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Abstract

Protecting the integrity of the lung epithelial barrier is essential to ensure respiration and proper 

oxygenation in patients suffering from various types of lung inflammation. Type I interferon (IFN-

I) has been associated with pulmonary epithelial barrier function, however, the mechanisms and 

involved cell types remain unknown. We aimed to investigate the importance of IFN-I with respect 

to its epithelial barrier strengthening function to better understand immune-modulating effects in 

the lung with potential medical implications. Using a mouse model of pneumococcal pneumonia, 

we revealed that IFN-I selectively protects alveolar epithelial type II cells (AECII) from 

inflammation-induced cell death. Mechanistically, signaling via the IFN-I receptor on AECII is 

sufficient to promote AECII survival. The net effects of IFN-I are barrier protection, together with 

diminished tissue damage, inflammation, and bacterial loads. Importantly, we found that the 

protective role of IFN-I can also apply to sterile acute lung injury, in which loss of IFN-I signaling 
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leads to a significant reduction in barrier function caused by AECII cell death. Our data suggest 

that IFN-I is an important mediator in lung inflammation that plays a protective role by 

antagonizing inflammation-associated cell obstruction, thereby strengthening the integrity of the 

epithelial barrier.

Keywords

Acute lung injury; Alveolar epithelial cells; Epithelial barrier; Pneumococcal pneumonia; Type I 
interferon

Introduction

Type I interferons (IFN-I) are strongly upregulated upon viral infections, autoimmunity, and 

cancer to fulfill three major functions, namely (i) inducing a cell-intrinsic antiviral state in 

infected cells, (ii) promoting antigen presentation and adaptive immune responses, and (iii) 

modulating innate inflammatory responses [1]. In many diseases the cell biology of IFN-I 

responses is poorly understood, since initial expression levels can be low and IFN-I secretion 

rapidly results in propagation of the IFN-I signal via binding to the IFN-α/β receptor 

(IFNAR) that is expressed on nearly all cell types [2]. In conditions of lung inflammation 

IFN-I are induced, thereby modulating innate immune responses by different, often ill-

defined mechanisms, ranging from promotion of cell death by IFN-I [3, 4], to interference 

with type II IFN responses [5, 6], and shifting of macrophage phenotypes [7]. In murine 

pneumococcal pneumonia models, the role of IFN-I induced in the respiratory tract is 

controversial. A study by LeMessurier et al. [8] associated IFN-I with prevention of invasive 

disease and protection of pulmonary barrier function. However, Hughes et al. [9] found the 

expression of IFN-stimulated genes (ISGs) linked to invasiveness and blocking of IFN-I 

signaling could inhibit extravasation of bacteria into the pleural cavity.

In this study, we investigated the role of IFN-I in lung epithelial barrier function using 

pneumococcal pneumonia as a model for bacterial pneumonia and acid-induced sterile lung 

injury as a model for acute lung injury (ALI). Streptococcus pneumoniae is a Gram-positive 

bacterium that is the most frequent cause of community-acquired pneumonia [10]. Upon 

infection, a substantial inflammatory response in the lung is triggered, which rapidly 

escalates into systemic inflammation and life-threatening sepsis [11]. In contrast, ALI is 

characterized by mechanical tissue damage, caused by injury of the epithelial compartment, 

followed by the induction of a subsequent inflammatory response [12]. In both conditions, 

loss of tissue integrity leads to severe complications such as respiratory failure.

Alveolar macrophages (AMs) are known as potent IFN-I producers during respiratory viral 

infections, and IFN-I responsive cells are both infected cells and their bystander cells [13, 

14]. In contrast, during bacterial lung infections or ALI, the IFN-I producing and responding 

cell types in vivo are not characterized and thus the cellular and molecular mechanism of 

IFN-I mediated barrier modulation is not clear. Here, we provide data generated with the 

help of RNA profiling and conditional IFN-I signaling deficient mice (Ifnar1fl/fl) mice that 

allow us to identify the precise target cells of IFN-I in vivo, suggesting that AM contribute to 

an IFN-I response in the pathogen recognition phase of S. pneumoniae infection and that 
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IFN-I acts on alveolar epithelial type II cells (AECII). The resulting protection of AECII 

from cell death by IFN-I is a mechanism, which we found not only upon S. pneumoniae 
infection but also in a model of acid-induced ALI.

Results

Type I IFN prevents lung damage and bacterial dissemination during S. pneumoniae 
infection

IFN-I signaling has been linked to invasive pneumococcal pneumonia, which has been 

addressed by LeMessurier et al. [8], who showed that expression levels of the tight-junction 

proteins Tjp1, Cldn5, and Cldn18 are reduced and the expression of Pafr is increased in 

lungs of S. pneumoniae-infected Ifnar1−/− mice. This strongly indicates a barrier defect in 

Ifnar1−/− lungs, however, the molecular and cellular mechanisms as to how IFN-I supports 

the epithelial barrier remain elusive. To assess the potential barrier protective role of IFN-I, 

we first infected WT and Ifnar1−/− mice intranasally (i.n.) with S. pneumoniae and analyzed 

bacterial numbers, cytokine levels, cell influx, and lung histology at selected time points 

indicative of different phases of the inflammatory response. We found lung bacterial counts 

increased in Ifnar1−/− mice 8 and 16 h postinfection (p.i.), corresponding to the recognition 

phase (8 h) and the early inflammatory phase, characterized by substantial cell recruitment 

and cytokine induction (16 h; Fig. 1A). Importantly, we observed systemic dissemination of 

bacteria as early as 8 h p.i. in Ifnar1−/− mice, reaching a significant difference at the late 

inflammatory phase (40 h p.i.), i.e. at a time that is characterized by inflammatory lung 

injury, impaired lung function, and systemic inflammation (Fig. 1A). In line with elevated 

bacterial counts, Ifnar1−/− mice exhibited aggravated signs of inflammation, indicated by 

increased levels of pulmonary and systemic CXCL1, TNF-α and IL-1β 16 and 40 h p.i. (Fig. 

1B) together with a more pronounced alveolar cell influx 16 h p.i. (Fig. 1C). We excluded 

baseline differences in the pulmonary immune cell composition between WT and Ifnar1−/− 

mice by analyzing lung cell populations by flow cytometry (Supporting Information Fig. 

1A–C). Upon histologic analysis of lungs 40 h p.i., we noticed more pronounced lung 

infiltrates in Ifnar1−/− animals (Fig. 1D), which was accompanied by a higher proportion of 

TUNEL-positive cells (Fig. 1E). These data suggested more severe tissue damage on a 

cellular level in the absence of Ifnar1, which was further supported by our finding of 

increased lung weights and elevated alveolar protein concentrations in Ifnar1−/− mice (Fig. 

1F and G).

More pronounced alveolar protein levels in Ifnar1−/− mice (Fig. 1G) can be explained by the 

previously suggested barrierprotective role of IFN-I [8], and we could verify reduced 

expression levels of the tight junction components Cldn5 and Tjp1 in the absence of Ifnar1 
(Supporting Information Fig. 1D). Importantly, Ifnar1−/− animals showed increased lung 

weights and alveolar protein concentrations also after infection with heat-inactivated (HI) S. 
pneumoniae, whereas cytokine levels and cell influx were unchanged compared to control 

mice 40 h p.i. (Supporting Information Fig. 1E and F). These findings suggested a barrier-

protective role of IFN-I independent of bacterial load and inflammation. Collectively, loss of 

IFN-I signaling exerted detrimental effects during pneumococcal pneumonia, illustrated by 
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augmented bacterial dissemination and inflammation together with more pronounced signs 

of epithelial barrier disruption.

IFN-I mediated protection against S. pneumoniae infection is via IFNAR1 signaling on 
AECII

Since the pulmonary epithelial barrier seems to be protected in the presence of IFN-I, we 

were wondering, if IFN-I acts primarily on immune cells, which in turn indirectly mediate 

barrier protection, or if it acts directly on epithelial cells. We, therefore, generated 

conditional Ifnar1-deficient mice to discriminate between cell types responsive to IFN-I 

during pneumococcal pneumonia in vivo. To this end, we crossed Ifnar1fl/fl mice with mice 

expressing Cre recombinase under the control of the Lysozyme M promoter, the CD11c 

promoter, or the SP-C promoter (active in AECII) and reduction of IFNAR1 expression on 

target cells was confirmed by flow cytometry (Supporting Information Fig. 2A–D). Forty 

hours after S. pneumoniae challenge, Ifnar1fl/fl Lysm-Cre+ mice and Ifnar1fl/fl Cd11c-Cre+ 

mice showed no difference in bacterial burden, inflammatory cytokine levels, or lung weight 

compared to Ifnar1fl/fl Cre− control mice (Fig. 2A–D). In Tamoxifen (Tx)-induced Ifnar1fl/fl 

Sftpc-CreER+ mice we found elevated bacterial counts, higher levels of inflammatory 

cytokines, and higher lung weights compared to Tx-treated Ifnar1fl/fl Cre− control animals 

(Fig. 2E and F). Lung histological analyses revealed that inflammatory infiltrates were more 

pronounced in Ifnar1fl/fl Sftpc-CreER+ lungs compared to Ifnar1fl/fl Cre− controls after Tx 

treatment, whereas no difference was found in Ifnar1fl/fl Lysm-Cre+ or Ifnar1fl/fl Cd11c-Cre+ 

mice when compared to controls (Fig. 2G). Additionally, protein concentrations in BALF of 

Ifnar1fl/fl Sftpc-CreER+ mice were elevated 16 h p.i (Fig. 2H). Hence, Ifnar1fl/fl Sftpc-
CreER+ mice pheno-copied conventional Ifnar1−/− mice, suggesting that IFN-I directly acts 

on AECII to exert its barrier protective effects.

AMs upregulate IFN-I during the onset of S. pneumoniae infection in vivo

Even though we could show that AECII, in contrast to immune cell populations, are the 

prime cells directly responding to IFN-I during pneumococcal pneumonia, we hypothesized 

that AMs are a source of IFN-I upon bacterial challenge in vivo, given that macrophages 

were shown to produce IFN-I upon S. pneumoniae stimulation in vitro via a mechanism 

dependent on bacterial uptake [15]. In vivo we detected IFN-β in S. pneumoniae-infected 

lungs as early as 8 h p.i. (Fig. 3A) which is in line with previous studies [8, 16]. At this time 

point AMs are the major cells phagocytosing S. pneumoniae, whereas neutrophils and 

epithelial cells are not involved in the uptake of bacteria (Supporting Information Fig. 3A 

and B). To test if IFN-I was induced in AM in vivo, we FACS-sorted 

CD45+CD11chiSiglecF+ AMs from the BALF of S. pneumoniae-infected mice 3 h p.i. 

(Supporting Information Fig. 3C), isolated mRNA and performed a qPCR array covering 

IFN-I response genes. We found Ifnb1 and Ifna4 upregulated, together with several genes 

required for the augmentation of the primary IFN-I signal, e.g. Irf9, Irf3, Stat1, and Ifnar1. 

In contrast, genes that are involved in driving mass production of ISG, such as Irf7 and 

Stat2, remained uninduced [2] (Fig. 3B). We verified all genes in an independent experiment 

using qPCR (Fig. 3C). These data show that AM internalize S. pneumoniae and induce IFN-

I early upon infection in vivo. Upon loss of AM via i.n. treatment of mice with clodronate-

filled liposomes [17], the S. pneumoniae-induced production of IFN-β was significantly 
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reduced at 8 h p.i. (Fig. 3D), despite increased cell influx and proinflammatory cytokines 

compared to mice treated with NaCl-filled liposomes (Supporting Information Fig. 3D and 

E). Sixteen hours p.i. IFN-β levels were unaffected by the loss of AM, which might be 

caused by repopulating AM or by other cell types (Fig. 3D).

Because it has been reported that IFN-I production in macrophages is triggered by 

pneumococcal DNA in vitro [16], we decided to test if the contribution of bacterial DNA 

also applies to the in vivo situation and infected mice with WT and DNAse-treated HI S. 
pneumoniae (ΔDNA). Doing so, pulmonary IFN-β levels and expression of the ISGs Ifit1 
and Eif2ak2 was significantly reduced in the absence of bacterial DNA (Fig. 3E). 

Collectively, these findings suggest that an IFN-I response is induced in vivo upon S. 
pneumoniae infection and that bacterial DNA is a trigger of IFN-I in infected lungs.

We analyzed known parameters that have been associated with IFN-I signaling in AM to 

assess if Ifnar1−/− AMs are functionally altered in their response to S. pneumoniae. Upon 

stimulation with S. pneumoniae, Ifnar1−/− AMs showed no defects in inflammatory cytokine 

production and no changes in expression levels of polarization markers, indicating that 

Ifnar1−/− AMs are able to elicit an unaltered inflammatory response upon S. pneumoniae 
encounter (Supporting Information Fig. 3F and G). Also, the propensity of AM to undergo 

apoptosis was unchanged in Ifnar1−/− AM as shown by Annexin V staining as well as 

TUNEL assay (Supporting Information Fig. 3H and I). Taken together these data indicate 

that AMs from Ifnar1−/− mice are functionally unimpaired.

IFN-I signaling protects from AECII death upon S. pneumoniae infection

Since we discovered that IFN-I directly acts on AECII (Fig. 2E–H), we investigated the 

direct impact of IFN-I signaling on this cell population upon pneumococcal pneumonia. We 

found the expression of the AECII-specific markers Sftpc and Lpcat1 reduced in S. 
pneumoniae-infected Ifnar1−/− lungs compared to infected WT lungs (Fig. 4A). Assuming 

that reduced marker expression might reflect loss of AECII, we performed IHC and stained 

for the presence of AECII in lung samples from infected mice and detected decreased 

numbers of proSP-C positive cells in Ifnar1−/− mice compared to WT animals. Notably, 

AECII also decreased upon infection in WT lungs, indicating that epithelial damage upon S. 
pneumoniae infection affects the AECII population (Fig. 4B). Importantly, Ifnar1−/− lungs 

infected with HI S. pneumoniae also showed loss of AECII marker expression (Supporting 

Information Fig. 4A) and reduction of proSPC positive cells shown by IHC 40 h p.i. (Fig. 

4B). These data suggest that loss of AECII is caused by direct IFN-I signaling, rather than 

inflammatory mediators or bacterial pathogens, which were unchanged upon infection with 

HI S. pneumoniae (Supporting Information Fig. 1F). When evaluating proSP-C staining of 

infected lungs from conditional mice, only Ifnar1fl/fl Sftpc-CreER+ mice displayed 

decreased numbers of AECII upon infection compared to Ifnar1fl/lf Cre− animals after Tx 

treatment, whereas AECII numbers were unaffected in Ifnar1fl/fl Lysm-Cre+ and Ifnar1fl/fl 

Cd11c-Cre+ mice (Supporting Information Fig. 4B). These data indicate that AECII get 

diminished upon S. pneumoniae infection and that this damage is more pronounced in the 

absence of IFN-I signaling on AECII.
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We hypothesized that IFN-I either protects AECII from cell death or promotes their 

regeneration. Thus, we analyzed cell death of AECII by TUNEL assay and costained for 

proSP-C. Ifnar1−/− lungs exhibited a significantly higher proportion of TUNEL positive 

AECII, illustrating that functional IFN-I signaling indeed promoted AECII survival upon S. 
pneumoniae infection (Fig. 4C). To corroborate the direct effect of IFN-I on AECII survival 

we assessed the death rate of MLE cells, an AECII-derived cell line, under inflammatory 

conditions and in the presence or absence of IFN-β. While cell death triggered by live 

bacteria or pneumolysin was unaffected, most likely due to the irreversibility of pore 

formation, MLE cells were protected from TNF-induced cell death in the presence of IFN-β 
(Fig. 4D). All in all, our data suggest that IFN-I directly protects AECII from inflammation-

induced cell death in vivo.

Protective effects of IFN-I signaling are also evident during sterile lung injury

To assess if the protective activity of IFN-I on AECII in vivo is confined to S. pneumoniae 
infection, we extended our studies and probed the role of Ifnar1 during acid-induced ALI, a 

sterile inflammation model known to cause lung epithelial damage [12]. Eight hours after 

intratracheal application of hydrochloric acid, we found increased lung weights and protein 

concentrations in BALF of Ifnar1−/− mice (Fig. 5A). Also, the leakage of i.v.-injected Evans 

Blue dye into lungs was augmented in the absence of IFN-I signaling, indicating a more 

pronounced lung barrier defect in Ifnar1−/− mice (Fig. 5B). By studying pulmonary Sftpc 
and Lpcat1 expression levels and proSP-C immunohistochemistry, we discovered a 

reduction of AECII numbers in Ifnar1−/− mice upon ALI as well as an increased proportion 

of dead AECII cells as indicated by higher numbers of TUNEL+ AECII costained for proSP-

C (Fig. 5C–E). IFN-β as well as TNF were induced in lungs after ALI induction (Fig. 5F). 

These data suggest a broader, epithelial-protective role for IFN-I by promoting AECII 

survival upon inflammatory or chemical lung injury.

Discussion

The data we present here highlight a broader role for IFN-I in controlling AECII survival 

upon bacterial or acid-triggered lung injury, as summarized in a graphical synopsis in Figure 

6. By focusing on pneumococcal pneumonia, we found support for the importance of 

bacterial DNA in triggering the IFN-I response in vivo and our data suggest that 

macrophages are a relevant early, although not the sole, source. Using conditional Ifnar1 
mice, we discovered that IFN-I signaling on AECII, but not on major immune cell 

populations, was sufficient to strengthen the pulmonary epithelial barrier. The net effect of 

IFN-I’s activity was barrier protection together with the reduction of local and systemic 

inflammation and bacterial load. Further, by revealing that IFN-I protected AECII not only 

from S. pneumoniae but also ALI-induced cell death in vivo, we propose a wider and 

beneficial role for IFN-I in safeguarding the lung epithelial barrier in settings of acute lung 

damage.

Our findings, in which IFN-I restrains inflammation-induced epithelial damage, extend and 

corroborate earlier reports that described epithelial barrier-protective properties elicited by 

IFN-I [8]. LeMessurier et al. [8] showed that expression levels of tight junction proteins 
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were reduced in the lungs of S. pneumoniae-infected Ifnar1−/− mice, which they found 

associated with more pronounced bacterial spread. Treatment with recombinant IFN-β 
resulted in increased expression of tight junction proteins and local containment of bacteria. 

We were able to reproduce this phenotype and further provide evidence that loss of IFN-I 

signaling specifically on AECII not only led to a decrease in epithelial tight junction 

proteins, but also a reduction of the AECII compartment itself caused by increased cell death 

of this population. We consider these findings an important extension of current knowledge 

on the IFN-I dependent maintenance of the pulmonary barrier function during inflammation. 

Interestingly, in a study by Hughes et al. [9] treatment with a blocking antibody directed 

against IFNAR1 inhibited pneumococcal colonization of the pleural cavity 6 h p.i., an effect 

that was lost 24 h p.i. Bacterial counts in the lung and blood were unaffected by systemic 

IFNAR1 blocking [9]. This could indicate on the one hand that an IFN-I dependent 

mechanism for bacterial spread specific for the pleural cavity exists, which might be 

independent from our observations that IFN-I signaling supports the AECII compartment. 

On the other hand the capsular serotype of S. pneumoniae used in this study differs from the 

serotype of the strain we were using, which could explain different invasive capacities, since 

the pneumococcal capsule is known to be an important factor defining efficiency of 

epithelial adhesion and transmigration [18].

IFN-Is are well known to contribute to hematopoietic stem cell renewal [19] and it is 

important to reconsider that also the AECII compartment exhibits stem cell characteristics 

important for the regeneration of alveolar epithelial type I cells [20, 21]. It is therefore of 

great significance for the host to protect this cell population in order to ensure the integrity 

and renewal capacity of alveoli that are damaged during inflammatory responses. This 

aspect is of particular relevance in patients suffering from ALI-associated respiratory failure, 

as is our observation that IFN-I executes barrier-strengthening effects in a model of ALI. It 

is tempting to speculate that potential treatments that preserve AEC-II viability will not only 

protect the epithelial barrier, but also subsequently support the regeneration of the alveolar 

lining.

Another clinically important condition, where patients might benefit from treatments that 

support the epithelial barrier, is postinfluenza bacterial pneumonia. In this setting IFN-I has 

been shown to play a major, albeit detrimental role for the host [22, 23]. Interestingly, in 

contrast to our study IFN-I has been demonstrated to promote apoptosis of the alveolar 

epithelium in response to Influenza virus [24–26]. These studies in conjunction with the data 

we report here support the attractive possibility that IFN-I acts as a context-specific regulator 

of epithelial cell viability in the lungs. As such, IFN-I differentiates between situations in 

which the host benefits from tissue protection to keep alveolar damage under control, i.e. a 

bacterial infection or sterile inflammation, and conditions in which epithelial cells are 

infected by respiratory viruses and need to be eliminated [27–29]. Thus, we speculate that 

IFN-I mediated enhancement of epithelial cell death upon viral infection likely contributes 

to the worsened pneumonia outcome observed in superinfected mice. Most bacterial 

superinfection data are based on settings in which mice receive S. pneumoniae at the peak of 

influenza-induced IFN-I secretion [22]. In this context IFN-I promotes epithelial cell 

apoptosis, leading to enhanced tissue damage and barrier disruption that most likely 

facilitates bacterial dissemination and aggravates lung damage upon bacterial coinfection.
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Cell homeostasis in the intestinal epithelium was shown to be regulated by IFN-I. Ifnar1fl/fl 

Villin-Cre mice, depleted specifically for Ifnar1 in the intestinal epithelium, exhibit a 

decreased number of Paneth and goblet cells and an increased proliferation of intestinal 

epithelial cells at baseline [30]. Those changes are dependent on the intestinal microflora 

and can be reversed when Ifnar1fl/fl Villin-Cre mice are cohoused with WT animals. 

Antibiotic-treated or germ-free mice show substantial degrees of epithelial degeneration, 

lower pulmonary Ifnb expression, and impaired adaptive immune responses upon influenza 

infection, which can be partially restored by administering pI:C, a potent trigger of IFN-I 

[31]. The exact causative relationship between IFN-I, pulmonary epithelium, and lung 

microflora still remains to be investigated. Taking into account that IFN-I plays an important 

role in the regulation of the pulmonary epithelium ([24], and our data), impacts on 

microbiota [30] and the host’s microbiota being crucial for mounting IFN-I responses [31], 

we hypothesize that IFN-I and the microbiota could represent two important interdependent 

factors not only involved in the priming of immune cell populations in the lung, but also in 

controlling the functionality of the alveolar epithelium.

Materials and methods

Ethics statement

All mouse experiments were performed after approval by the Institutional Review Board of 

the Medical University of Vienna and the Austrian Ministry of Sciences in accordance with 

Austrian law (BMWF-66.009/0284-WF/V/3b/2014). All experiments were performed under 

anesthesia with a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg) and all efforts 

were made to reduce, refine, and replace animal experiments.

Mice

Eight-week-old female mice on the C57BL/6 background were used for all experiments. 

Ifnarfl/fl mice [32] were crossed with Lysm-Cre+/− mice [33], Cd11c-Cre+/− mice [34], or 

Sftpc-CreER+/− mice [35] (kindly provided by Prof. Brigid Hogan). Littermate Cre+ and 

Cre− mice were used for experiments. Ifnar1−/− mice [36] were compared to WT control 

mice.

Bacterial strains and infection models

Mice were infected with the indicated doses of S. pneumoniae as previously described [37, 

38]. Streptococcus pneumoniae strain ATCC 6303 was used for all experiments, unless 

indicated otherwise. GFP+ S. pneumoniae were on the D39 background and respective WT 

D39 control strains were used. Bacteria were incubated at 65°C for 30 min for HI. DNAse 

treatment of HI bacteria was performed with DNAse I (Sigma) for 1 h at 37°C followed by 

DNAse inactivation by incubation at 75°C for 10 min. Eight, 16, or 40 h p.i. mice were 

sacrificed with a mixture of ketamine and xylazine and organ samples were collected. BALF 

was taken in some experiments by flushing the lung with 1 mL of sterile NaCl as described 

earlier [39]. Giemsa-stained cytospin preparations of BALF were used for differential cell 

counts. Total protein in BALF was determined by Pierce BCA Protein Assay Kit (Thermo 

Scientific). Lungs were homogenized using Precellys 24TM (Peqlab) and bacterial counts 

were quantified by plating tenfold serial dilutions of lungs and blood on blood agar plates. 
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Protein was extracted from remaining lung homogenates as described earlier [37]. ELISA 

kits for mouse TNF-α, IL-1β, and CXCL1 were purchased from R&D Systems, the ELISA 

kit for mouse IFN-β was purchased from PBL IFN source.

Ten days prior to infection, Tx-inducible Cre was activated by i.p. injecting 5 mg Tx (Sigma) 

dissolved in corn oil on four consecutive days. For AM depletion, 50 μL of either 

Clodronate-filled liposomes or NaCl-filled liposomes (ClodronateLiposomes.com) were 

applied to mice i.n. 2 days prior to infection.

Histology, immunohistochemistry, and immunofluorescence

For histologic examination lungs were fixed in 7.5% formaldehyde and embedded in 

paraffin. Hematoxylin and eosin-stained sections were analyzed by a pathologist. Lung 

damage was scored as described earlier [40]. For proSP-C immunostaining, endogenous 

peroxidase activity was quenched and antigen was retrieved with Antigen Unmasking 

Solution (Vector, H-3300). Blocking was done in normal goat serum and the slides were 

stained with antiproSP-C (Abcam, ab40879). A secondary goat-anti-rabbit antibody (Vector 

Lab, BA-1000) was applied and the signal was amplified with Vectastain ABC kit (Vector, 

PK-6100) and Peroxidase Substrate Kit (Vector, SK-4100) was applied. Cell structures were 

stained with hematoxylin and pictures were taken on an Olympus FSX100 Microscope. For 

analysis, ten pictures per lung were taken and manually screened for proSP-C+ cells per 

field. For TUNEL staining, slides were stained with TUNEL reaction mix (Roche, In situ 

cell death detection kit, AP, 11684809910). Nuclei were stained with DAPI and slides were 

kept in Prolong Antifade Reagent (Life Technologies P36930). Automatic image analysis 

with CellProfiler software was performed to quantify TUNEL stain [41] (http://

www.cellprofiler.org). CellProfiler was programed to: (i) split images into channels; (ii) load 

the channels into the pipeline and identify primary objects (DAPI) using the Otsu adaptive 

method with two-class thresholding (threshold range 0.14–1), minimized weighted variance, 

and intensity method to distinguish clumped objects; and (iii) retrieve the respective DAPI 

and TUNEL integrated intensities of each identified nucleus. The integrated DAPI and 

TUNEL intensities were then normalized to the average DAPI integrated intensity. For 

TUNEL and proSP-C costaining, slides were stained with TUNEL reaction mix as described 

above, blocked with normal goat serum and stained for proSP-C as described above. Pictures 

were taken on a Zeiss Axioimager microscope. For analysis, ten pictures per lung were taken 

and manually screened for TUNEL+ proSP-C+ cells per field.

qRT-PCR and RNA profiling

RNA was isolated from cells using TRIzol Reagent (Invitrogen) and from tissues using a 

commercial kit (Macherey–Nagel). Quantitative RT-PCR was performed using iTaq SYBR 

Green Supermix (Bio-Rad). Data are presented as fold change over the appropriate control 

group, i.e. mock-infected mice or vehicle-treated cells, respectively. A list of primers is 

included in Supporting Information Table 1. For RNA profiling, the RT2 Profiler Array 

“Type I Interferon Response” (Qiagen Cat. No. 330231 PAMM-016ZA) was used. Data are 

presented as fold change over AM sorted from mock-infected mice.
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Flow cytometry

For Annexin V staining cells retrieved from BALF were stained with Annexin V-FITC 

Apoptosis Detection Kit (eBioscience) and 7-AAD Viability Dye (eBioscience).To prepare 

whole lung cell suspensions, lungs were perfused with PBS and digested in RPMI 

containing 5% FCS, 150 U/mL collagenase type I (Gibco, Cat. No. 17100), and 50 U/mL 

DNAse I (Sigma) for 40 min at 37°C. Single-cell suspensions were obtained by flushing the 

samples through a 70 μm filter. Viability of cells was assessed using either DAPI or Fixable 

Viability Dye eFluor 780 (eBioscience). A list of antibodies is included in the Supporting 

Information Table 2. Flow cytometry and sorting was performed using a BD LSRFortessa, 

and data were analyzed using the FlowJo software version 10.

Cell culture and stimulations

AMs were isolated from BALF [37] and cultured in RPMI containing 10% fetal calf serum 

(FCS) and 1% penicillin and streptomycin. All stimulations were carried out in medium 

containing 3% FCS. HI S. pneumoniae were used for stimulations at a concentration of 107 

CFU/mL. Supernatants of stimulated cells were used for cytokine quantification and cells 

were taken up in 100 μL Trizol for RNA extraction. Immortalized mouse lung epithelial 

cells 12 (MLE-12) cells were cultured in RPMI containing 2% FCS, 1% penicillin and 

streptomycin, 0.5% insulin-transferrin-sodiumselenite, 5 mg/L transferrin, 10 nM 

hydrocortisone, and 10 nM β-estradiol. All stimulations were carried out in this medium 

without FCS. Cells were pretreated with recombinant IFN-β (BioLegend) at a concentration 

of 1 ng/mL for 30 min. Purified pneumolysin (MyBioSource) was used at a concentration of 

10 ng/mL. Recombinant TNF-α (BioLegend) was used at a concentration of 5 μg/mL. 

Viable S. pneumoniae was used for stimulations at a concentration of 5 × 105 CFU/mL and 

HI S. pneumoniae was used at 107 CFU/mL. Cells were lysed in CellTiter-Glo reagent 

(Promega, CellTiter-Glo Luminescent Cell Viability Assay) and viability was assessed with 

a Glomax 96 Microplate Luminometer (Promega).

Sterile lung injury

Sixty microliters of 0.1 N HCL (Sigma) was instilled intratracheally into anesthetized mice 

with the help of an otoscope. After 8 h, mice were sacrificed with a mixture of ketamine and 

xylazine. BALF was collected and lungs were removed and homogenized as described 

above. In some experiments 750 μg Evans Blue (Sigma) was injected i.v. 7.5 h after acid 

aspiration. Evans Blue extravasation was directly measured from BALF at OD620. Lung 

tissue was placed into 2 mL formamide (Sigma) for 2 days at RT to extract Evans Blue dye, 

which was quantified using a photospectrometer at OD620. A standard curve for Evans Blue 

dissolved in formamide at known concentrations was used to determine total amount of 

extracted dye from tissues. Lungs and BALF from mice not injected with Evans Blue were 

used to correct for hemoglobin present in the tissue. Data were normalized to mock-treated, 

Evans Blue-injected mice.

Statistics

Comparisons between groups were performed using unpaired, two-sided t-test or one-way 

ANOVA followed by Tukey’s multiple comparisons analysis, where appropriate. Sample 
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sizes for in vivo experiments were calculated based on previous experience. Data are 

presented as mean ± SD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Loss of IFN-I signaling aggravates the pathology of pneumococcal pneumonia. WT and 

Ifnar1−/− mice were infected i.n. with 105 CFU S. pneumoniae (ATCC 6303) and sacrificed 

at 8, 16, or 40 h p.i. (A) Bacterial load was assessed in the lungs and blood. (B) Cytokines of 

homogenized organs (left panel) or plasma (right panel) were quantified by ELISA. (C) 

Differential cell counts of BALF cells were done on cytospin preparations. (D) H&E 

staining of lung tissue and histology score of the staining on the right. (E) TUNEL staining 

of WT (left panel) and Ifnar1−/− lungs (right panel) 40 h p.i. and quantification of TUNEL+ 

cells per field (lower panel). (F) Lung weight in WT and Ifnar1−/− mice at 8, 16, and 40 h 

p.i. (G) Protein levels in the BALF at 8 and 16 h p.i. Data from one experiment are shown as 

mean + SD and are representative for two independent experiments, with eight mice per 

group per experiment. Two-sided t-test was performed to test for statistical significance. *p 
≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Images in (D) and (E) are representative 

of two independent experiments, with eight mice per group per experiment; (10x 

magnification (D) and 40x (E)).
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Figure 2. 
IFN-I acting on AECII prevents bacterial dissemination and damage during pneumococcal 

pneumonia. Ifnarfl/fl, Ifnarfl/fl Lysm-Cre+, Ifnarfl/fl Cd11c-Cre+, or Ifnarfl/fl Sftpc-CreER+ 

mice were infected i.n. with 105 CFU S. pneumoniae (ATCC 6303). (A–H) At 40 h p.i., the 

(A, C, and E) bacterial loads in lungs and blood and (B, D, and F) cytokine levels in lung, 

plasma, and lung weight were assessed for Ifnarfl/fl, in comparison against (A and B) 

Ifnarfl/fl Lysm-Cre+, (C and D) Ifnarfl/fl Cd11c-Cre+, or (E and F) Ifnarfl/fl Sftpc-CreER+ 

mice. (F and G) Ifnarfl/fl and Ifnarfl/fl Sftpc-CreER+ mice were injected with 5 mg Tx on 

four consecutive days and infected 10 days after the last Tx injection. (G) Images (upper 

panels) represent H&E staining of lung tissue sections at 40 h p.i. (20x magnification). 

Histology score (lower panel). Images are representative of two independent experiments, 

with six mice per group per experiment. (H) Protein concentrations were quantified in the 

BALF at 16 h p.i. Data from one experiment are shown as mean + SD and are representative 

for two independent experiments, with eight mice per group per experiment. Two-sided t-test 

was performed to test for statistical significance. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 
≤ 0.0001.
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Figure 3. 
AMs upregulate IFN-I and factors necessary for IFN-I expression upon S. pneumoniae 
infection. (A and B) WT mice were infected i.n. with 105 CFU S. pneumoniae (ATCC 6303) 

(A) IFN-β was quantified in lung homogenates by ELISA at the indicated time points. (B) 

BALF was taken 3 h p.i., AMs were sorted by flow cytometry, and qRT-PCR array was 

performed on the extracted RNA (AMs were pooled from three mice per group) (C) As in 

Figure 3B, AM of infected WT mice were sorted by flow cytometry and qRT-PCR for the 

indicated genes was performed on the extracted RNA. (D) Mice were treated i.n. with 50 μL 

Clodronate-filled liposomes, NaCl-filled liposomes, or NaCl 2 days prior to infection with 

105 CFU S. pneumoniae (ATCC 6303). Lungs were harvested at indicated timepoints and 

IFN-β levels were assessed by ELISA. (E) Mice were infected with 107 CFU HI S. 
pneumoniae or DNAse-treated HI S. pneumoniae (both D39). Forty hours p.i. lung 

homogenates of WT mice were analyzed for IFN-β by ELISA (left panel), and for Ifit1 
(middle panel) and Eif2ak2 (right panel) by qRT-PCR. Dashed lines (A, D, and E) indicate 

the detection limit. Data are shown as mean + SD. The qRT-PCR array in (B) was performed 

once with three mice per experiment and all depicted genes were validated by qRT-PCR in 

an independent experiment (C) with three mice per experiment. In (A, D, and E), data from 

one experiment are shown and are representative for two experiments with eight mice per 

group per experiment. In (D and E) one-way ANOVA followed by Tukey’s multiple 

comparisons analysis was performed to test for statistical significance. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Maier et al. Page 16

Eur J Immunol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
IFN-I signaling maintains AECII numbers and prevents AECII cell death upon 

pneumococcal pneumonia. WT and Ifnar1−/− mice were infected i.n. with 105 CFU S. 
pneumoniae (ATCC 6303) or with 107 CFU HI S. pneumoniae (ATCC 6303; n ≥ 8 for each 

group). (A) Forty hours p.i. Sftpc (left panel) and Lpcat1 (right panel) levels were quantified 

by qRT-PCR from lung homogenates, (B) paraffin-embedded lung tissue from WT mice (left 

panel) and Ifnar1−/− mice (right panel) was stained for proSP-C, and (C) costained for 

proSP-C and TUNEL; yellow arrows indicate proSP-C+ TUNEL− cells and white arrows 

indicate pro-SP-C+ TUNEL+ cells. Quantifications of the histology are shown on the right in 

(B and C), respectively. (D) Serum-starved MLE cells were pretreated with 1 ng/mL IFN-β 
for 30 min and subsequently stimulated with 10 ng/mL pneumolysin (Ply), 5 × 105 CFU/mL 

S. pneumoniae ATCC 6303 (S.p.), 107 CFU/mL HI S. pneumoniae ATCC 6303 (HI), or 5 

μg/mL TNF-α. After 4 h cell survival was measured. Images and quantification in (B and C) 

are representative of two independent experiments, with eight mice per group per 

experiment (40x), In vitro stimulations were performed in quadruplicates. Data from one 

experiment are shown as mean + SD and are representative for two experiments with eight 

mice per group per experiment. Two-sided t-test was performed to test for statistical 

significance. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p s 0.0001.
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Figure 5. 
Absence of IFN-I signaling is linked to reduced AECII numbers upon acid induced lung 

injury. HCl was instilled i.t. into WT and Ifnar1−/− mice and all mice were sacrificed 8 h 

later. (A) Lung weight (left panel) and protein concentrations (right panel) in BALF were 

assessed. (B) Some mice received Evans Blue i.v. 60 min before BALF and lungs were 

collected. Evans Blue was quantified in BALF (left panel) and formamide-pretreated lungs 

(right panel). (C) Sftpc (left panel) and Lpcat1 (right panel) were quantified by qRT-PCR 

from lung tissues. (D) Paraffin-embedded lung tissue was stained for proSP-C and (E) 

costained for proSP-C and TUNEL; yellow arrows indicate proSP-C+ TUNEL− cells and 

white arrows indicate pro-SP-C+ TUNEL+ cells. Quantifications of the histology are shown 

on the right. Images and quantification in (C and E) are representative of two independent 

experiments, with eight mice per group per experiment (40x). (F) Lung homogenates were 

analyzed for IFN-β by ELISA and for Tnfa by qRT-PCR. Dashed lines indicate the detection 

limit. In vitro stimulations were performed in quadruplicates. Data from one experiment are 

shown as mean + SD and are representative for two experiments with eight mice per group 

per experiment. Two-sided t-test or one-way ANOVA followed by Tukey’s multiple 

comparisons analysis was performed to test for statistical significance. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Figure 6. 
Proposed model of IFN-I mediated protective effects on AECII. Upon infection, AMs 

encounter and ingest S. pneumoniae to then induce an inflammatory response that involves 

secretion of IFN-I. In a similar manner, sterile ALI is associated with tissue damage and 

resulting inflammation. Respiratory epithelial cells are damaged in the course of pulmonary 

inflammation, which is diminished in the presence of IFN-I, which directly protects AECII 

from death.
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