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Submucosal glands are abundant (~ 1 gland/mm?) secretory struc-
tures in the tracheobronchial airways of the human lung. Because
submucosal glands express antibacterial proteins, it has been pro-
posed that they contribute to lung defense. However, this concept
is challenged by the fact that mice do not have submucosal glands
in their bronchial airways, yet are quite resistant to bacterial lung
infection. The contribution of airway submucosal glands to host
defense is also debated as a pathophysiologic component of cystic
fibrosis lung disease. Here, we asked whether submucosal glands
protect airways against bacterial infection. By comparing tracheal
xenograft airways with and without glands, we found that the
presence of glands enhanced bacterial killing in vivo and by airway
secretions in vitro. Moreover, immunodepletion studies suggested
that lysozyme is a major antibacterial component secreted by sub-
mucosal glands. These studies provide evidence that submucosal
glands are a major source of antibacterials critical for maintaining
sterile airways.
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Submucosal glands (SMGs) of the lung secrete fluid, mucus, and
bacteriocidal proteins that are thought to help protect the lung
against bacterial infection (1). Cystic fibrosis (CF), asthma, and
chronic bronchitis are diseases in which SMGs are hypothesized
to play an important role in lung pathogenesis. In the context
of CF, a gene defect in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) leads to chronic bacterial infections of
the lung (2). CFTR is highly expressed in SMGs (3-5) and is
thought to control the composition and viscosity of glandular
fluids secreted into the airways (6-8). Although a link between
submucosal gland function and lung innate immunity has been
widely speculated, in vivo evidence has been lacking.
Anatomically, SMGs are composed of a series of intercon-
necting tubules and ducts localized beneath the airway surface.
Secretory products move vectorially from the distal serous and
mucous tubules which connect with the airway lumen through
collecting and ciliated ducts (9). Lysozyme, an abundant antibac-
terial factor in the human lung (0.5 mg/ml) (10, 11), is predomi-
nantly synthesized by serous cells of SMGs (12, 13). Until
recently, in vivo evidence for a biological role of lysozyme in
the human airway has been limited. It has been shown that part
of the antibacterial activity in human nasal secretions depleted
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of cationic polypeptides can be restored by adding back lysozyme
(14). Given the fact that lysozyme is highly expressed in SMGs
of the human airway (15), it has been generally accepted that
SMGs play an important role in protecting the human lung from
bacterial infection. However, because surface airway epithelial
cells appear to also express lysozyme at lower levels (16), it is
currently unclear if SMGs production of lysozyme is required
for airway innate immunity.

In part, understanding SMG function in the human lung has
been hindered by differences in mouse and human lung biology.
In contrast to humans, relatively few airway SMGs exist in mouse
trachea and are absent throughout the remaining cartilaginous
airways (17). In mice, type II alveolar cells have the capacity to
produce lysozyme (18). These differences between mice and
humans have been speculated to be one contributing factor for
explaining why the human CF lung phenotype characterized
by spontaneous bacterial infection is not reproduced in CFTR-
deficient mice.

In the present study, we adapted airway xenograft models to
study the contribution of SMGs in protecting the airway from
bacterial infection. Ferret proximal airways with and without
SMGs were generated by subcutaneously grafting native (with
glands) or reconstituted (without glands) tracheas in the flanks
of nu/nu mice. Importantly, the distribution of surface airway
epithelial cells types (i.e., ciliated, goblet, nonciliated columnar,
basal, and intermediate cells) in these two airway models is
indistinguishable (19). Hence, glandular contribution to airway
antibacterial activity could be directly assessed. Our studies dem-
onstrated that xenograft airways with SMGs more effectively
cleared bacterial infection in vivo and produced substantially
greater lysozyme and lactoferrin than airways lacking SMGs.
Furthermore, depletion of lysozyme from glandular airway se-
cretions significantly reduced antibacterial activity. These studies
provide evidence that SMGs are an important source of innate
immunity in the airway.

MATERIALS AND METHODS

Generation of Ferret Xenograft Airways

Xenograft airways with and without glands were generated as previously
described (19). Xenograft airways without glands were generated from
harvested surface airway epithelial cells from an adult ferret and were
seeded onto denuded rat tracheas stripped of endogenous airway epi-
thelia by freeze-thawing and washing three times. Tracheas were ligated
to flexible plastic tubing, implanted subcutaneously into the flanks of
nu/nu mice, and used for experiments after regeneration of an intact
surface epithelia at 5-6 wk after transplant. For generating xenograft
airways with glands, proximal segments of freshly excised 3-wk-old
ferret tracheas were ligated to flexible tubing, implanted subcutaneously
into nu/nu mice, and used for experiment at 3 wk after transplantation.

Antibacterial Luminescence Assay

Antimicrobial luminescence assays were used as previously described
(11), and measured antibacterial activity as reflected by a reduction in
the energy-dependent luminescence of bacteria expressing the Photo-
rhabdus luminescens luciferase gene. All experiments were performed
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with xenograft airway secretions harvested from xenografts in 100 .l
of iso-osmotic 5% mannitol or human nasal secretions harvested in
water. Experimental samples are always referenced to controls receiv-
ing an equivalent amount of vehicle (5% mannitol or water for human
nasal secretions).

Radial Diffusion Assay

We used a modified radial diffusion assay to investigate bacterial sensi-
tivity to SMG secretions as previously described (21). Briefly, 4 X 10°
of Escherichia coli DH5« at mid-log phase was suspended in an underlay
gel consisting of low salt agarose in 10 mM sodium phosphate (pH 7.4).
Secretions from glandular and nonglandular airways were lyophilized
and then reconstituted in an equal volume of 5% mannitol. Three-
millimeter-diameter wells were punched into the gel and filled with
330 pg of secretions from xenografts with or without glands or 5%
mannitol as a control. The plates were then incubated for 3 h at 37°C.
A nutrient-rich gel was then overlaid and the plates were incubated
overnight at 37°C. Zones of clearance were manually measured.

In Vivo Bacterial Survival

The antibacterial activity of ferret tracheal xenografts with and without
glands was assessed by inoculating 6-wk-old grafts with 1 X 10° cfu
of kanamycin-resistant E. coli EC838 (a gift from Dr. David Weiss,
University of Iowa). The xenografts were monitored for bacterial sur-
vival by irrigation at various time points after inoculation and plating
effluents on kanamycin containing agar to quantify cfu. At the end of
experiments (14 d), xenograft airway tissue homogenates were similarly
quantified for total cfu by plating dilutions of the homogenate.

Electrophoresis of Tracheal Secretions

The complexity of proteins found in xenograft airway secretions was
evaluated with Brilliant Blue stained acid-urea polyacrylamide gel elec-
trophoresis (AU-PAGE) and SDS-PAGE gels as previously described
(22). In addition, SDS-PAGE Western blots were used to evaluate the
abundance of lysozyme and lactoferrin in xenograft airway secretions
using antibodies purchased from Neomarkers Inc. (Fremont, CA) and
US Biological Inc. (Swampscott, MA), respectively.
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Immunodepletion of Lysozyme

Lysozyme immunodepletion was performed using 50 wl of washed
protein-A-Dyna beads loaded with anti-lysozyme antibody (25 pl)
(Novus Inc., Littleton, CO) or without antibody (mock). Fifty micro-
liters of xenograft airway secretions, or 200 .l of human nasal secretions,
were incubated at 4°C with constant rotation for 1 h. After magnetic
removal of beads, secretions were immunodepleted a second time. Two
serial immunodepletions were sufficient to remove all lysozyme from
secretions. Immunodepleted xenograft airway secretions were run on
a 15% SDS-PAGE and blotted with an anti-lysozyme antibody (Neo-
markers Inc.) or tested for antibacterial activity using the luminescent
assay.

RESULTS

To address the importance of SMGs in airway innate immunity,
we utilized ferret tracheal xenograft models of reconstituted
airways with and without SMGs (19) (Figure 1A). Unlike mice,
ferret cartilaginous airways have similar airway cell types and
abundance of SMGs as seen in humans (17, 20). Xenograft air-
ways without SMGs were generated from isolated adult ferret
tracheal airway epithelial cells that were grafted onto canulated
denuded rat tracheal subcutaneous implants of nu/nu mice. As
previously described, these xenografts regenerate an intact air-
way epithelium lacking glands at 5-6 wk after transplant (19).
Canulated xenograft trachea with SMGs were generated from
freshly excised 3-wk-old ferret tracheas also implanted into nu/nu
mice and used for experimentation at 3 wk after transplantation.
Importantly, ferret tracheal xenografts with and without SMGs
possess an indistinguishable distribution of surface airway epi-
thelial cell types (19). Hence, any difference between the two
types of airways can be attributed to the presence of SMGs.
Using a luciferase-based bacterial growth assay (11), secretions
harvested from glandular airways show significant antibacterial
activity against E. coli (Figure 1B) and Pseudomonas aeruginosa

Figure 1. Antibacterial activity of
ferret xenograft airway secretions.
(A) Hematoxylin and eosin (H&E)-
stained sections of xenograft tra-
4} chea with and without glands.
SAE, surface airway epithelium;
SMG, submucosal glands (bar =
200 pwm). (B) The antibacterial ac-
tivity of equal pg quantities of se-
cretions from tracheal xenografts,
with (filled circles) or without (open
circles) glands was evaluated using
an E. coli bioluminscence assay.
(€) The antibacterial activity of
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xenografts). (D) The antibacterial
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glands as compared with 5% man-
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100



550 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 32 2005

(PAOL1) (Figure 1C). In contrast, antibacterial activity was not
detected in secretions from nonglandular airways (Figures 1B
and 1C). This SMG-associated antibacterial activity was also
confirmed using radial diffusion assays (21) (Figure 1D) and cfu
assays (data not shown). Interestingly, high pg concentrations
of nonglandular airway secretions led to increased growth of
bacteria, a finding not observed with glandular airway secretions
(Figure 1B). Cumulatively, these data demonstrate that secre-
tions from glandular airways have a higher capacity to kill bacte-
ria than do nonglandular airways. Furthermore, they suggest
that glandular secretions may counteract growth-promoting ac-
tivity of surface airway epithelial secretions.

To investigate whether the presence of SMGs enhances the
ability of airways to clear bacterial infections, 1 X 10° cfu of
E. coli were directly inoculated into the lumen of xenograft
airways with and without SMGs. Following infection, xenografts
were monitored for in vivo bacterial survival at various time
points by quantifying cfu in the effluents (Figures 2A and 2B).
The rate of in vivo bacterial clearance was higher in airways
with glands as compared with airways without glands. After 14 d,
the xenografts were harvested and bacterial survival in tracheal
tissues was assessed using a cfu assay. The median bacterial
survival in xenografts without glands was significantly greater
(P < 0.05) than xenografts with glands (Figure 2C). Histologic
analysis of tracheal xenografts at 14 d after infection demon-
strated that colonized and noncolonized xenografts both main-
tained an intact airway epithelium throughout the experiment
(Figure 2D). However, neutrophil infiltration was more predom-
inant in grafts that maintained a persistent infection. In summary,
these findings provide strong evidence that SMGs protect the
airway from bacterial infection.

To begin to identify the factors that participate in airway
innate immunity, equal volumes and equal protein concentra-
tions of secretions from xenografts with and without SMGs were
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analyzed by AU-PAGE (22) and SDS-PAGE (Figure 3A) and
stained with Coomassie brilliant blue. Glandular secretions were
more complex as compared with secretions from xenografts with-
out SMGs. However, unique bands existed in both types of
secretions. Glandular secretions contained unique protein bands
on AU-PAGE that migrated in a similar, but not identical, man-
ner to human lysozyme and human lactoferrin standards (data
not shown). These differences in migration were likely due to
amino acid sequence differences between human and ferret pro-
teins. Hence, to conclusively determine if lysozyme and lactofer-
rin were enriched in glandular secretions, we performed Western
blots for these proteins. Results from this analysis confirmed
that both lysozyme and lactoferrin were significantly enriched
in glandular secretions (Figure 3B). The presence of a highly
abundant unique AU-PAGE protein band in secretions from
xenografts lacking glands was an unexpected finding. This may
be a result of a proteolytic factor secreted by SMGs that partially
degrades a protein secreted by the surface airway epithelium.
Alternatively, SMGs may secrete a factor that inhibits secretion
of a protein from surface airway epithelium. Because lysozyme
is both salt-sensitive and heat-labile (11), we examined these
two features of SMG-derived antibacterial activity. Both high
salt- and heat-treated secretions had reduced antibacterial activ-
ity (Figure 3C). Cumulatively, these findings suggested that lyso-
zyme could be a major component of antibacterial activity of
glandular airway secretions.

Because lysozyme levels were significantly higher in secre-
tions from xenograft airways containing SMGs, we tested the
hypothesis that this enzyme is at least partially responsible for
the antibacterial activity observed in glandular airways. Lyso-
zyme was removed from secretions of xenograft airways with
SMGs by two rounds of immunodepletion with an antilysozyme
antibody (Figure 3D). The mock-depleted secretions lost ~ 50%

Figure 2. In vivo survival of
bacteria in xenograft airways.
(Aand B) Invivosurvival of bac-
teria in xenograft airways as
measured in the effluent at the
indicated time points follow-
ing in vivo inoculation of 1 X
2 10° cfu of E. coli. Each xeno-
graft is plotted as a separate
line. T This xenograft was not
able to be perfused after this
time point, but upon harvest of
the graft was found to be free
of bacteria. (C) In vivo survival
of E. coli in xenograft tissue ho-
mogenates at 14 d after inocula-
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tion. Medians are significantly
different using a nonparametric
Mann Whitney two-tailed assay
(P < 0.05), n = 7 independent
xenografts ~ without glands
(open circles) and n = 10 inde-
pendent  xenografts  with
glands (filled circles). The same
xenografts shown in A and B
are shown in C. (D) H&E-
stained sections of representa-

tive tracheal xenografts without (left panel) with glands (right panel) at 14 d after bacterial inoculation. The xenograft without glands retained
bacterial colonization at the time of harvest, whereas the glandular xenograft did not. SAE, surface airway epithelium; SMG, submucosal glands

(bar = 100 pm).
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of the antibacterial activity due to nonspecific absorption of
antibacterial factors other than lysozyme by the Dyna beads.
The remaining antibacterial activity seen in the mock-depleted
secretions was lost after lysozyme depletion. Lysozyme-depleted
secretions were much less effective at inhibiting bacterial growth
than mock-depleted samples, suggesting that lysozyme is par-
tially responsible for the antibacterial activity of the glandular
airway secretions (Figure 3E). Consistent with our findings using
glandular ferret tracheal xenograft secretions, immunodepletion
of lysozyme from human nasal secretions also reduced antibacte-
rial activity by 50% as compared with mock-depleted samples
(data not shown).

These studies provide in vivo evidence that lysozyme secreted
by SMGs imparts important antibacterial activity to the airway.
Although glandular lysozyme appears to be an important compo-
nent of airway innate immunity, it is likely that other factors
also contribute to the antibacterial activity found in SMG secre-
tions. For example, lactoferrin has been recently shown to pre-
vent bacterial biofilm development (23), and our present study
demonstrates that lactoferrin found in airway secretions is pre-
dominantly produced by SMGs. These findings, and the fact that
CFTR is expressed in SMGs, support the notion that SMGs play
an important role in host defense and the pathophysiology of
CF lung disease.
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