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Bovine alveolar macrophages (BAM) were examined for the expression of b-defensins and to determine
whether their expression could be upregulated by bacterial lipopolysaccharide (LPS), as observed with b-de-
fensins expressed in bovine tracheal epithelial cells. Four b-defensins were expressed constitutively in BAM,
with bovine neutrophil b-defensin (BNBD)-4 and BNBD-5 being the most predominant. This is the first
evidence of b-defensin gene expression in a mature myeloid cell. LPS had no effect on b-defensin expression
in BAM, even though tumor necrosis factor alpha (TNF-a) production was induced. Nonbacterial inflamma-
tory particles had little effect on b-defensin gene expression or TNF-a production in BAM. We hypothesize that
constitutively expressed b-defensins of alveolar macrophages may have a role in lung host defense.

b-Defensins are cysteine-rich antimicrobial peptides found
in neutrophils and epithelial cells in mammalian and avian
species (22). Their broad-range antibiotic activity is proposed
to contribute to host defense by eliminating or preventing the
colonization of pathogenic organisms at a variety of anatomic
sites (7). The inducible expression of b-defensins in tracheal
epithelial cells (TEC) by lipopolysaccharide (LPS) and tumor
necrosis factor alpha (TNF-a) (6, 25) has suggested a role for
these peptides in host defense of the airway (5–7). Impairment
of b-defensin activity in the respiratory tract recently has been
implicated in the pathophysiology of cystic fibrosis (15, 30).
Induction of a b-defensin gene in human skin cells by bacteria
has also been observed (16).

In the cow, b-defensins are encoded by a large gene family
expressed in a wide variety of tissues (7a, 14). Thirteen b-de-
fensins have been isolated from bovine neutrophils (28), al-
though gene expression is restricted to mature myelopoietic
cells (28a). Other sites of b-defensin gene expression include
the pseudostratified columnar epithelial cells of the trachea
(5), squamous epithelial cells of the tongue (27), and simple
columnar epithelial cells of the distal small intestine and colon
(30a). To date, b-defensin gene expression has not been re-
ported in macrophages, although defensins have been shown
to exhibit antimicrobial activity against intracellular pathogens
of macrophages (24).

Air-borne environmental inflammatory agents such as resid-
ual oil fly ash (ROFA), SiO2, and asbestos have been shown to
stimulate the production of reactive oxygen species by alveolar
macrophages (AM) in vitro (18). In vivo studies indicate that
these inflammatory agents cause an increase in susceptibility to
pulmonary infections in mice (17). Furthermore, they induce
the release of proinflammatory cytokines in both AM and
TEC. Asbestos and silica have also been shown to activate
NF-kB in TEC (9, 19). These results suggest that these agents
stimulate a host defense response. We hypothesized that b-de-
fensin genes may be expressed in AM and that induction of

these genes in AM is part of a cellular host defense response.
We therefore examined the expression of b-defensin genes in
bovine alveolar macrophages (BAM) in response to the in-
flammatory agents LPS, SiO2, and ROFA and two forms of
asbestos, crocidolite and chrysotile.

Lungs were obtained from freshly killed cows, placed on ice,
and used within 2 h of slaughter. BAM were isolated by lavage
of excised cow lungs with pyrogen-free Hank’s balanced salt
solution without Ca21 and Mg21. Cells were washed with me-
dium (RPMI) and determined to consist of .90% viable mac-
rophages. Cells were cultured in RPMI medium containing 2
mM L-glutamine, 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 mg/ml). A total of 2 3 106 cells
were adhered to 10-cm-diameter dishes for 2 h, washed twice
with RPMI, and cultured for 2 to 7 days at 37°C with 5% CO2
and 95% humidity prior to treatment. After 2 days, no neu-
trophils were observed by differential staining, consistent with
published data (21). SiO2 (Sigma), TiO2 (Sigma), and asbestos
(National Institute of Environmental Health Sciences) (29)
were baked at 190°C for 4 h to render them LPS free as
determined by Limulus assay (sensitivity 5 0.125 endotoxin
units/ml; Associates of Cape Cod). ROFA, a combustion emis-
sion source ambient air particulate, contained negligible (2.5
pg/mg) LPS (8). BAM were either unstimulated or induced for
18 h with 1 mg of LPS per ml or with ROFA, SiO2, chrysotile,
and crocidolite, at concentrations of 10 to 100 mg/ml. LPS,
SiO2, and asbestos are known to stimulate cytokine release
from rat AM at these concentrations (11, 20, 29). TiO2 was
used at similar concentrations as an inert, noninflammatory
control for the effects of the particles (10). Cell lysates
(RNeasy; Qiagen) and supernatants were then collected and
stored at 270°C for analysis of b-defensin gene expression and
TNF-a. An aliquot of supernatant was stored at 4°C for lactate
dehydrogenase (LDH) analysis.

To allow us to identify b-defensin mRNAs in BAM, we used
39 rapid amplification of cDNA ends (RACE) (13). Bovine
b-defensin mRNAs characteristically have unusually high se-
quence identity in their 59 untranslated region and coding
region, allowing the design of an oligonucleotide primer with a
sequence common to the b-defensins. Total mRNA was iso-
lated from cultured BAM, and reverse transcription (RT) was
carried out by SuperScript II reverse transcriptase (Life Tech-
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nologies, Bethesda, Md.) with oligodeoxythymidylic acid as a
primer. A portion of the reaction product was amplified by 39
RACE with a gene-specific primer from the conserved region,
BBD-1S (59 GCCAGCATGAGGCTCCAT 39), and the oli-
godeoxythymidylic acid adapter primer supplied by the manu-
facturer (Life Technologies). The amplified product was puri-
fied and ligated into pBluescript SK II1 (Promega, Madison,
Wis.) by standard techniques. Several clones from each exper-
iment were subjected to DNA sequence analysis (Sequenase).
RT-PCR was also carried out with this cDNA template, with
BBD-1S and a downstream primer from a region highly con-
served among b-defensins, BBD-2A (59 AACAGGTGCCAA
TCTGT 39). Figure 1A shows the DNA sequences obtained
from the cloned PCR products along with their predicted
amino acid sequences. Sequence analysis of 20 clones from
RT-PCR indicated that the majority of the amplified products
encode two known bovine neutrophil b-defensins, BNBD-4
and BNBD-5; a single clone was also obtained for each of two
sequences whose derived amino acid sequences indicated that
they were b-defensins. One was an isoform of bovine tracheal
antimicrobial peptide (7), with a single amino acid substitution
in the mature peptide region. This peptide sequence has been
purified from bovine trachea (3a), suggesting that it is a natural
isoform rather than an artifact of PCR. A search of GenBank
databases indicated that the second sequence encoded another
bovine epithelial b-defensin, enteric b-defensin (30a). Figure
1B shows the amino acid sequence of these precursor mole-
cules aligned with the consensus sequence for mature b-de-
fensins.

We hypothesized that the expression of these b-defensin
genes in BAM might be regulated by bacterial components

such as LPS and by nonmicrobial, LPS-free, environmental
inflammatory particles. Northern blot analysis was performed
on total mRNA from these cells by standard techniques and
visualized by phosphorimage analysis. Representative blots are
shown in Fig. 2, indicating challenge with LPS, SiO2, and TiO2
(Fig. 2A) as well as a dose-response challenge with chrysotile
and a single concentration of ROFA (Fig. 2B). SiO2 and cro-
cidolite were also tested at concentrations of 10 to 100 mg/ml,
with similar results. A time course of challenge with crocidolite
from 2 to 48 h and LPS from 2 to 18 h showed no changes in

FIG. 1. b-Defensins produced in BAM. (A) DNA sequence obtained by 39 RACE and RT-PCR of total BAM mRNA. Primer sequences are underlined. (B)
Predicted amino acid sequences of mature peptides from the DNA sequence shown in panel A. These sequences are those for BNBD-4 and -5, enteric b-defensin
(EBD), and the tracheal antimicrobial peptide isoform (TAP*). Also shown is the consensus sequence for b-defensins.

FIG. 2. Expression of b-defensins in cultured BAM. Total mRNA was frac-
tionated onto a 1% agarose gel, transferred to a nylon membrane, and hybridized
with an antisense oligonucleotide probe for b-defensins (BBD) as well as one for
a-tubulin (TUB). Visualization of results is by phosphorimage analysis. (A) Lane
1, no stimulation; lane 2, LPS, 1 mg of P. aeruginosa LPS per ml; lane 3, 10 mg
of silica per ml; lane 4, 10 mg of titanium dioxide per ml. (B) Lane 1, no
stimulation; lane 2, 25 mg of chrysotile asbestos per ml; lane 3, 50 mg of chrysotile
asbestos per ml; lane 4, 100 mg of chrysotile asbestos per ml; lane 5, 50 mg of
ROFA per ml.
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b-defensin mRNA levels (data not shown). Quantitation of the
data from at least three experiments for each concentration
was normalized to control levels (data not shown). The results
indicate that LPS and the inflammatory particles have no sig-
nificant effects on b-defensin mRNA levels in BAM.

BAM activation was measured by assessing TNF in culture
supernatants with the WEHI 13VAR cell line, an actinomycin
D-sensitive, stable subclone of WEHI 164 clone 13 (sensitivity,
#8 pg/ml) (1, 12). Units of TNF-a were determined by com-
paring the dilution of sample giving 50% cytotoxicity with that
of recombinant human TNF (Genzyme). Cellular damage was
assessed by measuring LDH released into the supernatants. A
Cobas Fara II clinical chemistry analyzer was used to perform
a colorimetric assay for LDH (Sigma). No cell damage was
initiated with the concentrations of asbestos, SiO2, TiO2, or
ROFA used in our study; LDH concentrations in the super-
natants of treated cells were not different from those of con-
trols and ranged from 4 to 50 U/liter. In our study, 1 mg of
Pseudomonas aeruginosa LPS per ml induced 9.3 ng of TNF-a
per ml in BAM cell supernatants, but no TNF-a was detected
in any of the particulate-stimulated cell supernatants. While
asbestos and SiO2 have been shown to stimulate rat alveolar
macrophages (11, 29) and RAW 264.7 cells (4) to transcribe
and secrete TNF, other studies have shown that rat, human,
and bovine macrophages have not been as responsive to
TNF-a induction by mineral dusts (3, 23, 26). Therefore, the
lack of TNF-a induction by these particles in our study is
consistent with results from other studies. Our results suggest
that while LPS was able to stimulate BAM to secrete levels of
TNF-a similar to those reported in other studies (2, 31), BAM
are insensitive to the induction of TNF-a by these particles.

In summary, we have shown that BAM highly express several
members of the b-defensin gene family. This is the first exam-
ple of b-defensin mRNA in a mature myeloid cell. While
b-defensin peptides are extraordinarily abundant in mature
neutrophils, their gene expression is limited to the promyelo-
cyte stage (28a). Unlike b-defensin genes in TEC, however,
b-defensin genes expressed in BAM are not upregulated by
LPS. Inflammatory nonmicrobial, environmental particles such
as ROFA, SiO2, and asbestos had no significant effect on
b-defensin gene expression in BAM and did not induce the
secretion of TNF-a, a proinflammatory cytokine, in our study.
Previous studies suggest that antimicrobial peptides in general
and b-defensins in particular play a crucial role in epithelium-
based host defense of the large airway. Our data indicate that
b-defensin genes are constitutively active at high levels in AM,
suggesting that these cells utilize antimicrobial peptides in pro-
tection of the lung. In future studies we will examine the role
these peptides play in host defense under pathogenic condi-
tions.
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