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Tissue Remodeling Gene Expression in a Murine Model of Chronic
Rhinosinusitis

Nathan B. Sautter, MD; Katherine L. Delaney, BS; Frances A. Hausman, BA; Dennis R. Trune, PhD

Objective/Hypothesis: The matrix metalloproteinase (MMP), fibroblast growth factor (FGF), and bone morphogenetic
protein (BMP) families regulate tissue remodeling in many normal and pathophysiologic processes. We hypothesize that
induction of chronic sinonasal inflammation will be associated with changes in regulation of these tissue remodeling
cytokines.

Methods: Balb/c mice aged 8 to 12 weeks were sensitized and treated with intranasal Aspergillus fumigatis (AF) three
times per week for 1 week, 3 weeks, 2 months, and 3 months (n = 8 each time point). Sinonasal tissues were evaluated for
changes in MMP, FGF, and BMP regulation using standard RT-PCR techniques. Additional snouts were processed for histology
and immunohistochemistry. Untreated mouse snouts of identical age were used as controls.

Results: Significant upregulation of MMP8 was observed at 2 months, and MMP1a, MMP7, MMP8, and MMP12 were all
significantly upregulated at 3 months. FGF3 was significantly upregulated at 3 weeks and 3 months, and FGF5, FGF6, and
FGF8 were all significantly upregulated at 3 months. BMP8b and BMP9 were significantly upregulated at 3 months. Histologic
analysis revealed mucosal, stromal, and mucin gland hypertrophy, increased mucin production, and metaplasia with loss of
cilia. Antibody staining was strongly positive in the AF-treated group.

Conclusions: Induction of CRS is associated with time-dependent changes in tissue remodeling cytokine expression
occurring in conjuction with inflammatory tissue changes. Antibody staining for upregulated cytokines suggests local produc-
tion within the sinonasal mucosa. Further study is required to better understand the association between BMP, FGF, and

MMP regulation and tissue remodeling changes resulting from chronic inflammation.
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INTRODUCTION

Current opinion defines chronic rhinosinusitis
(CRS) as an array of multifactorial diseases sharing a
common factor of chronic sinonasal mucosal inflamma-
tion. Research has implicated dysfunction of cytokine
expression as a key factor in the underlying molecular
pathogenesis of CRS and allergic inflammation.! Sino-
nasal osteogenesis, mucosal hypertrophy, basement
membrane thickening, fibrosis, subepithelial collagen
deposition, angiogenesis, and scarring are common forms
of tissue remodeling in patients with long-standing
CRS.>* In addition, significant proliferation of the
extracellular matrix is seen in CRS with nasal polypo-
sis.® These progressive tissue remodeling changes affect
normal sinonasal physiology and increase disease symp-
tomatology, as well as surgical difficulty. Few authors
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have investigated the role of tissue remodeling in CRS,
and the underlying molecular mechanisms that ulti-
mately lead to these tissue changes in CRS remain
uncharacterized.2®%” Tissue remodeling processes
throughout the body are largely governed by the matrix
metalloproteinase (MMP) family of enzymes, and the
fibroblast growth factor (FGF), and bone morphogenetic
factor (BMP) families of cytokines.

MMPs are proteolytic enzymes that regulate remodel-
ing of the extracellular matrix, and regulate other
cytokines involved in remodeling of the extracellular ma-
trix.®? Studies have demonstrated MMP dysregulation in
many pathologic processes, including cancer, atherosclero-
sis, neurodegenerative diseases, and cholesteatoma, as
well as in inflammatory diseases such as otitis media, CRS,
and asthma. Specifically, changes in expression of MMP2
and MMP9 have been associated with human CRS.'%-1¢

Members of the BMP and FGF families of cytokines
are responsible for regulation of tissue growth and
remodeling in many normal physiologic processes, such
as embryological development, bone growth, wound heal-
ing, angiogenesis, and regulation of inflammation. BMP
dysregulation is seen in gastric and colon malignancies,
and FGF signaling is known to play a key role in many
types of cancer.'”'® Unlike the MMP family, however,
little is known regarding the role of BMP and FGF fam-
ily members in CRS.1°

Tissue remodeling is routinely observed in animal
models of CRS. The murine model of allergic fungal
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CRS, initially described by Lindsay et al.,2%2! exhibits
many of the same histopathologic changes seen in
human CRS, including thickening of the lamina propria,
mucosal inflammatory cell infiltrate, and increase in
nonciliated epithelial cells with increased apocrine secre-
tion. Bony remodeling of the sinonasal cavity, including
osteogenesis, osteitis, and periosteal fibrosis has been
described in studies using a rabbit model of bacterial
CRS.®

The underlying molecular mechanisms governing
CRS-associated tissue remodeling, however, remain
uncharacterized in animal models as well as in human
subjects with CRS. A better understanding of the cellu-
lar and molecular processes leading to osteogenesis,
fibrosis, and angiogenesis in CRS is needed in order to
develop novel therapies aimed at halting or reversing
CRS-associated tissue remodeling. We have previously
demonstrated acute changes in several members of the
BMP, FGF, and MMP families in a mouse model of acute
allergic rhinitis.?? The purpose of this study is to charac-
terize the changes in BMP, FGF, and MMP family
expression in a mouse model of CRS. We hypothesize
that induction of CRS following fungal antigen exposure
will result in changes in the level of regulation of several
members of the BMP, FGF, and MMP families.

METHODS

CRS Mouse Model

The murine model of CRS as described by Lindsay
et al.,2®%! and later modified by Khalid et al.2! was employed.
BALB/C mice age 8 to 12 weeks were presented with an intra-
peritoneal challenge of 200 pg of Aspergillus fumigatus (AF)
extract (Greer Laboratories, Inc., Lenoir, NC) dissolved in 2 mg
of alum and 0.5 mL of phosphate buffered saline. Beginning 7
days following intraperitoneal sensitization, bilateral intranasal
challenge with 5 ug of AF extract was administered under anes-
thesia using an intraperitoneal injection of ketamine (100 mg/
mL; 0.067 mg/g body weight) and xylazine (20 mg/mL; 0.013
mg/g body weight). Mice were treated with intranasal AF
extract three times per week for a total of 3 months, at which
time they were sacrificed (n = 8). Untreated mouse snouts from
mice aged 20 to 24 weeks (n = 8) were used as controls. At the
time of sacrifice, the sinonasal mucosa, nasal septum, and the
underlying vomeronasal and ethmoturbinate bone were dis-
sected from the snouts and placed immediately in RNAlater
solution (Qiagen, Inc., Valencia, CA). Dissections were per-
formed under magnification in order to ensure completeness of
the dissection and consistency across all dissections. All har-
vested sinonasal tissue was included in the RT-PCR analysis.

Quantitative RT-PCR

RNA for RT-PCR was extracted from dissected sinonasal
tissue using the RNeasy Mini Kit according to the manufac-
turer’s instructions (Qiagen, Inc.). A total of 200 ug of RNA was
used to synthesize the ¢cDNA probe using the C-03 RT? first-
strand kit (SABiosciences, Frederick, MD). Standardized custom
PCR kits optimized for each cytokine, including the primer and
probe, were utilized (SABiosciences). Custom arrays were
obtained for the following cytokines: BMP1, BMP2, BMP3,
BMP4, BMP5, BMP6, BMP7, BMP8a, BMP8b, BMP9, BMP10,
FGF1, FGF2, FGF3, FGF4, FGF5, FGF6, FGF7, FGF8, FGF10,
MMP1la, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, and
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MMP14. The method of semiquantitative real-time RT-PCR was
utilized, and reverse transcription was performed using an ABI
Step One Plus system (Applied Biosystems, Inc., Foster City,
CA). Using this system, the parameter C; (threshold cycle) is
defined as the fractional cycle number at which the reporter flu-
orescence generated by cleavage of the probe passes a fixed
threshold above baseline. A plot of the log of initial target copy
number for a set of standards versus C; is a straight line. Quan-
titation of the amount of target in samples is done by
measuring C; and using the standard curve to determine start-
ing copy number. Calculation of Cs, preparation of a standard
curve, determination of the starting copy number, and calcula-
tion of statistical significance was performed using the AAC;
method with the aid of the SABiosciences PCR Array Data
Analysis Web Portal.2? 185 RNA was used as the comparator.
In order to determine statistical significance, a two-tailed ¢-test
assuming equal variance was performed using the AAC; values
as input.

Histologic Analysis

Experimental mice were treated according to the above
protocol using AF extract. Mice were sacrificed after 3 months
of nasal challenge. The snouts were harvested, fixed in 3%
paraformaldehyde, decalcified, embedded in paraffin, sectioned
at 5 um, and stained using standard techniques. Tissues were
observed using a Leica DM 2500 microscope and photographs
were obtained using Leica application suite v3 software. Serial
sections from two treated mice snouts were analyzed for histo-
pathologic changes, and two untreated mouse snouts were used
as controls for comparison.

The histopathologic grading scale as described by Khalid
et al.?! was utilized. Every fifth section containing the vomero-
nasal organ and nasal-associated lymphoid tissue was examined
and graded. Inflammation was graded from O (no change) to 4
(severe change), and secretory hyperplasia was also graded
from 0 (no change) to 4 (severe change). Control sections were
used to define the grade of 0. The histologic grades of the
treated snouts were then averaged and compared to the
untreated controls.

All animal procedures were approved by the OHSU Insti-
tutional Animal Care and Use Committee.

Immunohistochemistry

BALB/c mice age 8 to 12 weeks were sensitized to AF and
treated three times per week with intranasal challenge of AF
for 3 months as described above (n = 2). Snouts were harvested,
decalcified, processed, and embedded in paraffin using standard
techniques. Untreated snouts were used as a control comparison
(n = 2). Antibody staining was performed using standard tech-
niques as outlined below.

Antibody staining was performed for MMP1, MMP7,
MMPS8, FGF8, and BMP9. Serial 5 um sections were mounted
and heated at 50°C for 30 minutes. The slides were deparaffi-
nized using serial ethanol and Citrisolv washes. The antibody
was diluted in DaVinci Green Diluent, and DaVinci Green Dilu-
ent alone is used as the control. Each section was incubated
with antibody at 1:50 and 1:100 concentrations for 1 hour at
room temperature. The slides were washed with TBS twice and
incubated with 0.15% glycine in TBS for 10 minutes. Blocking
was performed using 10% goat serum diluted in TBS for 10
minutes. The secondary antibody (1:50 goat anti-rabbit IgG
Alexa Fluor 488) was incubated in the dark for 1 hour. The
slides were washed three times with 1% goat serum diluted in
TBS followed by 3% paraformaldehyde in 0.1 M phosphate
buffer. The slides were washed serially with TBS and distilled
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Fig. 1. Change in degree of regulation of members of the BMP family over 3 months. The vertical axis is formatted in logarithmic scale.
Statistically significant values are designated with an asterisk, and 95% confidence intervals are represented by the bars.

water, then coverslipped using Fluoromount-G and allowed to
dry overnight. Slides were viewed using a Leica DM 2500
microscope and photographs were taken using Leica application
suite v3 software. Photographs of representative experimental
and control snout sections were obtained using identical set-
tings. Side-by-side comparison of photographs of the
experimental and control snout sections was used to determine
the degree and localization of fluorescent staining.

RESULTS

RT-PCR

Several members of the BMP family exhibited stat-
istically significant changes in regulation (Fig. 1). At 2
months, significant downregulation of BMP3, BMP7,
and BMP8a ranging from 15% to 50% of normal expres-
sion was observed (P < .05). At 3 months, BMP8b was
upregulated by a factor of 2.1, and BMP9 was upregu-
lated by a factor of 14.1 (P < .05). No significant changes
were noted in regulation of BMP1, BMP2, BMP4, BMP5,
BMP6, BMP7, and BMP10.

In the FGF family (Fig. 2), FGF2 and FGF7 were
significantly downregulated to 46% to 49% of normal
expression at 1 week (P < .05), and downregulation to
35% of normal expression was observed for both FGF2
and FGF7 at 3 weeks (P < 05). FGF3 and FGF6 were
significantly downregulated to 50% of normal expression
at 2 months (P < .05). Conversely, FGF3 was signifi-
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cantly upregulated by a factor of 1.8 at 3 weeks, and
FGF3, FGF5, FGF6, and FGF8 were significantly upreg-
ulated by factors ranging from 3.2 to 6.5 at 3 months (P
< .05). No significant changes in regulation were noted
for FGF1 and FGF10.

Several members of the MMP family exhibited sig-
nificant upregulation (Fig. 3). At 2 months, MMP8 was
upregulated by a factor of 5.3 (P < .05). MMP1a, MMP7,
MMPS8, and MMP12 were significantly upregulated at 3
months by factors ranging from 2.1 to 3.5 (P < .05). No
significant changes were noted in expression of MMP2,
MMP3, MMP9, and MMP14.

Histology

Figure 4 demonstrates the salient histopathologic
changes observed in the sinonasal tissue of AF-treated
mice (Fig. 4b—e) compared to untreated controls (Fig.
4a). AF-treated mice exhibited mucosal hypertrophy as
well as hypertrophy of the underlying stroma and mu-
cous glands. Inflammatory cell infiltration
(predominantly eosinophils and lymphocytes), as well as
mucosal metaplasia with loss of cilia were also routinely
observed.

According to the Khalid grading scale, the average
inflammatory change was 2.4 and the average change in
secretory hyperplasia was 3.3. No obvious bony changes
were noted in the AFtreated mice compared to controls.
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Fig. 2. Change in degree of regulation of members of the FGF family over 3 months. The vertical axis is formatted in logarithmic scale. Stat-
istically significant values are designated with an asterisk, and 95% confidence intervals are represented by the bars.

Immunohistochemistry

Figure 5 demonstrates patterns of antigen staining
in experimental (left column) and control (right column)
sinonasal tissue. Strong fluorescent staining localizing
primarily to the sinonasal mucosa and the underlying
stroma was noted in the AF-treated tissue compared to
the untreated controls.

DISCUSSION

Tissue remodeling is a prominent feature of long-
standing CRS. These tissue changes presumably occur as
a result of chronic mucosal inflammation, however, out-
side of clinical experience, there is little evidence to
support this. Sinonasal tissue remodeling likely contrib-
utes to increased symptomatology and greater challenges
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Fig. 3. Change in degree of regulation of members of the MMP family over 3 months. The vertical axis is formatted in logarithmic scale.
Statistically significant values are designated with an asterisk, and 95% confidence intervals are represented by the bars.
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Fig. 4. Histologic changes seen in the CRS mouse model as compared to untreated controls (a). Rapid mucin staining reveals mucin gland
hypertrophy (b, arrows indicate mucin glands). Evidence of mucosal metaplasia with loss of cilia (c), inflammatory cell infiltrate with promi-
nent intravascular eosinophils (arrow), and inflammatory cells adherent to the vascular endothelium (arrowheads) in the process of diapede-

sis (d), and mucosal and stromal hypertrophy (e, f) were all observed.

in treatment. Some authors have suggested that persis-
tent localized inflammation in patients with sinonasal
osteogenesis and osteitis may be resolved only through re-
moval of the underlying diseased bone.® Additionally,
sinonasal angiogenesis and osteogenesis may potentiate
surgical difficulty resulting from increased bleeding, poor
visualization, and greater risk to adjacent structures.
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Unfavorable wound healing following endoscopic sinus
surgery may also be associated with tissue remodeling, as
in the commonly encountered scenario involving osteitic
stenosis in a previously instrumented frontal recess.

The MMP family is the most thoroughly studied
family of tissue remodeling factors, and they have been
studied in relation to CRS as well as inflammatory
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Fig. 5. Immunohistochemical staining for BMP9 (a, b), FGF8 (c, d), and MMP8 (e, f). Aspergillus-treated tissue is shown in the left column,
and untreated control tissue is shown on the right. Strong staining was noted with localization to the epithelium.

remodeling of the lower airway. Authors have shown
that single nucleotide polymorphisms in the MMP9 gene
may be a risk factor for development of CRS, and other
studies have demonstrated MMP9 plays a significant
role in airway remodeling in human asthma. In a mouse
model of hypercapnia, MMP8 was demonstrated to be
associated with lung matrix remodeling.’®?® Our find-
ings demonstrated significant upregulation of MMPla,
MMP7, and MMP12 at 3 months, as well as significant
upregulation of MMP8 at 2 and 3 months. We did not,
however, observe any changes in MMP2 and MMP9,
both of which have previously been implicated in human
CRS. This may be due to differences in molecular physi-
ology between the animal model and human disease.

In the current study, we observed a significant
increase in BMP9 expression at 3 months. Very little is
known regarding the role BMP members in airway remod-
eling. BMPs, however, are structurally related to TGF-f,
which is known to play a role in CRS and sinonasal fibro-
sis. Prior studies have demonstrated increased expression
of TGF-p in CRS patients with increased fibrosis and no
polyposis versus patients with CRS with nasal polypo-
sis.2+?5 Additionally, BMPs are known to play a role in
embryologic lower airway development. Rosendahl et al.2®
demonstrated upregulation of BMP type 1 receptors with
increased expression of BMP2, BMP4, and BMP6, as well
as downregulation of BMP5 and BMP7 in inflamed bron-
chial epithelial cells. Due to the structural similarity to
TGF-p, it is possible that members of the BMP family are
working through activation of the TGF-f receptor; how-
ever, it is also possible they are working to induce tissue
remodeling through activation of BMP receptors. Further
study is needed to establish a definite connection between
increased BMP9 expression and tissue remodeling.

As with the BMP family, there is little data regard-
ing airway inflammation and remodeling in relation to
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FGF expression. We observed significant upregulation of
FGF3, FGF5, FGF6, and FGF8 following three months
of AF treatment. In a prior study of allergic mice
infected with respiratory syncytial virus, it was discov-
ered that thickening of the bronchial basement
membrane as well as increased lung collagen synthesis
occurred in association with increased FGF2 expres-
sion.?” To our knowledge, this is the only other study
evaluating FGF expression in inflammatory airway
remodeling. Further investigation is required before a
definite association between FGF3, FGF5, FGF6, and
FGF8, and inflammatory sinonasal tissue remodeling
can be established.

There are several drawbacks associated with the
murine model. Innate immune response to mold and
other environmental factors differs between mice and
humans. It may also be argued that, from a pathophysio-
logic standpoint, the AF-treated mouse model differs
greatly from the diverse collection of multifactorial dis-
eases that fall under the rubric of human CRS. It should
be noted, however, that we observed in the mouse model
many of the same stigmata of chronic inflammation seen
in human CRS, such as mucosal and stromal hypertro-
phy, metaplasia, and ciliary loss. Also, in the absence of
a more suitable mouse model of chronic sinonasal
inflammation, the AF-treated mouse model remains the
best option for evaluation of the molecular pathophysiol-
ogy of CRS given the wide availability of products for
study as well as the availability of genetic knockouts.

It should be noted that, despite changes in regula-
tion of many members of the BMP family, we did not
observe any obvious bony changes on histologic analysis.
This is consistent with prior reports of the AF treated
mouse model. CRS is a chronic disease, and 3 months is
relatively early in the disease process. It is likely that
further changes in regulation of bone-remodeling
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cytokines occur over time, and it may be many months
before bony changes become apparent. Unfortunately,
due to the relatively short average life span of the Balb/c
mouse, observation of these changes is not practical, and
may not be possible. In our anecdotal experience, human
CRS patients often suffer for years before bony changes
become apparent on CT scan.

CONCLUSION

Increased expression of several BMP, FGF, and
MMP family members is seen at 2 to 3 months in the
AF-treated CRS mouse model. Our findings suggest
these factors are produced locally within the sinonasal
mucosa. These changes in expression are seen in con-
junction with tissue changes such as mucosal and
stromal hypertrophy, metaplasia, and loss of cilia. Fur-
ther study is required in order to establish a definite
association between CRS-related tissue remodeling and
changes in expression of BMP, FGF, and MMP family
members.
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