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Alveolar type II epithelial or other pulmonary cells secrete GM-CSF that regulates surfactant catabolism
and mucosal host defense through its capacity to modulate the maturation and activation of alveolar
macrophages. GM-CSF enhances expression of scavenger receptors MARCO and SR-A. The alveolar mac-
rophage SP-R210 receptor binds the surfactant collectin SP-A mediating clearance of respiratory patho-
gens. The current study determined the effects of epithelial-derived GM-CSF in host resistance to
influenza A pneumonia. The results demonstrate that GM-CSF enhanced resistance to infection with
1.9 x 10* ffc of the mouse-adapted influenza A/Puerto Rico/8/34 (PR8) HIN1 strain, as indicated by sig-
nificant differences in mortality and mean survival of GM-CSF-deficient (GM~/~) mice compared to GM~/~
mice in which GM-CSF is expressed at increased levels. Protective effects of GM-CSF were observed both
in mice with constitutive and inducible GM-CSF expression under the control of the pulmonary-specific
SFTPC or SCGB1A1 promoters, respectively. Mice that continuously secrete high levels of GM-CSF devel-
oped desquamative interstitial pneumonia that impaired long-term recovery from influenza. Conditional
expression of optimal GM-CSF levels at the time of infection, however, resulted in alveolar macrophage
proliferation and focal lymphocytic inflammation of distal airways. GM-CSF enhanced alveolar macro-
phage activity as indicated by increased expression of SP-R210 and CD11c. Infection of mice lacking
the GM-CSF-regulated SR-A and MARCO receptors revealed that MARCO decreases resistance to influenza
in association with increased levels of SP-R210 in MARCO~/~ alveolar macrophages. In conclusion, GM-
CSF enhances early host resistance to influenza. Targeting of MARCO may reinforce GM-CSF-mediated
host defense against pathogenic influenza.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Influenza A has caused recurrent pandemics resulting in the
deaths of over 50 million people during the last century (Kilbourne,
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2006). Seasonal influenza continues to cause epidemics with sig-
nificant morbidity and mortality throughout the world every year.
Recent outbreaks with the avian H5N1 and swine origin HIN1
strains re-emphasized the importance of influenza as a persistent
threat to public health worldwide. Development of immunothera-
pies and vaccines that contain spreading of influenza infections
hinge on research aimed at understanding the evolution, patho-
genesis, and immune responses behind the rapid infection with
different influenza strains (Peiris et al., 2010; Taubenberger and
Morens, 2010; White et al., 2008). Evasion (Job et al., 2010; White
et al., 2008) or dys-regulation (Baskin et al., 2009) of innate host
defenses at early stage enables highly pathogenic influenza strains
to avoid the ability of the host to limit viral replication resulting in


http://dx.doi.org/10.1016/j.antiviral.2011.08.022
mailto:zissis.chroneos@uthct.edu
mailto:zchroneos@hmc.psu.edu
http://dx.doi.org/10.1016/j.antiviral.2011.08.022
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral

320 Z. Sever-Chroneos et al./Antiviral Research 92 (2011) 319-328

excessive inflammation, lung injury, and death. Highly pathogenic
influenza strains exhibit increased tropism for and ability to prolif-
erate rapidly in alveolar type II epithelial cells (Zhang et al., 2010).
While alveolar macrophages are crucial for innate host defense
against influenza (Tate et al., 2010; Tumpey et al., 2005), highly
pathogenic influenza viruses trigger deleterious inflammatory re-
sponses mediated by secretion of TNFo, compromising epithelial
cell viability and the capacity of macrophages to clear the infection
(Belisle et al., 2010; Herold et al., 2008).

While many cell types express GM-CSF, alveolar type II epithe-
lial cells are an important source of GM-CSF in the lung (Burgess
et al., 1977). GM-CSF expression facilitates surfactant homeostasis
and immune functions of alveolar macrophages and type Il epithe-
lial cells (Carey and Trapnell, 2010; Shibata et al., 2001). GM-CSF
regulates the differentiation and activation of alveolar macro-
phages (Shibata et al., 2001) and proliferation of alveolar macro-
phages and type II epithelial cells (Huffman Reed et al., 1997). In
vitro studies indicate that GM-CSF causes rapid proliferation of
alveolar type II epithelial cells thereby serving in repair and barrier
protection of the respiratory epithelium during acute inflammation
(Cakarova et al., 2009). Absence of GM-CSF disrupts terminal alve-
olar macrophage differentiation resulting in alveolar proteinosis
(Carey and Trapnell, 2010), a disease caused by decreased surfac-
tant catabolism by alveolar macrophages. Lack of GM-CSF impairs
innate immune functions of alveolar macrophages (Shibata et al.,
2001), enhancing susceptibility of the lung to infections (Ballinger
et al., 2006). GM-CSF regulates expression of the transcription fac-
tors PU.1 (Shibata et al., 2001) and PPARY (Baker et al., 2010), mod-
ulating diverse innate and metabolic functions of mature alveolar
macrophages. Through PU.1, GM-CSF enhances the responsiveness
of alveolar macrophages to bacterial LPS, increasing expression of
the cell-surface pattern recognition receptors CD14 and TLR-4
(Carey and Trapnell, 2010). GM-CSF also enhances the antiviral re-
sponses of alveolar macrophages; GM-CSF and type I interferon act
together to modulate macrophage polarization toward the M1
state of activation (Fleetwood et al., 2009). GM-CSF enhances
expression of class A scavenger receptors SR-A and MARCO (Sulah-
ian et al., 2008; Szeliga et al., 2008), which mediate clearance of
viral and bacterial pathogens by macrophages (Arredouani et al.,
2006; Haisma et al., 2009). SR-A and MARCO mediate internaliza-
tion of microbial nucleic acids and activate endosomal TLR-3 and
TLR-9 or cytosolic NOD-2 and NALP-3 sensors of viral and bacterial
infection (DeWitte-Orr et al., 2010; Jozefowski et al., 2006; Mukho-
padhyay et al., 2011). It is not known how diverse activities of GM-
CSF impact host responses to influenza.

Recent studies have indicated that GM-CSF is useful as a therapy
against influenza. GM-CSF enhances mucosal immune responses
and the effectiveness of DNA vaccines (Herbert et al., 2009; Loudon
et al., 2010). Direct administration of GM-CSF to the lung facilitates
host resistance and survival from influenza infection (Huang et al.,
2011, 2010). GM-CSF is expressed transiently 2 days after acute
infection with influenza A in mice (Hennet et al., 1992). A recent
humanized mouse model, in which the human GM-CSF gene re-
placed the endogenous murine GM-CSF, resulted in high levels of
GM-CSF in the alveoli. Engraftment of human hematopoietic cells
into humanized mice caused enhanced recruitment and differentia-
tion of human alveolar macrophages in the mouse lung. Such mice
exposed to influenza showed that GM-CSF potentiates antiviral re-
sponses of human alveolar macrophages (Willinger et al., 2011).

Here, GM-CSF~/~ transgenic mice with elevated expression of
GM-CSF in lung epithelial cells were used to determine the effect
and timing of GM-CSF expression in pulmonary resistance to influ-
enza. GM-CSF~/~ mice are highly susceptible to influenza A infec-
tion. The findings indicate that GM-CSF modulates early host
resistance by facilitating survival from acute infection with patho-
genic influenza.

2. Materials and methods
2.1. Animal husbandry

The WT and transgenic mouse strains used in the present study
were bred locally. Mice were used at 8-16 weeks of age. Breeding
pairs of WT C57BL/6 mice were purchased from NCI (Frederisburg,
MD) and maintained in a pathogen free facility in micro-isolator
cages. Mice were provided standard chow and sterile water ad libi-
tum. Transgenic GM-CSF~/~ (GM~/~) (Dranoff et al., 1994), bi-trans-
genic SFTPC-GM-CSF** (SP-C-GM**) mice (Huffman et al., 1996;
Szeliga et al., 2008), SR-A~/~ and MARCO~/~ (Zhou et al., 2008), all
backcrossed for 10-12 generations to the C57BL/6 genetic back-
ground were used in the present study. The SP-C-GM** mice pro-
duce GM-CSF in pulmonary epithelial cells of GM~/~ transgenic
nice. To generate conditional GM-CSF-inducible mice, bi-trans-
genic GM-CSF~/~, SCGB1A1-rtTA mice expressing the reverse tetra-
cycline transactivator (rtTA) under the control of a rat epithelial
Clara cell SCGB1A1 (previously designated as CCSP or CC10) pro-
moter were mated with GM-CSF /-, (teto),CMV-GM-CSF mice to
generate conditional tri-transgenic GM-CSF~/=, SCGB1A1-rtTA|(te-
to);CMV-GM-CSF. Breeding pairs producing 75% tri-transgenic and
25% bi-transgenic littermate controls with 8-12 mice per litter
were selected for further study. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee at
the University of Texas Health Science Center at Tyler.

2.2. Generation of GM~/~, SCGB1A1-rtTA and (teto),~-CMV-GM-CSF
mice

Transgenic SCGB1A1-rtTA mice bearing rtTA downstream from
the 2.3 kb rat SCGB1A1 promoter were generated as previously de-
scribed (La Gruta et al.,, 2010). To generate (teto);-CMV-GM-CSF
mice, the mouse GM-CSF ¢cDNA was excised from the SP-C-GM-
CSF plasmid (Huffman et al., 1996) with EcoRI and subcloned into
the pUHD10-3 plasmid (Gossen and Bujard, 1992) downstream a
promoter element containing the tet operator DNA binding se-
quence ((teto);) and a minimal CMV promoter. The plasmid was
sequenced to ensure correct orientation and absence of mutations.
The resulting (teto);-CMV-GM-CSF plasmid was used to generate
transgenic mice using standard microinjection techniques at the
University of Cincinnati transgenic core facility under IACUC ap-
proved protocols. Mice were initially generated on the FVB/N ge-
netic background. Founder mice were subsequently backcrossed
for 12 generations into the C57BL/6 genetic background and fur-
ther cross-bred with C57BL/6 GM~/~ mice (Dranoff et al., 1994).
The resultant bi-transgenic GM-CSF /-, SCGB1A1-rtTA and GM-
CSF~I=, (teto);-CMV-GM-CSF mice were subsequently cross-mated
to generate tri-transgenic GM-CSF~/~, SCGB1A1-rtTA/(teto);-CMV-
GM-CSF (hereafter abbreviated as tet-GM*'*) mice and littermate
controls as described above.

2.3. PCR genotyping

Mice were genotyped by PCR analysis of genomic DNA isolated
from tail DNA biopsies from 14- to 25-day-old pups. The sense and
antisense primers used to identify the SCGB1A1-rtTA transgene
were 5'-ACTGCCCATTGCCCAAACAC-3’ and 5'-AAAATCTTGC-
CAGCTTTCCCC-3, respectively. The primers used to identify the
(teto);-CMV-GM-CSF transgene were 5-GCCATCCACGCTGTTTT-
GAC-3’ and 5-CCTGGGCTTCCTCATTTTTGG-3'. The PCR amplifica-
tion product for SCGB1A1-rtTA was performed by denaturation at
95 °C for 5 min and then 30 cycles of amplification at 95 °C for
30s, 57 °C for 30s, and 72 °C for 30 s, followed by a 7-min exten-
sion at 72 °C. The reaction conditions for the (teto);CMV-GM-CSF
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were the same but the annealing temperature was increased to
59 °C. Both amplification products were 500 bp in size.

2.4. Administration of doxycycline

The tet-GM** mice and littermate controls obtained as de-
scribed above were exposed to 1 mg/mL doxycycline in the drink-
ing water. Water containing doxycycline was replaced every 2-3
days.

2.5. Influenza virus preparation and titration

Mouse adapted influenza A/Puerto Rico/8/34 (PR8) H1N1virus
strain was grown in the chorio-allantoic cavity of embryonated
hen eggs. Viral particles were purified by sucrose density gradient
centrifugation (Arora et al., 1985; Hartshorn et al., 1988, 1997) and
quantitated using a fluorescent focus assay of influenza A virus
infection as previously described (van Eijk et al., 2003). Briefly,
MDCK cell monolayers were prepared in 96 well plates and grown
to confluency. These layers were then infected with dilutions of
purified influenza A preparations for 45 min at 37 °C in PBS and
tested for presence of infected cells after 7 h using a monoclonal
antibody directed against the influenza A viral nucleoprotein (pro-
vided by Dr. Nancy Cox, CDC, Atlanta, GA). Aliquots of purified
virus were stored frozen in PBS at —80 °C until use.

2.6. Mouse infections

For infections, 8- to 16-week-old male and female mice were
anesthetized using a mixture of ketamine (80 mg/kg) and xylazine
(10 mg/kg). Mice were infected intranasally with a total volume of
40 pl containing 1.9 x 10% or 1.9 x 103 ffc of influenza A virus PRS.
Mice were weighed daily and observed at 12-h intervals for visual
signs of clinical disease including labored breathing, huddling, and
ruffled fur. Mice that developed symptoms of severe pneumonia
were euthanized and recorded as dead. WT and SR-A~/~ mice
developed evidence of severe illness along with loss of 25-30% of
body weight as previously reported for WT mice (Srivastava
et al., 2009).

2.7. Lung GM-CSF levels

The concentration of GM-CSF was determined in lavage and
post-lavage lung homogenates. Lung lavage was collected in a total
of 4.5 mL of Tris-buffered saline composed of 25 mM Tris, pH 7.5,
0.15 M NacCl and 0.6 mM EDTA. Lavage was centrifuged to isolate
cells, and supernatants stored frozen at —80°C until use. The
post-lavage lung tissue was homogenized in 2.0 mL of PBS using
a polytron homogenizer, centrifuged to remove cell debris, and
stored frozen at —80 °C until use. The levels of GM-CSF were deter-
mined by ELISA using a commercial kit (eBiosciences) according to
directions provided by the manufacturer.

2.8. Flow cytometry

Alveolar macrophages isolated by lung lavage were processed,
stained, and analyzed by flow cytometry as described in detail pre-
viously (Sever-Chroneos et al., 2011). Briefly, cells were stained
with monoclonal PE/Cy5-conjugated CD11c antibody clone N418
(eBiosciences, San Diego, CA), rabbit polyclonal SP-R210/Myo18A
antibody (Protein-Tech, Chicago, IL), and a goat polyclonal anti-
SR-A/Msr1 antibody (R&D Systems, Minneapolis, MN). SP-R210
and SR-A were visualized using secondary Alexa647-conjugated
goat anti-rabbit and FITC-conjugated donkey anti-goat antibodies
(Molecular Probes Inc., Eugene, OR), respectively. Alveolar macro-
phages were gated according to forward and side-scatter

properties collecting 15,000 total events per sample. Quadratic or
linear gating determined the percentage of positive cells express-
ing each marker compared to background staining using isotype
control antibodies.

2.9. Histology

Lungs were fixed in 4% paraformaldehyde and embedded in
paraffin. Sections were cut 4.5 um thick and tissue pathology
was visualized by hematoxylin and eosin staining using standard
procedures (Chroneos et al., 2009). Images were captured using
an Olympus BX41 upright microscope equipped with an Olympus
DP11 digital camera (Olympus, Melville, NY) at 10x magnification.
Images were processed using Paint.Net software (http://[www.get-
paint.net) and imported into Microsoft® Word.

2.10. Immunohistochemistry

De-paraffinized tissue sections were processed for immunohis-
to-chemistry using the Ultravision LP alkaline phosphatase detec-
tion system according to the manufacturer’s directions (Thermo
Scientific, Fremont, CA). Tissues were stained with rabbit poly-
clonal antibodies raised against mature surfactant protein B (Seven
Hills Bioreagents, Cincinnati, OH). Antibodies were used at a dilu-
tion of 1:500. Non-immune IgG was used as control. Stained sec-
tions were developed using Fast Red chromogen and
counterstained for 10 s with hematoxylin.

2.11. Cytology

Alveolar cells isolated by lung lavage were deposited on glass
slides using a Shandon cytospin centrifuge at a density of 25,000
cell per slides. Following spin at 1000 rpm for 5 min, cells were
stained using the Diff-Quick differential staining kit and examined
by light microscopy. Cell images were captured and processed as
described in Section 2.9 above.

2.12. Statistical analysis

Statistical and graphical analysis of data was performed using
Prism software (Graphpad Software, La Jolla, CA). Statistical com-
parisons were performed with the unpaired, non-parametric Stu-
dent’s t-test. Values of p<0.05 were considered statistically
significant. Survival curves were generated by the Kaplan-Meier
method, and statistical analysis of survival curves was performed
using the Greham-Breslow-Wilcoxon test. Analysis of flow cyto-
metric data was accomplished using FlowJo software (TreeStar
Inc., Ashland, OR).

3. Results
3.1. GM-CSF modulates survival to influenza A

To determine the effect of GM-CSF during influenza exposure,
the survival of WT, GM~/~, and SP-C-GM** mice was monitored
following infection with 1.9 x 10* ffc of the mouse-adapted influ-
enza A/Puerto Rico/8/34 (PR8) H1N1 virus strain delivered intrana-
sally. WT mice were uniformly susceptible to as low as 600 ffc
while SP-C-GM*"* mice were completely resistant at doses below
1.9 x 103 ffc (not shown). Similarly, all SP-C-GM*'* mice survived
infection with 5 LDsq intranasal doses of PR8 (Huang et al., 2011).
Here, SP-C-GM** mice remained partially resistant surviving sig-
nificantly longer to lethal influenza infection with a dose in the
range of 30-50 LDs, compared to WT and GM~/~ mice. The mean
survival of SP-C-GM*'* mice was 23 days compared to 8 days for
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WT and 6 days for GM~/~ mice (Fig. 1A and Table 1). These findings
indicate that GM-CSF enhances the ability of the host to survive
primary infection with highly virulent influenza.

Interestingly, GM~/~ mice lost weight slowly compared to WT
mice even though these mice were highly susceptible to the infec-
tion (Fig. 1B). Uninfected GM '~ and SP-C-GM*'* mice weigh signif-
icantly more that WT mice of the same age (Fig. 1C), in accordance
with the neural role of GM-CSF in suppressing food intake (Reed
et al., 2005). The SP-C-GM*'* mice, however, lost weight at a similar
rate as WT mice while surviving SP-C-GM*'* mice regained only
part of their body weight (Fig. 1B). These results suggest a role of
lung GM-CSF in weight loss morbidity at higher doses of infection.

Influenza infection did not alter lung epithelial expression of
GM-CSF via the SFTPC promoter as indicated by similar combined
total amount of GM-CSF before and after infection (Fig. 1D). Inter-
estingly, influenza infection changed the distribution of GM-CSF
protein in alveolar lavage and tissue homogenates from 1.8:1 prior
to infection to 4.1:1, 6.3:1, and 1:1 at 6, 8, and 11 days after infec-
tion, respectively (Fig. 1D). In this context, a recent study using iso-
lated type Il epithelial cells demonstrated that influenza PR8 strain
did not alter mRNA expression but suppressed secretion of surfac-
tant proteins SP-A and SP-D (Wang et al., 2011). The present results
suggest that high levels of GM-CSF mitigate disruption of epithelial
cell secretory function by influenza infection.

+/+

3.2. Interstitial lung disease after infection of SP-C-GM™" mice with

influenza

Although SP-C-GM*'* mice resisted early mortality they died by
30 days after influenza infection (Fig. 1B). Assessment of lung tis-
sue sections revealed the histological features of degenerative des-
quamative interstitial pneumonia at day 7 (Fig. 2A) and day 29
after infection (Fig. 2B). Moderate interstitial thickening (open ar-
row) and alveolar spaces filled with macrophage aggregates
(closed arrow) over large areas of the lungs were found 7 days after
infection of SP-C-GM*'* mice (Fig. 2A). Degeneration of alveolar
structure (closed arrow) and large spaces containing desquamated
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Table 1
Survival comparison of mice infected with influenza.
Mouse Infection No. of Mean survival Statistics
Genotype (pfu) mice (days)
WT 1.9 x 10* 13 8 1p < 0.0002
GM "~ 19x10* 18 6
SP-C-GM*/* 1.9 x 10* 19 23 12p < 0.0001
SR-A~/~ 1.9 x 10* 12 7 1p <0.0001,
2p>0.05
MARCO /- 1.9 x 10* 12 9 1p <0.0001,
2p <0.003
WT 1.9 x 10° 9 9 2p>0.05
MARCO /- 1.9 x 10° 9 12 3p <0.004

! Compared to GM~/~ mice.
2 Compared to WT mice infected with 1.9 x 10* ffc.
3 Compared to WT mice infected with 1.9 x 10> ffc.

cells (open arrow) characterized the lungs of SP-C-GM*/* at 29 days
after infection (Fig. 2B). The results indicate that high levels of GM-
CSF impair appropriate tissue healing resulting in development of
interstitial lung disease secondary to influenza pneumonia.

3.3. Conditional expression of GM-CSF in lung

In order to determine at which point of influenza infection is
GM-CSF expression in lung beneficial to survival, we used a novel
mouse model where GM-CSF expression is induced by addition of
doxycycline (1 mg/mL) in water. GM-CSF accumulated in the la-
vage between 2 and 3 days to a level of 1023.8 +98.3 pg after
administration of doxycycline. Thereafter, the levels of GM-CSF in
lung lavage decreased reaching a plateau at 135+ 11.95 pg after
6 days on doxycycline suggesting clearance of GM-CSF from the
alveoli. The total (lavage and tissue homogenate) levels of GM-
CSF after 6 days on doxycycline equilibrate at 281 + 28.7 pg in lung
tissue (Fig. 3A) significantly lower than 862 + 46.2 pg measured in
lungs of SP-C-GM** mice above (Fig. 1D) suggesting inability of
lung macrophages to successfully clear artificially high levels of
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Fig. 1. GM-CSF enhances host survival from influenza infection. The survival profile (A), rate of body weight loss (B) of WT, GM-CSF '~ (GM~/~), and SFTPC-GM*'* (SP-C-GM*/*)
mice, was determined after intranasal infection with 1 x 10 ffc of PRS. Infected mice were weighed daily and assessed visually every 12 h for the presence of clinical
symptoms of the infection. Mice displaying severe illness were euthanized immediately and counted as dead. The number of mice used and statistical parameters derived
from survival curves are listed on Table 1. (C) Comparison of body weight of uninfected WT (n = 13), GM~/~ (n = 19), and SP-C-GM*/* (n = 18) mice. Data shown are mean # SD.
**p <0.01. (D) ELISA assays assessed the amount of GM-CSF in lavage and post-lavage lung homogenates before, and at indicated intervals after infection with PR8. Data
shown are mean + SEM. N = 3-4 mice per time point. *p < 0.05, and **p < 0.001 compared to un-infected control.
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Fig. 2. Histopathology of infected SP-C-GM** mice. Lung histopathology was
evaluated at 7 (A) and 29 (B) days after infection of SP-C-GM** mice with
1.9 x 10? ffc influenza PRS. Images were captured at 10x magnification. Interstitial
thickening and macrophage aggregates at day 7 are indicated by closed and open
arrows, respectively. At day 29, degeneration of alveolar structure (closed arrow)
and large spaces containing desquamated cells (open arrow) are indicated.

GMCSF in SP-C-GM*!*. Therefore, inducible tet-GM** mice model is
much closer to the in vivo situation of GM-CSF lung expression
levels.

Induction of GM-CSF enhances the functional phenotype of
alveolar macrophages. The flow cytometry profile of alveolar cells
from un-induced tet-GM** mice was marked by the presence of
surfactant aggregates with low side and forward scatter properties
and heterogeneous cells with low forward scatter properties on the
left side of the macrophage gate (Fig. 3B). Six and 12 days after
induction of GM-CSF, surfactant aggregates diminished whereas
cells acquired more homogeneous side and forward scatter proper-
ties, consistent with the ability of GM-CSF to normalize surfactant
levels and support terminal alveolar macrophage differentiation
(Huffman et al., 1996; Shibata et al., 2001). Microscopic evaluation
of cytospined alveolar macrophages before and after induction of
GM-CSF confirmed the morphological differentiation of alveolar
macrophages (Fig. 3C). The lavage of uninduced tet-GM** mice
contained a heterogeneous population of small immature macro-
phages and large foamy macrophages engorged with lipid
(Fig. 3C, left), consistent with the presence of alveolar proteinosis
in GM~/~ lungs. In contrast, the lavage of induced tet-GM*'* mice
contained morphologically mature alveolar macrophages with ruf-
fled membranes and membrane extensions (Fig. 3C, right). Further,
alveolar macrophage differentiation was confirmed by phenotypic
expression of CD11c (Fig. 4A). Expression of CD11c¢ increased 4-fold

to 30% 6 days after administration and nearly 9-fold to 88% of alve-
olar macrophages 6 and 12 days after administration of doxycy-
cline in water (Fig. 4A). GM-CSF enhanced expression of the SP-A
receptor SP-R210 earlier than CD11c (Fig. 4A). The percentage of
cells expressing SP-R210 increased more than 5-fold to 72% on
day 6 although it declined somewhat to 58% by 12 days (Fig. 4A).
The number of cells in lavage of tet-GM** before induction of
GM-CSF was 2.10+0.65 x 106, consistent with proliferation of
immature macrophages and accumulation of foamy macrophages
as reported previously in the lungs of GM~/~ mice (Dranoff et al.,
1994; Paine et al., 2001). The number of alveolar macrophages de-
creased to 0.91 +0.27 x 10° cells 12 days after induction of GM-
CSF, reflecting the disappearance of large foamy macrophages
and local differentiation of immature macrophages. In the next
three weeks, however, the number of cells increased significantly
to 16.1 +3.25 x 10° cells at 29 days after induction of GM-CSF by
administration of doxycycline (Fig. 4B), indicating proliferation of
differentiated alveolar macrophages only after prolonged exposure
to high levels of GM-CSF. These results indicate that inducible
expression of GM-CSF in lung epithelium restores surfactant
homeostasis and alveolar macrophage function within 4 days after
administration of doxycycline.

3.4. Conditional expression of GM-CSF confers protection against
influenza in a time-dependent manner

In the absence of doxycycline, all tet-GM** mice succumbed to
influenza infection by 6 days (Fig. 5A and Table 2), similar to the re-
sults in GM-CSF '~ mice (Fig. 1A and Table 1). Littermate control GM-
CSF~!-,SCGB1A1-rtTAmice had amean survival of 6-6.5 days regard-
less of the absence or presence of doxycycline (Table 2), indicating
that doxycycline does not affect influenza infection. The mean sur-
vival of tet-GM*'* mice increased significantly to 7 and 8 days when
given doxycycline on the same day or even 3 days after infection (Ta-
ble 2). Administration of doxycycline 2 and 6 days before infection
also delayed mortality (Fig. 5A) and increased mean survival to 9
and 11 days (Table 2), respectively. Doxycycline administered
3 days before infection (Fig. 5A), so that levels of GM-CSF in the lung
were the highest on the day of infection, resulted in 60% of mice sur-
viving significantly longer than 11 days after infection similar to sur-
vival kinetics to SP-C-GM*'* mice (Fig. 1A). All induced mice lost
weight rapidly between 2 and 7 days after infection (Fig. 5B). The
body weight of mice that were induced before infection, however,
stabilized or decreased slowly but these mice did not regain weight
(Fig. 5B) even though they convalesced without signs of severe ill-
ness. Even removal of doxycycline 3 days after infection did not alter
the survival profile of the —3 days doxycycline treated animals (not
shown). These results indicate that there is a critical window of GM-
CSF expression in the lung that enhances host survival from acute
influenza pneumonia.

3.5. Induction of GM-CSF in tet-GM"* mice restores focal peri-
bronchiolar inflammation

The histological presentation of influenza infections was then
evaluated after infection of mice with a lower dose of
1.9 x 103 ffc to address differences in survival. Fig. 6A and D show
the alveolar architecture of uninfected WT and GM~/—, respectively.
Alveolar type II epithelial cells occupy alveolar corners as indicated
by staining with antibodies against surfactant protein SP-B (Fig. 6A,
open arrows). The lung histology of WT mice 6-7 days after infec-
tion revealed diffuse mononuclear cell infiltrates in peri-bronchial
spaces that lacked contiguous alveolar structure (Fig. 6B), bronchi-
olar hemorrhage (Fig. 6C, open arrows), and hemorrhagic vacuo-
lated alveolar epithelium (Fig. 6C, closed arrows). Lack of GM-CSF
results in alveolar proteinosis, as indicated by the presence of
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Fig. 3. Conditional expression of GM-CSF in the lung. Tet-GM*/* mice were provided sterile water supplemented with 1 mg/mL doxycycline to induce expression of GM-CSF.
(A) ELISA assays assessed expression of GM-CSF in lavage and post-lavage tissue homogenate at indicated time intervals. Data shown are means + SD, n = 3-5 mice per time
point. **p <0.001 compared to the absence of doxycycline. (B) Flow cytometry reported the light scatter properties of cells in alveolar lavage before (0 days) or 6 and 12 days
after addition of doxycycline in water. Gating distinguished the location of alveolar macrophages from surfactant debris at the bottom corner of the dot plots. Data shown are
representative of 3-6 separate experiments per time point. (C) Representative cytospin evaluation of alveolar macrophages from tet-GM*'* mice before (left panel) and 6 days

after administration of doxycycline (right panel).
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amorphous surfactant aggregates staining with SP-B antibodies
(Fig. 6D, arrows) in the alveolar lumen of uninfected GM~/~ mice,
consistent with previous results (Huffman et al., 1996). The
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Fig. 5. Effect of conditional expression of GM-CSF on survival from influenza
infection. Survival curves (A) and body weight (B) of tet-GM** mice was assessed
after intranasal infection with 1.9 x 10* ffc of influenza PR8 of conditional mice
placed on doxycycline 6, 3, or 2 days after, same day, and 3 days before infection.
Mice displaying severe illness were euthanized immediately and counted as dead.
Statistical parameters and number of mice used in this study are shown on Table 2.

+[+

alveolar proteinosis pathology in naive un-induced tet-GM™" mice
was similar to GM~/~ mice (not shown). The lung histology of GM~/
~ mice 7 days after infection with influenza, however, showed
many homogeneous eosinophilic surfactant globules filling alveo-
lar and peri-bronchiolar spaces (Fig. 6E and F, open arrows). The
morphology of the alveolar proteinosis material observed after
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Table 2
Effect of GM-CSF induction on survival of tet-GM** mice from acute influenza
infection.

Doxycycline treatment relative to  No. of Mean survival Statistics?
infection mice (days)

None 13 6

—6 days 18 11 p < 0.0009
—3 days 23 >11 p <0.0001
—2 days 15 9 p <0.0001
Same day 12 8 p<0.0225
+3 days 9 7.0 p<0.0368

! The mean survival of littermate control tet-GM*/* mice was 6 and 6.5 days in the
absence or presence of doxycycline. Mice were infected with 1.9 x 10* ffc of PRS.
2 Compared to inducible mice that did not receive doxycycline.

infection of the 2-month-old GM~/~ mice used here resembles the
histology of uninfected 7-month-old GM~/~ mice (Dranoff et al.,
1994), suggesting that influenza infection exacerbated alveolar
proteinosis in GM~/~ mice. In contrast to the observations in WT
mice (Fig. 6C), it is remarkable that the alveolar epithelium of
GM~'~ mice was not compromised by the influenza infection, sug-
gesting that excess surfactant protected the alveolar structure of
GM '~ mice. Under higher magnification, however, bronchi with
flattened squamous epithelium contained light blue staining mate-
rial suggesting accumulation of mucous in the airways of GM~/~
mice (Fig. 6F, stars).

The histopathology of tet-GM** mice was then evaluated 3 days
after induction of GM-CSF by administration of doxycycline that
provides the best protection against influenza in these mice
(Fig. 5). The histopathology of tet-GM*'* lungs showed focal well-
organized peri-bronchiolar inflammation (Fig. 6G, H, and I, closed

arrows) contiguous with largely intact alveolar epithelia contain-
ing many alveolar macrophages (Fig. 6G and I, open arrows). Alve-
olar proteinosis was not present. The abundance of alveolar
macrophages in infected tet-GM** mice 3 days after induction of
GM-CSF suggests rapid recruitment of macrophages. It is also pos-
sible, however, that GM-CSF stimulated local proliferation of mac-
rophages in the presence of infection, even though GM-CSF did not
enhance significant proliferation for several weeks in uninfected
tet-GM** mice (Fig. 4 above). Formation of interstitial peri-bron-
chiolar lesions is consistent with coalescence of macrophages
(Fig. 6G and I, closed arrows) with lymphocytes and other immune
cells infiltrating the bronchial sub-mucosa (Fig. 6H, thick stealth
arrows). Proteinaceous edema was limited in consolidated bron-
chiolar spaces at this stage of infection (Fig. 6H, stars). Bronchial
epithelia displayed columnar epithelial cell morphology and bron-
chial spaces were largely clear of inflammatory exudates (Fig. 6H,
thick stealth arrows). The histopathology of tet-GM*/* mice shown
here is distinct from that observed in the constitutive SP-C-GM*'*
mice in which a diffuse macrophage alveolitis was prominent 1-
3 days after acute influenza infection (Huang et al., 2011). The
present results indicate that induction of GM-CSF at the earliest
stages of infection bolsters the ability of alveolar macrophages to
organize innate and cell-mediated immunity against influenza.

3.6. The scavenger receptor MARCO modulates susceptibility to acute
influenza infection

Next, we investigated how does GM-CSF-regulated, innate im-
mune macrophage receptors affect recovery from acute influenza
infection. GM-CSF enhances expression of scavenger receptors

Fig. 6. Lung histopathology of WT and transgenic mice infected with influenza. The histology of naive WT (A) and GM~/~ (D) mouse lungs was visualized after staining with
anti-SP-B antibodies. Open arrows point to SP-B staining in alveolar type II epithelial cells in WT lungs (A) and surfactant aggregates accumulated in the alveolar lumen of
GM~/~ lungs (D). Lung histopathology after infection with 1.9 x 10? ffc of influenza PR8 was evaluated following H&E stained lung sections from WT (B and C), GM~/~ (E and
F), and tet-GM™* mice infected 3 days after induction of GM-CSF with doxycycline. WT mice B and C; the open arrows on panel B show lymphocytic infiltrates in peri-
bronchial spaces lacking defined alveolar structure in WT mice 6 days after infection. Open arrows on panel C show alveolar and bronchiolar hemorrhage and closed arrows
on the same panel point to vacuolated alveolar epithelium. GM~/~ mice E and F; open arrows on E and F show eosinophilic surfactant material filling alveolar spaces. The stars
on panel F show bronchi with flattened epithelium with light blue eosinophilic material filling bronchial spaces. tet-GM*'* mice G-I; closed thin arrows on panels E, H, and I
show organized lymphocytic inflammation in peribronchiolar interstitium. Thick stealth arrows on panel H point to sub mucosal lymphocytic infiltrates and bronchial
epithelium with columnar morphology. The star on panel H indicates the presence of proteinaceous edema. Images H and I were captured at 40x magnifications. All other

images are 20x. Representative images from 2 to 3 mice are shown.
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Fig. 7. Role of SR-A and MARCO on host survival from influenza infection. Survival (A) and body weight change (B) after intranasal infection of WT, SR-A~/~, and MARCO~/~
mice with PR8 influenza. WT and SR-A~/~ mice were infected with 1.9 x 10 ffc of PR8. MARCO /'~ mice were infected with either 1.9 x 10% or 1.9 x 10? ffc of PR8 as indicated.
Infected mice were weighed daily and assessed every 12 h for the presence of clinical symptoms of the infection. Mice displaying severe illness were euthanized immediately
and counted as dead. Statistical parameters and number of mice used in this study are shown on Table 1. (C) The percentage of SP-R210-positive alveolar macrophages from
WT and MARCO~/~ mice was assessed by flow cytometry. (D) The expression level of SP-R210 shown as mean fluorescence intensity in alveolar macrophages from WT and SR-
A==, MARCO /-, SP-C-GM*"*, GM~'~, and 6 day induced tet-GM*'* mice was assessed by flow cytometry. Data shown are means # SD, n = 3-6 per mouse. ***p < 0.001 compared

to WT mice.

SR-A and MARCO (Sulahian et al., 2008; Szeliga et al., 2008) which
may modify host resistance to viral infection (DeWitte-Orr et al.,
2010; Mukhopadhyay et al., 2011). SR-A modifies inflammatory re-
sponses via the SP-A receptor SP-R210 (Sever-Chroneos et al.,
2011). Mean survival from influenza infection between SR-A~/~
and WT mice were similar (Fig. 7A and Table 1). MARCO~/~ mice,
however, survived significantly longer (Fig. 7A) with a mean sur-
vival of 9 days (Table 1). At 10-fold lower infection dose, the mean
survival of MARCO~/~ mice increased to 12 days (Fig. 7A, Table 1)
and also regained body weight more rapidly. The WT mice re-
mained susceptible even to the low dose infection (Table 1). Inter-
estingly, the percentage of macrophages expressing SP-R210 was
2-fold higher in uninfected MARCO '~ alveolar macrophages
(Fig. 7C). Furthermore, the expression level of SP-R210 increased
significantly as indicated by 2-fold increase in mean fluorescence
compared to WT mice (Fig. 7D), indicating that MARCO is a nega-
tive regulator of SP-R210 expression. Comparatively, alveolar mac-
rophages from the more resistant SP-C-GM*"* mice expressed 5-
fold more SP-R210, while expression of SP-R210 in tet-GM*'* alve-
olar macrophages 6 days after induction was even higher, 13-fold
more than WT mice (Fig. 7D). In contrast, SP-R210 expression de-
creased significantly in GM~/~ alveolar macrophages. These results
support the hypothesis that GM-CSF promotes survival from influ-
enza infection by stimulating alveolar macrophage expression of
the SP-A receptor SP-R210, whereas MARCO expression limits the
resistance of mice to primary infection with influenza.

4. Discussion

The present findings show not only that GM-CSF enhances
resistance to influenza but also pin-point the exact time window
from 6 days before to 3 days after infection where GM-CSF is
needed to reduce mortality from acute infection of highly patho-
genic influenza A virus. Endogenous GM-CSF expression is crucial
for initial survival as indicated by increased susceptibility of
GM~/~ mice compared to WT mice against influenza A virus.
Expression of high levels of GM-CSF generated by constitutive or

inducible promoters in lung epithelial cells bolstered the ability
of GM~/~ mice to survive influenza better than WT mice at doses
as high as 50 LDs,. These studies are in agreement with and extend
recent findings in which the constitutive SP-C-GM*'* mice were
resistant to infection at doses up to 5LDsy (Huang et al., 2011).
The best protection of tet-GM** mice was observed when infection
coincided with peak levels of GM-CSF 3 days after administration
of doxycycline but GM-CSF was no longer needed if induced 3 days
after infection. Albeit the increased resistance of both SP-C-GM*'*
and tet-GM*"* mice to influenza, histological responses were differ-
ent. The SP-C-GM** lungs displayed diffuse alveolar macrophage
pneumonia 1-3 days after infection (Huang et al., 2011), where
alveolar macrophage activation alone was sufficient to arrest rep-
lication of influenza. The early histology of tet-GM*'* mice, how-
ever, showed macrophage and focal lymphocytic infiltration of
the distal airways, indicating that controlled GM-CSF expression
results in activation of both innate and cell-mediated immunity
against influenza. The present results support the concept that
alveolar macrophage maturation, as initiated by GM-CSF expres-
sion, reinforces the development of mucosal immunity in the lung.

GM-CSF alters the activation state of alveolar macrophages
through increased expression of innate immune receptors (Berclaz
et al.,, 2007; Shibata et al., 2001). The protective effect of GM-CSF in
tet-GM*'* and SP-C-GM*'* mice was associated with 5- to 13-fold
higher levels of the SP-A receptor SP-R210 compared to WT mice.
SP-R210 is responsible for clearance of SP-A-opsonized bacteria
in in vivo infection (Sever-Chroneos et al., 2011). Studies in SP-A-
deficient mice showed that the LDsq of an SP-D-resistant influenza
A strain decreased 40-fold compared to WT mice (Hawgood et al.,
2004). SP-A enhances uptake of influenza A by macrophages
(Benne et al., 1997). Therefore, it is reasonable to speculate that
GM-CSF increased the capacity of SP-A to protect mice against
influenza via SP-R210. In addition to SP-R210, GM-CSF enhances
expression of the class A scavenger receptors SR-A and MARCO
(Szeliga et al., 2008; Winkler et al., 2008). These scavenger recep-
tors have been implicated in anti-viral host defense and regulation
of inflammatory responses in the lung (Dewitte-Orr et al., 2010;
Jozefowski et al., 2006; Mukhopadhyay et al., 2011). Importantly,



Z. Sever-Chroneos et al./Antiviral Research 92 (2011) 319-328 327

SR-A acts as a co-receptor for SP-R210 regulating the timing and
magnitude of inflammatory responses during clearance of SP-A-
opsonized Staphylococcus aureus (Sever-Chroneos et al., 2011)
in vivo. Lack of SR-A, however, did not alter survival from infection
with PR8, suggesting that SR-A does not function in the same
capacity during viral influenza as it does in the bacterial infection.
In contrast, MARCO-deficient mice were significantly more resis-
tant than WT mice. Interestingly, alveolar macrophages from
MARCO™'~ mice expresses significantly higher levels of SP-R210
compared to WT mice, indicating that MARCO suppresses expres-
sion of SP-R210 in WT mouse alveolar macrophages. In a parallel
fashion, SP-R210 serves as a negative regulator of SR-A expression
under normal conditions (Sever-Chroneos et al., 2011). Cross-talk
between innate immune receptors has emerged as an important
mechanism though which macrophages regulate their activation
pathways (Seimon et al., 2006). It is possible that influenza dis-
rupts signaling networks that govern activation of clearance recep-
tors in macrophages. The present findings support the concept that
high levels of GM-CSF surpass normal receptor cross-regulation
directing expression and function of ancillary clearance mecha-
nisms against influenza.

Consistent with the present findings in C57BL/6 MARCO~/~ mice,
arecent study showed enhanced resistance to influenza in MARCO~/
~ mice backcrossed to the Balb/c genetic background (Ghosh et al.,
2011). These results emphasize that MARCO suppresses resistance
to influenza independent of genetic background. Lack of MARCO re-
sulted in increased levels of oxidized lipoprotein in connection with
early recruitment of neutrophils, macrophages, and chemokines
driving the increased early resistance of MARCO '~ mice to influenza
A infection (Ghosh et al., 2011). Under normal circumstances, MAR-
CO mediates clearance of oxidized lipids in the lung but in the pres-
ence of infection MARCO suppressed inflammatory mediators
against influenza. Additional studies are needed to determine
whether oxidized LDL induced expression of GM-CSF through the
scavenger receptor SR-A as reported in earlier studies (Biwa et al.,
1998).

Even though high levels of GM-CSF drive early resistance to
influenza, uncontrolled expression of GM-CSF can lead to immuno-
pathology disabling complete recovery from the infection in the
long-term. The SP-C-GM** mice exhibit early but not long-term
recovery from the infection. Histological analysis revealed desqua-
mative interstitial pneumonia (DIP) as the likely cause of death
secondary to infection with PR8 influenza. Persistent elevation of
GM-CSF contributes to the development of chronic inflammatory
diseases in the lung (Hamilton, 2008). DIP reflects accumulation
of activated macrophages (Tazelaar et al., 2011). Earlier clinical re-
ports documented a spectrum of interstitial lung diseases, includ-
ing DIP, following influenza pneumonia in humans (Pinsker et al.,
1981). Development of DIP was also observed after acute infection
of SP-C-GM** mice with Mycobacterium bovis BCG (Szeliga et al.,
2008) and S. aureus (Chroneos, unpublished data). These findings
suggest GM-CSF as an etiology of interstitial lung disorders second-
ary to acute infectious pneumonia. Interestingly, oxidized phos-
phatidylcholine accumulates in alveolar macrophages of DIP
patients (Yoshimi et al., 2005). Given that MARCO mediates uptake
of oxidized lipoproteins as indicated above (Ghosh et al., 2011), it
remains to be determined whether high levels of GM-CSF contrib-
ute to immunopathology through MARCO-mediated accumulation
of modified lipids in infected lungs.

Influenza did not alter expression of GM-CSF via the inducible
SCGB1A1 promoter driving expression of GM-CSF in bronchiolar
Clara cells in tet-GM** mice. In SP-C-GM*"* mice, however, GM-
CSF decreased significantly in the alveolar lavage relative to lung
tissue in the initial phase of the infection, indicating that influenza
attenuates secretion of GM-CSF by alveolar type II epithelial cells.
Alveolar epithelial cells are highly vulnerable to influenza infection

(Fukushi et al., 2011). In this context, influenza suppressed secre-
tion but not mRNA levels of SP-A and SP-D by cultured alveolar
type II epithelial cells (Wang et al., 2011) but did not affect secre-
tion of inflammatory chemokines. More recently, knock-in replace-
ment of the murine IL-3/GM-CSF gene locus with the human genes
resulted in high levels of human GM-CSF in the lungs and develop-
ment of alveolar proteinosis; the endogenous murine GM-CSF
receptor responds to human GM-CSF poorly (Willinger et al.,
2011). Engraftment of these mice with human macrophages re-
versed alveolar proteinosis. Human GM-CSF enhanced antiviral re-
sponses by engrafted human macrophages, but did not arrest
proliferation of influenza virus, indicating that alveolar macro-
phages facilitate but are not sufficient for GM-CSF-mediated pro-
tection against influenza. Thus in addition to macrophage
activation, high levels of GM-CSF at the time of infection are
needed to protect normal secretory functions of alveolar type II
epithelial cells during influenza infection.

In summary, high levels of GM-CSF enhance host resistance
against influenza. Regulated expression of GM-CSF in epithelial cells
of conditional GM~/~ mice represents an important new strategy to
discern protective functions of GM-CSF and identify therapeutic tar-
gets against influenza infection the future. Histological responses in
tet-GM*"* mice following optimal control of high GM-CSF levels at
the time of infection indicate a clinically relevant immune response
consisting of alveolar macrophage proliferation and focal lympho-
cytic inflammation of the airways, reinforcing resistance to acute
influenza pneumonia. The role of GM-CSF in enhancing the function
of SP-R210 and its interaction with MARCO in long-term immunity
against influenza and their respective roles in lung immunopathol-
ogy requires further investigation. In the latter case, targeting of
the scavenger receptor MARCO may enhance the efficacy of GM-
CSF in treatment against highly pathogenic influenza strains.

Acknowledgements

We thank Kris Stewart and Woody Bradly in the UTHSCT vivar-
ium for help with animal husbandry and genomic screening of
transgenic mice.

References

Arora, DJ., Tremblay, P., Bourgault, R, Boileau, S., 1985. Concentration and
purification of influenza virus from allantoic fluid. Anal. Biochem. 144, 189-192.

Arredouani, M.S., Yang, Z., Imrich, A., Ning, Y., Qin, G., Kobzik, L., 2006. The
macrophage scavenger receptor SR-AI/Il and lung defense against pneumococci
and particles. Am. J. Resp. Cell Mol. Biol. 35, 474-478.

Baker, A.D., Malur, A., Barna, B.P., Ghosh, S., Kavuru, M.S., Malur, A.G., Thomassen,
M., 2010. Targeted PPAR{gamma} deficiency in alveolar macrophages disrupts
surfactant catabolism. J. Lipid Res. 51, 1325-1331.

Ballinger, M.N., Paine 3rd, R., Serezani, C.H., Aronoff, D.M., Choi, E.S., Standiford, T.J.,
Toews, G.B., Moore, B.B., 2006. Role of granulocyte macrophage colony-
stimulating factor during Gram-negative lung infection with Pseudomonas
aeruginosa. Am. J. Resp. Cell Molec. Biol.34, 766-774.

Baskin, C.R., Bielefeldt-Ohmann, H., Tumpey, T.M., Sabourin, P.J., Long, J.P., Garcia-
Sastre, A., Tolnay, A.E., Albrecht, R., Pyles, J.A,, Olson, P.H. Aicher, LD,
Rosenzweig, E.R., Murali-Krishna, K., Clark, E.A., Kotur, M.S., Fornek, ].L., Proll,
S., Palermo, R.E., Sabourin, C.L., Katze, M.G., 2009. Early and sustained innate
immune response defines pathology and death in nonhuman primates infected
by highly pathogenic influenza virus. Proc. Natl. Acad. Sci. USA 106, 3455-3460.

Belisle, S.E., Tisoncik, J.R., Korth, M.J., Carter, V.S., Proll, S.C., Swayne, D.E., Pantin-
Jackwood, M., Tumpey, T.M., Katze, M.G., 2010. Genomic profiling of tumor
necrosis factor alpha (TNF-alpha) receptor and interleukin-1 receptor knockout
mice reveals a link between TNF-alpha signaling and increased severity of 1918
pandemic influenza virus infection. J. Virol. 84, 12576-12588.

Benne, C.A., Benaissa-Trouw, B., van Strijp, J.A., Kraaijeveld, C.A., van Iwaarden, J.F.,
1997. Surfactant protein A, but not surfactant protein D, is an opsonin for
influenza A virus phagocytosis by rat alveolar macrophages. Eur. J. Immunol. 27,
886-890.

Berclaz, P.Y., Carey, B., Fillipi, M.D., Wernke-Dollries, K., Geraci, N., Cush, S.,
Richardson, T., Kitzmiller, ], O’Connor, M., Hermoyian, C., Korfhagen, T.,
Whitsett, J.A., Trapnell, B.C., 2007. GM-CSF regulates a PU.1-dependent
transcriptional program determining the pulmonary response to LPS. Am. J.
Resp. Cell Mol. Biol. 36, 114-121.



328 Z. Sever-Chroneos et al./Antiviral Research 92 (2011) 319-328

Biwa, T., Hakamata, H., Sakai, M., Miyazaki, A., Suzuki, H., Kodama, T., Shichiri, M.,
Horiuchi, S., 1998. Induction of murine macrophage growth by oxidized low
density lipoprotein is mediated by granulocyte macrophage colony-stimulating
factor. J. Biol. Chem. 273, 28305-28313.

Burgess, A.W., Camakaris, J., Metcalf, D., 1977. Purification and properties of colony-
stimulating factor from mouse lung-conditioned medium. J. Biol. Chem. 252,
1998-2003.

Cakarova, L., Marsh, LM., Wilhelm, J., Mayer, K., Grimminger, F., Seeger, W.,
Lohmeyer, J., Herold, S., 2009. Macrophage tumor necrosis factor-alpha induces
epithelial expression of granulocyte-macrophage colony-stimulating factor:
impact on alveolar epithelial repair. Am. J. Respir. Crit. Care Med. 180, 521-532.

Carey, B. Trapnell, B.C., 2010. The molecular basis of pulmonary alveolar
proteinosis. Clin. Immunol. 135, 223-235.

Chroneos, Z.C., Midde, K., Sever-Chroneos, Z., Jagannath, C., 2009. Pulmonary
surfactant and tuberculosis. Tuberculosis 89 (Suppl. 1), S10-14.

DeWitte-Orr, S.J., Collins, S.E., Bauer, C.M., Bowdish, D.M., Mossman, K.L., 2010. An
accessory to the ‘Trinity’: SR-As are essential pathogen sensors of extracellular
dsRNA, mediating entry and leading to subsequent type I IFN responses. PLoS
Path. 6, e1000829. doi:10.1371/journal.ppat.1000829.

Dranoff, G., Crawford, A.D., Sadelain, M., Ream, B., Rashid, A., Bronson, RT.,
Dickersin, G.R., Bachurski, C.J., Mark, E.L., Whitsett, J.A., et al., 1994. Involvement
of granulocyte-macrophage colony-stimulating factor in pulmonary
homeostasis. Science 264, 713-716.

Fleetwood, AJ., Dinh, H., Cook, A.D., Hertzog, P.J., Hamilton, J.A., 2009. GM-CSF- and
M-CSF-dependent macrophage phenotypes display differential dependence on
type I interferon signaling. J. leuk. Biol. 86, 411-421.

Fukushi, M., Ito, T., Oka, T., Kitazawa, T., Miyoshi-Akiyama, T., Kirikae, T., Yamashita,
M., Kudo, K., 2011. Serial histopathological examination of the lungs of mice
infected with influenza A virus PR8 strain. PloS one 6, e21207. doi:10.1371/
journal.pone.0021207.

Ghosh, S., Gregory, D., Smith, A, Kobzik, L, 2011. MARCO regulates early
inflammatory responses against influenza: a useful macrophage function with
adverse outcome. Am. J. Resp. Crit. Care Med.. doi:10.1165/rcmb.2010-03490
(Epub ahead of print).

Gossen, M., Bujard, H., 1992. Tight control of gene expression in mammalian cells by
tetracycline-responsive promoters. Proc. Natl. Acad. Sci. USA 89, 5547-5551.

Haisma, HJ., Boesjes, M., Beerens, A.M. van der Strate, B.W. Curiel, D.T.,
Pluddemann, A., Gordon, S., Bellu, A.R.,, 2009. Scavenger receptor A: a new
route for adenovirus 5. Mol. Pharm. 6, 366-374.

Hamilton, J.A., 2008. Colony-stimulating factors in inflammation and
autoimmunity. Nat. Rev. Immunol. 8, 533-544.

Hartshorn, K.L., Collamer, M., Auerbach, M., Myers, ].B., Pavlotsky, N., Tauber, A.L,
1988. Effects of influenza A virus on human neutrophil calcium metabolism. J.
Immunol. 141, 1295-1301.

Hartshorn, K.L., White, M.R., Shepherd, V., Reid, K., Jensenius, ].C., Crouch, E.C., 1997.
Mechanisms of anti-influenza activity of surfactant proteins A and D:
comparison with serum collectins. Am. J. Physiol. 273, L1156-1166.

Hawgood, S., Brown, C., Edmondson, J., Stumbaugh, A., Allen, L., Goerke, J., Clark, H.,
Poulain, F., 2004. Pulmonary collectins modulate strain-specific influenza a
virus infection and host responses. ]J. Virol. 78, 8565-8572.

Hennet, T., Ziltener, H.J., Frei, K., Peterhans, E., 1992. A kinetic study of immune
mediators in the lungs of mice infected with influenza A virus. J. Immuno. 1
(149), 932-939.

Herbert, A.S., Heffron, L., Sundick, R., Roberts, P.C., 2009. Incorporation of
membrane-bound, mammalian-derived immunomodulatory proteins into
influenza whole virus vaccines boosts immunogenicity and protection against
lethal challenge. Virol. ]. 6, 42.

Herold, S., Steinmueller, M., von Wulffen, W., Cakarova, L., Pinto, R., Pleschka, S.,
Mack, M., Kuziel, W.A., Corazza, N., Brunner, T., Seeger, W., Lohmeyer, ]J., 2008.
Lung epithelial apoptosis in influenza virus pneumonia: the role of
macrophage-expressed TNF-related apoptosis-inducing ligand. ]J. Exp. Med.
205, 3065-3077.

Huang, F.F., Barnes, P.F., Feng, Y., Donis, R., Chroneos, Z.C., Idell, S., Allen, T., Perez,
D.R., Whitsett, J.A., Dunussi-Joannopoulos, K., Shams, H., 2011. GM-CSF in the
lung protects against lethal influenza infection. Am. J. Resp. Crit. Care Med..
doi:10.1164/rccm.201012-20360 (Epub Ahead of Print).

Huang, H., Li, H., Zhou, P., Ju, D., 2010. Protective effects of recombinant human
granulocyte macrophage colony stimulating factor on H1N1 influenza virus-
induced pneumonia in mice. Cytokine 51, 151-157.

Huffman, J.A., Hull, W.M., Dranoff, G., Mulligan, R.C., Whitsett, ].A., 1996. Pulmonary
epithelial cell expression of GM-CSF corrects the alveolar proteinosis in GM-
CSF-deficient mice. ]J. Clin. Invest. 97, 649-655.

Huffman Reed, ].A., Rice, W.R,, Zsengeller, Z.K., Wert, S.E., Dranoff, G., Whitsett, ].A.,
1997. GM-CSF enhances lung growth and causes alveolar type II epithelial cell
hyperplasia in transgenic mice. Am. J. Physiol. 273, L715-L725.

Job, E.R,, Deng, Y.M., Tate, M.D., Bottazzi, B., Crouch, E.C., Dean, M.M., Mantovani, A.,
Brooks, A.G., Reading, P.C., 2010. Pandemic HIN1 influenza A viruses are
resistant to the antiviral activities of innate immune proteins of the collectin
and pentraxin superfamilies. J. Inmunol. 185, 4284-4291.

Jozefowski, S., Sulahian, T.H., Arredouani, M., Kobzik, L., 2006. Role of scavenger
receptor MARCO in macrophage responses to CpG oligodeoxynucleotides. J.
Leuk. Biol. 80, 870-879.

Kilbourne, E.D., 2006. Influenza pandemics of the 20th century. Em. Infect. Dis. 12,
9-14.

La Gruta, N.L.,, Rothwell, W.T., Cukalac, T., Swan, N.G., Valkenburg, S.A., Kedzierska,
K., Thomas, P.G., Doherty, P.C., Turner, S.J., 2010. Primary CTL response

magnitude in mice is determined by the extent of naive T cell recruitment
and subsequent clonal expansion. J. Clin. Invest. 120, 1885-1894.

Loudon, P.T., Yager, EJ., Lynch, D.T., Narendran, A., Stagnar, C., Franchini, A.M.,
Fuller, ].T., White, P.A., Nyuandi, J., Wiley, C.A., Murphey-Corb, M., Fuller, D.H.,
2010. GM-CSF increases mucosal and systemic immunogenicity of an HIN1
influenza DNA vaccine administered into the epidermis of non-human
primates. PLoS One 5, e11021. Available from: <http://www.ncbi.nlm.nih.gov/
pubmed/20544035>.

Mukhopadhyay, S., Varin, A., Chen, Y., Liu, B., Tryggvason, K., Gordon, S., 2011. SR-A/
MARCO-mediated ligand delivery enhances intracellular TLR and NLR function,
but ligand scavenging from cell surface limits TLR4 response to pathogens.
Blood 117, 1319-1328.

Paine 3rd, R., Morris, S.B., Jin, H., Wilcoxen, S.E., Phare, S.M., Moore, B.B., Coffey, M J.,
Toews, G.B.,2001. Impaired functional activity of alveolar macrophages from GM-
CSF-deficient mice. Am. J. Physiol. Lung Cell. Mol. Physiol 281, L1210-L1218.

Peiris, J.S., Hui, K.P., Yen, H.L., 2010. Host response to influenza virus: protection
versus immunopathology. Curr. Opin. Immunol. 22, 475-481.

Pinsker, K.L., Schneyer, B. Becker, N., Kamholz, S.L, 1981. Usual interstitial
pneumonia following Texas A2 influenza infection. Chest 80, 123-126.

Reed, J.A., Clegg, D.J., Smith, K.B., Tolod-Richer, E.G., Matter, E.K,, Picard, L.S., Seeley,
R.J., 2005. GM-CSF action in the CNS decreases food intake and body weight. J.
Clin. Invest. 115, 3035-3044.

Seimon, T.A., Obstfeld, A., Moore, KJ., Golenbock, D.T., Tabas, 1., 2006. Combinatorial
pattern recognition receptor signaling alters the balance of life and death in
macrophages. Proc Natl Acad Sci USA 103, 19794-19799.

Sever-Chroneos, Z., Krupa, A., Davis, J., Hasan, M., Yang, C.H., Szeliga, ]., Herrmann,
M., Hussain, M., Geisbrecht, B.V., Kobzik, L., Chroneos, Z.C., 2011. Surfactant
protein A (SP-A)-mediated clearance of Staphylococcus aureus involves binding
of SP-A to the staphylococcal adhesin eap and the macrophage receptors SP-A
receptor 210 and scavenger receptor class A. J. Biol. Chem. 286, 4854-4870.

Shibata, Y., Berclaz, P.Y., Chroneos, Z.C., Yoshida, M., Whitsett, J.A., Trapnell, B.C.,
2001. GM-CSF regulates alveolar macrophage differentiation and innate
immunity in the lung through PU. 1.. Immunity 15, 557-567.

Srivastava, B., Blazejewska, P., Hessmann, M., Bruder, D., Geffers, R., Mauel, S.,
Gruber, A.D., Schughart, K., 2009. Host genetic background strongly influences
the response to influenza a virus infections. PloS One 4, e4857. Available from:
<http://www.ncbi.nlm.nih.gov/pubmed/19293935>.

Sulahian, T.H., Imrich, A., Deloid, G., Winkler, AR., Kobzik, L., 2008. Signaling
pathways required for macrophage scavenger receptor-mediated phagocytosis:
analysis by scanning cytometry. Resp. Res. 9, 59. Available from: <http://
www.ncbi.nlm.nih.gov/pubmed/18687123>.

Szeliga, J., Daniel, D.S., Yang, C.H., Sever-Chroneos, Z., Jagannath, C., Chroneos, Z.C.,
2008. Granulocyte-macrophage colony stimulating factor-mediated innate
responses in tuberculosis. Tuberculosis 88, 7-20.

Tate, M.D., Pickett, D.L., van Rooijen, N., Brooks, A.G., Reading, P.C., 2010. Critical role
of airway macrophages in modulating disease severity during influenza virus
infection of mice. J. Virol. 84, 7569-7580.

Taubenberger, J.K., Morens, D.M., 2010. Influenza: the once and future pandemic.
Public Health Rep. 125 (Suppl. 3), 16-26.

Tazelaar, H.D., Wright, J.L., Churg, A., 2011. Desquamative interstitial pneumonia.
Histopathology 58, 509-516.

Tumpey, T.M., Garcia-Sastre, A., Taubenberger, ].K., Palese, P., Swayne, D.E., Pantin-
Jackwood, M.J., Schultz-Cherry, S., Solorzano, A., Van Rooijen, N., Katz, ].M.,
Basler, C.F., 2005. Pathogenicity of influenza viruses with genes from the 1918
pandemic virus: functional roles of alveolar macrophages and neutrophils in
limiting virus replication and mortality in mice. J. Virol. 79, 14933-14944.

van Eijk, M., White, M.R., Crouch, E.C., Batenburg, ].J., Vaandrager, A.B., Van Golde,
L.M., Haagsman, H.P., Hartshorn, K.L., 2003. Porcine pulmonary collectins show
distinct interactions with influenza A viruses: role of the N-linked
oligosaccharides in the carbohydrate recognition domain. J. Immunol. 171,
1431-1440.

Wang, J., Nikrad, M.P., Phang, T., Gao, B., Alford, T., Ito, Y., Edeen, K., Travanty, E.A.,
Kosmider, B., Hartshorn, K., Mason, RJ., 2011. Innate immune response to
influenza A virus in differentiated human alveolar type II cells. Am. J. Resp. Crit.
Care Med.. doi:10.1165/rcmb.2010-01080 (Epub Ahead of Print).

White, M.R., Doss, M., Boland, P., Tecle, T., Hartshorn, K.L., 2008. Innate immunity to
influenza virus: implications for future therapy. Expert. Rev. Clin. Immunol. 4,
497-514.

Willinger, T., Rongvaux, A., Takizawa, H., Yancopoulos, G.D., Valenzuela, D.M.,
Murphy, AJ., Auerbach, W., Eynon, E.E., Stevens, S., Manz, M.G., Flavell, RA,,
2011. Human IL-3/GM-CSF knock-in mice support human alveolar macrophage
development and human immune responses in the lung. Proc. Natl. Acad. Sci.
108, 2390-2395.

Winkler, A.R., Nocka, K.H., Sulahian, T.H., Kobzik, L., Williams, C.M., 2008. In vitro
modeling of human alveolar macrophage smoke exposure: enhanced
inflammation and impaired function. Exp. Lung Res. 34, 599-629.

Yoshimi, N., Ikura, Y., Sugama, Y., Kayo, S., Ohsawa, M., Yamamoto, S., Inoue, Y.,
Hirata, K., Itabe, H., Yoshikawa, ]., Ueda, M., 2005. Oxidized phosphatidylcholine
in alveolar macrophages in idiopathic interstitial pneumonias. Lung 183, 109-
121.

Zhang, ]., Zhang, Z., Fan, X,, Liu, Y., Wang, J., Zheng, Z., Chen, R., Wang, P., Song, W.,
Chen, H., Guan, Y., 2010. 2009 pandemic HIN1 influenza virus replicates in
human lung tissues. ]. Infect. Dis. 201, 1522-1526.

Zhou, H., Imrich, A., Kobzik, L., 2008. Characterization of immortalized MARCO and
SR-Al/II-deficient murine alveolar macrophage cell lines. Part. Fibre Toxicol. 5, 7
Available from: <http://www.ncbi.nlm.nih.gov/pubmed/18452625>.


http://dx.doi.org/10.1371/journal.ppat.1000829
http://dx.doi.org/10.1371/journal.pone.0021207
http://dx.doi.org/10.1371/journal.pone.0021207
http://dx.doi.org/10.1165/rcmb.2010-0349O
http://dx.doi.org/10.1165/rcmb.2010-0349O
http://dx.doi.org/10.1164/rccm.201012-2036O
http://www.ncbi.nlm.nih.gov/pubmed/20544035
http://www.ncbi.nlm.nih.gov/pubmed/20544035
http://www.ncbi.nlm.nih.gov/pubmed/19293935
http://www.ncbi.nlm.nih.gov/pubmed/18687123
http://www.ncbi.nlm.nih.gov/pubmed/18687123
http://dx.doi.org/10.1165/rcmb.2010-0108O
http://www.ncbi.nlm.nih.gov/pubmed/18452625

	GM-CSF modulates pulmonary resistance to influenza A infection
	1 Introduction
	2 Materials and methods
	2.1 Animal husbandry
	2.2 Generation of GM−/−, SCGB1A1-rtTA and (teto)7-CMV-GM-CSF mice
	2.3 PCR genotyping
	2.4 Administration of doxycycline
	2.5 Influenza virus preparation and titration
	2.6 Mouse infections
	2.7 Lung GM-CSF levels
	2.8 Flow cytometry
	2.9 Histology
	2.10 Immunohistochemistry
	2.11 Cytology
	2.12 Statistical analysis

	3 Results
	3.1 GM-CSF modulates survival to influenza A
	3.2 Interstitial lung disease after infection of SP-C-GM+/+ mice with influenza
	3.3 Conditional expression of GM-CSF in lung
	3.4 Conditional expression of GM-CSF confers protection against influenza in a time-dependent manner
	3.5 Induction of GM-CSF in tet-GM+/+ mice restores focal peri-bronchiolar inflammation
	3.6 The scavenger receptor MARCO modulates susceptibility to acute influenza infection

	4 Discussion
	Acknowledgements
	References


