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Etanercept prevents airway hyperresponsiveness by
protecting neuronal M; muscarinic receptors in
antigen-challenged guinea pigs

Zhenying Nie', David B. Jacoby'? and Allison D. Fryer'?
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Background and purpose: Increased tumour necrosis factor-o. (TNF-o) is associated with airway hyperreactivity in antigen-
challenged animals. In human asthmatics, TNF-o. is increased and blocking it prevents airway hyperreactivity in some asthmatic
patients. However, the mechanisms by which TNF-o. mediates hyperreactivity are unknown. Airway hyperreactivity can be
caused by dysfunction of neuronal M, muscarinic receptors that normally limit acetylcholine release from parasympathetic
nerves. Here we test whether blocking TNF-o. receptors with etanercept prevents M, receptor dysfunction and airway
hyperreactivity in antigen-challenged guinea pigs.

Experimental approach: Ovalbumin-sensitized guinea pigs were challenged by inhalation of antigen. Some animals received
etanercept (3 mg kg™ i.p.) 3 h before challenge. 24 h after challenge, airway hyperreactivity and M, receptor function were
tested. Inflammatory cells in bronchoalveolar lavage, blood and lung were counted. TNF-o and its receptors were detected by
real-time RT-PCR and immunocytochemistry in parasympathetic nerves from humans and guinea pigs and in human neuro-
blastoma cells.

Key results: Antigen-challenged animals were hyperreactive to vagal stimulation and neuronal M, receptors were dysfunc-
tional. Both M, receptor dysfunction and airway hyperreactivity were prevented by etanercept. Etanercept reduced eosinophils
around airway nerves, and in blood, bronchoalveolar lavage and airway smooth muscle. Also, TNF-a. decreased M, receptor
mRNA in human and guinea pig parasympathetic neurons.

Conclusions and implications: Tumour necrosis factor-o. may contribute to M, receptor dysfunction and airway hyperreac-
tivity directly by decreasing receptor expression and indirectly by promoting recruitment of eosinophils, containing major basic
protein, an M, antagonist. This suggests that etanercept may be beneficial in treatment of allergic asthma.
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not function normally in airways of some asthmatics (Ayala
and Ahmed, 1989; Minette et al., 1989) or in airways of
antigen-challenged animals (Fryer and Wills-Karp, 1991;
Verbout et al., 2007). Loss of M, receptor function mediates

Introduction

Parasympathetic nerves provide the dominant autonomic
control of airway smooth muscle by releasing acetylcholine

(ACh) onto muscarinic receptors, causing contraction and
bronchoconstriction. Neuronal M, muscarinic receptors (M,
receptors; nomenclature follows Alexander et al., 2008) limit
release of ACh from parasympathetic nerves in lungs (Fryer
and Maclagan, 1984). Inhibitory M, muscarinic receptors do

Correspondence: Allison D. Fryer, Division of Pulmonary and Critical Care
Medicine, and Department of Physiology and Pharmacology, Oregon Health
and Science University, Portland, OR 97239, USA. E-mail: fryera@ohsu.edu

Received 20 March 2008; revised 11 June 2008; accepted 25 September 2008

hyperreactivity in antigen-challenged animals and may be an
important cause of airway hyperreactivity in asthmatics.
The mechanisms of hyperreactivity in antigen-challenged
guinea pigs are very well understood. Sensitization increases
eosinophils in the lungs and, in particular, increases eosino-
phils around nerves (Adamko et al.,, 1999). However, these
eosinophils are quiescent as sensitization alone does not
result in airway hyperreactivity (Adamko et al., 1999; Prosko-
cil et al., 2008). Antigen challenge causes resident eosinophils
to degranulate and release major basic protein (MBP), an
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endogenous antagonist for M, receptors (Jacoby et al., 1993).
M, receptor blockade increases ACh release, increasing bron-
choconstriction (Baker et al., 1992). Airway hyperreactivity
and neuronal M, receptor dysfunction can be prevented by
depletion of eosinophils with an antibody to interleukin-5
(IL-5; Elbon et al., 1995), by inhibition of eosinophil recruit-
ment into the airways with an antibody to very late activation
antigen-4 (Fryer etal., 1997), by inhibition of eosinophil
migration to nerves with a CC-motif chemokine receptor 3
(CCR3) antagonist (Fryer et al., 2006), and by blockade of
MBP with an antibody (Evans et al., 1997) or with heparin
(Fryer and Jacoby, 1992). In asthmatics (Azzawi et al., 1992;
Ohashi et al., 1992; Costello et al., 1997), eosinophils are also
recruited to airways where they are found lined up along
airway nerves (Costello et al., 1997), suggesting that recruit-
ment of eosinophils to nerves and loss of M, receptor func-
tion may contribute to airway hyperreactivity in asthma.

Tumour necrosis factor-o. (TNF-o) has garnered attention as
a potential player in airway hyperreactivity in asthma (Gosset
et al., 1991; Broide et al., 1992; Bradding ef al., 1994; Thomas,
2001; Berry et al., 2006). In the lung, TNF-a is released from
mast cells (Bradding et al., 1994; Kim et al., 2007; Nakae et al.,
2007) and macrophages (Careau et al., 2006). TNF-o. expres-
sion, TNF receptor I (TNFRSF1A) and TNF-a converting
enzyme are all increased in bronchoalveolar lavage (BAL)
from patients of asthma compared with normal subjects
(Thomas, 2001; Berry et al., 2006; Cazzola and Polosa, 2006).
Increased TNF-o activity also has been reported in patients
with Churg-Strauss syndrome (Grau et al., 1989; Tsukadaira
et al., 1999) which is characterized by severe eosinophilia and
most patients have bronchial asthma.

Tumour necrosis factor-o. can be blocked by etanercept, a
TNF-o receptor IgG; fusion protein (Lesslauer etal., 1991;
Peppel et al., 1991; Suffredini et al., 1995; Ritchlin et al., 2003).
Several papers have reported that blocking TNF-q, either phar-
macologically or genetically suppresses airway inflammation
in antigen-challenged mice (Choi et al., 2005; Kim et al., 2006;
Hutchison et al., 2008). In humans, TNF-a blocking agents
decrease eosinophils in the circulation and in the lungs in
patients with Churg-Strauss syndrome disease (Arbach et al.,
2002). In patients with severe and steroid-resistant asthma,
anti-TNF-o therapy decreases airway hyperresponsiveness and
reduces exacerbation frequency (Howarth et al., 2005; Berry
et al., 2006). However, there is little or no effect of etanercept in
mild asthma (Rouhani et al., 2005; Erin et al., 2006). Thus,
TNF-o. may be important in some but not all types of asthma
and indications for anti-TNF-a therapy need to be clarified.

In order to better target anti-TNF-o therapy, the mecha-
nisms by which TNF-a contribute to hyperreactivity need to
be determined. We used our well-characterized model of aller-
gic hyperreactivity to test whether TNF-a. mediates hyperre-
activity through inflammation and M, muscarinic receptor
function.

Methods

Preparation of animals
All animal procedures and experimental protocols complied
with the NIH Guidelines and those of the animal care and use
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committees of Oregon Health and Science University. Specific
pathogen-free Dunkin-Hartley guinea pigs (100-150 g; Elm
Hill, Chelmsford MA, USA) were kept in high-efficiency
particulate-filtered air. Some guinea pigs were sensitized to
ovalbumin (10 mg kg i.p. on days 1, 3 and 5). Three weeks
after the last ovalbumin injection, they were challenged with
2.5% aerosolized ovalbumin for 5 min or until signs of respi-
ratory distress. Twenty-four hours after antigen challenge
guinea pigs were anesthetized with urethane (1.9 g kg™, i.p.),
chemically sympathectomized with guanethedine (5 mg kg™,
i.v.), paralysed with succinylcholine (10 ugkg' min’, i.v.)
and ventilated via a tracheal cannula (tidal volume 2.5 mL,
100 breaths min™) as previously described (Evans et al., 1997;
Fryer etal., 2006). Pulmonary inflation pressure (Ppi in
mmH,0) was measured and heart rate and blood pressure,
from a carotid cannula, were monitored to ensure adequate
levels of anesthesia.

Some ovalbumin sensitized guinea pigs were pretreated
with etanercept (Immunex) 1.5 h or 3 h before antigen chal-
lenge, while some controls (neither sensitized nor challenged)
were treated with etanercept 24 h before physiological mea-
surements. Etanercept was chosen over other TNF-a blocking
drugs like infliximab, because it has relatively lower cost-
effectiveness ratio (Bravo Vergel et al., 2007; Wailoo et al.,
2008). The dose of 3 mg kg™ i.p. is similar to doses already
used in animal (Kivilcim et al., 2007) and clinical studies
(Takei et al., 2001). Pyrilamine (0.5 mg kg™, Sigma-Aldrich)
was injected i.p. 1h before antigen challenge. Controls
treated with IgG were not included in these studies as we have
previously shown in vivo that 1gG does not inhibit airway
hyperreactivity in antigen-challenged guinea pigs (Fryer et al.,
1997).

Assessment of neuronal M, receptor function in guinea pig lungs
in vivo

Both vagi were cut. Electrical stimulation of the distal ends
(1-15 Hz, 10 V, 0.2 ms pulse duration, for 5 s at 40 s intervals)
produced frequency-dependent bronchoconstriction mea-
sured as an increase in Ppi that were abolished by atropine,
confirming they were mediated by release of ACh onto mus-
carinic receptors.

Neuronal M, receptor function was measured as the ability of
gallamine (0.01-10.0 mg kg™ i.v.) to block endogenous activa-
tion of M, receptors and potentiate vagally induced bronchoc-
onstriction. Both vagus nerves were stimulated (15 Hz,
0.2 ms, for 3 s; voltage was adjusted in order to produce repro-
ducible bronchoconstrictions in the range of 10-20 mmH,0O;
mean 14.2 = 0.7 mmH,0). The voltages used were not sig-
nificantly different among groups (control, 4.4 £ 1.69V;
control-etanercept, 3.3 £ 0.6 V; antigen-challenged, 3.0 =
0.7 V; antigen-challenged-etanercept, 4.6 = 1.0 V). ACh (1-
10 ug kg™ i.v.) was administered to vagotomized animals to
test sensitivity of airway smooth muscle to ACh. Lungs were
lavaged via the tracheal cannula.

Histochemical analyses of guinea pig lung
Nerves were detected immunohistochemically in paraffin
embedded lung by using a mouse monoclonal antibody to



protein gene product 9.5 (PGP 9.5) and visualized with bioti-
nylated goat anti-mouse IgG with streptavidin-linked horse-
radish peroxide and DAB-Ni (all from Vector), as previously
described (Fryer and Jacoby, 1992). Eosinophils were labelled
with a 1% solution of chromotrope 2R as previously described
(Fryer and Jacoby, 1992). Airway area measured with Meta-
morph® and eosinophils within airway walls and under the
epithelial basement membrane, as well as nerve associated
eosinophils (within 10 um of an airway nerve) were counted
in three cartilaginous airways per animal, five animals per
group, by investigators unaware of the treatments.

Preparation of human and guinea pig parasympathetic neurons
and human neuroblastoma cells

Human tissue was obtained from anonymous organ donors
via a tissue bank (Pacific Northwest Transplant Bank) and the
age or sex of donors is not known. All families provided
informed consent for the use of these tissues. Airway para-
sympathetic neurons were isolated from human and guinea
pig tracheas as previously described (Fryer et al., 2006; Nie
et al., 2007) and grown on Matrigel in serum-free medium for
1 week. SK-N-SH, human neuroblastoma cells, were obtained
from ATCC and grown in medium containing 10% FCS.
Guinea pig neurons were incubated with 2 ng mL™ mouse
TNF-a. (315-01A Peprotech) and 1000 U mL™" mouse IFN-y
(315-05 Peprotech) for 4 h. Human neurons were incubated
in 2ngmL" human TNF-a (T0157 Sigma) for 4 h; while
SK-N-SH cells were incubated with 1 ng mL™" human TNF-a
for 1-24 h or with 0.03-30 ng mL™ human TNF-a for 4 h. For
experiments on mRNA stability, 2 ug mL™ of actinomycin D
(A1419 Sigma) was added to neuroblastoma cells in the pres-
ence or absence of 2 ng mL™' human TNF-a for 1-24 h.

RT-PCR for M; receptors

RNA was isolated using RNeasy Mini Kit (74106; QIAGEN)
and reverse transcribed using SuperScript III (18080-051;
Invitrogen Corp) with random hexamer primers. Quantitative
PCR was carried out in triplicate at 60°C over 45 cycles using
Quantitect SYBR Green PCR kit (204143; QIAGEN). PCR prod-
ucts were quantified using the Mx3000P real-time PCR system
(Stratagene). Oligonucleotide PCR primer pairs were designed
from published sequences as follows: human M, muscarinic
receptor: sense, TTA AAG TCA ACC GCC ACC TC, antisense,
CAA AGG TCA CAC ACC ACA GG; guinea pig M, muscarinic
receptor: sense, TTT TCC AAT GCT GCT GTC AC, antisense,
GCC ATG TTG TTG TTG TTIT GG. 18S rRNA: sense, GTAA
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CCCGTTGAACCCCATT, antisense, CCATCCAATCGGTAG
TAGCG. Threshold cycle number was measured, and relative
expression of M, muscarinic receptor mRNA was normalized
to 18S rRNA.

Neuronal TNF-o. and M, receptors

Guinea pig parasympathetic neurons and human neuroblas-
toma cells were fixed with 4% paraformaldehyde, blocked
with 10% normal goat serum and incubated with 1:1000
dilution of rabbit anti-TNFRSF1A (TNFRSF1A from Abcam) or
1:200 dilution of anti-TNF receptor II (TNFRSF1B from
Abcam) or 1:500 dilution of rabbit anti-human M, muscarinic
receptor (R&D Bio) antibody at 4°C for 24 h. Antibodies were
visualized with Alexa Fluor 555 or Alexa Fluor 488 labelled
goat anti-rabbit IgG (Molecular Probes).

Data analysis

Responses in vivo to nerve stimulation, ACh and gallamine
were analysed using repeated-measures analysis of variance.
Physiological baselines, lavage cell counts and histological
analyses were analysed by two-way ANOVA with Fisher and
Bonferroni-Dunn correction using Statview 4.5 (Abacus Con-
cepts); P values < 0.05 were considered significant.

Results

Baseline responses
There was no statistically significant difference in any baseline
parameter for Ppi, heart rate and blood pressure among
groups (Table 1).

Effects of etanercept on airway hyperreactivity

Electrical stimulation of both vagus nerves produced
frequency-dependent bronchoconstriction (measured as a
rapid and reversible increase in Ppi) (Fig. 1). Vagally induced
bronchoconstriction was significantly increased in antigen-
challenged animals, compared with control, which indicated
airway hyperreactivity. This potentiation was prevented by
treatment with etanercept 3 h before challenge but not with
the treatment 1.5 h before challenge (data not shown). Etan-
ercept did not affect airway reactivity to vagal stimulation in
control guinea pigs.

Effects of etanercept on responsiveness of airway smooth muscle
to ACh

ACh, given i.v., caused dose-dependent bronchoconstriction
in vagotomized animals by stimulating Ms; muscarinic recep-

Table 1 Baseline parameters of the experimental groups of guinea pigs

Treatment group Ppi mmH,O Heart rate beats min™ Systolic BP mmHg Diastolic BP mmHg
Control 115.0x7.4 283.0 =179 46.5 = 1.8 263 *+1.6
Control + etanercept 1233 +9.4 271.0 £ 14.2 46.4 = 2.5 26.4 = 3.0
Challenge 131.0 £ 5.9 2728 = 11.5 454 +1.7 24.0 = 1.8
Challenge + etanercept 143.3 = 15.7 2721 £13.2 41.6 = 2.1 23.6 =1.7

There were no statistically significant differences in any baseline parameter among groups. Etanercept also did not change any baseline measurements in control
or in challenged animals. Values shown are means + SEM from eight to nine animals per group.

BP, blood pressure; Ppi, pulmonary inflation pressure.
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Figure 1 Etanercept prevented airway hyperreactivity in antigen-
challenged guinea pigs. Electrical stimulation of both vagus nerves
produced frequency-dependent bronchoconstriction measured as an
increase in pulmonary inflation pressure. Vagally induced bronchoc-
onstriction was potentiated in antigen-challenged guinea pigs (n = 8)
compared with controls (n=9). Etanercept (3 mg kg™ i.p.; prior to
antigen challenge) prevented potentiation of vagally induced bron-
choconstriction in challenged animals (n = 8) but did not alter vagally
induced bronchoconstriction in control animals (n=9). Data shown
are mean * standard error of the mean. *The entire frequency
response is significantly different from controls, using ANOVA.

tors on airway smooth muscle (Fig. 2). Neither antigen chal-
lenge nor etanercept changed Mj; muscarinic receptor
function because there were no significant differences in the
ACh dose response curves among control, antigen-challenged
and etanercept-treated control or etanercept-treated-
challenged animals.

Effects of etanercept on neuronal M, muscarinic receptor function
Gallamine, a M, muscarinic receptor antagonist, potentiated
vagally induced bronchoconstriction in a dose-dependent
manner in control guinea pigs (Fig. 3) demonstrating normal
M, muscarinic receptor function. In antigen-challenged
guinea pigs, the ability of gallamine to potentiate vagally
induced bronchoconstriction was significantly reduced
compared with controls. This indicates that, in antigen-
challenged animals in the absence of gallamine, neuronal M,
muscarinic receptors were less able to inhibit ACh release.
Etanercept partially protected M, receptor function in
antigen-challenged guinea pigs. Etanercept treatment of
control animals did not affect M, muscarinic receptor
function.

Effect of etanercept on M, muscarinic receptors in heart

Bradycardia was induced by either electrical stimulation of
both vagus nerves or by intravenous injection of ACh. Both
procedures decreased heart rate via stimulation of cardiac M,
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Figure 2 Etanercept (3 mg kg™ i.p.; prior to antigen challenge) did
not change M; muscarinic receptor function on airway smooth
muscle in antigen-challenged guinea pigs. Intravenous ACh induced
bronchoconstriction, measured as an increase in pulmonary inflation
pressure, was not changed by antigen challenge (n = 8) or by etan-
ercept (n=8) as compared with control (n=8). ACh, acetylcholine.
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Figure 3 Etanercept (3 mg kg™ i.p.; prior to antigen challenge) par-
tially protected neuronal M, muscarinic receptor function in airways
of antigen-challenged guinea pigs. In control animals (n=6), gal-
lamine potentiated vagally induced bronchoconstriction by inhibiting
M, muscarinic receptor function. The ability of gallamine to poten-
tiate vagally induced bronchoconstriction was significantly reduced
in antigen-challenged guinea pigs (n = 8) indicating that M, musca-
rinic receptors were dysfunctional. Etanercept pretreatment partially
restored the ability of gallamine to potentiate vagally induced bron-
choconstriction in antigen-challenged animals (n=8) but had no
effect in controls (n =5). Data shown are means *+ standard error of
the mean. *The dose response curve is significantly different from
antigen-challenged animals, using ANOVA.



muscarinic receptors (Fig. 4). Bradycardia was not changed by
antigen challenge or by etanercept treatment.

Effects of etanercept on inflammatory cells in BAL fluid and
peripheral blood

In the BAL, antigen challenge significantly increased the total
number of cells, compared with those in BAL from lungs of
control guinea pigs (Fig. 5A). This increase was made up pre-
dominantly of macrophages and eosinophils. In blood,
antigen challenge significantly increased eosinophils and
monocytes but not lymphocytes and neutrophils (Fig. 5B).
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Figure 4 Etanercept (3 mg kg™ i.p.; prior to antigen challenge) did
not change M, muscarinic receptor function in the heart. Bradycardia
induced either by electrical stimulation of both vagus nerves (A) or
intravenous ACh (B) was not changed by antigen challenge (n = 8),
or by etanercept in controls (n = 9) or in antigen-challenged animals
(n=8). ACh, acetylcholine.
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Etanercept also significantly reduced the number of eosino-
phils in BAL and cause a sharp trend towards decrease in
number of macrophages (P = 0.052). Etanercept reduced the
number of circulating eosinophils in the blood of antigen-
challenged animals; it had no effect on the number of eosi-
nophils in control animals.

Effects of etanercept on eosinophil recruitment to airways and
airway nerves

In lungs from control guinea pigs, there was a small resident
population of eosinophils within the airway smooth muscle
(Fig. 6A,D) but not associated with nerves (Fig. 6E,H). After
antigen challenge, eosinophils were significantly increased in
the airway smooth muscle (Fig. 6B,D) and were associated
with airway nerves (Fig. 6FH). Pretreatment with etanercept,
prior to antigen challenge, significantly decreased the number
of eosinophils in airway smooth muscle (Fig. 6C,D) and
the number of eosinophils associated with airway nerves
(Fig. 6G,H).

Expression of TNF-a receptors in primary cultures of airway
parasympathetic nerves and human neuroblastoma cells

An antibody for the TNF-o receptor I (TNFRSF1A) labelled
SK-N-SH human neuroblastoma cells (Fig. 7A) and guinea pig
parasympathetic neurons in primary culture (Fig. 7B), indicat-
ing that these neurons expressed TNFRSF1A. In contrast, there
was no detectable expression of the TNF-a receptor II
(TNFRSF1B) on either parasympathetic neurons (Fig. 7C) or
neuroblastoma cells (Fig. 7D).

TNF-a decreases M, muscarinic receptor expression in primary
cultures of airway parasympathetic neurons from human and
guinea pig lungs and human neuroblastoma cells

Both SK-N-SH cells and parasympathetic neurons isolated
from human and guinea pig tracheas expressed M, muscarinic
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Figure 5 Etanercept (3 mg kg™ i.p.; prior to antigen challenge) decreased eosinophils in bronchoalveolar lavage (BAL; A) and peripheral
blood (B) of antigen-challenged guinea pigs. Antigen challenge significantly increased macrophages and eosinophils in BAL, and increased
monocytes and eosinophils in peripheral blood. In antigen-challenged animals, etanercept not only prevented the increase in eosinophils in
both BAL and blood but also attenuated the increase in macrophages in the BAL and monocytes in the blood. Data shown are
means =+ standard error of the mean. *Significantly different from controls. %Significantly different from challenged. n= 8.

British Journal of Pharmacology (2009) 156 201-210



Etanercept protects M, muscarinic receptors

206 7Y Nie et al
Control Challenged Challenged + Etanercept Total Eosinophils in airway
T Lyl T, TR v . e ] =S Al - i b smooth muscle
| P i : LANT S * e Yoy ; "é'zsni
s o . I - : Pl ' E apnl
e ¥ 150}
& et : : T . k. ‘ |
e\ wta i & : < gt e & s E-m:il
- Y - - - (3 W
& 5 s = cpt
S Y 2 ." . w0
o, : i g 1
7 .a'g- - . O ow. Comk Ch  Ched
T g £z 8 Etan Eian
ol o P o il ¥ - (A) ®(©
E"l . = F F 1 W 3 G.r . T “H Eosinophils associates with nerve
"‘-‘\ "{ ,.F"' d Lo .'.‘- o & *
» \ ,-""t \ - . A 'r - s
— Wi - e a 3
. 5 . L9 . 2, . 5o
- 3 > At h 1 vy , 2] t
a : [=% "
| \ rt L | ray ’ - J . " b 2
fl':r‘lﬁﬁ. > Y :, ‘{ 4 . _o\ . -,éln- ;
s, " . ST L . i 4 by '
- | M — = L b " v - 5 .
TRNL TG RORSE B~ SR o -
A am s - - § e - W ’ A 5 ? ' Cont. Cond& Cha  Chak
i - L& = " 3 : - * — ® ® o
=) i)

Figure 6 Etanercept decreased eosinophil recruitment to airway smooth muscle and airway nerves in antigen-challenged guinea pigs.
Representative cross sections are shown of guinea pig bronchi from control (A and E), antigen-challenged (B and F), and etanercept (3 mg kg™
i.p.) pretreated antigen-challenged guinea pigs (C and G). Nerves were stained blue-gray with monoclonal antibody to PGP 9.5. Eosinophils
were stained red with chromotrope 2R. There were few eosinophils in lungs (D) or around nerves (H) in control guinea pig lungs. Following
antigen challenge, the number of eosinophils increased within smooth muscle (D) and in close proximity to nerves (H). In antigen-challenged
animals, etanercept not only inhibited eosinophil influx into the airway walls (D), but also attenuated recruitment of eosinophils to the airway
nerves (H). Data are expressed as the mean number of eosinophils per mm? = standard error of the mean; n = 5. *Significantly different from
controls. £Significantly different from antigen challenged. Arrows point to eosinophils in high powered image. Magnification bars: 50 um. PGP,

protein gene product.

SK-N-SH Cells Guinea Pig Parasympathetic Cells

TNFRSF1A

TNFRSF1B

Figure 7 Tumour necrosis factor-o. (TNF-0) receptors were present
on human neuroblastoma cells (A) and guinea pig airway parasym-
pathetic neurons (B). Neurons were stained with Alexa Fluor 555
labelled antibody against TNFRSF1A (TNF-o. receptor |, red). There
was no detectable TNFRSF1B (TNF-o. receptor IlI) expression on
human neuroblastoma cells (C) or primary cultures of guinea pig
airway parasympathetic neurons (D); although this antibody could
detect TNFRSF1B (TNF-o receptor Il) in non-neuronal cells (insert D).
Nuclei of all cells were stained blue with DAPI (4,6-diamidino-2
phenylindole). Only DAPI-stained nuclei were visible in the absence of
primary antibody (insert A and B). Magnification bars: 50 um.

receptors as shown by real time RT-PCR (Fig. 8A). Exposure to
a combination of mouse tumour necrosis factor-o. (mTNF-o)
and mIFN-y markedly downregulated mRNA for M, muscar-
inic receptors in cultures of guinea pig parasympathetic
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neurons (Fig. 8A). A similar down-regulation of M, muscarinic
receptor mRNA was seen in human parasympathetic neurons
exposed to human tumour necrosis factor-o. (hTNF-o)
(Fig. 8A). Decreased M, receptor expression in the presence of
hTNF-o. (2 ng mL™") was confirmed by immunocytochemistry
in SK-N-SH cells (Fig. 8B). The ability of hTNF-a to inhibit M,
muscarinic receptor expression in SK-N-SH cells was time-
dependent (Fig. 8C). hTNF-a started to decrease M, muscar-
inic receptor mRNA 2h after treatment and the effect
plateaued after 16 h. The ability of TNF-o to decrease M,
muscarinic receptor mRNA was also concentration-dependent
(Fig. 8D), over a range of 0.03-1 ng mL™, with an ICs, value of
0.1 ng mL™.

TNF-a destabilizes M, muscarinic receptor mRNA

Incubation of SK-N-SH cells with actinomycin D, which
blocks transcription, had no effect on the levels of mRNA for
M, receptors over 8 h (Fig. 8E). However, in the presence of
hTNF-o combined with actinomycin D, M, muscarinic recep-
tor mRNA rapidly decayed over the same time period. These
data strongly suggest that TNF-o decreases M, muscarinic
receptor mRNA stability.

Discussion and conclusions

In these studies, we show that etanercept inhibits airway
hyperreactivity by decreasing eosinophil recruitment to the
airways. Our previous studies showed that airway eosinophils
induce M, muscarinic receptor dysfunction by releasing MBP,
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Figure 8 Tumour necrosis factor-o. (TNF-ot) reduced M, muscarinic receptor expression in human and guinea pig parasympathetic neurons.
In (A), mTNF-o (2 ng mL™") combined with mIFN-y (1000 U mL™") reduced M, muscarinic receptor mRNA in guinea pig parasympathetic
nerves and hTNF-a (2 ng mL™) reduced M, muscarinic receptor mRNA in human parasympathetic neurons. In (B), M, muscarinic receptor
expression in SK-N-SH cells (detected with fluorescence and anti-human M, muscarinic receptor antibody) was reduced after 24 h incubation
with hTNF-a (2 ng mL™). Cells receiving no primary antibody are shown in the inset. Magnification bars: 50 um. In (C), hTNF-o induced
inhibition of M, muscarinic receptor expression was time and concentration (in D) dependent in SK-N-SH cells. In (E), destabilization of M,
muscarinic receptor mRNA by TNF-a is shown. In the absence of TNF-c, actinomycin D caused a gradual decrease in M, muscarinic receptor
mRNA over 24 h that was markedly accelerated in the presence of TNF-a. Data shown are the means *+ standard error of the mean; n= 3.
*Significantly different from control by using paired two-tailed Student t-tests P < 0.01.

which binds to M, muscarinic receptors, blocking their func-
tion (Fryer and Jacoby, 1992; Jacoby et al., 1993; Elbon et al.,
1995; Costello et al., 1997; Evans et al., 1997; Verbout et al.,
2007). Intercellular adhesion molecule 1 (ICAM-1) (Sawatzky
et al., 2002) and eotaxin (Fryer et al., 2006) are key factors in
eosinophil chemoattraction to the nerves. Blockade of either
ICAM or eotaxin receptors specifically inhibits recruitment
of eosinophils to airway nerves. TNF-o. not only upregulates
eotaxin (Ghaffar et al., 1999) and ICAM-1 (Nie et al., 2007),
but also increases IL-5 (Zhang et al., 1997). Thus, TNF-o. may
indirectly increase eosinophil proliferation (IL-5), migration
(eotaxin) and adhesion (ICAM) to parasympathetic nerves.
Treatment with etanercept, prior to challenge, significantly

decreased eosinophils in blood (Fig. 5) and in airway smooth
muscle (Fig. 6), as well as decreasing the number of eosino-
phils associated with airway nerves (Fig. 6). Thus, preventing
eosinophil migration to the lung or adhesion to parasympa-
thetic nerves may be a mechanism by which etanercept pro-
tects M, muscarinic receptor function (Fig. 3) and prevents
airway hyperreactivity (Fig. 1).

In addition, both airway parasympathetic neurons and
human neuroblastoma cells express TNF-o receptor I (Fig. 7).
We showed that TNF-a reduced M, muscarinic receptor
mRNA in primary cultures of human and guinea pig parasym-
pathetic neurons and in human neuroblastoma cells. In
human airway parasympathetic neurons, this was due to

British Journal of Pharmacology (2009) 156 201-210



Etanercept protects M, muscarinic receptors
208 7Y Nie et al

destabilization of M, muscarinic receptor mRNA (Fig. 8). This
may be another mechanism by which TNF-a induces airway
hyperactivity.

The effects of TNF-a are cell-specific. In a fibroblast cell line,
TNF-o did not decrease M, muscarinic receptor mRNA unless
it was combined with IL-1B (Haddad et al., 1996). Further-
more, in these fibroblasts cells, TNF-o. had no effect on M,
muscarinic receptor mRNA stability, probably reducing
expression at the transcription level (Haddad et al., 1996). In
contrast, we found that in parasympathetic nerves from lung,
TNF-o. alone decreased expression of the mRNA for M,
receptors, probably by decreasing message stability (Fig. 8).
Furthermore, M, muscarinic receptors also undergo tissue-
specific regulation. M, receptors on cardiac muscle, which
mediate bradycardia, were not affected by antigen challenge
(Fig. 4A) while the prejunctional M, muscarinic receptors on
nerves in the lung were dysfunctional after challenge (Fig. 3).
If the effect of TNF-a is specific to neurons, then it strengthens
the rationale for using TNF-o antagonists in conditions with
neurogenic inflammation.

M, muscarinic receptor dysfunction plays a key role in
allergic asthma. Dysfunctional M, muscarinic receptors have
been reported in asthmatic patients (Ayala and Ahmed, 1989;
Minette et al., 1989; Chanez etal.,, 2007) and in antigen-
challenged guinea pigs (Fryer and Maclagan, 1984; Fryer and
Wills-Karp, 1991; Elbon et al., 1995; Evans etal., 1997). In
addition, treatments that protect M, muscarinic receptor
function inhibit airway hyperreactivity (Elbon et al., 1995;
Evans et al., 1997; Fryer et al., 1997). Hyperreactivity in chal-
lenged animals is not due to changed M; muscarinic receptor
function on airway smooth muscle because the sensitivity of
airway smooth muscle to exogenous ACh is not changed
(Fryer and Maclagan, 1984; Fryer and Wills-Karp, 1991; Elbon
etal., 1995; Evans et al., 1997).

In some (Howarth et al., 2005; Berry et al., 2006), but not all
(Rouhani et al., 2005; Erin et al., 2006) clinical trials of etan-
ercept treatment in asthma, lung function improved. In the
studies showing no effect, etanercept was given to patients
with mild to moderate asthma (Rouhani et al., 2005; Erin
et al., 2006), while studies showing a beneficial effect of etan-
ercept were in patients with more severe corticosteroid-
dependent asthma (Howarth ef al., 2005; Berry et al., 2006;
Cazzola et al., 2006). Patients with severe asthma have higher
levels of TNF-o, compared with those in patients with mild
asthma (Howarth et al., 2005; Cazzola et al., 2006). This may
explain why anti-TNF-o. therapy successfully reduced asthma
attacks in severely asthmatic patients (Howarth et al., 2005;
Berry et al., 2006; Cazzola et al., 2006) but not in studies of
those with mild asthma (Rouhani et al., 2005; Erin et al.,
2006). As severe asthma is often poorly controlled by inhaled
corticosteroids (Chanez ef al., 2007), there is an important
clinical need for additional treatments for these severe asthma
patients. It is severe asthma patients who have the highest
morbidity and mortality (Chanez et al., 2007), and it is in the
severe, steroid-resistant patients that etanercept was most
effective (Howarth et al., 2005; Berry etfal., 2006; Cazzola
et al., 2006).

A better understanding of the mechanisms of TNF-o
induced airway hyperreactivity are crucial in order to evaluate
anti TNF-a therapy and develop new strategies for prevention
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and treatment of asthma. Additionally, inflammation of
nerves is also characteristic of other chronic inflammatory
diseases, including atopic dermatitis (Kakurai ef al., 2006),
pancreatitis (Keith etal., 1985) and inflammatory bowel
disease (Hogan et al., 2001). ACh release from nerves in these
other organs is also under the control of M, receptors (Love,
2000; Bernardini et al., 2002; Coulson et al., 2004). Therefore,
agents that target TNF-o or its receptors may be beneficial
in restoring normal neural function in these other chronic
inflammatory diseases. The present findings may have impor-
tant implications regarding the role of TNF-o in severe
steroid-resistant asthma and may be applicable to other
diseases with neurogenic inflammation.
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