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Background: Mucous hypersecretion increases asthma morbidity and mortality. Tumor necrosis factor o (TNF-a) levels are
elevated in bronchoalveolar fluid, sputum, and monocyte membranes in some patients with asthma. Anti-TNF-« decreased
asthma exacerbations and improved forced expiratory volume in 1 second in these patients. Whether anti-TNF-«a reduces mucous
cell metaplasia or hyperplasia has not been evaluated.

Objective: To investigate the role of anti-TNF-« in mucous hypersecretion.

Methods: BALB/c mice sensitized intraperitoneally and challenged intratracheally with ovalbumin were treated with 250
pg of anti-TNF-« before ovalbumin sensitization and challenge or before only ovalbumin challenge. Control groups were
sham treated. The tumor necrosis factor receptor (TNFR) mice (TNFR—/— and TNFR+/+) were identically sensitized and
challenged. Seventy-two hours after the final challenge, the airway pressure time index (APTI), which measures airway
hyperresponsiveness, was recorded. Mucous cell metaplasia was accessed by quantitative polymerase chain reaction for
MUC-5AC (the epithelial cell mucous—inducing gene) and the percentage of periodic acid—Schiff (PAS) staining of
bronchial epithelial cells. A human airway cell line (constitutively expressing MUC-5AC) was pretreated with a NF-«B
inhibitor before TNF-« culture.

Results: The mean (SE) fold change of MUC-5AC expression (compared with naive controls), the percentage of PAS-positive
bronchiole epithelial cells, and the APTI decreased in BALB/c mice treated with anti-TNF-« before sensitization and challenge
(4.9[1.14], P = .007; 28.9% [6.8%], P < .001; and 545.8 [104.5] cm H,O/s, P < .001, respectively) and before challenge alone
(9.3 [1.8], P = .03;43.6% [10.7%], P = .009; and 896.8 [81.23] cm H,0/s, P = .06, respectively) compared with sham-treated
mice (20.9 [3.9], 82.4% [1.8%], and 1,055 [30.6] cm H,O/s, respectively). MUC-5AC expression decreased in ovalbumin
sensitized or challenged TNFR—/— (2.41 [0.4]) compared with ovalbumin sensitized or challenged TNFR+/+ mice (18.4 [2.5],
P < .001). TNF-a—induced MUC-5AC expression in human airway culture significantly decreased with pretreatment of a NF-«xB
inhibitor.

Conclusions: Anti-TNF-« treatment reduces airway mucous cell metaplasia in a mouse model of asthma, which may in part
underlie its beneficial effect as asthma therapy.

Ann Allergy Asthma Immunol. 2009;103:295-303.

INTRODUCTION
Mucous hypersecretion is linked with asthma fatality.! Fur-

T2 cytokines interleukin (IL) 4, IL-5, IL-9, IL-13, and IL-17
induce mucous gene expression and secretion in vitro and in

thermore, a decreasing forced expiratory volume in 1 second
(FEV)) is independently associated with a history of sputum
production, suggesting that increased mucous production in-
creases asthma severity.> Mucin glycoproteins, the primary
constituents of mucus, are produced by goblet cells and
submucosal glands. MUC-5AC is the predominant airway
mucin gene. Lung tissue from asthma animal models and
asthmatic patients have increased MUC-5AC expression.**
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vivo.>~® Tumor necrosis factor @ (TNF-«) and IL-1 induce
mucin gene expression in vitro.””!! We demonstrated that
TNF-« significantly increased mucous cell metaplasia in
naive mice.'?

TNF-a is important in severe asthma.!>!* Besides inducing
mucous cell metaplasia, TNF-« increases airway contrac-
tion and induces airway hyperresponsiveness,'®!” which
may occur secondary to recruiting and activating eosinophils
and neutrophils to the airways'®!° and increasing cytokine
release by mast and T cells.?*?! Anti-TNF-« appears to have
the greatest effect in patients with severe asthma'>'* and those
with specific alleles of TNF receptor (TNFR) genes.?> How-
ever, patients with moderate asthma given infliximab expe-
rienced decreased exacerbations, asthma symptom scores, use
of rescue short-acting 3,-agonist, and mean diurnal variation
of peak expiratory flow compared with placebo treatment but
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not a change in FEV,.?® This study evaluated whether anti—
TNF-a antibody reduces mucous cell metaplasia in a murine
model of allergic asthma.

METHODS

Mice and Reagents

Six-week-old female BALB/c, TNFR knockout mice
(TNFR—/—) (p55 and p75 deficient, derived from a mixed
129S and B57BL/6 background, backcrossed onto C57BL/6)
and B6129/J (TNFR+/+, control) mice were purchased from
Jackson Laboratory (Bar Harbor, Maine). Neutralizing ham-
ster antimouse monoclonal anti-TNF-a antibody (endotoxin
level, <0.001 ng/ung; azide free) was purchased from eBio-
science (San Diego, California) and hamster IgG isotype
antibody from Jackson ImmunoResearch Laboratories Inc
(West Grove, Pennsylvania).

Antigen Sensitization and Challenge

BALB/c, TNFR—/—, and TNFR+/+ mice were sensitized
intraperitoneally with 200 wg of alum-absorbed ovalbumin
(grade V; Sigma Aldrich, St. Louis, Missouri) (days 0 and 8).
Mice were challenged intratracheally 3 times (days 18, 25,
and 32) with 100 wg of ovalbumin (Fig 1). Strain-matched
naive mice were controls (n = 5 per group). We did not
administer phosphate-buffered saline intratracheally to con-
trol mice because bronchoalveolar lavage fluid (BALF) cell
numbers and differential and airway hyperresponsiveness
(AHR) are not significantly different when compared with
naive mice. Furthermore, allergen sensitized and phosphate-
buffered saline challenged mice do not develop airway in-
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Figure 1. Experimental protocol. BALB/c mice were sensitized intraperi-
toneally (i.p.) with ovalbumin (200 wg per mouse) twice at weekly intervals
and then challenged intratracheally (i.t.) on days 18, 25, and 32 with
ovalbumin (100 pg per mouse) (ovalbumin mice). One group of mice
received i.p. anti—tumor necrosis factor a (TNF-a) (250 ug per mouse) 4
hours before each ovalbumin sensitization and challenge (n = 5) (protocol
1), and another group received anti-TNF-« (250 pg per mouse) only before
ovalbumin challenge (n = 5) (protocol 2). Sham-treated ovalbumin mice
received isotype control IgG i.p. (250 wg per mouse) 4 hours before ovalbu-
min sensitization and challenge (n = 7) (protocol 1). Naive BALB/c mice
were controls (n = 5). Analysis was performed 72 hours after the final
ovalbumin challenge (day 35) to determine airway hyperresponsiveness
(AHR), bronchoalveolar lavage fluid (BALF) cell number and differential,
messenger RNA cytokine, and MUC-5AC expression from lung tissue and
histologic analysis.

flammation or AHR significantly different from naive mice
(P.J.B. and X.-M.L., unpublished data, April 2005). Mice
were killed 72 hours after final ovalbumin challenge.

Anti-TNF-a Antibody Treatment

One group of BALB/c mice was intraperitoneally injected
with anti-TNF-« (250 pug per mouse) 4 hours before each
ovalbumin sensitization and ovalbumin challenge (n = 5).
Another group of ovalbumin sensitized BALB/c mice only
received intraperitoneal anti-TNF-a (250 ug per mouse) 4
hours before ovalbumin challenge (n = 5). Sham-treated
BALB/c ovalbumin mice (n = 7) received isotype control
IgG intraperitoneally (250 wg per mouse) 4 hours before each
ovalbumin sensitization and challenge (Fig 1). Dose and
timing of anti-TNF-a were based on murine (BALB/c) colitis
models using commercially available anticytokine anti-
body.?*? (Doses of anti-TNF-a in BALB/c models of aller-
gic asthma range from 10 pg to 2 mg.?6%7)

Airway Pressure Recording

Seventy-two hours after the final ovalbumin challenge, AHR
to acetylcholine was measured in BALB/c mice.?® Mice were
given ventilatory assistance and decamethonium bromide (25
mg/kg) was administered into the inferior vena cava to elim-
inate muscle movements. Airway pressure was measured
with a transducer via a port in the tracheal cannula. A
2-minute baseline was recorded, acetylcholine (50 wg/kg)
injected into the inferior vena cava, and the recording con-
tinued for 4 minutes. AHR was defined as the airway pressure
time index (APTI). Because C57BL/6 mice develop airway
inflammation but not AHR after antigen sensitization and
challenge,” we did not measure APTI in this strain.

BALF Preparation and Cell Differential Counts

After APTI, BALF was collected and processed.’® Total cell
numbers were determined using a hemocytometer and cell
differential counts by counting at least 500 cells per slide by
light microscopy.

Lung Histologic Findings

Seventy-two hours after the final ovalbumin challenge, the
right lower lobe was fixed in neutral buffered formaldehyde
and 5-um paraffin sections stained with PAS for evaluation
of goblet cells. Mucous expression was calculated by deter-
mining the percentage of PAS-positive epithelial cells (num-
ber of PAS-positive cells divided by the total epithelial cell
number) in at least 6 randomly selected bronchioles per
animal.>! Results are expressed as the mean percentage of
PAS-positive cells per bronchiole and were conducted by a
blinded reviewer.

Cell Culture

The human mucoepidermoid cell line, NCI-H292 (American
Tissue Culture Collection, Manassas, Virginia), which con-
stituently expresses low-level MUC-5AC messenger RNA
(mRNA), was plated at 5 to 6 X 103 cells in RPMI-1640
supplemented with 10% fetal bovine serum, 100 U/mL of
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penicillin, 100 pg/mL of streptomycin, and 25-mmol/L
HEPES at 37°C in a humidified chamber with 5% carbon
dioxide. Two days after cells reached confluence, they were
serum deprived for 24 hours. Cells were cultured with 50 ng
of recombinant human TNF-« (thTNF-«) for 12, 24, 48, and
72 hours in serum-supplemented media to determine the
optimal time for increased MUC-5AC mRNA expression.
Additional samples were pretreated with BAY-11-7082
(Sigma), a IkB-a phosphorylation inhibitor, at 100 and 10uM
for 2 hours before culture with thTNF-« for 24 hours (deter-
mined to be the optimal time). Control samples were cultured
in media alone or with 50 ng of rhTNF-« and did not receive
pretreatment with BAY-11-7082. Cell culture experiments
included at least 5 samples per group and were repeated.

RNA Extraction

Total RNA was isolated from NCI-292 cells and the right
upper and middle lung tissue using TRIZOL (Invitrogen,
Carlsbad, California) according to the manufacturer’s direc-
tions.

Semiquantitation of Polymerase Chain Reaction Products
Reverse transcription—polymerase chain reaction (RT-PCR)
was performed on cell culture samples. Complementary DNA
was synthesized with random hexamers (Superscript First-
strand synthesis RT-PCR kit; Invitrogen). Primers for MUC-
SAC and B,-microglobulin are previously described.!" PCR
products were examined by electrophoresis on a 1.5% aga-
rose gel.

Quantitive Real-Time PCR

Real-time quantitative RT-PCR (qPCR) was performed using
a previously published SYBR green protocol using ABI7900
HT (Foster City, California).*? Each transcript in each sample

A. B.
40
o * o
7] @
@ 1]
S 30 *% S
£ £
3 3
9 20 u—
o Q
- <
S D
o 10 T g
2 =
= ’—'_‘
0
Group: OVA-mice OVA-mice OVA-mice
Tx: Isotype  Anti-TNF-« Anti-TNF-«
Control  (Senichall) (Chall)

was assayed 3 times and the median threshold cycle was used
to calculate the fold change values and control changes for
each gene. Three housekeeping genes were used for global
normalization in each experiment (S3-actin, RPS11, a-tubu-
lin). Primer sequences for murine IL-4, IL-5, IL-13, inter-
feron y (IFN-vy), and human MUC-5AC have been previously
described.**

Statistical Analysis

Differences between groups were analyzed by 1-way analysis
of variance followed by Bonferroni 7 test for all pairwise
comparisons if the data passed the normality test. P < .05
was considered statistically significant. Analyses were per-
formed using SigmaPlot/Stat (Systat Software Inc, Point
Richmond, California).

RESULTS

Suppression of Mucous Cell Metaplasia by Anti-TNF-«
Treatment of Ovalbumin Mice

We first determined whether anti-TNF-« treatment decreased
MUC-5AC expression in lung tissues from BALB/c ovalbu-
min mice by qPCR. Results are expressed as fold increase in
MUC-5AC mRNA copy number in tissues from ovalbumin
mice compared with the average mRNA copy number in
age-matched tissues from naive mice. Figure 2A demon-
strates that anti-TNF-« treatment administered during both
antigen sensitization and challenge significantly (P = .007)
decreased MUC-5AC expression to 4.97 (1.14) from 20.88
(3.8) (sham-treated group). Similar to initiating anti-TNF-«
treatment before sensitization, initiating treatment before an-
tigen challenge also significantly decreased MUC-5AC ex-
pression (9.3 [1.85], P = .03) (Fig 2A). Although beginning
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Figure 2. Real-time quantitative polymerase chain reaction (qQPCR). qPCR was performed using primers specific for MUC-5AC and normalized to control
genes (B-actin, a-tubulin, and RPS11). Specific messenger RNA levels are expressed as a fold increase in copy number compared with strain and aged-matched
naive mice for (A) sham-treated and anti—tumor necrosis factor a (TNF-a)—treated (sensitization and challenge or challenge alone) BALB/c ovalbumin (OVA)
mice and (B) tumor necrosis factor receptor (TNFR—/— and TNFR+/+4) OVA mice. Results are expressed as means (SE). *P < .05 and **P < .01 compared
with sham-treated OVA mice; ***P < .001 compared with OVA TNFR—/— mice.
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anti-TNF-a before antigen sensitization tended to decrease
MUC-5AC to a greater extent, the difference between both
treatment groups was not significant.

To correlate mRNA MUC-5AC expression with mucous
cell metaplasia, sections of lung tissue were PAS stained. The
percentage of PAS-positive cells in bronchioles was signifi-
cantly lower (P < .001) in mice treated with anti-TNF-«
antibody before antigen sensitization and challenge (28.9%
[6.7%]) compared with sham-treated mice (82.29% [1.8%];
Fig 3A). Likewise, PAS staining was significantly decreased
(P = .009) in BALB/c ovalbumin mice treated with anti—
TNF-a only before challenge (43.57% [10.72%]) when com-
pared with sham-treated ovalbumin mice. However, like
MUC-5AC expression data, the difference in PAS staining
was not significantly different between the 2 treatment groups
but trended toward decreased mucous staining in mice treated
with anti-TNF-a during both sensitization and challenge
periods. Figure 3C-E shows representative PAS-stained (deep
purple) lung tissue samples in BALB/c ovalbumin mice
treated with anti-TNF-a before challenge only (D), before
sensitization and challenge (E), and with sham treatment (C),
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demonstrating decreased staining in the 2 active treatment
groups. There were no PAS-positive airway epithelial cells in
naive mice (Fig 3F).

Decrease of Mucous Cell Metaplasia in TNFR—/—
Ovalbumin Mice

To confirm that treatment with anti-TNF-« decreased airway
MUC-5AC expression and PAS staining of lung tissue, we
sensitized and challenged TNFR—/— and TNFR+/+ mice
with ovalbumin. Results are expressed as fold increase in
MUC-5AC mRNA copy number from ovalbumin mice com-
pared with the average mRNA copy number in age-matched
naive mice for both the TNFR—/— and TNFR+/+ mice. The
fold increase in MUC-5AC expression was significantly
greater (P < .001) in TNFR+/+ ovalbumin mice (18.37
[2.54]) compared with the fold increase in TNFR—/—
ovalbumin mice (2.41 [0.41]; Fig 2B). Similar to airways of
antigen sensitized and challenged BALB/c anti-TNF-a<
treated ovalbumin mice, TNFR—/— ovalbumin mice con-
tained fewer PAS-positive airway epithelial cells (13.57%
[3.0%], P = .02) than similarly treated (control) TNFR+/+
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Figure 3. Goblet cell metaplasia. Percentage of period acid—Schiff (PAS) staining in the right upper lung was determined for (A) BALB/c ovalbumin (OVA)
mice receiving sham or anti—tumor necrosis factor « (TNF-«) treatment during (sensitization and challenge or challenge alone) and naive BALB/c mice and (B)
effect of tumor necrosis factor receptor (TNFR) presence on goblet cell metaplasia in OVA mice. PAS staining was performed to access mucous metaplasia (deep
purple) in (C) BALB/c OVA mice (isotype control treated), (D) BALB/c OVA mice (anti-TNF-« treatment, challenge), (E) BALB/c OVA mice (anti-TNF-a
treatment, sensitization and challenge), (F) naive BALB/c mice, (G) TNFR—/— OVA mice, (H) TNFR—/— naive mice, (I) TNFR+/+ OVA mice, and (J)
TNFR+/+ naive mice. One representative histologic sample per group shown (all original magnifications X20). *P < .05; **P < .01; ***P < .001 compared
with 6-week OVA mice. **P < .01 and ***P < .001 compared with sham-treated OVA mice or TNFR—/— OVA mice.

o ————————————————————————————————————————————————————————————
298 ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY




ovalbumin mice (37.58% [7.19%]; Fig 3B). Figure 3G-J
demonstrates decreased PAS staining from representative
lung tissue samples from TNFR—/— ovalbumin mice (Fig
3G) compared with TNFR+/+ ovalbumin mice (Fig 31).
There were no PAS-positive airway epithelial cells in naive
mouse lungs (Fig 3H and J).

Reduction of AHR by Anti-TNF-a Treatment in Ovalbumin
Mice

We previously demonstrated that intratracheal administration
of thTNF-a to naive mice induces mucous metaplasia and
AHR.'? To determine whether administration of anti—-TNF-«
decreases AHR and mucous cell metaplasia, we measured
APTT after intravenous acetylcholine in BALB/c mice. APTI
was significantly greater (P < .001) in sham-treated BALB/c
ovalbumin mice (1,055 [30.6] cm H,O/s) compared with
naive mice (249.6 [34.1] cm H,0/s), confirming AHR in our
positive controls (Fig 4). APTI in mice treated with anti—
TNF-a antibody during both antigen sensitization and chal-
lenge (545.8 [104.5] cm H,0/s) was significantly decreased
(P < .001) compared with sham-treated ovalbumin mice.
Treatment in the challenge period only, however, reduced
APTI compared with sham-treated mice but did not reach
statistical significance (P = .06). These results suggest that
treatment with anti-TNF-« antibody during both sensitization
and challenge can significantly reduce AHR.

Reduction of BALF Eosinophils by Anti-TNF-« Treatment
of Ovalbumin Mice

To investigate a potential mechanism for reduction of mucous
cell metaplasia by anti-TNF-«, we determined the total num-

1400 i
= 1200 *ax #
] 1000 -
2 T
T 8001 *
5 600 Il
b 400;
< o
200
0+— ' - "
Group: OVA OVA OVA Naive
Tx: Isotype Anti-TNF-a. Anti-TNF-ao -
control (sen/chall) (chall)

Figure 4. Effect of anti—tumor necrosis factor a (TNF-a) on airway
hyperresponsiveness. Peak airway pressure time index (APTI) after acetyl-
choline significantly decreased in BALB/c anti-TNF-a-treated ovalbumin
(OVA) mice compared with BALB/c sham-treated OVA mice and naive
age-matched controls. Data are mean (SE). *P < .05 and ***P < .001
compared with age-matched naive controls; *P < .05 and *#P < .001
compared with BALB/c anti-TNF-a—treated (sensitization and challenge)
OVA mice.

ber of BALF cells and eosinophils from BALB/c mice. The
total BALF cell number in BALB/c ovalbumin mice treated
with anti-TNF-« antibody during antigen sensitization and
challenge was significantly reduced (24.17 [3.96] X 104, P =
.01) when compared with the BALF cell number in the
sham-treated ovalbumin mice (44.17 [5.07] X 10% Fig 5A).
The BALF cell number in the former treatment group did not
differ significantly from naive samples (18.0 [1.22] X 10%).
The BALF cell number in ovalbumin mice treated with
anti-TNF-« antibody only during challenge (32.0 [4.36] X
10%) was fewer compared with sham-treated ovalbumin mice;
however, this number did not reach statistical significance.
No significant difference was found in total BALF cell counts
between the ovalbumin mice treated with anti-TNF-o anti-
body during challenge vs treatment during both challenge and
sensitization.

The eosinophil cell number (Fig 5A) and eosinophil per-
centage (Fig 5B) were significantly decreased in ovalbumin
mice treated with anti-TNF-a antibody during both sensiti-
zation and challenge (1.66 [0.27], P = .001; 5.56% [1.48%],
P = .006) when compared with the sham-treated ovalbumin
mice (7.88 [1.01] and 20.49% [2.77%]). In addition, the total
number and percentage of BALF eosinophils from BALB/c
ovalbumin mice treated with anti-TNF-« antibody during
challenge only was significantly reduced (1.77 [0.44], P <
.01; and 9.55% [1.66%], P < .01; respectively) when com-
pared with sham-treated mice (Fig SA and B).

Expression of Other Proinflammatory Cytokines

To investigate whether the decrease in mucous cell metapla-
sia, AHR, and BALF eosinophilia resulting from administra-
tion of anti-TNF-a could be attributed to modulation of other
proinflammatory cytokines, we performed qPCR on lung
tissue for IL-4, IL-5, IL-13, and IFN-vy in the BALB/c mice.
The fold increase of mRNA for IL-4, IL-5, IL-13, and IFN-y
was not significantly different between the sham-treated and
the anti—-TNF-« treated groups (data not shown).

Cell Culture Results

Our group previously demonstrated that thTNF-a induces
MUC-5AC expression in vivo.!? To investigate whether
rhTNF-« increases MUC-5AC expression in a human lung
epithelial cell line, NCI-H292 cells were first cultured with
50 ng of thTNF-«a for 12, 24, 48, or 72 hours. RT-PCR
demonstrated that TNF-« increased MUC-5AC RNA expres-
sion at 12 hours, with maximal increase at 24 hours (data not
shown). MUC-5AC RNA expression returned to baseline by
48 hours. To determine if the increase in MUC-5AC RNA
expression induced by TNF-a occurred through a NF-«B
pathway, samples were pretreated with 10 or 100uM of
BAY-11-7082. Treatment with BAY-11-7082 of NCI-H292
cells significantly decreased the TNF-a—induced increase in
MUC-5AC expression: TNF-a alone, 3.10-fold (0.17-fold)
increase compared with untreated control; and 10 and 100uM
BAY-11-7082, 0.77 (0.17) and 0.71 (0.12), respectively, P <
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Figure 5. Effect of anti—tumor necrosis factor a (TNF-«) treatment on pulmonary inflammation. After the mice were killed, their lungs underwent lavage,
the total leukocytes were counted, and bronchoalveolar lavage fluid (BALF) was cytocentrifuged on slides, fixed, and stained for leukocyte differential. A, Total
BALF cell numbers for BALB/c mice. B, Leukocyte BALF differential from BALB/c mice. Data are presented as means (SE). **P < .01 and ***P < .001
compared with BALB/c sham-treated ovalbumin (OVA) mice. "P < .05 and #P < .01 compared with sham-treated OVA mice. PMNs indicates polymorpho-

nuclear cells; sen, sensitization; chall, challenge.

.001 (Fig 6). Microscopically, no morphologic differences
were seen in cells from different conditions (media alone,
TNF-a supplemented, BAY-11-7082 treated).

DISCUSSION

Mucous hypersecretion is associated with increased asthma
morbidity and mortality. The mechanisms of mucous hyper-
secretion in asthma are not completely understood. However,
several cytokines, including IL-4, IL-5, IL-9, IL-13, and
IL-17, have been shown to increase the major mucin-produc-
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Figure 6. Effect of NF-«B inhibition of tumor necrosis factor a (TNF-
a)—induced MUC-5AC expression. Human lung epithelial cells, NCI-H292,
were cultured with 50 ng of recombinant human TNF-« for 24 hours. Some
samples were pretreated with a NF-«B inhibitor (BAY-11-7082) at either 10
or 100uM. Quantitative real-time polymerase chain reaction was performed
for human MUC-5AC and normalized to control genes (f-actin, a-tubulin,
and RPS11). Specific messenger RNA levels are expressed as a fold increase
in copy number compared with samples cultured in media alone. Data are
mean (SE). ***P < .001 compared with samples cultured in media alone.

ing gene in the airway, MUC-5AC.5-8 TNF-« increases MUC-
SAC expression in vitro®!! and in vivo.'? This study examined
whether administration of anti—-TNF-« decreased mucous cell
metaplasia in antigen sensitized and challenged mice, sup-
porting its potential use as an adjunct therapy for asthma. We
demonstrated for the first time that anti-TNF-a antibody
treatment of ovalbumin mice before either antigen sensitiza-
tion or antigen challenge significantly reduced mucous meta-
plasia as determined by PAS staining and MUC-5AC RNA
expression.

MUC-5AC expression was significantly decreased by anti—
TNF-a to a greater extent when given before antigen sensi-
tization. Three studies have shown that anti-TNF-a admin-
istered to BALB/c*?" and CBA/J mice!® before antigen
challenge significantly decreased BALF total cell numbers,
including eosinophils and neutrophils and lung inflammation,
but did not address mucous hypersecretion. Our anti-TNF-«
protocol challenged mice during a longer period to represent
chronic asthma, whereas previous studies had shorter chal-
lenge periods. Furthermore, we challenged our mice intratra-
cheally, which directly introduces the antigen into the air-
ways, resulting in less gastric deposition of antigen.*® Another
study in CBA/J mice examined the effects of daily adminis-
tration of rhTNFR p80 fusion protein (etanercept; Wyeth
Pharmaceuticals, Berks, England), starting in the antigen
sensitization period. This protocol resulted in a significantly
decreased BALF eosinophil count and lung tissue inflamma-
tory cell infiltrate but also did not access for mucous meta-
plasia.®

To confirm our findings in anti-TNF-a—treated ovalbu-
min mice, we sensitized and challenged TNFR—/— mice.
Airway MUC-5AC was significantly decreased in TNFR-
deficient mice compared with wild-type mice. Lung tissue
PAS staining paralleled our qPCR data. The differences in
the percentages of PAS staining between sham-treated
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BALB/c ovalbumin mice (82.29% [1.8%]) and ovalbumin
TNFR+/+ mice (37.58% [7.19%]) can be explained by
strain differences. BALB/c mice typically develop in-
creased mucous cell metaplasia with antigen sensitiza-
tion compared with C57BL/6 mice.>> However, both
anti— TNF-a—treated BALB/c ovalbumin mice and
TNFR—/— ovalbumin mice showed approximately a 65%
reduction in PAS staining. Therefore, the data from the
TNFR—/— mice were consistent with our findings on the
reduction of mucous cell metaplasia in our anticytokine
BALB/c-treated mice. Studies have demonstrated that an-
tigen sensitization and challenge of TNFR—/— mice de-
crease lung inflammation (hematoxylin-eosin staining and
fewer total BALF cells, BALF eosinophils, lymphocytes,
and neutrophils?¢3637) but have not investigated mucous
metaplasia. Rudmann et al,’® in contrast, did not find
decreased BALF total leukocytes or eosinophils in anti-
gen-treated TNFR—/— mice. The protocol for this study
differed from ours in that mice received aerosolized anti-
gen challenge during a shorter interval.

To investigate possible mechanisms that anti-TNF-« ther-
apy attenuates mucous metaplasia, we examined the BALF
eosinophil number. The total number and percentage of
BALF eosinophils from BALB/c ovalbumin mice treated
with anti-TNF-a antibody during challenge had significantly
fewer eosinophils when compared with sham-treated mice.
The effect was more pronounced in mice treated with anti—
TNF-a antibody during both the sensitization and challenge
periods. This finding is consistent with other studies admin-
istering anti-TNF-« to antigen-treated mice.!3262734 The eo-
sinophil has been implicated in mucous metaplasia, although
controversy exists.?-#!

To indentify whether reduction of the BALF eosinophils
was accompanied by a reduction in Ty cytokines, we
performed qPCR for IL-4, IL-5, IL-13, and IFN-vy. We did
not detect any significant difference of these cytokines
between mice receiving anti-TNF-a treatment and sham-
treated mice. We previously demonstrated no increase in
IL-4, IL-5, or IL-13 with rhTNF-« administration to naive
mice.!? Furthermore, Kim et al?’ demonstrated that anti—
TNF-a administration to dust mite sensitized and chal-
lenge mice increased BALF IL-4, IL-5, and IL-13 but
decreased eotaxin. TNF-« increases eotaxin*?*3; therefore,
an explanation for decreased BALF eosinophils (despite no
reduction in IL-5) with anti—-TNF-« treatment in our model
may be via reduced eotaxin.

To study other mechanisms that TNF-« regulates mucous
cell metaplasia, we investigated the NF-«kB pathway. TNF-«
induces NF-«B,* and the MUC-5AC promoter has several
NF-«B binding sites.® Transgenic mice with repressed
NF-kB activity had decreased mucous metaplasia after anti-
gen exposure.*® We found that TNF-a enhances MUC-5AC
expression.'? Therefore, we hypothesized that NF-«B is in-
volved in TNF-a—induced activation of MUC-5AC and that
blocking the NF-«kB pathway could decrease mucous hyper-
secretion. We pretreated H292 cells with the NF-«B inhibitor,

BAY-11-7082,*7 before TNF-a culture. BAY-11-7082—
treated cells had significantly decreased MUC-5AC expres-
sion compared with nontreated cells, after TNF-« culture.
Lora et al*® noted that adenoviral transfection of the H292 cell
line using dominant-negative IKKB decreased MUC-5AC
expression measured by immunofluorescence staining after
TNF-« culture.

Although increased mucous metaplasia most likely pro-
duces increased AHR,® not all reports have established a
clear relationship.*-3%3! We reported that thTNF-« induced
mucous metaplasia and AHR in naive mice.'? The current
study demonstrated that anti-TNF-a given during both sen-
sitization and challenge or only in challenge decreased AHR
(significantly only in the former). Although the effects of
anti-TNF-a on mucous metaplasia and APTI paralleled each
other, it is unclear if it was a direct relationship or secondary
to decreased BALF eosinophilia or relaxation of airway
smooth muscle. Two studies measured effects of anti-TNF-o
on AHR in murine models of allergic asthma.?®?’ These
studies administered anticytokine treatment during challenge
periods only and, unlike our data, when administered in the
challenge-only protocol suggested that anti-TNF-«a signifi-
cantly (P < .05 in both studies) suppressed AHR.?%?7 These
studies differed from ours in that AHR was determined by
whole-body plethysmography, which may not be as accurate
as invasive APTL>? Furthermore, one study used 2 mg of
anti-TNF-q,% larger than our 250-ug dose. The other study
sensitized mice to dust mite.”’

In conclusion, we have demonstrated that inhibition of
TNF-a decreases MUC-5AC and mucous cell histologic fea-
tures in a murine model of allergic asthma. Although mech-
anisms of TNF-«a regulation of mucous metaplasia are not
entirely clear and further studies are necessary, it appears to
involve a decrease in the airway eosinophils and NF-«B
regulation.
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