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Abstract

To determine whether inhaled immunostimulatory DNA sequence oligonucleotides containing
CpG motifs mitigate the pathophysiologic manifestation of the asthmatic phenotype (airways
hyperresponsiveness and airways remodeling), rhesus monkeys with experimentally induced
allergic airways disease were treated seven times with inhaled immunostimulatory
oligonucleotides (or sham) periodically for 33 weeks. Airways hyperresponsiveness was reduced
twofold in immunostimulatory DNA sequence—treated compared with sham-treated monkeys.
Airways from immunostimulatory oligonucleotide-treated monkeys had thinner reticular basement
membranes, fewer mucous cells, fewer eosinophils, and fewer mast cells than sham-treated
allergic monkeys. We conclude that inhaled immunostimulatory oligonucleotides can attenuate the
magnitude of airway hyperreactivity and airways remodeling produced in nonhuman primates
with experimentally induced allergic airways disease.
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Immunostimulatory DNA sequences (ISS) contain a CpG dinuncleotide (CpG motif) that is
characteristic of bacterial DNA but relatively rare in vertebrate DNA. Vertebrate innate
immune systems can rapidly detect infection using pattern recognition receptors (that
include the toll-like receptors on dendritic cells, macrophages, monocytes, and neutrophils.
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Once bound, these receptors activate the immune system to respond specifically to infection
(1-4). ISS treatment (by systemic or mucosal delivery) has been shown to inhibit airways
remodeling and airways hyperresponsiveness in murine models (5-10). We have previously
defined a nonhuman primate model of allergic asthma using aerosolized house dust mite
allergen (HDMA) (Dermatophagoides farinae), a known human allergen (11). This model
exhibits the hallmarks of allergic asthma defined by the 1997 National Heart, Lung, and
Blood Institute National Asthma Education and Prevention Program, including positive skin
tests, bronchial hyperresponsiveness, airway inflammation, and airways remodeling. To
determine whether inhaled ISS mitigates the asthmatic phenotype (airways
hyperresponsiveness and airways remodeling), rhesus monkeys with experimentally induced
allergic airways disease were treated seven times with inhaled ISS (or sham) periodically for
33 weeks. Airways hypperresponsivenes was reduced in ISS-treated compared with sham-
treated monkeys. Airways from 1SS-treated monkeys had thinner basement membranes,
fewer mucous cells, fewer eosinophils, and fewer mast cells than sham-treated monkeys. We
conclude that inhaled ISS can attenuate the occurrence of airways hyperresponsiveness and
airways remodeling in nonhuman primates with allergic disease. Some of the results of these
studies have been previously reported in the form of abstracts (12, 13).

METHODS

Animal Protocol

Eight young adult (3-5 years old) rhesus macaques were sensitized and exposed to HDMA
(D. farninae) for 11 weeks, as previously described (11). All eight monkeys demonstrated
positive skin tests to HDMA. Differences between groups were analyzed by t test (17). After
the HDMA sensitization, each monkey was exposed to HDMA aerosol once every 2 weeks
for 20 weeks of exposure. Once all eight monkeys were determined to exhibit clinical and
immunologic signs of allergic airways disease (confirmed by pulmonary function testing and
bronchoalveolar lavage), the monkeys were sedated with ketamine and four of the eight
monkeys were given three inhalation exposures (via facemask) of 12.5 mg ISS in 5 ml of
sterile phosphate-buffered saline (PBS) over 6 weeks. Each ISS exposure occurred 24 hours
before the HDMA exposure. The oligodeoxynucleotide sequence 5’-
TGACTGTGAACGTTCGAGATGA-3’ (10, 18) was used for this study; this sequence has
been previously shown to be an effective immune stimulus for both mice and humans (10,
14). The remaining four monkeys received only sterile PBS (sham treatment). Biweekly
HDMA exposures continued after these three ISS treatments for 12 weeks, during which
time clinical signs of allergic airways disease were monitored by pulmonary function testing
and bronchoalveolar lavage. An additional four inhalation exposures of 1.25 mg ISS in 5 ml
of sterile PBS were delivered as previously described.

Pulmonary Mechanics and Airway Responsiveness Testing

Pulmonary mechanics and airway responsiveness to histamine aerosol were measured as
previously described (11).

Bronchoalveolar Lavage and Differential Cell Counts

To evaluate the inflammatory response to allergen, bronchoalveolar lavage samples from
sedated monkeys were obtained by bronchoscopy with PBS (10 ml) after sensitization
(Week 21), after the first three ISS or sham treatments (Week 27), and at necropsy. Lavage
leukocyte counts and differentials were determined as previously described (11).
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Evaluation of Airways Remodeling

Two weeks after the last ISS treatment, monkeys were killed, and lungs were inflation-fixed
as previously described (11). Reticular basement membrane thickness was measured as
previously described (15). Volume per surface area of basement membrane of Alcian blue/
periodic acid-Schiff positive mucous cells was calculated for each monkey using standard
stereologic methods (see the online supplement for details) made on at least five fields from
trachea and used to calculate the mean and standard deviation for each group (16).
Determination of significance was on the basis of a t test of p < 0.05 (SigmaStat; SPSS
Science, Chicago, IL) (17). Mast cells were identified with mast cell tryptase monoclonal
antibody AA1 (Novacastra Laboratories, Newcastle upon Tyne, UK) and nova red
peroxidase substrate (Vector Labs, Burlingame, CA). Total mast cells, smooth muscle—
associated mast cells, and glandular-associated mast cells were ranked by a blinded
observer, with one indicating the fewest mast cells and eight indicating the most mast cells.
Determination of significance was on the basis of the Mann Whitney test (p < 0.05,
SigmaStat; SPSS Science) (17).

Quantitation of Immune Cells

The volume per surface area of basement membrane of eosinophils within airway epithelium
and interstitium was determined by immunofluorescence staining of cryosections using
mouse anti-human major basic protein monoclonal antibody (BIODESIGN, Saco, ME) and
ALEXA 488-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR), as
previously described (18).

RESULTS

Clinical Signs of Atopy and Allergic Asthma

Inhaled ISS exposure altered clinical signs of atopy and allergic asthma in our HDMA-
sensitized nonhuman primates. All eight monkeys in this study mounted a positive IgE
response to a skin prick test for HDMA after 21 weeks of episodic HDMA challenge and
before the start of ISS administration (Table 1). After three ISS treatments over 6 weeks,
only one of four 1SS-treated animals retained a positive skin-prick test to HDMA, whereas
four of four sham-treated animals retained a positive skin-prick test to HDMA, indicating a
loss of systemic IgE response in the 1SS-treated monkeys. There were no significant changes
in the levels of circulating eosinophils or systemic HDMA-specific IgE between sham- and
ISS-treated asthmatic monkeys. Pulmonary function measurements were also altered after
ISS treatment. Airway responsiveness was measured as the effective concentration of
histamine required to produce a 150% increase in airways resistance (EC150) or a 50%
decrease in dynamic lung compliance (EC50). Treatment with 1SS resulted in a significant
decrease in airways hyperresponsiveness to non-specific stimuli as measured by EC150
(Figure 1A) and EC50 (Figure 1B) values as compared with sham-treated monkeys.

To assess the acute inflammation in response to an allergen challenge, we compared airway
immune cell infiltrate 24 hours after HDMA aerosol challenge by bronchoalveolar lavage
after 21 weeks of episodic allergen challenge (but before the start of the sham/ISS
treatment). There was no significant difference in the magnitude or distribution of immune
cells from the bronchoalveolar lavage in the eight monkeys, indicating that, although our
sample size was small, our population was homogenous. The pre-sham/pre-1SS treatment
lavage samples consisted of a majority of macrophages followed in number by eosinophils,
lymphocytes, and neutrophils (data not shown). After three 1SS/sham treatments (Week 27),
total airway leukocyte numbers after HDMA aerosol challenge were significantly reduced in
ISS monkeys as compared with sham-treated monkeys (Figure 1C). In sham-treated
monkeys, macrophages and neutrophils were the most abundant cell type in the lavage,
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whereas in ISS-treated animals the majority of cells were macrophages (Figure 1C). ISS
treatment significantly decreased the number of lavage eosinophils and lymphocytes.

Airways Remodeling

The reticular basement membrane of all monkeys was variable in thickness. However, there
was a trend for the reticular basement membrane of the ISS-treated monkeys to be thinner
than that of the sham-treated monkeys (Figures 2A—2C). The mass of surface mucous goblet
cells was significantly less in 1SS-treated monkeys than in sham-treated monkeys (Figures
2D-2F). In addition, ISS treatment significantly decreased the number of interstitial mast
cells compared with sham-treated monkeys (Figures 2G-21). No significant differences were
found in the mast cells associated with smooth muscle or glands (data not shown). The mass
of tissue eosinophils was less in ISS-treated monkeys compared with sham-treated monkeys,
although not statistically significant (Figures 2J-2L).

DISCUSSION

Using HDMA-sensitized and challenged rhesus monkeys, we tested the hypothesis that ISS
containing CpG motifs can attenuate airway hyperresponsiveness and airways remodeling,
and diminish immediate-type hypersensitivity responses to allergen. Conceptually, the
airways can be thought of as epithelial-mesenchymal trophic units comprised of epithelium
lining the airway lumen attached to a basement membrane that is surrounded by layers of
attenuated fibroblasts, extracellular matrix, and smooth muscle. The immune and nervous
systems are interspersed throughout these components. The maintenance of normal
communication between the epithelium and the mesenchymal components of the trophic
unit, via the controlled release and production of signaling molecules, is critical to the
preservation of normal structure and organization (19). Alterations of the airway trophic unit
in asthma are reported as airways remodeling including (1) mucous cell hyperplasia; (2)
reticular basement membrane thickening; (3) peribronchiolar or subbasement membrane
fibrosis; and (4) smooth muscle hypertrophy (20-23). The pulmonary mucosa, airway wall
structure, and systemic immune system of the adult rhesus monkey are similar to that of
humans (24-27), and the same hallmarks of human allergic asthma are evident in the
HDMA rhesus monkey model (11). Mouse models have provided much insight into the
immunologic mechanisms of allergic asthma and the potential for ISS to alleviate them. In
mice, both systemic (7, 9, 10, 28, 29) and mucosal (8) CpG oligonucleotide treatments have
been shown to reduce clinical symptoms, such as airways hyperresponsiveness and airway
eosinophilia, after inhaled ovalbumin administration. Evaluations of the ability of CpG
motifs to attenuate airways remodeling in mice have not been as complete. Both mucosal
and systemic ISS have been reported to reduce/prevent mucous cell metaplasia in mice
exposed to inhaled ovalbumin (8, 9, 28, 29). However, this aspect of airways remodeling in
mice does not accurately reflect the manifestation in humans. Normal bronchial epithelium
in humans consists of ~ 25% mucous (goblet) cells, whereas bronchial epithelium in mice
consists of only 1% mucous (goblet) cells (reviewed in [27]). This means that an increase in
mucous cells in human airways during an inflammatory response is most likely due to
proliferation and hyperplasia of existing cells, whereas an increase in mucous cells in mice
is most likely due to a metaplastic change. Systemic CpG oligonucleotide treatment in mice
has also been shown to reduce peribronchiolar or subbasement membrane fibrosis (9, 28)
and peribronchiolar smooth muscle thickness or hypertrophy (28) associated with allergic
asthma. We did not observe clearly detectable differences in smooth muscle mass or bundle
orientation between sham- or ISS-treated monkeys with asthma. This may be due in part to
the relatively short-term nature of the ISS treatment in this study. Another reason may be the
relative lack of plasticity of the smooth muscle in an adult animal. No information on
reticular basement membrane thickening, an integral aspect of airways remodeling in
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asthma, is available from murine models of asthma or from treatment with CpG motifs. The
reticular basement membrane is very thin in the relatively small airways of the mouse and
difficult to study at the light microscopic level. In our nonhuman primate model of allergic
asthma, however, we have shown that mucosal administration of 1SS mitigates mucous cell
hyperplasia (bronchial epithelium of rhesus monkeys has baseline levels of mucous [goblet]
cells) and reticular basement membrane thickening, in addition to mitigating mast cell and
eosinophilic infiltration. Differences in the gross and subgross anatomy of the lungs (25),
architecture of the tracheobronchial trees (26), epithelial composition and distribution (24,
27), and secretory glycoconjugate composition (30) between primates and rodents make
extrapolation of murine ovalbumin models to humans difficult. The present study shows that
biweekly administration of inhaled ISS can mitigate mast cell and eosinophil infiltration,
mucus-cell hyperplasia, reticular basement membrane thickening, and airway
hyperresponsiveness associated with allergic airways disease in an animal model that closely
reflects the pathophysiology of human asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Airway hyperresponsiveness to histamine and decreased lung compliance in house dust mite
allergen (HDMA)-sensitized monkeys is reversed by immunostimulatory DNA sequences
(ISS) (A, B). Data are expressed as the effective concentration of histamine required to
produce a 150% increase in pulmonary flow resistance (EC150) (A), or a 50% decrease in
dynamic lung compliance (EC50) (B). Data are expressed as mean + standard error.
*Significantly different than presensitization baseline (p < 0.05); tsignificantly different
than sham-treated monkeys (p < 0.10). Inflammatory cells in lavage fluid in HDMA-
sensitized monkeys is decreased by 1SS (C). Data are expressed as mean + SE of individual
cell types. *Significantly different from sham-treated monkeys (p < 0.025). PMN =
polymorphonuclear leukocytes.
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Figure 2.

Thickened basement membrane zone in HDMA sensitized monkeys is mitigated by ISS.
Hematoxylin and eosin-stained sections of proximal airway epithelium from sham-treated
(A) and 1SS-treated (B) HDMA-exposed monkeys; white arrows indicate the epithelial and
interstitial borders of the basement membrane zone. Quantitative assessment of basement
membrane thickness (Vs) (C). Mucous cell hyperplasia in HDMA-sensitized monkeys is
mitigated by ISS. Alcian blue/periodic acid-Schiff-stained sections of distal airway
epithelium from sham-treated (D) and 1SS-treated (E) HDMA-exposed monkeys; large
arrows indicate goblet mucous cells in terminal bronchioles. Quantitative assessment of
surface epithelial mucous cell volume per surface area of basement membrane (F).
*Significantly different than sham-treated monkeys (p < 0.05). Mast cell infiltration in
HDMA-sensitized monkeys is diminished by ISS. Mast cell tryptase-stained sections of
proximal airway epithelium from sham-treated (G) and ISS-treated (H) HDMA-exposed
monkeys; arrows indicate interstitial tryptase-positive mast cells. Qualitative assessment of
surface epithelial tryptase-positive mast cells (F). *Significantly different than sham-treated
monkeys (p < 0.05). Eosinophil infiltration in HDMA-sensitized monkeys is diminished by
ISS. Major basic protein labeled sections of proximal airway epithelium from sham-treated
(J) and 1SS-treated (K) HDMA-exposed monkeys; arrows indicate interstitial major basic
protein positive eosinophils. Quantitative assessment of eosinophil volume per surface area
of basement membrane x 1073 (L).
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