
IL-12 p80-dependent macrophage recruitment primes the host
for increased survival following a lethal respiratory viral infection

Introduction

An appropriate immune response is required to protect

the host from infectious pathogens; however, an exuber-

ant response can produce detrimental immunopathology.

In general, this response is tightly regulated by the

coordinated expression of inflammatory mediators from

immune and non-immune cells. For the specific case of

the immune response to a respiratory viral infection, we

have previously shown that both airway epithelial cells

and airway macrophages provide early signals for a pro-

tective antiviral immune response.1–4 In the context of

human airway disease, we have demonstrated induction

of interleukin (IL)-12 p80 in the airway epithelial cell

during a respiratory viral infection as well as in airway

inflammatory diseases such as asthma and lung allograft

rejection. Interestingly, in these conditions there was a

positive correlation between the concentration of IL-12

p80 and the degree of airway macrophage accumula-

tion.1,2,5 Collectively, these findings demonstrated that

airway epithelial cell IL-12 p80 expression and the con-

sequent recruitment of macrophages are critical regula-

tory processes for an appropriate antiviral immune

response and suggested that IL-12 p80 overexpression

may contribute to the excessive inflammation seen in

certain diseases.
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Summary

A protective immune response to a respiratory viral infection requires a

series of coordinated cellular and molecular responses. We have previ-

ously demonstrated that increased expression of airway epithelial cell

interleukin (IL)-12 p80, a macrophage chemoattractant, is associated with

human respiratory viral infection and mediates post-viral mortality in the

mouse. To better understand the role of IL-12 p80-dependent macrophage

chemotaxis in mediating viral immunity, we generated a transgenic mouse

strain utilizing a promoter to drive IL-12 p40 gene expression in the air-

way epithelium. This transgenic strain secreted biologically active IL-12

p80 in a lung-specific manner, and demonstrated a selective increase in

the number of resident, unactivated airway macrophages at baseline. Fol-

lowing infection with a sublethal dose of mouse parainfluenza virus type

1 (Sendai virus), the transgenic mice demonstrated an earlier peak and

decline in the number of airway inflammatory cells. The transgenic mice

were resistant to a lethal dose of virus and this viral resistance was depen-

dent on the increased number of airway macrophages at baseline as par-

tial depletion prior to infection abrogated this phenotype. The survival

advantage in the transgenic mice was independent of viral load but was

associated with a more rapid decline in the number of airway inflamma-

tory cells and concentrations of multiple chemokines including the CC

chemokine ligand 2 (CCL2)/JE, CCL3/macrophage inflammatory protein

(MIP)-1a, CCL4/MIP-1b, and CCL5/RANTES. Collectively, these results

suggest that IL-12 p80-driven increases in the number of resident airway

macrophages prime the host for a protective immune response that can

confer increased survival following a lethal respiratory viral infection.
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IL-12 p80 is one of four cytokines that contain the

IL-12p40 subunit: IL-12 (a p40 and p35 heterodimer),

IL-12 p80 (a p40 homodimer), p40 (a p40 monomer),

and IL-23 (a p40 and p19 heterodimer).6–14 Our labora-

tory and others have demonstrated that IL-12 p80 inter-

acts directly with IL-12 receptor b1 (IL-12Rb1) to

function as a macrophage chemoattractant as well as a

competitive antagonist of IL-12.1,2,12,13,15–18 In this regard,

we previously showed that airway epithelial cell expres-

sion of IL-12 p80 was induced following a respiratory

viral infection in the mouse and modulation of its func-

tion altered post-viral macrophage accumulation and

mortality. Specifically, IL-12 p35-deficient mice that over-

expressed IL-12 p80 during an infection mounted a more

robust immune response that was associated with

increased numbers of airway macrophages and an

increased mortality.1 Conversely, IL-12 Rb1-deficient mice

that are incapable of IL-12 p80-dependent macrophage

chemotaxis displayed a blunted immune response,

decreased numbers of airway macrophages, and lower

mortality.2 Although these experiments demonstrated that

IL-12 p80-dependent macrophage chemotaxis is a critical

determinant of a protective antiviral immune response,

they were performed in mice with genetic deletions in

IL-12 family members or their receptors. Accordingly, the

role of IL-12 p80 overexpression in the antiviral immune

response in the setting of undisturbed IL-12 family mem-

ber genes remains to be determined.

The present studies were undertaken to better define

the influence of airway epithelial cell IL-12 p80 over-

expression on macrophage accumulation and the antiviral

immune response in the context of intact IL-12 family

member expression. To accomplish this, we generated

and characterized a transgenic mouse strain that utilized

the rat Clara Cell 10-kD protein (CC-10) promoter to

selectively drive IL-12 p40 gene expression in airway epi-

thelial cells. This transgenic overexpression of IL-12 p40

resulted in a lung-specific increase in IL-12 p80, which

specifically increased the number of resident airway

macrophages. We then used this transgenic strain as a

tool to examine the role of enhanced IL-12 p80-depen-

dent macrophage recruitment on the accumulation of

immune cells during a viral challenge. As increased

expression of IL-12 p80 in human airway epithelial cells

was associated with airway inflammatory conditions and

IL-12 p80-driven macrophage accumulation during a viral

infection increased mortality in the mouse, we anticipated

that the transgenic mice would also display increased

post-viral inflammation and mortality. Indeed, the trans-

genic mice demonstrated an earlier peak in post-viral

immune cell accumulation; however, this exaggerated

early response was also associated with an earlier decline

in the inflammatory response and an unexpected decrease

in post-viral mortality. Taken together, these results

suggest that overexpression of IL-12 p80 prior to a viral

infection increases the number of resident airway macro-

phages and this primes the host for a protective response

against a lethal respiratory viral infection.

Materials and methods

Generation of IL-12 p80/p40 transgenic strain

The mouse IL-12 p40 cDNA was obtained from the plas-

mid pBSK-mp40 [American Type Culture Collection

(ATCC), Rockville, MD; #87595]. Amino acids 2 and 159

were changed to a cystine and serine, respectively, to

achieve exact protein homology with the murine IL-12

p40 GenBank entry (accession number M86671). A

HindIII site and modified Kozak sequence (CACC) were

inserted immediately upstream of the mouse p40 start

codon and a BamHI site was inserted immediately down-

stream of the mouse p40 stop codon by incorporating the

appropriate nucleotide sequences into polymerase chain

reaction (PCR) primers.19 The mouse p40 cDNA was

liberated with HindIII and BamHI digestion and inserted

into a HindIII- and BamHI-digested pcDNA3.1/Zeo vec-

tor creating pcDNA3.1/Zeo/mp40. A 2�2-kb fragment of

the rat Clara Cell 10-kD protein (CC-10) promoter was

HindIII-released from the pcDNA3.1/Zeo rat CC-10 plas-

mid (a gift from J. Whitsett, University of Cincinnati Col-

lege of Medicine, Cincinnati, OH) and inserted into the

HindIII site of pcDNA3.1/Zeo mp40 to generate

pcDNA3.1/Zeo/CC-10/mp40.20 An 862-bp fragment con-

taining the SV40 intron and polyadenylation sequence

was NotI- and XhoI-released from the pBSKII SV40IPA

plasmid and inserted into the NotI and XhoI sites of

pcDNA3.1/Zeo/CCSP/mp40 to generate pcDNA3.1/Zeo/

CC-10/mp40/SV40IPA. Correct orientation of the CC-10

promoter, mouse IL-12 p40 cDNA, and the SV40 intron

and polyadenylation sequence was verified by restriction

mapping and sequencing. The 4�5-kb transgene fragment

was gel-purified, resuspended at 2 lg/ml in transgene buf-

fer [5 mM Tris, pH 7�4, 0�25 mM ethylenediaminetetra-

acetic acid (EDTA) and 5 mM NaCl], microinjected into

the pronuclei of C57BL/6J zygotes, and transferred into

pseudopregnant Swiss Webster foster mothers as

described previously21. Potential founder pups were

screened for incorporation of the transgene using geno-

mic tail DNA and PCR primers that amplified a 190-bp

fragment of the SV40 intron and polyadenylation

sequence (upstream 50-GCCGCGGATCTTTGTGAAGG

AACCTTACTT-30 and downstream 50-ATTCCACCA

CTGCTCCCATTCATCAGTTCC-30). Germline incorpora-

tion was confirmed by identification of transgene

transmission in pups from a cross between a transgene-

positive and wild-type C57BL/6J mouse. Of 83 potential

founder pups, four demonstrated incorporation of the

transgene fragment, two of these demonstrated germline

incorporation, and one demonstrated increased IL-12 p40
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protein expression in the bronchoalveolar lavage (BAL)

fluid. This male founder was used to generate the IL-12

p80/p40 transgenic strain and experiments were per-

formed with age- and gender-matched transgene-positive

(referred to as p80/p40 Tg) and wild-type transgene-nega-

tive (referred to as wild-type) littermates as controls. A

cross between transgene-positive and wild-type C57BL/6J

mice resulted in a normal number of live births and

transgene transmission in a gender-independent heterozy-

gote manner (27% transgene-negative males, 24% trans-

gene-negative females, 26% transgene-positive males, and

22% transgene-positive females). All pups continued to

develop normally through adulthood and survival at

6 months was independent of transgene expression. Mice

were maintained under pathogen-free conditions for

study at 7 weeks of age. Sentinel mice and experimental

control mice for Sendai virus infection were handled

identically to Sendai virus-infected mice and exhibited no

serological or histological evidence of exposure to 11

rodent pathogens (including Sendai virus). The Animal

Studies Committee of Washington University School of

Medicine approved all animal studies.

Mouse specimen harvest

BAL collection, lung tissue harvest and procurement,

peritoneal macrophage harvest, and intranasal inoculation

of Sendai virus were performed as described previously.1–3

Briefly, for BAL and lung fixation, mice underwent intra-

peritoneal (i.p.) injection with ketamine (80 mg/kg) and

xylazine (16 mg/kg) followed by anterior neck dissection.

The trachea was cannulated with a 22-gauge angiocatheter

and lungs lavaged with 1 ml of phosphate-buffered saline

(PBS) for BAL, fixed (25 cm water pressure) with 10%

formalin for haematoxylin and eosin staining or immu-

nolabelling, or removed and placed in RNA Later

(Ambion, Austin, TX; #76104) for RNA analysis. For col-

lection of peritoneal macrophages mice underwent i.p.

injection with 1�0 ml of sterile 3% [weight/volume (w/v)]

thioglycollate (Sigma-Aldrich, St. Louis, MO). Five days

later the peritoneal cavity was flushed with 10 ml of Dul-

becco’s modified Eagle’s minimal essential medium

(DMEM) containing 0�01% bovine serum albumin (BSA)

resulting in a cell population that contained > 98% mac-

rophages using light microscopic criteria.2 Mice under-

went anaesthesia and intranasal inoculation with Sendai

virus (Fushimi strain; ATCC #VR-105) or ultraviolet

(UV)-inactivated Sendai virus at 5000 or 50 000 egg

infectious dose 50% (EID50) diluted in 30 ll of PBS. For

collection of whole blood, anaesthetized mice underwent

a terminal cardiac puncture using a 25-gauge needle and

syringe without heparin for serum or with heparin for

analysis of blood leucocytes. Serum was isolated from

whole blood using a serum separator tube according to

the manufacturer’s recommendation (BD Biosciences, San

Diego, CA; #365956). To generate a single-cell suspension

of parenchyma lung cells for flow cytometric analysis,

BAL was performed and then the lungs were inflated with

complete DMEM supplemented with hyaluronidase

(0�01% w/v), collagenase I (250 U/ml), and DNase I

(50 U/ml), minced, passed through a cell strainer, and

treated with hypotonic saline to remove red blood cells.

The total viable lung cell number was determined as

described previously.22

BAL and immune cell analysis

BAL fluid was centrifuged and the cell-free supernatant

was collected and stored for cytokine analysis, while the

cell pellet was resuspended in 1 ml of PBS for total cell

count, cytospin preparation, and Wright-Giemsa staining.

Two blinded observers determined the immune cell dif-

ferential using standard light microscopy criteria as

described previously.1–3 Murine IL-12, IL-12 p80/p40 and

IL-23 were measured using commercially available

enzyme-linked immunosorbent assay (ELISA) kits. Sensi-

tivity for the mouse IL-12 p80/p40 ELISA kit (R&D Sys-

tems Inc., Minneapolis, MN) was 4 pg/ml. We noted a

20% cross-reactivity to mouse IL-12 at 1000 pg/ml, and

we measured 6�4 and 5�3% cross-reactivity to recombi-

nant mouse IL-23 at 250 and 1500 pg/ml, respectively.

Sensitivity for the mouse IL-12 ELISA kit (R&D Systems

Inc.) was 2�5 pg/ml with no cross-reactivity to mouse p80

or IL-23 at 50 000 pg/ml. Sensitivity for the mouse IL-23

ELISA kit (eBioscience, San Diego, CA) was 15 pg/ml

with no cross-reactivity to mouse p80 or IL-12 at 100 ng/

ml. For detection of murine IL-12 family members by

western immunoblotting, cell-free BAL fluid was concen-

trated 10-fold using a Centriprep YM-3 concentrator

(Millipore Corp., Billerica, MA) and subjected to 10%

polyacrylamide gel electrophoresis (PAGE) under non-

reducing conditions; protein was then transferred to poly-

vinylidene difluoride (PVDF) membrane for blotting

against rat anti-mouse IL-12 p40 immunoglobulin G

(IgG) (hybridoma clone 17�8; 0�1 lg/ml; a gift from G.

Trinchieri, National Cancer Institute, Frederick, MD) for

1 hr at 25� followed by incubation with goat anti-rat IgG

conjugated to peroxidase (1 : 5000 v/v; Boehringer Mann-

heim, Indianapolis, IN; #605 190) and peroxidase detec-

tion with enhanced chemiluminescence (ECL-Plus;

Amersham, Piscataway, NJ). To detect mouse IgG, con-

centrated BAL was subjected to 10% PAGE under reduc-

ing (10 mM dithiothreitol) conditions and incubated with

goat anti-mouse IgG conjugated to peroxidase (1 : 5000

v/v; Roche, Indianapolis, IN; #100831), and peroxidase

detection by enhanced chemiluminescence (ECL-Plus).

Image acquisition was performed using a UMAX Power-

look 1120 scanner (UMAX Data Systems, Inc., Taipei,

Taiwan). Peripheral blood leucocyte counts were per-

formed using an automated veterinary haematological
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analyser with a preprogrammed murine calibration mode

(Hemavet 950FS; Drew Scientific, Waterbury, CT). To

quantify immune cells per lung by flow cytometry, the

total lung cell number was multiplied by the percentage

of total cells that were conventional dendritic cells

(appropriate scatter characteristics with high CD11c+ and

B220)), plasmacytoid dendritic cells (low CD11c expres-

sion and high PDCA-1+ and B220+) or T cells (CD4+ or

CD8+) as previously described.4,22

To quantify multiple inflammatory mediators in cell-

free BAL from uninfected or Sendai-infected mice, we

analysed cell-free supernatant in a multiplex flow cytome-

try-based assay according to the manufacturer’s recom-

mendations (Bio-Rad Laboratories, Hercules, CA).

Unique beads each conjugated with a distinct capture

antibody were incubated with 50 ll of BAL and 0�5%

BSA or a serially diluted standard mix with a known con-

centration of all measured inflammatory mediators. The

beads were then washed and sequentially incubated with a

detection antibody mixture that contained cytokine-

specific biotin-conjugated antibodies and then streptavi-

din-phycoerythrin (PE). The PE intensity in each of the

unique bead regions from the serially diluted standards

was used to generate standard curves to calculate the con-

centration of each inflammatory mediator in the BAL

samples. The detection limit for the Bio-plex mouse

cytokine 23-plex panel (Bio-Rad) is: IL-1a, 2 pg/ml;

IL-1b, 2 pg/ml; IL-2, 3 pg/ml; IL-3, 2 pg/ml; IL-4, 3 pg/

ml; IL-5, 2 pg/ml; IL-6, 2 pg/ml; IL-9, 15 pg/ml; IL-10,

2 pg/ml; IL-12 (p40), 2 pg/ml; IL-12 (p70), 4 pg/ml;

IL-13, 9 pg/ml; IL-17, 1 pg/ml; eotaxin, 148 pg/ml; granu-

locyte colony-stimulating factor (G-CSF), 1 pg/ml; granu-

locyte–macrophage colony-stimulating factor (GM-CSF),

7 pg/ml; interferon (IFN)-c, 6 pg/ml; keratinocyte-derived

chemokine (KC), 3 pg/ml; CC chemokine ligand 2

(CCL2)/JE, 14 pg/ml; CCL3/macrophage inflammatory

protein (MIP)-1a, 24 pg/ml; CCL4/MIP-1b, 2 pg/ml;

CCL5/RANTES, 5 pg/ml; and tumour necrosis factor

(TNF)-a, 6 pg/ml.

Tissue immunolabelling

To identify lung macrophages, tissue sections were

blocked with non-immune rabbit serum, and then incu-

bated with rat anti-mouse Mac-3 IgG (2 lg/ml; clone

M3/84; BD PharMingen, San Diego, CA) for 18 hr at 4�,

biotinylated rabbit anti-rat IgG and streptavidin-conju-

gated horseradish peroxidase (HRP) complex, and

detected with the brown chromogen 3,30-diaminobenzi-

dine (Vector Laboratories, Burlingame, CA).1,23,24 For

Sendai virus and lung macrophage dual identification, tis-

sue sections were sequentially incubated with streptavidin

and biotin blocking solution (Vector Laboratories) and

2% fish gel [diluted in PBS with 0�2% Triton · (PBST)]

for 1 hr at 25�, and chicken anti-Sendai virus serum

(1 : 500 v/v; Charles River, Wilmington, MA; #529501)

and rat anti-mouse CD68 conjugated to biotin (2 lg/ml;

clone FA-11; Serotec, Raleigh, NC; #MCA1957B) or rat

IgG control (2 lg/ml; Pharmingen, San Diego, CA;

#11011D), all for 16 hr at 4�. Tissue was then incubated

with donkey anti-chicken immunoglobulin conjugated

with fluorescein isothiocyanate (FITC; 1 : 200 v/v; Jack-

son Immunoresearch, West Grove, PA; #703-096-155)

and Alexa Fluor 555 conjugated to streptavidin (1 : 700

v/v; Invitrogen, Carlsbad, CA; #S-32355) diluted in 0�2%

PBST with 3% BSA for 30 min at 25�. Cover-slips were

mounted with vectastain (Vector Laboratories) and tissue

images were obtained with an epifluorescent microscope

(Model BX-51; Olympus, Center Valley, PA) interfaced to

a digital photomicrographic system (Optronix CCD cam-

era, Orlando, FL and MAGNAFIRE2.1C software, Melville,

NY). Final images were pseudocoloured and merged using

MAGNAFIRE2.1C and formatted using ADOBE PHOTOSHOP CS

and ILLUSTRATOR CS (Adobe Systems, San Jose, CA).

Alveolar macrophage depletion

To test the effect of partial alveolar macrophage depletion

in the p80/p40 Tg mice on Sendai viral mortality,

we administered intranasal clodronate-liposomes to par-

tially depleted airway macrophages as previously

described.4,25,26 As the p80/p40 Tg mice contained

approximately twice as many alveolar macrophages as

wild-type mice, we titrated the clodronate-liposome dose

in the p80/p40 Tg strain to deplete alveolar macrophages

by 50%. Following intraperitoneal anaesthesia, intranasal

administration of 0�5 mg of clodronate-liposome com-

pared with 0�5 mg of empty control liposome (both in

30 ll of PBS) resulted in a 52% reduction in the number

of alveolar macrophages 5 days later. Accordingly, we

administered 0�5 mg of clodronate-liposomes or empty

control liposomes intranasally 5 days prior to inoculation

of Sendai virus.

Quantification of Sendai virus

To quantify Sendai virus, a plaque assay was performed

as described previously.3 Confluent Vero E6 cells in six-

well plates were incubated with serial dilutions of whole-

lung homogenate for 2 hr at 37�. Following two PBS

washes, wells were covered with DMEM containing 0�5%

agarose and 2 lg/ml trypsin. After 4 days at 37�, cells

were fixed with 10% formalin for 1 hr at 25�, agar overlay

was removed, cells were incubated with 0�5% crystal

violet for 10 min at 25�, plaque-forming units (PFU)

were enumerated from duplicate wells and the mean

value for two observers was reported as PFU per gram of

lung tissue. The quantity of Sendai virus-specific RNA

was determined from whole lung using a TaqMan one-

step fluorogenic RT-PCR reaction according to the manu-
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facturer’s recommendation (Applied Biosystems, Foster

City, CA).3 Lung tissue was placed in RNA Later, homo-

genized with stainless steel beads for 3 min (Biospect Prod-

ucts Inc., Bartlesville, OK), and column purified with an

RNeasy mini kit according to the manufacturer’s recom-

mendations (Qiagen, Alencia, CA). Cellular samples were

placed in Stat-60 solution and RNA was purified accord-

ing to the manufacturer’s recommendations (Tel-Test,

Inc., Friendswood, TX). Duplicate serial 10-fold dilutions

of total RNA from Sendai-infected lung tissue underwent

one-step fluorogenic RT-PCR detection of Sendai virus

nucleocapsid protein (upstream primer 50-TCCACCCT

GAGGAGCAGG-30; downstream primer 50-ACCCGGCC

ATCGTGAACT-30; probe 50-6FAM-TGGCAGCAAAGC

AAAGGGTCTGGA-TAMRA-30) and murine GAPDH-

specific RNA (proprietary primer/probe combination

from Applied Biosystems; #MM99999915G1) to construct

standard curves. Sendai values were calculated as the

mean of duplicate samples from reactions with a cycle

threshold between 20 and 25 and final results were

normalized to GAPDH and reported as the Sendai/

GAPDH ratio.

Statistical analysis

Comparisons of BAL cytokine measurements, BAL cell

counts, chemotaxis results, Sendai PFU/g of lung tissue,

and Sendai/GADPH ratio between wild-type and p80/p40

Tg mice were made with the Mann–Whitney test. Survival

rates for wild-type and p80/p40 Tg mice were determined

from multiple individual experiments and the composite

curves were compared using the Wilcoxon rank-sum test.

For all tests a P-value less than 0�05 was considered

significant and data were analysed with SPSS 13 (SPSS,

Chicago, IL).

Results

p80/p40 transgenic mice demonstrate lung-specific
expression of biologically active IL-12 p80

As airway epithelial cell IL-12 p80 (an IL-12 p40 homo-

dimer) expression is induced in humans during a res-

piratory viral infection and is a critical determinant of post-

viral mortality in mice, we set out to examine the effects of

lung-specific IL-12 p40 overexpression on the antiviral

immune response. Accordingly, we generated a transgenic

mouse strain using the lung-specific rat CC-10 promoter to

drive murine IL-12 p40 protein expression in C57BL/6J

mice. In view of the fact that IL-12 p40 can be secreted as a

monomer (p40), homodimer (p80) or heterodimer (IL-12

and IL-23), we compared IL-12 family member expres-

sion in the BAL fluid from wild-type transgene-negative

and transgene-positive (p80/p40 Tg) littermates. We

observed a specific increase in the expression of IL-12

p80/p40, but not IL-12 or IL-23, in 7-week-old mice that

was still present in 6-month-old mice. This increase in

the expression of IL-12 p80/p40 is approximately twofold

more than observed after infection with a sublethal dose

of Sendai virus.1 The IL-12 p80/p40 expression was
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Figure 1. p80/p40 transgenic mice demonstrate lung-specific expression of biologically active interleukin (IL)-12 p80. (a) Bronchoalveolar lavage

(BAL) or serum from 7-week-old wild-type (WT) or IL-12 p80/p40 transgenic (p80/p40 Tg) littermates was analysed for IL-12, IL-12 p80/40 and

IL-23 by enzyme-linked immunosorbent assay (ELISA). Values represent mean ± standard deviation (SD) of duplicate samples (n = 5–6).

(b) Recombinant IL-23, IL-12 p40 monomer (p40), IL-12 and IL-12 p80 (p80) standards, and concentrated BAL fluid from WT and p80/p40 Tg

(Tg+) mice were subjected to western analysis against anti-IL-12 p40 antibody (Ab) under non-reducing conditions (top) or anti-mouse

immunoglobulin G (IgG) Ab under reducing conditions (bottom). (c) Wild-type C57BL/6J or C57BL/6J IL-12 receptor b-1-deficient (IL-12Rb1

)/)) peritoneal macrophages were placed in the upper compartment of a modified Boyden chamber apparatus. Media, concentrated BAL from

WT or p80/p40 Tg mice, or media with the chemoattractant JE (10)8
m) were placed in the lower compartment and the apparatus was incubated

for 2 hr at 37�. Migrating cells were counted and values represent mean ± SD for five high-power fields (HDF) (magnification ·400) (n = 9–12).

For panels (b) and (d) a significant difference from WT is indicated (*P < 0�05).
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compartmentalized to the lung because the serum concen-

tration was unchanged in the transgenic mice (Fig. 1a).

Western blot analysis of the BAL indicated expression of

IL-12 p80 and p40, but not IL-12 or IL-23 (Fig. 1b). To

determine if the IL-12 p80 was biologically active, we

relied on the previous observation that IL-12 p80, but not

p40, acted as a macrophage chemoattractant and that IL-

12Rb1 expression on the macrophage was necessary for

this chemoattraction to occur.2 The BAL fluid from p80/

p40 Tg mice resulted in chemotaxis of macrophages iso-

lated from wild-type C57BL/6J mice, but not IL-12Rb1

deficient mice (Fig. 1c). On the basis of these findings, we

conclude that the p80/p40 Tg mice expressed biologically

active IL-12 p80 in a lung-specific manner.

Increased resident airway macrophages in the p80/p40
transgenic mice

We next examined the lungs of the p80/p40 Tg mice to

determine whether any changes in lung development or

immune cell composition had occurred. We noted nor-

mal airway, vascular and alveolar architecture; however,

consistent with the observation that IL-12 p80 is a macro-

phage chemoattractant, we observed an increase in the

number of airway macrophages (Fig. 2a). Quantification

of BAL immune cells revealed a selective increase in air-

way macrophages, but not lymphocytes, neutrophils or

eosinophils (Fig. 2b). No differences were noted in total

peripheral blood leucocyte counts or the number of

peripheral blood monocytes, lymphocytes, neutrophils or

eosinophils in the p80/p40 Tg mice. Thus, the increased

lung macrophage number was not explained by an

increase in peripheral blood monocytes or any other type

of leucocyte (Fig. 2c).

To determine if the increased number of airway macro-

phages was associated with an alteration in dendritic cell

and lymphocyte accumulation in the lung, we quantified

lung dendritic cells (conventional and plasmacytoid) and

T cells (CD4+ and CD8+). We found no changes with

respect to dendritic cells or T cells in the p80/p40 Tg

mice (Fig. 2d and data not shown). As activated macro-

phages can secrete inflammatory mediators, we next

aimed to investigate the activation status of airway

macrophages in the p80/p40 Tg mice by quantifying

multiple inflammatory mediators in the BAL. Despite the

increased number of airway macrophages in the p80/p40

Tg mice, the BAL concentrations of 23 cytokines and

chemokines in p80/p40 Tg mice were at or below the

lower limit of detection and remained unchanged from

wild-type concentrations (data not shown). In further

support of the conclusion that the macrophages were not

activated, the histological appearance of the lungs from

6-month-old p80/p40 Tg mice was normal, except for an

increase in the number of airway macrophages (data not
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shown). Collectively, these results indicate lung-specific

expression of IL-12 p80 produced a selective increase in

the number of resident unactivated lung macrophages.

Enhanced resolution of viral-dependent airway
inflammation in the p80/p40 transgenic mice

To assess the role of this increased number of resident

airway macrophages in the accumulation of immune cells

during a respiratory viral infection, we inoculated the

p80/p40 Tg mice with Sendai virus and quantified the

BAL immune cells. Using a sublethal dose of virus that

generates a reversible bronchitis/bronchiolitis with peak

immune cell accumulation at day 8 post-viral inocula-

tion1, the lung histology of the p80/p40 Tg mice demon-

strated an earlier peak and decline in immune cell

accumulation (Fig. 3a). We confirmed this observation by

demonstrating more immune cells in the BAL at days 3
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and 5 and fewer at day 8 post-viral inoculation. At day

21 post-viral inoculation, the BAL cell counts decreased

towards baseline values in both the p80/p40 Tg and wild-

type mice (Fig. 3b–e).

Resistance to a lethal Sendai virus infection in the
p80/p40 transgenic mice is abrogated by macrophage
depletion

We previously demonstrated that viral-driven overexpres-

sion of IL-12 p80 in the IL-12 p35-deficient mice

enhanced the immune response and was detrimental to

host survival, whereas blockade of IL-12 p80 function

using IL-12Rb1-deficient mice was beneficial.1,2 Accord-

ingly, we reasoned the p80/p40 Tg mice that overexpress

IL-12 p80 would demonstrate an increased mortality fol-

lowing inoculation with a lethal dose, 50% (LD50) of Sen-

dai virus. However, with this dose of virus the p80/p40

Tg mice demonstrated significantly lower mortality, indi-

cating that transgene expression conferred viral resistance

(Fig. 4a).

In prior experiments we showed that macrophage

depletion in wild-type mice resulted in a higher post-viral

mortality, indicating that a decrease in macrophage num-

ber is detrimental for post-viral survival.4 To determine if

the increased number of resident airway macrophages

mediated the viral resistance seen in the p80/p40 Tg mice,

we attempted to reverse the survival advantage in the

p80/p40 Tg mice by depleting alveolar macrophages prior

to lethal infection. Compared with p80/p40 Tg mice

inoculated with empty liposomes, the transgenic mice that

were treated with clodronate-containing liposomes to par-

tially deplete their macrophages demonstrated a higher

mortality (Fig. 4b). Although the p80/p40 Tg mice that

received empty liposome demonstrated a slightly higher

mortality than untreated p80/p40 Tg mice (39% versus

29%) this difference was not statistically significant

(P = 0�48).

Resistance to a lethal Sendai virus infection in the
p80/p40 transgenic mice is associated with enhanced
resolution of viral-dependent airway inflammation

To further examine the mechanisms underlying the resis-

tance to a lethal Sendai virus infection in the p80/p40

transgenic mice, we evaluated recruitment of immune

cells to the airway following lethal viral infection. The

lung histology revealed an earlier peak and decline in the

immune cells in the lung tissue of the p80/p40 Tg mice

(Fig. 5a). Quantification of BAL immune cells demon-

strated an increase in immune cell accumulation at days 3

and 5 as well as a more rapid decline at day 8. At day 21

post-viral inoculation, the BAL cell count decreased

towards baseline values in both the p80/p40 Tg and wild-

type mice, with p80/p40 Tg mice again demonstrating

more total cells and macrophages (Fig. 5b–e). Taking

together, we conclude that the p80/p40 Tg mice with

increased numbers of resident airway macrophages

resolved the post-viral immune response more rapidly

and this enhanced resolution was associated with resis-

tance to a lethal viral inoculation.

Resistance to a lethal Sendai virus infection in the
p80/p40 transgenic mice is independent of viral load

We proposed that the viral resistance in the p80/p40 Tg

mice might be related to an alteration in viral replication

or clearance. To assess viral load, we initially performed

immunolabelling of lung tissue for Sendai virus. In wild-

type mice we noted that immunolabelling of Sendai virus

occurred predominantly in airway epithelial cells and to a

lesser extent in macrophages. In comparison to wild-type,

the p80/p40 Tg mice demonstrated a similar pattern of epi-

thelial cell and macrophage Sendai virus immunolabelling

(Fig. 6a). To further quantify viral protein in the lung, we

performed western analysis of whole-lung lysate from

wild-type and p80/p40 Tg mice 5 days following viral

inoculation. In agreement with the immunolabelling

observations, we noted similar levels of total Sendai pro-

tein (data not shown). To further quantify Sendai virus

load, we measured Sendai PFU and Sendai virus-specific

RNA in whole-lung homogenate. There were no differ-

ences in Sendai virus load or clearance between wild-type

and p80/p40 Tg mice with respect to viral PFU following

inoculation of a lethal dose of virus (Fig. 6b). Although
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cated (*P < 0�05).
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the p80/p40 Tg mice demonstrated a statistical increase in

Sendai virus-specific RNA at day 5 and a decrease at day

8 following a lethal Sendai infection, these differences

were relatively small and probably not biologically signifi-

cant. We next quantified Sendai virus-specific RNA fol-

lowing a sublethal infection, and again we noted no

differences between wild-type and p80/40 Tg mice

(Fig. 6c). Collectively, we conclude that the resistance to a

lethal viral infection in the p80/p40 Tg mice was indepen-

dent of viral load.

Enhanced resolution of viral-dependent airway
inflammation in the p80/p40 transgenic mice is
associated with altered expression of airway
chemokines

As the resistance to lethal viral infection in the p80/p40

Tg mice was associated with an early increase and

enhanced resolution of the post-viral accumulation of

inflammatory cells, we considered that differences

in inflammatory mediators might account for this
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phenotype. Comparison of multiple inflammatory media-

tors demonstrated that the early increase and enhanced

resolution in airway immune cells in the p80/p40 Tg mice

was associated with corresponding differences in BAL

concentrations of monocyte and T-cell chemokines. Spe-

cifically, in p40/p80 Tg mice we observed an increase in

CCL5/RANTES expression at days 3 and 5, and a trend

towards an increase in CCL4/MIP-1b at day 3 (P = 0�08).

Whereas the wild-type mice demonstrated an increase in

CCL2/JE [the murine homologue to human monocyte

chemoattractant protein-1 (MCP-1)], CCL3/MIP-1a, and

CCL4/MIP-1b concentrations at day 8, the p80/p40 Tg

mice had significantly lower concentrations of CCL2,

CCL3, CCL4 and CCL5 at this time-point (Fig. 7a–d).

We noted no differences between p80/p40 Tg and wild-

type mice with respect to additional chemokines (KC and

eotaxin), interleukins (IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5,

IL-6, IL-12, IL-13 and IL-17), cytokines (IFN-c and

TNF-a), or growth factors (G-CSF and GM-CSF). We

conclude that the resistance to a lethal Sendai virus infec-

tion in the p80/p40 transgenic mice was associated with

an enhanced resolution of viral-dependent airway inflam-

mation and this correlated with a decrease in airway

chemokine concentrations.

Discussion

Previously, we reported that increased expression of IL-12

p80 during a viral infection mediated an enhanced

immune response marked by increased macrophage accu-

mulation and increased mortality. Based on these find-

ings, we predicted that the IL-12 p80/40 Tg mouse might

have increased mortality in response to respiratory virus,

but we now show that lung-specific overexpression of

IL-12 p80 prior to the infection increased the number of

resident unactivated airway macrophages and this was

105 

100 

103 WT 

W
T

 

p80/p40 Tg 

p8
0/

p4
0 

T
g 

100 

Virus: 

S
en

da
i P

F
U

 

Sendai virus (a) 

(b) (c) 

CD68 Merge 

S
en

da
i/G

A
P

D
H

– 50 K 50 K 50 K 50 K 
Day: 5 3 5 8 12 

Virus: – 50 K 50 K 50 K 

*

*

5 K 
Day: 5 3 5 8 3 

5 K 
5 

5 K 
8 

Figure 6. Resistance to a lethal Sendai virus infection in the p80/p40 transgenic mice is independent of viral load. (a) Wild-type (WT; top) or

p80/p40 Tg (bottom) littermates were inoculated with Sendai virus 50 000 egg infectious dose 50% (50 K) and day 5 post-inoculation lung sec-

tions were immunolabelled with anti-Sendai antibody (Ab) [detected with fluorescein isothiocyanate (FITC); green] and anti-CD68 Ab (detected

with Alexa Fluor 555; red). Top and bottom rows are identical views photographed with a filter for the green channel (column 1), a filter for the

red channel (column 2), and a merged image (column 3). Control immunoglobulin G (IgG) Ab gave no signal above background (not shown).

Arrows indicate dual-labelled cells. Representative photomicrographs are shown (n = 4). Bar, 20 lm. (b) Wild-type (WT) and p80/p40 Tg litter-

mates were inoculated without Sendai virus or with Sendai virus 50 K and day 3, 5, 8 and 12 whole-lung homogenates were analysed for Sendai

plaque-forming units (PFU)/g of lung tissue. Values represent mean ± standard deviation for duplicate samples (n = 6–8). (c) Wild-type and

p80/p40 Tg littermates were inoculated without Sendai virus or with Sendai virus 50 K or 5 K and whole-lung RNA from day 3, 5 and 8 post-

inoculation was analysed for Sendai virus-specific and GAPDH RNA by one-step fluorogenic reverse transcriptase–polymerase chain reaction

(RT-PCR). The mean of duplicate measurements of Sendai virus-specific RNA was normalized to GAPDH and reported as the Sendai to GAPDH

ratio. A significant difference from WT is indicated (*P < 0�05).

� 2008 Blackwell Publishing Ltd, Immunology, 126, 500–513 509

IL-12 p80 overexpression confers antiviral resistance



associated with a decrease in post-viral mortality. Com-

pared with wild-type mice, this protective response was

characterized by an earlier peak and decline in immune

cell accumulation as well as a decrease in local chemokine

expression. These findings illustrate that the temporal

regulation of IL-12 p80 expression and macrophage accu-

mulation in the lung is critical for an appropriate antivi-

ral inflammatory response. Increased macrophage

accumulation during the infection is detrimental, whereas

increased airway macrophage accumulation prior to infec-

tion exerts a beneficial priming effect that confers protec-

tion against a lethal viral infection. Thus, this report

provides novel information regarding the immunomodu-

latory roles of IL-12 p80 and supports a paradigm

whereby resident airway macrophages enhance the anti-

viral immune response.

Our results support a growing body of literature that

suggest airway macrophage number is a critical determi-

nant of an appropriate immune response. We associate a

selective increase in the number of resident airway

macrophages at the time of respiratory viral infection with

an accelerated and protective antiviral immune response.

In line with our observations, a recent report demon-

strated that lung-specific overexpression of the chemokine

CCL2 using the surfactant protein C promoter resulted in

an increased number of BAL macrophages, monocytes and

lymphocytes at baseline. This was associated with a more

robust immune response and survival advantage following

a lethal Streptococcus pneumoniae inoculation.27,28 As in

our report, these mice demonstrated an earlier peak in

immune cell accumulation. Unlike our results, these

CCL2-overexpressing mice did not demonstrate a more

rapid decline in the immune response, which may be

related to the development of an abnormal chronic

phenotype, described as post-infectious obliterative bron-

chiolitis.28 Although a selective increase in macrophage

number has not been previously shown to provide a sur-

vival advantage in wild-type mice post-viral infection,

transfer of wild-type alveolar macrophages to severe

combined immunodeficient mice prior to intranasal inoc-

ulation of Pneumocyctis carinii restored clearance of the

infectious organisms to levels seen in wild-type animals.29

While the present study illustrates that an increase in

resident macrophage number prior to infection was asso-

ciated with a protective antiviral immune response, our

laboratory and others have also made the corollary obser-

vation that a decrease in macrophage number prior to

and during a viral or bacterial infection is detrimental to

survival.4,30–35 Specifically, alveolar macrophage depletion

in Sendai, influenza A (1918 HA/NA:Tx/91), and vaccinia

virus infection models increased mortality. In all cases,

higher viral titres were observed, and following influenza

A and vaccinia infection, the virus was detected in the

brain and spleen, respectively, indicating a role for

the alveolar macrophage in controlling systemic spread of

the virus.4,34,35 Interestingly, in the influenza A model,

alveolar macrophage depletion initiated during the infec-

tion (on either day 3 or day 5 post-inoculation) was again

associated with higher subsequent viral titres; however,

this depletion regimen did not alter mortality.34 This

observation further supports the concept that the resident

alveolar macrophage is a critical determinant of the
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antiviral immune response and post-viral mortality. Our

current results, taken together with these prior findings,

demonstrate a positive correlation between resident

macrophage number and a protective antiviral immune

response. In addition, these observations also indicate that

resident airway macrophages are necessary for an appro-

priate immune response and that increased numbers may

be sufficient to increase survival from a lethal respiratory

viral infection.

The IL-12 p40 protein is common to four members of

the IL-12 p40 family: IL-12 p40 monomer (p40), IL-12-

p80 (p40 homodimer), IL-12 (p40 and p35 heterodimer),

and IL-23 (p40 and p19 heterodimer). Although the pre-

cise biochemical mechanisms that regulate IL-12 p40

partnering and the selective secretion of these four mem-

bers are unknown, our results suggest that, in the case of

a respiratory viral infection and transgenic overexpression,

the airway epithelial cell is intrinsically programmed to

secrete IL-12 p80 and p40.1,5 We have previously

observed regulatory crosstalk among the IL-12 family

members. For example, in the setting of a Sendai virus

respiratory infection we observed that the IL-12Rb1- and

IL-12 p35-deficient mice overexpressed IL-12 p80 and

p40, suggesting the presence of a p35- or IL-12-dependent

negative feedback loop that down-regulated IL-12 p80

expression.1,2 In the current IL-12 p40 overexpression

model, we observed a selective increase in IL-12 p80 and

p40 without a significant change in IL-12 or IL-23 con-

centrations. As the overexpression of IL-12 p80 and p40

did not change IL-12 or IL-23, it is unlikely that IL-12

p40 or p80-dependent positive or negative feedback loops

regulate the secretion of these other IL-12 family

members.

The results from our p80/p40 Tg mice corroborate and

extend previous results regarding the immunomodulatory

properties of IL-12 p80. The increase in the number of

resident airway macrophages in the IL-12 p80/p40 Tg

mice is consistent with in vitro experiments that demon-

strated IL-12 p80 is a macrophage chemoattractant.2,17

Others have also demonstrated that IL-12 p80 can induce

TNF-a and nitric oxide synthase gene induction in resi-

dent peritoneal macrophages and microglial cells.36,37 At

baseline, we did not observe an increase in the BAL con-

centration of TNF-a (or multiple other inflammatory

mediators) and we failed to observe any histological evi-

dence of airway injury consistent with macrophage activa-

tion. The apparent discrepancy in IL-12 p80-dependet

TNF-a induction may be related to differences in cell

behaviour between the in vivo and in vitro settings, differ-

ent local concentrations of IL-12 p80, or intrinsic differ-

ences between airway macrophages and resident

peritoneal macrophages/microglial cells.

Direct comparison of our results with previous IL-12

p40 transgene reports is not possible because of differ-

ences in transgenic promoters, immunological challenges,

and analytic end-points. However, our results are consis-

tent with a closely related report that assessed the role of

transgenic IL-12 p40 overexpression in airway epithelial

cells using the surfactant protein C promoter.38 In this

report, inoculation of Mycobacterium tuberculosis in IL-12

p40 transgenic mice resulted in fewer pulmonary immune

cells 2 weeks following infection. Survival rates, systemic

IL-12 family member levels in the serum, and the early

response to the M. tuberculosis infection were not pro-

vided, so a direct comparison of these parameters cannot

be made. We note that a transgenic strain utilizing the

Ead MHC class II promoter to drive IL-12 p40 expression

demonstrated increased serum IL-12 p40, IL-12 p80,

IL-12 and IL-23 and no differences in the immune

response to Mycobacterium bovis Bacille Calmette-Guérin

infection or post-infection M. tuberculosis load.39 We

speculate that the lack of a phenotype in this study may

be related to alterations in the expression ratios of the

IL-12 family members or systemic IL-12 p80 expression

as transgenic overexpression of other chemokines (CCL2

and KC) in the serum has also failed to elicit a phenotype

in previous reports.40,41

We demonstrated that lung-specific IL-12 p40 and p80

overexpression conferred a survival advantage following a

Sendai virus infection. In contrast, others reported IL-12

p40 and p80 overexpression in the serum, using the

serum amyloid P component (SAP) promoter, was detri-

mental during Plasmodium berghei and Leishmania major

infections.42,43 These susceptibility differences may again

be explained by systemic compared with local transgene

expression or the differential requirement of IFN-c for

host survival. IFN-c production is required for survival of

P. berghei and L. major infections, and IFN-c expression

was decreased in SAP-IL-12 p40 transgenic mice,42–46

whereas we have shown that mortality from a Sendai viral

infection is independent of IFN-c production.3 Lastly,

overexpression of IL-12 p40 using the keratino-

cyte-specific (K14) promoter resulted in the spontaneous

accumulation of immune cells (macrophages, lympho-

cytes, eosinophils, mast cells and neutrophils) in the skin

and the development of an inflammatory skin disease.47

Although we observed an increase in the number of air-

way macrophages, we did not see an increase in numbers

of other inflammatory cells, nor did we see the spontane-

ous development of an inflammatory lung disease. We

postulate that the development of a spontaneous skin dis-

ease may be related to a differential effect of IL-12 p80

on keratinocytes or resident immune cells in the skin.

Alternatively, tissue-specific factors may dictate the

development of spontaneous disease following transgenic

chemokine overexpression. In that context, CCL2

overex pression in the lung resulted in the accumulation

of immune cells in the lung without spontaneous disease,

whereas heart-specific CCL2 overexpression resulted in a

chronic myocarditis.27,48

� 2008 Blackwell Publishing Ltd, Immunology, 126, 500–513 511

IL-12 p80 overexpression confers antiviral resistance



In summary, the present study has demonstrated that

lung-specific IL-12 p80 transgenic overexpression resulted

in a selective increase in the number of resident airway

macrophages. This IL-12 p80-driven augmentation of air-

way macrophages was associated with an accelerated

immune response that protected the host from a lethal

viral infection. These findings support a paradigm

whereby increasing the number of resident airway macro-

phages may enhance antiviral respiratory immunity and

provide a therapeutic approach to protect against a lethal

viral infection.
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