPC; Millipore), annexin V-Alexa Fluor 647 (Molecular Probes); anti-
mouse Ig-Alexa Fluor 488 (Molecular Probes). Propidium iodide for dead 
cell exclusion was purchased from Sigma-Aldrich. Influenza antigen-spe-
cific T cells were detected by FACS using PE-labeled H-2Db dextramer with 
the NP 366–374 epitope ASNENMETM or PE-labeled nonspecific control 
dextramer (Immudex).

Mice. C57BL/6 WT mice were purchased from Charles River Laboratories. 
Gm-csf–/– mice were produced on a C57BL/6 background (54). Transgenic 
SPC-GM mice, which overexpress GM-CSF in AECs, were generated in 
Gm-csf–/– mice by expression of a chimeric gene containing GM-CSF under 
control of the human SP-C promoter (55). Gm-csf–/– and SPC-GM mice 
were a gift from J. Whitsett (University of Cincinnati, Cincinnati, Ohio, 
USA). B6.SJL-Ptprca mice, expressing the CD45.1 alloantigen (Ly5.1 PTP) 
on circulating leukocytes, and CD11c+/DTR mice (both C57BL/6 genetic 
background) were obtained from The Jackson Laboratory. CD11c+/DTR  
mice (56) were mated with C57BL/6 WT mice, and the heterozygous off-
spring were used for experiments. LangerinDTR/DTR mice were generated 
as previously described (57) and mated with C57BL/6 WT mice to obtain 
Langerin+/DTR mice. Animals were kept under specific pathogen-free (SPF) 
conditions and used at 8–11 weeks of age.

Treatment protocols. Mice were inoculated i.t. with 500 PFU (except where 
otherwise indicated) IV A/PR/8/34 (PR8; H1N1; gift from S. Pleschka, 
Institute of Medical Virology, University of Giessen, Giessen, Germany). 
PR8 was grown and quantified in madin darby canine kidney (MDCK) 
cells and diluted in a total volume of 70 μl sterile PBS–/–. BALF and venous 
blood were obtained and processed as described elsewhere (58). BALF cells 
were counted with a hemocytometer and processed for flow cytometric 
analyses, or differential cell counts of Pappenheim-stained cytocentrifuge 
preparations were performed. Alveolar albumin leakage was analyzed by 
i.v. injection of FITC-labeled albumin (Sigma-Aldrich) and quantification 
of FITC fluorescence in BALF and serum, as previously described (58). 
Total BALF protein was quantified using the Dc Protein Assay Kit (Bio-
rad) and calculated with SoftMaxPro Software (Molecular Devices). Arte-
rial blood was obtained by left ventricular puncture, and blood gases were 
determined in an ABL5 blood gas analyzer (Radiometer). Spleens were 
minced and digested in RPMI 1640 supplemented with 1 mg/ml collage-
nase A (Sigma-Aldrich) and 0.05 mg/ml DNAse (Serva) for quantification 
of antigen-specific lymphocytes. For preparation of LHs, perfused lungs 
were filled with sterile Dispase (BD Biosciences) and 0.5 ml low-melting 
agarose (Sigma-Aldrich) via the trachea, removed after gelling, and placed 
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forward, 5′-GAAGCATGTAGAGGCCATCA-3′; murine GM-CSF reverse, 
5′-GAATATCTTCAGGCGGGTCT-3′; murine SP-C forward, 5′-TCCT-
GATGGAGAGTCCACCG-3′; murine SP-C reverse, 5′-CAGAGCCCCTA-
CAATCACCAC-3′; human actin forward, 5′-CTGGGAGTGGGTG-
GAGGC-3′; human actin reverse, 5′-TCAACTGGTCTCAAGTCAGTG-3′; 
human GM-CSF forward, 5′-GTCTCACTCCTGGACTGGCT-3′; human 
GM-CSF reverse, 5′-ACTACAAGCAGCACTGCCCT-3′. Relative gene 
abundance to housekeeping gene was calculated as a ΔCt value (namely, 
Ctreference – Cttarget), and data are presented as ΔCT or fold expression (2ΔΔCt) 
values between treatment groups.

Statistics. All data are given as mean ± SD. Statistical significance between 
2 groups was estimated using the unpaired Student’s t test or ANOVA and 
post-hoc Tukey HSD for comparison of 3 groups and calculated with SPSS 
for Windows. A P value less than 0.05 was considered significant.

Study approval. All animal experiments were approved by the regional 
authorities of the State of Hesse (Regierungspräsidium Giessen). Human 
lung tissue was obtained from patients who underwent lobectomy after 
informed written consent (Departments of Pathology and Surgery, Jus-
tus-Liebig-University, Giessen). Use of human lung tissue samples was 
approved by the University of Giessen Ethics Committee.
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tion with streptavidin-linked magnetic particles and subsequent magnetic 
separation. The supernatant was recovered, and cells were kept in DMEM 
supplemented with FCS, HEPES, l-glutamine, and penicillin-streptomy-
cin. AECs from human lung tissue were isolated as described previously 
(58). The lung tissue was minced and washed extensively in HAM F12 
medium containing 10% FCS and antibiotics, filtered through 100-μm 
pore size filters (BD Biosciences), and subsequently digested with Dispase 
II (2.5 mg/ml; Boehringer) in the presence of 2 mM calcium and 1.3 mM 
magnesium for 180 minutes at 37°C under continuous rotation. A cell-
rich suspension was obtained by sequential filtration through sterilized 
100- and 40-μm filters (BD Biosciences) and 20-μm pore size meshes (Mil-
lipore). AECs were separated by ficoll (Ficoll Paque; Amersham Pharmacia 
Biotech) density centrifugation (1,300 g for 15 minutes at 21°C), followed 
by depleting the interfacial cells of contaminating leukocytes by anti-CD45 
magnetic beads (Miltenyi Biotech). Final cell suspensions consisted of 
>95% AECs, as assessed by FACS. Viability was always >95%, as analyzed by 
trypan blue dye exclusion. AECs were cultured for 5 (murine) or 7 (human) 
days in FCS- and antibiotics-supplemented DMEM and HAM F12 medi-
um, respectively. Confluent AECs were infected or mock-infected with PR8 
diluted in PBS–/– at the indicated MOI as previously reported (59).

Creation of BM chimeric mice. BM cells were isolated under sterile conditions 
from the tibias and femurs of WT, Gm-csf–/–, CD11c+/DTR, or Langerin+/DTR 
donor mice as described previously (4). 1 × 106 BM cells were i.v. injected into 
lethally irradiated WT, Gm-csf–/–, or SPC-GM recipient mice after total body 
irradiation (6 Gy). As engraftment controls, WT BM cells (expressing the 
CD45.2 alloantigen) were transplanted into CD45.1 alloantigen–expressing 
C57BL/6 mice (n = 4 per transplantation experiment), and the proportion 
of CD45.2+ myeloid blood leukocytes was analyzed by flow cytometry. BM 
engraftment was 94.4% ± 1.6% at 4 or 8 weeks post transplantation. Chimeric 
mice were housed under SPF conditions prior to PR8 infection.

RNA isolation and real-time RT-PCR. RNA from cultured AECs and from 
murine lungs was isolated by PeqGold Total RNA kit (Peqlab) and RNeasy 
Kit (Qiagen), respectively, following the manufacturer’s protocol. cDNA 
synthesis, reagents, and incubation steps were as previously described 
(39). Relative mRNA quantification was done by real-time RT-PCR, 
using actin as a reference gene. Reactions were performed in an ABI 7900 
Sequence Detection System (Applied Biosystems) using SYBR-Green I as 
fluorogenic probe in 25-μl reactions containing 12.5 ng converted cDNA 
sample, 1× qPCR Mastermix for SYBR Green I (Invitrogen), and 45 pmol 
forward and reverse primers. The following intron-spanning primers were 
used: murine actin forward, 5′-ACCCTAAGGCCAACCGTGA-3′; murine 
actin reverse, 5′-CAGAGGCATACAGGGACAGCA-3′; murine GM-CSF 
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