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Innate immunity provides an ever-present or rapidly inducible initial defense against microbial infection.
Among the effector molecules of this defense in many species are broad-spectrum antimicrobial peptides.
Tracheal antimicrobial peptide (TAP) was the first discovered member of the b-defensin family of mammalian
antimicrobial peptides. TAP is expressed in the ciliated epithelium of the bovine trachea, and its mRNA levels
are dramatically increased upon stimulation with bacteria or bacterial lipopolysaccharide (LPS). We report
here that this induction by LPS is regulated at the level of transcription. Furthermore, the transfection of
reporter gene constructs into tracheal epithelial cells indicates that DNA sequences in the 5* flanking region
of the TAP gene, within 324 nucleotides of the transcription start site, are responsible in part for mediating
gene induction. This region includes consensus binding sites for NF-kB and nuclear factor interleukin-6 (NF
IL-6) transcription factors. Gel mobility shift assays indicate that LPS induces NF-kB binding activity in the
nuclei of these cells, while NF IL-6 binding activity is constitutively present. The gene encoding human
b-defensin 2, a human homologue of TAP with similar inducible expression patterns in the airway, was cloned
and found to have conserved NF-kB and NF IL-6 consensus binding sites in its 5* flanking region. Previous
studies of antimicrobial peptides from insects indicated that their induction by infectious microbes and
microbial products also occurs via activation of NF-kB-like and NF IL-6-like transcription factors. Together,
these observations indicate that a strategy for the induction of peptide-based antimicrobial innate immunity
is conserved among evolutionarily diverse organisms.

Innate immunity provides animals with a dynamic first-line
host defense against microbes. Epithelial cells lining the mam-
malian airway are a crucial site in host defense of the respira-
tory tract. One of the innate host defense responses of these
cells is the inducible production of b-defensins, a class of
homologous antibiotic peptides whose members have been
found in leukocytes and epithelial cells in a wide distribution of
animals, including birds, rodents, ruminants and humans (8).
Together with clearance mechanisms, barrier properties of ep-
ithelial surfaces, and additional antimicrobial factors, b-de-
fensins are proposed to help maintain the respiratory and
other mucosal surfaces free from infection (10).

Tracheal antimicrobial peptide (TAP) is the first described
b-defensin. TAP is a 38-amino-acid peptide with broad-spec-
trum antimicrobial activity isolated from the bovine tracheal
mucosa (12). The TAP gene is expressed in vivo in the ciliated
airway epithelium (9), and its expression levels are dramati-
cally increased following experimentally induced bacterial in-
fection (45). In vitro incubation of bovine tracheal epithelial
cells (TEC) with heat-killed bacteria or bacterial lipopolysac-
charide (LPS) markedly increased TAP mRNA levels (11).
This response was shown to be mediated by CD14, a well-
characterized mammalian coreceptor for LPS (11). Although
initially characterized as a cell surface marker for cells of the
monocyte/macrophage lineages, CD14 is also expressed by ep-
ithelial cells and likely provides these cells with the capacity to

detect and respond to bacteria at their luminal surface (11, 16,
49). These findings suggest that certain mucosal epithelial cells
can autonomously detect bacteria and then responsively mount
a direct antimicrobial action.

Studies of the innate immune response in Drosophila and
other insects have led to the understanding that upon chal-
lenge with microbes, there is an induction of a collection of
antimicrobial factors, including antimicrobial peptides (5, 6,
23). This induction is mediated at the transcriptional level and
involves proteins homologous to the mammalian toll-like re-
ceptors (TLRs), interleukin receptor-associated kinase, IkB,
NF-kB, and nuclear factor interleukin-6 (NF IL-6) (14, 25, 28,
30, 34, 39, 50). In mammals, these factors are integral to a
variety of immune and inflammatory pathways, suggesting a
striking similarity between certain insect and mammalian host
defense responses (22, 34, 38).

The insights from the studies with Drosophila and the dis-
covery of inducible antimicrobial peptide expression in mam-
mals suggest that parallels may extend to regulatory mecha-
nisms of host defense gene expression in epithelial cells.
Accordingly, we addressed potential mechanisms which regu-
late expression of TAP in TEC. Examination of the TAP gene
indicated the presence of consensus binding sites for NF-kB
and NF IL-6 (9), two transcription factors implicated in a wide
array of inducible immune and inflammatory responses. Here,
we examined the possible role of these transcription factors in
the expression of TAP in response to challenge of TEC by LPS.

MATERIALS AND METHODS

General methodology. All reagents and general methods were as previously
described (11), unless otherwise noted. LPS was obtained from either Sigma
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Chemical Co., St. Louis, Mo. (no. L-8643) or List Biological Laboratories, Inc.,
Cambell, Calif. My4 was obtained from Biogenex Laboratories, San Ramon,
Calif., and mouse immunoglobulin G2b was obtained from Antigenix America,
Inc., Franklin Square, N.Y.

Primary culture of bovine TEC. Cells were cultured by the method of Wu et
al. (51, 52) as described previously (11). The epithelial cells were plated on petri
dishes (5 3 105 cells/35-mm-diameter dish) containing a collagen gel (Vitrogen
100; Collagen Biomedical, Palo Alto, Calif.) in a defined growth medium. The
cells maintain their epithelial characteristics, including the presence of active
cilia on many of the cells (11, 51, 52). Cells were cultured in 49% Dulbecco
modified Eagle medium–49% F-12–2% Ultroser G supplemented with antibiot-
ic-antimycotic (Life Technologies) and gentamicin (50 mg/ml). The complete
medium was determined to be free of bacterial endotoxin as tested by the
Limulus amebocyte lysate-gel clot assay (sensitivity 5 0.125 endotoxin unit/ml)
(Associates of Cape Cod).

Northern blot analysis. For harvesting, cells were washed with phosphate-
buffered saline (PBS) and then incubated with collagenase (type 2; Worthington
Biochemical, Freehold, N.J.) (10 mg/ml) at 37°C for 10 min. The suspended cells
were pelleted by centrifugation at 150 3 g for 5 min at 4°C, resuspended in 3 ml
of PBS, and then repelleted. Total RNA was extracted from harvested cells, and
the RNA samples were then prepared for Northern blot analysis as described
previously (11). The probe for TAP was TAP48a (59-CCAAGCAGACAGGAC
CAGGAAGAGGAGCGCGAGGAGCAGGTGATGGAGCCTCAT-39). La-
beled probes were hybridized overnight to immobilized RNA in 37.5% (vol/vol)
formamide–53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–53
Denhardt’s solution–1% (vol/vol) sodium dodecyl sulfate (SDS) at 42°C and then
washed at high stringency in 0.13 SSC–0.1% SDS at 52°C for 30 min (43). A
bovine a-tubulin oligonucleotide probe (11) was used as a control for RNA
integrity and relative amounts. The hybridization and wash conditions for this
probe were modified such that hybridization buffer contained 25% formamide
and the final stringency wash with was 23 SSC–0.1% SDS at 65°C. Signal
intensities of Northern blots were quantitated by Phosphorimager analysis (Mo-
lecular Dynamics, Sunnyvale, Calif.). In all cases the signal was normalized for
the relative RNA amount by using the signal intensity of the control probe.

EMSA. Cells were harvested with collagenase and rinsed twice in PBS. Ex-
tracts were prepared by the method of Dignam et al. (13). Protein concentrations
were adjusted to 0.2 mg/ml. Electrophoretic mobility shift assays (EMSA) were
carried out in the presence of poly(dI/dC) by a standard protocol (2) with 6%
nondenaturing polyacrylamide gel electrophoresis in 0.253 Tris-borate-EDTA.
In certain experiments, anti-human p65 or p50 antibodies (400 ng/reaction)
(Santa Cruz Biochemicals) were added to the incubation reaction prior to elec-
trophoretic analysis. Complementary oligonucleotides containing either the
NF-kB or NF IL-6 sequence were annealed to create double-stranded molecules
and labeled with [g-32P]ATP and T4 polynucleotide kinase. The sequence of the
sense NF-kB oligonucleotide (TAP/NF32) is 59-AGCTTTTTCTGGGGTTTTC
CCCAGCCTCAT-39 (the consensus sequence is underlined), and that of the
sense NF IL-6 oligonucleotide (TAP/NFIL30) is 59-TAAGCGAAGGTTCAGC
AAGAAGTCTGTGCC-39. The nonspecific oligonucleotide used for competi-
tion experiments is a mutant form of the NF-kB oligonucleotide (TAP/
NFmut32), with the sequence 59-AGCTTTTTCTCTCATTTTCCCCAGCCTC
AT-39 (sense).

Nuclear run-on assay. Epithelial cells (5 3 105 cells/35-mm-diameter dish)
were cultured as described above and treated with bacterial LPS (100 ng/ml).
Control cultures were grown in parallel and given only vehicle (PBS). After 16 h
of culture incubation, the nuclei were isolated from the cells (2). The nuclei from
10 dishes (in each group) were pooled, and the transcription that had been
initiated in the intact cells was allowed to complete by incubating the nuclei in
the presence of [a-32P]UTP by a method described previously (19). RNA was
isolated from the nuclei and then was hybridized to target DNA sequences
immobilized on Hybond nylon membranes (Amersham). The target sequences
were TAP, i.e., a 1.9-kb EcoRI genomic restriction fragment that encompasses
both exons of the TAP gene, the single intron, and proximal portions of the 59
and 39 flanking regions, and (ii) tubulin, i.e., a 1.2-kb cDNA clone (9). After
high-stringency washing, specific hybridization of RNA was assessed by autora-
diography and quantitated by phosphorimager analysis.

Plasmids and transfections. Sequences from the upstream region of the TAP
gene were isolated by PCR amplification and subcloned into the multiple cloning
site of the pGL-2 luciferase reporter plasmid (Promega). The transcription start
site of the TAP gene (9) is designated 11. Plasmid p1S contains bases 2324 to
11, p3S contains bases 2294 to 11, and plasmid p4S contains bases 2180 to 11.
Early-passage bovine TEC were grown on plastic coated with a 1:75 dilution of
Vitrogen and transfected with 1.8 mg of plasmid DNA by using Lipofectamine
(Life Technologies), followed by cultivation for 48 h before reporter gene anal-
ysis. Cells were cotransfected with 0.2 mg of pB-gal (Promega) as an internal
control for transfection efficiency. After 18 h of incubation with either LPS (100
ng/ml) or buffer vehicle, the cells were lysed and assayed for enzymatic activity
according to the manufacturer’s instructions. Luciferase activity was measured
with the Gene-light assay kit (Promega) in an LKB luminometer, and data were
normalized to b-galactosidase activity, measured by using the b-gal assay kit
(Promega).

Gene cloning. The human b-defensin 2 (HBD-2) gene was cloned from a
human genomic library (lambda-FIX phage vector [no. 944201]; Stratagene) with

oligonucleotide probes based on the published human cDNA (20) by standard
methods as described previously (35). Phage insert DNA from positive clones
was subcloned into pBluescript II SK(1) plasmid, and purified plasmid DNA was
sequenced from both strands by using a thermal cycling method with fluorescent
dye-labeled dideoxynucleotide terminators.

Nucleotide sequence accession number. The GenBank accession number for
the sequence determined in this work is AF071216.

RESULTS

To investigate regulation of TAP gene expression, TEC were
studied in primary culture under serum-free conditions. North-
ern blot analysis revealed that TAP mRNA levels in TEC are
elevated in response to LPS (10.3-fold maximal response in
this representative experiment), compared with levels in con-
trol cultures. The induction was dependent on the LPS con-
centration, with a half-maximal response seen at approximately
10 ng/ml (Fig. 1A). A blocking anti-CD14 monoclonal anti-
body, My4, abrogated the effects of LPS on TAP mRNA levels
in the TEC, while an isotype control antibody had no effect at
equivalent concentrations (Fig. 1B). These results are consis-
tent with previous studies (11) and demonstrate that TAP
mRNA is inducible in TEC in response to challenge with LPS
via a CD14-dependent mechanism.

TAP mRNA levels were also analyzed in TEC exposed to
the inflammatory cytokines IL-1b, tumor necrosis factor alpha
(TNF-a), and IL-6 (Fig. 1C). TAP mRNA levels were induced
in TEC exposed to 100 ng of either IL-1b or TNF-a per ml for
16 h, compared to the control cells, but not in cells challenged
with IL-6 (500 U/ml). In addition, elevated TAP mRNA levels
were induced in response to the bacterial products lipoteichoic
acid and muramyl dipeptide (Fig. 1C). Control experiments
found that the addition of polymyxin B to cultures effectively
blocked the response to LPS but had little or no effect on the
response to lipoteichoic acid, muramyl dipeptide, or cytokines
(data not shown). These data demonstrate that when chal-
lenged by bacterial membrane and cell wall components or
certain inflammatory cytokines, TEC respond (in part) by rais-
ing steady-state levels of TAP mRNA. We saw no similar
response of an increase in b-defensin mRNA levels in primary
alveolar macrophages (42) or in a bovine turbinate epithelial
cell line (data not shown).

In order to determine whether the LPS-induced increase in
mRNA levels is due to an increase in the rate of transcription,
we performed nuclear run-on experiments. Bovine TEC were
incubated in the presence or absence of 100 ng of LPS per ml,
and nascent run-on transcription was analyzed by hybridization
of 32P-labeled nuclear RNA to TAP and a-tubulin probes. The
results from pools of 2 3 106 TEC per group indicate that the
elevated levels of TAP mRNA in LPS-challenged cells com-
pared to controls correlate with an increase in TAP transcrip-
tion (Fig. 1D). There was an approximately 9-fold induction of
TAP nascent transcripts detectable, which compares favorably
with the approximately 8- to 13-fold increase in steady-state
mRNA levels observed when cells are challenged with 100 ng
of LPS per ml (Fig. 1A) (11, 41). Additional experiments
showed that the rates of decay of TAP mRNA levels were
essentially the same (half-life of approximately 4 h) in TEC
after removal of LPS stimulation and in LPS-stimulated TEC
upon addition of actinomycin D, a blocker of transcription
(data not shown). Together these data support that the prin-
cipal mechanism for induction of TAP mRNA levels by LPS
stimulation is via increased transcription, with little significant
effect attributable to prolongation of the TAP mRNA half-life.

An examination of the 59 flanking sequence of the TAP gene
reveals the presence of several potential transcription factor
binding sites involved in LPS-mediated induction of host de-
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fense genes (Fig. 2). Several members of the NF-kB (Rel)
family of transcription factors are known to mediate the tran-
scriptional induction of numerous genes in immune and in-
flammatory reactions (31), including the induction of antimi-
crobial peptides in insects (6, 25, 34). The presence of an
NF-kB consensus site 177 bp upstream from the transcrip-
tional start site of the TAP gene suggested that this transcrip-
tion factor may be involved in the induction of TAP mRNA.
The transcription factor NF IL-6 has been shown to participate
in activation of numerous innate immune responses, often
through interactions with NF-kB (1, 4, 28, 36, 47). The pres-
ence of a consensus binding site for NF IL-6 adjacent to the
NF-kB site suggested that this factor may also participate in
the regulated expression of TAP. In order to assess the func-
tional participation of these sites in the regulated expression of
the TAP gene, we transfected reporter gene constructs into
TEC in primary culture. A luciferase-reporter gene construct
with the 59 flanking region of the TAP gene containing the
NF-kB and the NF IL-6 sites (2324 to 11; p1S), another with
just the NF-kB (2294 to 11; p3S), and a third that included
neither of these sites but included simply the more proximal
CAAT and TATA boxes (2180 to 11; p4S) were transfected
into these cells and tested for luciferase activity. Figure 2

indicates that only p1S, the construct containing both the
NF-kB and the NF IL-6 sites, was capable of expressing the
reporter gene. Furthermore, only this construct allowed for
induced expression when coincubated with LPS. These data
support that sequences necessary and sufficient for inducible
transcription of TAP in TEC are present in the 324 nucleotides
of 59 flanking sequence contained in the p1S reporter plasmid
and further indicate the involvement of the NF-kB and NF
IL-6 sites in this response.

To analyze the binding of transcription factors to these re-
gions of the TAP gene in response to LPS, nuclear extracts
from cultured TEC were assayed by EMSA. A 32-bp double-
stranded oligonucleotide (ds-TAP/NF32), whose sequence en-
compassed the NF-kB consensus binding sequence in the 59
flanking region of the TAP gene (nucleotides 2165 to 2197),
was radioactively labeled and incubated with nuclear lysates.
The complexes were fractionated by gel electrophoresis under
nondenaturing conditions and analyzed by autoradiography
(Fig. 3). Coincubation of extracts with unlabeled specific (ds-
TAP/NF32) and nonspecific (ds-TAP/NFmut32) competitors
indicated that TEC nuclear extracts contained a low level of
NF-kB. When TEC were incubated with LPS, NF-kB binding
activity in nuclear extracts was increased. EMSA with coincu-

FIG. 1. Induction of TAP mRNA levels in TEC by LPS and other inflammatory mediators. (A) Concentration dependence of LPS on TAP mRNA levels in bovine
TEC. Total RNA was isolated from primary cultures of TEC (2 3 105 cells/culture) after incubation for 16 h with no additions (lane 1) or in the presence of purified
LPS from Pseudomonas aeruginosa (1 ng/ml [lane 2], 10 ng/ml [lane 3], or 100 ng/ml [lane 4]). Probes for Northern blot analysis were TAP48a (TAP) and a-tubulin
cDNA (Tubulin). (B) Effect of My4, an anti-CD14 blocking monoclonal antibody, on LPS-inducible changes in TAP mRNA levels. Cultures of TEC were incubated
without LPS (lane 1) or with LPS (100 ng/ml) (lanes 2 to 4) for 16 h. The anti-CD14 (aCD14) mouse monoclonal antibody My4 (500 ng/ml) (lane 3) or an equivalent
concentration of immunoglobulin G2b (IgG2b), an isotype-specific control antibody (lane 4), was coincubated as indicated. Northern blot analysis was as described for
panel A. (C) Effects of inflammatory cytokines and bacterial products on TAP mRNA levels. RNA was isolated from TEC after incubation for 16 h with no additions
(lane 1) or in the presence of TNF-a (100 ng/ml) (lane 2), IL-1b (100 ng/ml) (lane 3), IL-6 (500 U/ml) (lane 4), LPS (100 ng/ml) (lane 5), lipoteichoic acid (LTA) (10
mg/ml) (lane 6), or muramyl dipeptide (MDP) (100 mg/ml) (lane 7). Northern blot analysis was as described for panel A. (D) Nuclear run-on transcription of TAP in
TEC. TEC were untreated (Control) or treated with bacterial LPS (100 ng/ml) for 16 h. Nuclei from 5 3 106 cells were harvested and used for nuclear run-on analysis
as described in Materials and Methods. Nylon filter blots containing cDNA encoding TAP and tubulin were hybridized under high-stringency conditions with
32P-labeled primary RNA transcripts. Specific hybridization of RNA was assessed by autoradiography and quantitated by phosphorimager analysis.
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bation of specific antibodies to the p50 and p65 subunits of
NF-kB show a distinct retardation in the mobility with the p65
antibody and a reduction in the intensity of the shifted band
with the p50 antibody. These results support that a predomi-
nant factor which binds to the NF-kB site of the TAP gene in
LPS-stimulated TEC is the p50-p65 heterodimer.

For EMSA with NF IL-6 sequences, a 30-bp double-
stranded oligonucleotide (ds-TAP/NFIL30), whose sequence
encompassed the NF IL-6 consensus binding sequence (nucle-
otides 2329 to 2300), was used. Specific binding to the NF
IL-6 site of the TAP gene was observed in the TEC nuclear
extracts. However, unlike the NF-kB binding, there was no
detectable increase in response to LPS (data not shown).
These data indicate that NF IL-6 binding activity is constitu-
tively present in TEC nuclei. Together with the reporter gene
studies described above, which indicated the requirement of
DNA encompassing both NF IL-6 and NF-kB sites for induc-
ible TAP transcription, the EMSA data suggest that binding of
both NF IL-6 and NF-kB transcription factors to the flanking
region of the TAP gene may be required for its transcriptional
induction in response to LPS. In total, these results suggest
that TAP gene expression in TEC is induced by LPS at the
transcriptional level through a pathway common to other host
defense response genes.

Recent publications described the discovery of a human
homologue of TAP which was expressed in the airway and
whose expression was observed to be inducible upon stimula-
tion with bacteria and inflammatory cytokines (3, 20, 37). This
suggests that a similar pathway may be involved in host defense
of the human and bovine upper airways. To initiate the studies
that will further address this possibility, we screened a human
genomic library for the HBD-2 gene by using the published
cDNA sequence (20). A single phage clone was obtained,
which contained the entire HBD-2-coding sequence along with
flanking regions. The genomic sequence indicated that the
HBD-2 gene encompassed two exons separated by an intron of
1.6 kB (Fig. 4). This structure is similar to that of the genes
which encode TAP (9) and enteric b-defensin (48). In com-
paring the promoter regions, we observed that the NF-kB site
in the TAP promoter was conserved in its location. In addition,

two additional putative NF-kB sites were found in the HBD-2
gene. While the NF IL-6 site was not conserved in location, a
putative site was found approximately 70 bp downstream of the
one in the TAP promoter.

The conservation of these sites is striking when compared
with the antibacterial response in insects. There, numerous
antibacterial and antifungal peptides have been identified, and
their genes are induced at the transcriptional level in response
to infectious agents through defined pathways which involve
NF-kB-like and NF IL-6-like factors (15, 27, 28, 34, 40). In Fig.
4, the upstream regions of two such genes (attacin from Hya-
lophora cecropia and diptericin from Drosophila melanogaster)
are schematically aligned with the flanking regions of the mam-
malian TAP and HBD-2 genes. The conservation of these sites
in inducible antimicrobial peptide genes highlights a dramatic
parallel of innate immune responses in distantly related species
of the animal kingdom.

DISCUSSION

Innate immunity is thought to provide the host with a de-
fense system capable of effectively dealing with the continuous
challenge by a wide array of microbes at surface epithelia. A
hallmark of the innate immune system is that it remains ever
present or immediately inducible. This property serves to dis-
tinguish it from the lymphocyte-mediated acquired immune
system, in which the antigen-specific response is developed
over a period of days to weeks (26).

Emerging evidence supports that many aspects of innate
immune defenses are conserved in the animal kingdom, includ-
ing the use of antimicrobial peptides capable of killing a wide
range of microbes (5, 6, 22). Such peptides are expressed both
in circulating phagocytic cells and in epithelial cells of mam-
mals and many invertebrate species. In insect model systems,
where provocative testing has been possible, antimicrobial
peptides have proven to be critically important to an effective
innate host defense response (21, 23, 33, 34). Insects lack
lymphocytes and therefore rely solely on their innate defense
system for protection. In mammals, the abundance and in vitro
activity of antimicrobial peptides in phagocytic leukocytes and

FIG. 2. Promoter analysis of the upstream region of the TAP gene. A map of the putative promoter region of the TAP gene is shown at the top. Segments of the
59 flanking region of the TAP gene were ligated into a promoterless luciferase reporter expression vector. Plasmid constructs containing the putative NF-kB and NF
IL-6 sites are shown to the left, along with the control vector containing no promoter. Plasmid constructs were transfected into cultured primary TEC, followed by
stimulation with LPS. The promoter activity for each plasmid is exhibited as relative luminescence of each transfection, normalized to cotransfected b-galactosidase,
and is shown to the right of the respective plasmid.
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at mucosal epithelia support a similar key role in innate im-
munity (18, 32, 53), but further testing of this hypothesis is
warranted.

A distinctive feature of insect antimicrobial peptides is that
their production is inducible upon challenge with microbes and
microbial outer membrane components (6, 23). This induction
is regulated at the transcriptional level and has been shown to
be mediated by transcription factors homologous to the NF-kB
and NF IL-6 families of mammalian transcription factors (14,
25, 28, 30, 34, 39, 50). Inducible expression was observed in
numerous epithelial cells, including those of the insect trachea
(17). Studies of TAP have indicated that a remarkable parallel
exists in the regulated expression of this mammalian molecule
in TEC and that of insect antimicrobial peptides (8, 9, 11).

TAP mRNA levels are increased in TEC upon challenge
with heat-killed bacteria (11), bacterial outer membrane com-
ponents (Fig. 1A to C) (11), and certain inflammatory cyto-
kines (Fig. 1C) (41). Because bovine epithelial cell lines that
express TAP are not available, studies with primary cultures of
TEC were used as a model system to examine mechanisms
governing TAP expression (Fig. 1 to 3). These cells show ex-
pression patterns (Fig. 1A to C) (11) that appear to recapitu-
late those of TEC cells in vivo (45) but impose significant
technical challenges that limit the breadth of mechanistic stud-
ies. Nevertheless, the studies reported here show that like that

of the insect peptides, the induction of TAP in response to LPS
is regulated at the transcriptional level (Fig. 1D). Sequences
necessary for the inducible response are present in the 324
nucleotides of the proximal 59 flanking sequence of the TAP
gene (Fig. 2). This region contains consensus binding sites for
the NF-kB and NF IL-6 transcription factors (Fig. 2). EMSA
analysis indicates that LPS induces NF-kB binding activity in
the nuclei of these cells (Fig. 3). Experiments using specific
antibodies to the p50 and p65 subunits of NF-kB indicate that
these two subunits are included in a significant fraction of
NF-kB in TEC (Fig. 3). NF IL-6 binding activity is detectable
in nuclei of control TEC and does not increase upon LPS
stimulation (data not shown). Together, these data support the
conclusions that (i) a response of TEC to challenge by LPS is
the induction of TAP mediated at the transcriptional level, (ii)
the transcriptional induction of TAP depends on sequences in
the 59 flanking region of the gene, and (iii) the mechanism of
induction likely involves the binding of NF-kB and NF IL-6
transcription factors to their respective sites in the TAP gene.

Our data suggest that CD14-mediated induction of TAP in
response to LPS and other microbial products exemplifies a
mechanism by which mammals can recognize microbes at ep-
ithelial surfaces and transcriptionally induce local antibiotic
peptides. We speculate that these peptides, together with other
antimicrobial factors, are capable of effectively dealing with the

FIG. 3. Mobility shift analysis of NF-kB in bovine TEC nuclear extracts. A 32P-labeled, double-stranded oligonucleotide probe containing the NF-kB sequence
flanking the TAP gene (ds-TAP/NF32) was incubated with nuclear extracts from bovine TEC treated with LPS (100 ng/ml) or untreated. Specificity of binding is shown
by competition with unlabeled specific (ds-TAP/NF32) and nonspecific (ds-TAP/NFmut32) double-stranded oligonucleotides, as described in Materials and Methods.
The composition of the NF-kB complex was analyzed by including either anti-p50 or anti-p65 antibodies in the binding reaction. Inclusion of the anti-p50 antibody
causes retarded migration of the binding complex, whereas anti-p65 antibody decreases the signal intensity of the binding complex.
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continuous challenge by a wide array of microbes at surface
epithelia. The lower respiratory tracts of mammals are consid-
ered to be relatively free of microbes (39). A current hypoth-
esis holds that the defensive responses of epithelial cells are
important to host defense because they prevent colonization
and/or subsequent infection (8, 24). In vivo evidence of this
response was provided by the studies of Stolzenberg et al., in
which TAP mRNA levels were dramatically induced within 4 h
following experimentally induced bacterial infection of the bo-
vine airway (45). The kinetics of this inducible response sug-
gests that it could contribute to host defense prior to the
development of lymphocyte-mediated adaptive immune re-
sponses. Similarly, the expression in epithelial cells of a ho-
mologous b-defensin, HBD-2, in response to bacterial LPS
indicates that a similar response is found in humans (3, 20, 44).
This gene was cloned and found to have conserved binding
sites for NF-kB and NF IL-6 transcription factors. We have
recently found that NF-kB is activated in human TEC upon
stimulation with IL-1b (M. Becker, G. Diamond, M. Verghese,
and S. Randell, unpublished data). In the same study, we have
identified the expression of both CD14 and LTRs in the human
TEC. At least two of the identified TLRs have been implicated
as functioning in conjunction with CD14 to transduce the sig-
nal from microorganisms (7, 29). Bovine TEC express at least
one homologous TLR (D. Legarda and G. Diamond, unpub-
lished data), indicating a conservation of this induction path-
way. In light of these mammalian responses in epithelial cells
and the aforementioned analogous responses in insects, it ap-
pears that transcriptional induction of antimicrobial peptides
via pathways utilizing NF-kB and NF IL-6 transcription factors
is phylogenetically conserved in the animal kingdom.
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