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SUMMARY
Otitis media (OM) is a polymicrobial disease wherein upper respiratory tract (URT) viruses
compromise host airway defenses, which allows bacterial flora of the nasopharynx (NP) access to
the middle ear. We have shown, in vitro, that respiratory syncytial virus (RSV), a viral co-
pathogen of OM, reduces transcript abundance of the antimicrobial peptide (AP), chinchilla beta-
defensin-1 (cBD-1). Here, we demonstrated that chinchillas inoculated with RSV expressed ~40%
less cBD-1 mRNA and protein than did mock-challenged animals. Further, concurrent RSV
infection resulted in a 10–100 fold greater recovery of nontypeable Haemophilus influenzae
(NTHI) from nasopharyngeal lavage fluids, compared to chinchillas challenged with NTHI in the
absence of viral co-infection. Additionally, when either: anti-cBD-1 antibody (to bind secreted
AP) or recombinant cBD-1 (to increase AP concentration at the mucosal surface) were delivered
to chinchillas, we demonstrated that disruption of the availability of a single AP influenced the
relative load of NTHI in the URT. Collectively, our data suggested that effectors of innate
immunity regulate normal bacterial colonization of the NP, and, further, virus-induced altered
expression of APs can result in an increased load of NTHI within the NP which likely promotes
development of OM.
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INTRODUCTION
OM is one of the most frequently diagnosed pediatric illnesses (Cassell et al 1994).
Approximately 83% of children less than 3 years of age will have at least one occurrence of
acute OM (AOM), and 40% of children will experience greater than three episodes of OM
by this age (Teele et al., 1989).

OM is a polymicrobial disease caused by viruses and bacteria commonly isolated as co-
pathogens of the tympanum (Heikkinen and Chonmaitree, 2003; Bakaletz et al., 1998;
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Ruuskanen et al., 1989). In a study of 596 infants less than 6 months of age, a viral infection
of the upper respiratory tract (URT) was the most important predictor for early acute and
recurrent OM (Daly et al., 1999). Respiratory syncytial virus (RSV), rhinovirus, influenza A
virus, and adenovirus, as well as several other URT viruses, can predispose children to
bacterial OM (Chonmaitree et al., 2008; Heikkinen and Chonmaitree, 2003). The three main
bacterial species that cause OM are Streptococcus pneumoniae, nontypeable Haemophilus
influenzae (NTHI), and Moraxella catarrhalis, with NTHI predominant in cases of chronic
OM and OM with effusion (Heikkinen and Chonmaitree, 2003; Monto and Ullman, 1974).
The mechanisms that underlie the polymicrobial nature of OM are not completely
understood, yet evidence indicates that virus-mediated damage to the mucosal epithelium
that lines the uppermost airway, reduction in mucociliary clearance, and increased
expression of host cell molecules to which bacteria adhere, all contribute to OM
development (Bakaletz, 2002; Jiang et al., 1999; Patel et al., 1992). To better understand the
polymicrobial nature of OM, we developed a chinchilla model of experimental OM wherein
NTHI that colonize the nasopharynx ascend an adenovirus-compromised Eustachian tube
and enter the middle ear (Bakaletz, et al., 1999). Disease modeling in this host shows that
viruses co-partner with bacteria to significantly increase the percentage of OM-positive ears
compared to bacterial challenge alone (Suzuki and Bakaletz, 1994; Giebink et al., 1980).
Collectively, these data suggest that virus-mediated events, and specifically compromise of
host airway defense mechanisms, promote development of bacterial OM.

In children, a significant increase in the nasopharyngeal bacterial load is positively
correlated with an increase in middle ear infection (Faden et al., 1997; Faden et al., 1995),
and otitis prone children are more heavily colonized compared to their non-otitis prone
counterparts (Faden et al., 1992; Jorgensen et al., 1992). These data suggest that
maintenance of a relatively low concentration of bacteria in the nasopharynx (NP) may be
important to protect the middle ear. Antimicrobial peptides (APs) are key components of the
innate immune response that serve to limit bacterial colonization of mucosal surfaces (Laube
et al., 2006; Raqib et al., 2006; Selsted and Ouellette, 2005; Lehrer, 2004; Salzman et al.,
2003). We, and others, have characterized APs, including chinchilla β-defensin-1 (cBD-1)
and its greatest ortholog human β-defensin-3 (hBD-3), that kill causative agents of OM at
micromolar concentrations and are operative in the tubotympanum (McGillivary et al.,
2007; Song et al., 2007; Harris et al., 2004; Starner et al., 2002; Lim et al., 2000).
Previously, we demonstrated, in vitro, that incubation of respiratory epithelial cells with
RSV resulted in decreased expression of cBD-1 (McGillivary et al., 2007). Since other
investigators have clearly shown that altered expression of even a single AP can impact the
ability of bacteria to colonize a host (Chromek et al., 2006; Iimura et al., 2005; Nizet et al.,
2001), we hypothesized that a virus-mediated decrease in β-defensin expression would
promote increased bacterial colonization of the upper airway and thus the subsequent
development of OM.

Here, we present evidence that RSV infection diminished both cBD-1 mRNA and protein
abundance in the URT of the chinchilla. We also established that this decreased defensin
expression resulted in an increased load of NTHI that colonized the upper airway. Further,
administration of additional exogenous recombinant cBD-1 or hBD-3 to the chinchilla URT
resulted in reduced NTHI colonization; whereas delivery of antibody directed against cBD-1
resulted in an increased bacterial load. Collectively our data demonstrated that infection of
the mammalian airway with an URT virus downregulates expression of a β-defensin. This
downregulation subsequently resulted in increased colonization of the NP by NTHI, and
thus provided evidence of a novel mechanism by which URT viruses predispose to bacterial
OM, by disrupting control of the load of NTHI permitted to colonize the NP.
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RESULTS
RSV infection resulted in decreased cBD-1 expression in vivo

We previously demonstrated that cultured respiratory epithelial cells inoculated with RSV
downregulate expression of cBD-1 transcripts in vitro (McGillivary et al., 2007). Here, we
extended our study to an in vivo model and monitored cBD-1 transcript abundance in
chinchilla mucosal epithelium after intranasal (IN) challenge with RSV. We observed a
time-dependent decrease in the amount of cBD-1 mRNA in mucosal samples obtained from
chinchillas inoculated with RSV compared to those obtained from animals that were mock-
infected. A 20% reduction was noted 2 days after RSV infection, which increased to
approximately 30% reduction on days 4 and 7 after viral challenge (p ≥ 0.05) (Fig. 1A).
These data demonstrated that RSV infection resulted in reduced expression of cBD-1, a
mucosal AP expressed in the chinchilla uppermost airway.

Next, we determined whether this decrease in cBD-1 mRNA resulted in a concomitant
reduction in native cBD-1 protein available at the mucosal surface. RSV-infected and mock-
challenged chinchillas were sacrificed 4 or 7 days after inoculation, and relative amounts of
cBD-1 protein were determined by immunodetection and densitometry. Mucosal
homogenates from chinchillas infected with RSV for 4 days contained 10% less native
cBD-1 protein compared to samples obtained from mock-infected chinchillas (data not
shown). Seven days after RSV infection (n =4 per cohort), there was ~ 50% less native
cBD-1 protein in nasal septum mucosal homogenates (p = 0.04) (Fig. 1B). We further
determined that cBD-1 protein abundance was decreased by 25% in a mucosal homogenate
of a Eustachian tube obtained from RSV-infected chinchillas compared to that from a mock-
infected animal seven days after virus challenge (data not shown). Collectively, our results
indicated that URT infection with RSV resulted in a time-dependent reduction in native
cBD-1 protein available at the mucosal surface in the chinchilla uppermost airway.

RSV infection resulted in increased recovery of NTHI in nasopharyngeal lavage fluids
To determine whether RSV-induced dysregulation of cBD-1 expression resulted in an
altered load of NTHI within the nasopharynx, chinchillas were challenged intranasally first
with RSV, then with NTHI two days later. We monitored the concentration of NTHI in
nasopharygeal lavage (NL) fluids obtained from virus- or mock-infected chinchillas (n = 5
per cohort) on days 1, 2, 4 or 5 after bacterial challenge. Approximately 100-fold more
NTHI was obtained from RSV co-infected chinchillas 1 day after bacterial challenge,
compared to animals that did not receive this virus (Fig. 2). In addition, a one-log greater
NTHI concentration was maintained for up to 5 days after bacterial challenge in animals co-
inoculated with RSV (p = 0.008 on day 5). Since chinchillas were inoculated with virus two
days prior to bacterial challenge, these data demonstrated that the observed increase in
bacterial colonization of RSV co-infected animals was due to a virus-mediated event,
perhaps the co-incident reduction in cBD-1 protein available at the mucosal surfaces shown
earlier (compare Fig. 1A and B with Fig. 2).

Reduction of native cBD-1 resulted in increased NTHI colonization in vivo
To directly demonstrate that decreased availability of native cBD-1 at the nasopharyngeal
mucosal surface could alter the load of colonizing NTHI, we delivered affinity-purified anti-
recombinant cBD-1 [(r)cBD-1] polyclonal antibody (or pre-immune serum as a negative
control) to chinchilla nasopharynges (n = 3 per cohort) via passive inhalation, in an attempt
to inhibit the activity of any available native cBD-1. Twenty minutes later, we challenged
chinchillas intranasally with NTHI, then measured the relative concentration of bacteria
present in NL fluids after 2 days. At this time point, animals that received anti-(r)cBD-1
antibody were colonized with approximately 104 NTHI per ml NL fluid, a log increase over
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those that received pre-immune serum (p ≥ 0.05) (Fig. 3). As a control, we demonstrated
that the amount of polyclonal anti-(r)cBD-1 antibody used in these assays was not
bactericidal against NTHI, as assessed in a standard one hour killing assay (data not shown).
These results confirmed our earlier observations which suggested that inhibition of the
action of a single defensin influenced colonization of the chinchilla URT by NTHI.

Administration of recombinant cBD-1 decreased the load of NTHI in vivo
Since we had demonstrated, by two separate approaches, that reduction of available native
cBD-1 at the mucosal surface augmented colonization of the chinchilla upper airway by
NTHI (Fig. 2 and Fig 3), we next determined if an increase in available defensin
subsequently decreased colonization by NTHI. We first challenged chinchillas (n = 3 per
cohort) with NTHI followed 1 day later by delivery of a diluent control (saline) or one of
three doses of (r)cBD-1 (0.1 µg, 1.0 µg and 10 µg diluted in pyrogen-free saline). Two hours
after treatment, we observed a reduced concentration of NTHI present in NL fluids obtained
from animals that had received any of the three doses of (r)cBD-1 compared to the saline
control (p ≤ 0.05 for cohorts that received 1.0 or 10 µg cBD-1) (Fig. 4A). After 24 hours,
the number of NTHI recovered from animals that received 0.1 µg (r)cBD-1 was moderately
decreased when compared to the mock-treated cohort. In contrast, 2–3 logs fewer NTHI
were recovered from animals that received either 1.0 µg or 10 µg (r)cBD-1 compared to
animals that received saline alone (p = 0.01 for the cohort that received 1.0 µg cBD-1).

After we obtained NL fluids from animals that had been administered (r)cBD-1 24 hours
earlier, we removed and homogenized several tissues from the chinchilla upper airway to
determine the relative adherent populations of NTHI, in contrast to that population of NTHI
that were retrievable by lavage of the NP and thereby were not likely adherent to mucosal
epithelial cells. The concentration of NTHI that we recovered from nasal septum mucosa
was not significantly different among animals that received the saline control or any of the
three doses of (r)cBD-1 (Fig. 4B). In contrast, we showed a 10-fold decrease in the
concentration of NTHI cultured from nasopharyngeal mucosal homogenates using tissues
recovered from animals that had received either 1.0 or 10.0 µg (r)cBD-1, as compared to the
mock cohort (p = 0.045 for the cohort that received 1.0 µg cBD-1). We further observed a
100-fold decrease in the load of NTHI adherent to nasoturbinate mucosa isolated from
chinchillas that received 1.0 µg (r)cBD-1, when compared to animals that received saline
alone (p = 0.009). These results demonstrated that intranasal administration of (r)cBD-1
resulted in a statistically significant reduction in the number of NTHI retrievable by NL, and
also in those bacteria adhering adherent to the mucosal surface.

Administration of recombinant human β-defensin-3 decreased the load of NTHI in vivo
Chinchilla BD-1 shares significant homology with human β-defensin-3 (77% nucleotide
identity) (Harris et al., 2004), and thereby we tested the ability of this xenobiotic AP to also
alter colonization of the chinchilla URT by NTHI. We first determined the ability of
(r)hBD-3 to kill NTHI 86-028NP and showed that a concentration of 1.25 µg recombinant
hBD-3 [(r)hBD-3]/ml killed greater than 50% of a 1 × 105 cfu inoculum of NTHI (Fig. 5A).
We then intranasally delivered 0.1 µg, 1.0 µg, or 10.0 µg (r)hBD-3 to chinchillas (n = 5 per
cohort) that were already colonized with NTHI and demonstrated that, within 2 hours, all
three doses of (r)hBD-3 decreased the load of NTHI recoverable by NL compared to the
mock-treated cohort (p ≤ 0.05) (Fig. 5B). After 24 hours, the number of NTHI recovered
from animals that received 1.0 µg (r)hBD-3 was decreased by 100-fold compared to animals
that received saline alone (p = 0.01). The concentration of NTHI present in NL fluids from
animals that were administered 0.1 µg or 10 µg (r)hBD-3 for 24 hours was not statistically
different from the number of NTHI recovered from the mock cohort. These data suggested
that, of those tested, the 1.0 µg dose of (r)hBD-3 was optimal for mediating a reduction in
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the load of NTHI resident within the chinchilla nasopharynx. This result was thus highly
similar to that observed following exogenous delivery of cBD-1 (compare Fig 4A and Fig
5B).

DISCUSSION
It is well established that URT viruses play a significant role in the development of bacterial
OM, thereby making this a truly polymicrobial disease. The mechanisms that underlie the
synergistic relationship between URT viruses and bacteria in the OM disease course are not
completely understood, but are predicated on impairment of host airway defenses. We
hypothesized that dysregulation of expression of antimicrobial peptide(s) by a preceding
URT virus infection would similarly facilitate the development of OM. Herein, we used a
chinchilla model of the highly prevalent pediatric disease OM to show that RSV infection
resulted in reduced expression of an effector of innate immunity, cBD-1. Further, we
demonstrated that this decrease in cBD-1 protein resulted in an increased load of NTHI in
the chinchilla nasopharynx, a classic clinical feature of pending development of OM (Faden
et al., 1997; Faden et al., 1995).

By qRT-PCR, we showed that the amount of cBD-1 transcripts was diminished in time-
dependent manner in mucosal epithelium recovered from RSV-infected chinchillas, with a
maximal decrease observed at the final time point evaluated (7 days after RSV infection).
We further demonstrated that expression of native cBD-1 protein was reduced by more than
half in mucosa recovered from animals infected with RSV, compared to tissues from
chinchillas that received only viral diluent. Since we analyzed cBD-1 transcript abundance
as reflected by analysis of the entire recovered tissue sample, it is likely that the
downregulation of cBD-1 mRNA is even more pronounced within specific anatomical
regions of the uppermost airway or by individual RSV-infected cells. It would be interesting
to more specifically determine the effect of RSV infection on expression of cBD-1 in
individual cells of the Eustachian tube as we have obtained evidence that a gradient of
cBD-1 mRNA production existed within this tubal organ (author’s unpublished data). RSV-
mediated downregulation of cBD-1 at the nasopharyngeal orifice of the Eustachian tube, the
site where cBD-1 expression was greatest, could thus weaken the effectiveness of this
primary defense organ of the middle and thus promote retrograde movement of bacteria
resident within the nasopharynx into the middle ear space. Indeed, we have shown by
immunohistochemistry that intranasal challenge of chinchillas with RSV results in foci of
viral replication throughout the upper airway including the Eustachian tube (Jurcisek et al.,
unpublished).

RSV infection induces increased expression of specific innate immune mediators (Janssen et
al., 2007; Thompson et al., 2006) and downregulates expression of others (Polack et al.,
2005; Griese, 2002) to induce a complex transcriptional response within a given host
(Janssen et al., 2007; Zhang et al., 2005; Zhang et al., 2001). So what is the net collateral
effect of RSV-induced altered expression of host cell molecules on the bacterial load present
in the upper airway? We utilized a polymicrobial infection model to demonstrate that RSV
challenge prior to inoculation with NTHI, resulted in a consistent 1–2 log increase in the
concentration of NTHI in NL fluids, compared to a mock cohort. In addition, we
demonstrated that this increased load of NTHI within the chinchilla URT was observed for
at least 5 days after bacterial challenge, a time frame in which we also showed that the
amount of cBD-1 mRNA and protein within URT mucosa was diminished. Previously, we
demonstrated in vitro that incubation of chinchilla middle ear epithelial cells with NTHI
86-028NP moderately decreases cBD-1 mRNA abundance. We have observed that a similar
downregulation of cBD-1 transcripts (~25%) also occurred in nasal septum mucosae 4 days
after chinchillas were challenged with NTHI alone (data not shown). Collectively, our data
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suggested that, among many potential mechanisms by which upper respiratory tract viral
infection predisposes to bacterial otitis media, RSV-mediated decrease in cBD-1 expression
likely contributed to the observed enhanced colonization of the nasopharynx by NTHI, an
event known to precede development of OM in children.

Whereas the observed increase in colonization of the URT by NTHI after RSV infection
may have also been influenced by increased expression of host cell receptors to which NTHI
bind, such as ICAM-1, CEACAM-1, or PAF-r (Avadhanula et al., 2006), we provided
evidence for the direct impact of defensin-mediated bactericidal activity, or lack thereof, on
the relative concentration of NTHI within the NP. In support of our hypothesis that virus-
mediated altered expression of APs contributes to dysregulation of the load of NTHI
residing within the NP, we showed that delivery of anti-(r)cBD-1 to the chinchilla nasal
cavity effectively increased the relative cfu NTHI ml−1 recovered from NL fluids by 10-
fold, compared to animals that received pre-immune serum. These results showed that
inactivation of native cBD-1 augmented the load of NTHI within the upper airway. We also
provided evidence that IN delivery of exogenous (r)cBD-1 to the chinchilla URT decreased
both the concentration of NTHI recovered by NL and the number of bacteria that were
adherent to nasopharngeal and nasoturbinate mucosae. A single dose of either (r)cBD-1 or
(r)hBD-3 reduced the load of NTHI in the URT within two hours of administration of the
APs, compared to animals that received saline. Further, we demonstrated that chinchillas
treated with 1.0 µg of (r)cBD-1 or (r)hBD-3 yielded 100-fold fewer NTHI in NL fluids than
did mock-treated animals. The mechanism that underlies the greater effectiveness of 1.0 µg
of either (r)cBD-1 or (r)hBD-3, compared with 10 µg of the respective AP, to decrease the
concentration of NTHI in the chinchilla URT is not currently understood. However, others
have similarly reported that beyond a specific optimal dose, delivery of additional AP to an
animal does not always result in greater efficacy, as measured by the relative concentration
of bacteria at a specific anatomical site (Sharma et al., 2001; Welling et al., 1998). Despite
some remaining unanswered questions, we have, nonetheless, clearly demonstrated that
altered expression of a single defensin impacted the load of NTHI in the upper airway, an
important contributing factor in development of the prevalent pediatric disease OM.

An important question that remains is whether the decreased expression of defensins
provides a benefit to RSV. It is known that production of cytokines, such as IFN-γ, affect the
Th1/Th2 balance that develops during a given immune response and the resulting character
of that immune response can influence the outcome and severity of RSV infection (Castilow
et al., 2008; Durbin et al., 2002). In addition, it has been reported that IFN-γ induces
expression of hBD-3 (Joly et al., 2005), an observation which provides additional support to
the intimation that this AP may play a pivotal role in the host response to RSV. In further
support of this hypothesis, we have demonstrated that both hBD-3 and cBD-1 inhibited the
ability of RSV to induce the formation of syncytia in epithelial cells in vitro (data not
shown). Collectively, our data suggested that RSV-induced downregulation of hBD-3
mRNA and protein abundance likely also occurs in the human upper airway and may
represent a mechanism used by the virus to evade inactivation by this AP.

The importance of carefully regulated AP expression was recently demonstrated by Raqib
and colleagues, who showed that LL-37 was downregulated in patients infected with
Shigella and that augmentation of LL-37 expression, by addition of butyrate, could reduce
the severity of shigellosis (Raqib et al., 2006). Similarly, we have provided evidence that
RSV-induced downregulation of cBD-1 expression influenced colonization of the NP by
NTHI. These data have provided the first evidence that virus-induced dysregulation of
antimicrobial peptide expression contributes to the increased bacterial colonization known to
precede development of OM. Moreover, they provide a basis upon which we can continue to
elucidate the role of innate immunity in the polymicrobial disease OM, and continue to
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devise novel therapeutic strategies that intervene at an early step in the course of this highly
prevalent pediatric disease.

EXPERIMENTAL PROCEDURES
Microbial strains and culture conditions

NTHI strain 86-028NP has been described previously and was grown on chocolate II agar
(Fisher Scientific, Pittsburgh, PA) or on chocolate agar prepared in house supplemented
with 15 µg ampicillin/ml to minimize growth of contaminating normal flora present in NL
fluids (Bakaletz et al., 2005; Harrison et al., 2005; Mason et al., 2005; Novotny et al.,
2002). RSV A2 was purchased from the American Type Culture Collection (Manassas, VA)
and grown in HeLa cells. Three days after RSV inoculation, HeLa cells were scraped from
tissue culture dishes, vortexed, and pelleted at 1,500 rpm for 5 minutes. The supernatant was
centrifuged for 90 minutes at 20,000 × g, and the virus pellet was rinsed with Hanks’
Balanced Salt Solution (HBSS) (Invitrogen, Carlsbad, CA) supplemented with 25 mM
HEPES (Fisher Scientific).

Animals
Healthy adult or juvenile chinchillas (Chinchilla lanigera), purchased from Rauscher’s
Chinchilla Ranch (LaRue, OH), were used for these studies, after allowing them to
acclimate to the vivarium for 7 to 10 days. Juvenile chinchillas (approximately 3 months of
age) were used due to their greater permisssivity to RSV infection than adult chinchillas
(Gitiban et al., 2005). Chinchillas were anesthetized with xylazine (2 mg/kg, Fort Dodge
Animal Health, Fort Dodge, IA) and ketamine (10 mg/kg, Phoenix Scientific Inc., St.
Joseph, MO), and NL fluids were obtained by passive inhalation of 500 µl of pyrogen-free
sterile saline into one naris with recovery of lavage fluid from the contralateral naris as
liquid was exhaled (Mason et al., 2005). For recovery of airway tissues, animals were
anesthetized, sacrificed, and tissues of interest were dissected and snap frozen in liquid
nitrogen. Mucosal samples were then stored at −80°C until needed.

Assessment of RSV-induced dysregulation of cBD-1 mRNA expression in vivo
Two cohorts of 8 juvenile chinchillas each were inoculated IN with 1 × 107 pfu RSV or viral
suspension buffer (HBSS supplemented with 25 mM HEPES), diluted to 200 µl with sterile
saline. Virus was administered by passive inhalation of droplets of viral suspension
delivered to the nares of anesthetized chinchillas. On days 1, 2, 4, or 7 after viral challenge,
2 animals were sacrificed per cohort and selected URT chinchilla mucosal samples were
recovered. Total RNA was prepared essentially as described previously (McGillivary et al.,
2007), except that tissues were homogenized in 1 ml of Trizol solution (Invitrogen,
Carlsbad, CA). Two nanograms of total RNA was used in each qRT-PCR reaction with
primers designed based on the cBD-1 and chinchilla glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA sequences (McGillivary et al., 2007). Values reported are
the geometric mean ratios (± standard error of the mean) of cBD-1 transcript abundance of
RSV-infected to mock-infected samples normalized against transcripts from the GAPDH
gene. Statistical significance was calculated using a Student's T-test and was significance
was accepted at a p-value of ≤0.05.

Determination of RSV-mediated alteration of cBD-1 protein expression
Juvenile chinchillas were inoculated with 1 × 107 pfu RSV or viral suspension buffer, as
described above. On days 4 (2 animals total) or 7 (n = 4 per cohort) after viral challenge,
animals inoculated with RSV and that received viral diluent were sacrificed, and selected
URT mucosal samples were recovered. Native cBD-1 was isolated from URT mucosa based
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upon methods used to purify human defensin-5 from intestinal tissues and this procedure
utilized extraction of protein in ice-cold 20% acetic acid (Ghosh et al., 2002).

Twenty micrograms of acid-extracted protein from URT mucosa was separated, in duplicate,
by 12.5% AU-PAGE based upon a published protocol (Wang et al., 1997). The Coomassie
Plus reagent (Pierce, Rockford, Il) was used to determine protein concentration of samples,
and gels were stained with the SilverSNAP® stain kit II (Pierce) to confirm that equivalent
protein amounts were loaded. A Western blot of the duplicate gel was performed as
previously described (Porter et al., 1998). A 1:5000 dilution of rabbit anti-(r)cBD-1 (see
below) was used, and antibody bound to the membrane was visualized with a 1:10,000
dilution of HRP-conjugated goat anti-rabbit IgG (Invitrogen) followed by chemiluminescent
detection (GE healthcare, Piscataway, NJ). In our analysis, we could not provide a blot of a
standard reference protein such as glyceraldehyde-3-phopsphate dehydrogenase since the
protein samples used were purified by acid extraction. A GS-800 calibrated densitometer
with Quantity One® 1-D analysis software (Bio-Rad, Hercules, CA) was used for
densitometric analysis of native cBD-1 protein in mucosal extracts, and values were reported
as the ratio of the pixel intensity of samples from RSV-infected chinchillas relative to the
pixel intensity from mock-infected tissues. Statistical significance was calculated using a
Student's T-test and significance was accepted at a p-value of ≤0.05.

Influence of RSV infection on the ability of NTHI to colonize the chinchilla URT
Two cohorts of 5 juvenile chinchillas each were inoculated IN with RSV or viral diluent
only, prior to challenge two days later with 1 × 108 cfu NTHI 86-028NP. Nasopharyngeal
lavages were performed at 1, 2, 4, or 5 days after bacterial challenge, and the concentration
of NTHI was determined by dilution of the NL fluids and plate counts on chocolate agar
with 15 µg ampicillin/ml. T-tests were performed separately for each day to compare means
of the two cohorts. Due to the sample sizes within each group, normality assumptions were
not met and bonferroni methods were used to adjust for multiple comparisons. A bonferroni
adjusted p-value ≤ 0.05 was considered significant.

Production of anti-(r)cBD-1
We prepared and purified (r)cBD-1 based upon previously published methods with minor
changes (Harris et al., 2004). Purity of the preparation was confirmed by Coomassie brilliant
blue stained SDS-PAGE, and three 60 µg doses of peptide were used to generate rabbit
polyclonal antiserum (Spring Valley Laboratories, Sykesville, MD). To minimize any
contribution that non-specific, NTHI-cross reactive antibodies present in anti-(r)cBD-1
serum would have on the ability of NTHI to colonize the chinchilla (see below), rabbits
were pre-screened to ensure minimal pre-existing antibodies to NTHI 86-028NP outer
membrane proteins (OMP) (Sirakova et al., 1994) prior to immunization with (r)cBD-1.

Antibody-induced neutralization of native cBD-1 in vivo
A HiTrap™ protein G HP column (GE healthcare, Pittsburgh , PA) was used to affinity
purify total IgG from rabbit anti-(r)cBD-1 and the cognate pre-immune serum. One milliliter
of serum was dialyzed [3.5 kDa molecular weight cutoff (MWCO), EMD Chemicals Inc.,
San Diego, CA] at 4°C against 20 mM sodium phosphate buffer, pH 7.0. A syringe was used
to apply sera to a column equilibrated with sodium phosphate buffer, non-specifically bound
protein was washed from the HiTrap™ apparatus, and immunoglobulins were eluted from
the affinity matrix with 0.1 M glycine-HCl, pH 2.7. One ml fractions were collected into
eppendorf tubes that contained 200 µl of 1.0 M Tris-HCl, pH 9.0, to neutralize the acidic
elution conditions. Samples that contained the greatest amount of protein (fractions 1 and 2)
were pooled and dialyzed overnight at 4°C against sterile saline. Protein concentrations of
the anti-(r)cBD-1 and the pre-immune serum were determined as described above.
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Six adult chinchillas were administered 270 µg anti-cBD-1 or pre-immune rabbit
immunoglobulin, in a volume of 80 µl, similar to what we have reported previously
(Bookwalter et al., 2007). Antisera were administered by passive inhalation of droplets of
the solution delivered to the nares of anesthetized chinchillas. Animals were then placed in a
prone position for 20 minutes prior to IN challenge with approximately 1 × 108 cfu NTHI in
a 100 µl volume. Nasopharyngeal lavages were performed two days after NTHI challenge,
and bacterial counts were determined by dilution plating of bacteria on chocolate agar
supplemented with 15 µg ampicillin/ml.

Antimicrobial Assays
To determine the ability of (r)hBD-3 to kill NTHI 86-028NP, we utilized a microbiocidal
assay that has been previously described (Harris et al., 2004).

Ability of (r)cBD-1 to reduce the load of NTHI in the chinchilla URT
Recombinant cBD-1 was prepared based upon previously published methods (Harris et al.,
2004). To remove residual LPS from the protein preparation prior to administration of the
AP to chinchillas, (r)cBD-1 was further purified on an EndoTrap® red column (Fisher)
according to the suppliers suggestions. This purification step resulted in a (r)cBD-1 solution
that contained less than 0.5 endotoxin units/ml as determined by the chromo-LAL assay
(Associates of Cape Cod, East Falmouth, MA). The AP (0.1 µg, 1 µg, or 10 µg) was
prepared in saline to a total volume of 80 µl. Four cohorts of 3 chinchillas each were
challenged with 1 × 108 cfu NTHI 86-028NP, and colonization of the URT was allowed to
proceed for twenty hours, wherein animals are typically colonized with 1 × 103-1 × 104 cfu
NTHI/ml (Mason et al., 2005). Animals were then administered saline or one of the three
amounts of (r)cBD-1, and lavaged 2 or 24 hours after treatment. The concentration of NTHI
in NL fluids was determined by dilution plating of bacteria on chocolate agar supplemented
with 15 µg ampicillin/ml. At each time point, bacterial counts from the cohorts that received
(r)cBD-1 were compared to the concentration of NTHI in NL fluids recovered from animals
that received saline. After the final lavage, chinchillas were sacrificed and mucosae from the
nasal septum, nasoturbinate, and nasopharynx were also recovered, weighed, homogenized
in 1.0 ml sterile pyrogen-free saline using a tissue grinder, and plated to determine cfu
NTHI/gram tissue. For statistical analysis, original count data was log transformed and a
bonferroni adjusted p-value ≤ 0.05 was considered significant.

Ability of (r)hBD-3 to reduce the load of NTHI in the chinchilla URT
Recombinant hBD-3 (PeptroTech Inc., Rocky Hill, NJ) was solubilized in 10 mM acetic
acid to a concentration of 0.5 µg/µl, and the solution was dialyzed (3.5 kDa MWCO) against
pyrogen-free sterile saline. The AP (0.1 µg, 1 µg, or 10 µg) was prepared in saline to a total
volume of 80 µl and the (r)hBD-3 samples contained less than 0.1 ng endotoxin per µg
recombinant peptide. Four cohorts of 5 chinchillas each were challenged with 1 × 108 cfu
NTHI 86-028NP, and analysis of the concentration of NTHI in NL fluids 2 or 24 hours after
administration of saline or one of the three amounts of the recombinant protein was
determined as above. For statistical analysis, original count data was log transformed and a
bonferroni adjusted p-value ≤ 0.05 was considered significant.
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Figure 1.
Analysis of cBD-1 mRNA and protein abundance after IN challenge with RSV. 1, 2, 4, or 7
days after viral challenge, chinchillas (n = 8) were sacrificed and nasal septum mucosa was
recovered for isolation of total RNA or protein. (A) qRT-PCR was used to determine
abundance of cBD-1 mRNA and results were normalized to the amount of GAPDH mRNA,
with values reported as the ratio of cBD-1 transcripts from infected to mock-treated samples.
(B) Analysis of native cBD-1 protein expression in nasal septum mucosa seven days after
RSV challenge. Mucosal homogenate proteins were fractionated by AU-PAGE, transferred
to PVDF for Western analysis and a representative blot demonstrating the abundance of
cBD-1 from a mock- or RSV-challenged animal is shown (top image). Quantitative
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densitometric analysis of cBD-1 protein abundance in mucosal extracts was reported as the
ratio of the pixel intensity of samples from either mock-challenged or RSV-infected animals
relative to the pixel intensity from mock-treated chinchillas (bottom graph). Asterisk denote
a statistically significant (p ≤ 0.05) reduction in the abundance of cBD-1 protein in RSV-
infected chinchillas compared to mock-treated animals. RSV infection resulted in time-
dependent decreased expression of cBD-1 mRNA and protein in the URT of the chinchilla.
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Figure 2.
Effect of RSV exposure on the load of NTHI in the chinchilla URT. Animals (n = 5 per
cohort) were either mock infected (open squares) or challenged with 1 × 107 pfu RSV (filled
diamonds) two days prior to IN inoculation of 1 × 108 cfu NTHI strain 86-028NP. We
obtained NL fluids from chinchillas 1, 2, 4, or 5 days after NTHI challenge and total
bacterial cell counts were determined. Data represent the mean ± SD of bacterial counts
from the number of animals shown in parenthesis on the respective day. Asterisk denote a
statistically significant (p ≤ 0.05) increase in the concentration of NTHI in RSV-infected
chinchillas compared to mock-treated animals. A difference of 1–2 logs was consistently
seen in the concentration of NTHI resident in the nasopharnyx for a minimum of 5 days
after bacterial challenge.
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Figure 3.
Effect of neutralization of native cBD-1 on the load of NTHI in the chinchilla URT. Pre-
immune (white bar) or anti-(r)cBD-1 serum (black bar) was administered to chinchillas (n =
3 per cohort) 20 minutes prior to challenge with 1 × 108 cfu NTHI. Enumeration of bacteria
in NL fluids two days after challenge are shown as the average concentration of NTHI per
ml of NP lavage fluid. Anti-(r)cBD-1 reduction of native cBD-1 protein at the mucosal
surface resulted in an increased load of NTHI in the URT.
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Figure 4.
Influence of (r)cBD-1 on the load of NTHI in the chinchilla upper airway. (A) Chinchillas (n
= 3 per cohort) were challenged with NTHI 86-028NP, and 20 hours later, were
administered saline or one of three doses of (r)cBD-1. NL fluids were obtained 2 or 24 hours
after animals received either saline or the AP, and bacterial counts were determined. (B)
After conducting nasopharyngeal lavages, we recovered mucosa from the chinchilla URT
and tissue homogenates were plated for determination of the adherent population of NTHI
after AP treatment. (r)cBD-1 decreased the load of NTHI in NL fluids and at the mucosal
surface of the upper airway. Asterisks denote a statistically significant (p ≤ 0.05) decrease in
the concentration of NTHI in chinchillas that received (r)cBD-1 compared to animals that
received saline alone.
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Figure 5.
Influence of (r)hBD-3 on the load of NTHI in the chinchilla upper airway. (A) To determine
the ability of (r)hBD-3 to kill NTHI in vitro (prior to initiation of animal studies), NTHI
86-028NP was incubated with increasing concentrations of (r)hBD-3 for 1 hour, and the
number of surviving colony forming units were determined. (B) Chinchillas (n = 5 per
cohort) were challenged with NTHI 86-028NP, and 20 hours later, were administered saline
or one of three doses of (r)hBD-3. NL fluids were obtained 2 or 24 hours after animals
received saline or the AP, and bacterial counts were determined. Asterisks denote a
statistically significant (p ≤ 0.05) decrease in the concentration of NTHI in (r)hBD-3-treated
chinchillas compared to saline-treated animals.
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