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Rationale: Toll-like receptors (TLRs) 7 and 8 detect respiratory virus
single-stranded RNA and trigger an innate immune response. We re-
cently described rapid TLR7-mediated bronchodilation in guinea pigs.
Objectives: To characterize TLR7 expression and TLR7-induced airway
relaxation in humans and in eosinophilic airway inflammation in
guinea pigs. To evaluate the relaxant effects of other TLRs.
Methods: Human airway smooth muscle strips were contracted with
methacholine in vitro, and responses to TLR7 and TLR8 agonists were
assessed. TLR7-mediated nitric oxide production was measured us-
ing a fluorescent indicator, and TLR7 expression was characterized
using immunofluorescence. TLR7 signaling was also evaluated in
ovalbumin-challenged guinea pigs.

Measurements and Main Results: The TLR7 agonist imiquimod (R837)
caused rapid dose-dependent relaxation of methacholine-contracted
human airways in vitro. This was blocked by the TLR7 antagonist
IRS661 and by inhibiting nitric oxide production but not by inhibiting
prostaglandin production. TLR7 activation markedly increased fluo-
rescence of a nitric oxide detector. TLR7 was expressed on airway
nerves, but not airway smooth muscle, implicating airway nerves as
the source of TLR7-induced nitric oxide production. TLR7-mediated
relaxation persisted in inflamed guinea pigs airways in vivo. The
TLR8 agonists polyuridylic acid and polyadenylic acid also relaxed hu-
man airways, and this was not blocked by the TLR7 antagonist or by
blocking nitric oxide or prostaglandin production. No other TLRs re-
laxed the airways.

Conclusions: TLR7 is expressed on airway nerves and mediates relax-
ation of human and animal airways through nitric oxide production.
TLR7-mediated bronchodilation may be a new therapeutic strategy
in asthma.
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Toll-like receptor (TLR) 7 is a pattern recognition receptor in the
lungs (1-3) that detects single-stranded RNA genomes, common
to many respiratory viruses (4). Respiratory viruses cause airway
hyperreactivity (an abnormal tendency to contract) (5, 6) and
asthma exacerbations (7). A role for TLR7 in the development
of virus-induced airway hyperreactivity has been proposed, be-
cause TLR?7 activation causes a proinflammatory type 1 T-helper
cell (Thl) immune response (8) and because TLR7 polymor-
phisms have been associated with asthma (9). In patients with
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Toll-like receptor (TLR) 7 detects viral RNA and triggers
an innate immune response. We describe TLR7 expression
on airway nerves and a rapid TLR7-mediated bronchodi-
lator effect in human airways.

What This Study Adds to the Field

TLR?7 is expressed on human airway nerves and mediates
rapid relaxation of human airways via the production of nitric
oxide. This is the first description of TLR7 on airway nerves
and represents a novel mechanism for TLR7 signaling.

asthma, however, TLR7 responses were reduced (10). Further-
more, in mouse models of allergic airway inflammation, the
TLR?7 imidazoquinoline agonists imiquimod (R837) and resiqui-
mod (R848) reduced airway hyperreactivity, airway eosinophilia,
goblet cell hyperplasia, and smooth muscle hypertrophy (11-14),
whereas TLR7 knockout mice were prone to the development of
asthma-like airway pathology after pneumovirus infection (15).
These studies suggest that TLR7 may be protective against the
development of allergic type 2 T-helper cell airway inflammation,
possibly by altering the Thl versus Th2 immune balance (16).
Similarly, a TLR7 agonist is currently in human trials for treat-
ment of allergic rhinitis (17). The sum of TLR7’s effects on air-
way function and inflammation, however, remains unresolved.

Although TLR?7 activation classically triggers transcription of
antiviral interferons and proinflammatory cytokines via nuclear
factor-kB (8), we recently found a novel TLR7 pathway that
causes rapid bronchodilation in guinea pigs (18). This effect was
distinct from TLR7’s known transcriptional pathways. Multiple
TLR?7 agonists caused near-complete relaxation of precontracted
airways in vitro and in vivo on the order of seconds to minutes.
This effect was reversible after washout, indicating that relaxation
was not due to cellular toxicity. TLR7 signaling in this time frame
had not previously been assessed.

In this study, we investigated TLR7 expression and TLR7-
mediated relaxation of human airways. We report that the
TLR7 agonist R837 caused rapid dose-dependent relaxation
of precontracted human airways in vitro that was blocked by a
TLR7 antagonist and by inhibiting nitric oxide production but
not by inhibiting prostaglandin production. We confirmed TLR7
induces nitric oxide production in the airways using a nitric
oxide—sensing fluorescent probe. We found that TLR7 was not
expressed on airway smooth muscle but was present on airway
nerves throughout airway smooth muscle, suggesting airway
nerves are the source of TLR7-mediated nitric oxide production.
We evaluated TLR7’s rapid effects in the setting of antigen-
induced eosinophilic inflammation, as eosinophils are frequently
found in allergic asthma. Eosinophilic airway inflammation did
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not alter TLR7-mediated airway dilation. We also investigated
the relaxant effects of other TLRs. Stimulating TLRs 1 to 6 or
TLRY did not relax airway smooth muscle, but TLR8 (which also
detects viral single-stranded RNA) did. In contrast to TLR7,
TLRS agonist-mediated bronchodilation was not through nitric
oxide. These data are the first to characterize TLR7’s expression
in the airways and to identify TLR7 on airway nerves in partic-
ular. Novel rapid TLR7-mediated bronchodilation in human air-
ways may represent a therapeutic target for TLR7 agonists
already in clinical trials for their anti—allergic inflammation prop-
erties (17). Some of the results of these studies have been previ-
ously reported in the form of an abstract (19).

METHODS

Experimental Animal and Human Airways

Female Hartley guinea pigs (300-400 g; Charles River Labs, Wilmington,
MA) and female C57Bl/6 mice (Jackson Labs, Bar Harbor, ME) aged
6 to 8 weeks were handled in accordance with the U.S. Animal Welfare
Act. Protocols were approved by the Institutional Animal Care and Use
Committee. Human airways were obtained from the Pacific Northwest
Tissue Bank. The Research Integrity Office waived institutional review
board approval.

Measurement of Airway Contraction and Relaxation
In Vitro

Organ bath experiments are described in detail in the online supple-
ment. Smooth muscle strips (0.5 cm X 0.5 cm) from human trachea
and primary bronchi and guinea pig tracheal segments (three cartilag-
inous rings long) were suspended in oxygenated Krebs solution. Ten-
sion was measured with an isometric force transducer (Grass Instrument,
Quincy, MA). Airways were contracted with methacholine (MCh; 3 pM)
and treated with TLR agonists every 10 minutes. Some airways were
pretreated for 30 minutes with either the TLR7 antagonist IRS661 (100
M), which is specific for TLR7 without antagonism of other TLRs (20),
the cyclooxygenase inhibitor indomethacin (1 wM), which is selective for
cyclooxygenase 1 > 2, or the nonspecific nitric oxide synthase inhibitor
N-methyl-L-arginine acetate salt (L-NMMA) (100 wM) that blocks all
three isozymes of nitric oxide synthase. Airway segments were evenly
distributed based on their anatomic location among the treatment groups.
Data were normalized to MCh-contracted phosphate-buffered saline
vehicle-treated controls.

Detection of Airway Nitric Oxide Production

Copper-conjugated fluorescein (Strem Chemicals, Newburyport, MA)
was used to measure nitric oxide (21) in mouse tracheas as described
in the online supplement. Mouse tracheas were used due to their ideal
tissue thickness for whole-mount microscopy.

TLR7 Expression in Human and Murine Airways

Airway whole mounts were immunostained as described in the online
supplement.

In Vivo Guinea Pig Physiology

Guinea pig in vivo experiments are described in the online supplement
(22). Reproducible bronchoconstrictions were induced by electrical stim-
ulation of the vagus nerves (8 V, 15 Hz, 2 ms duration, 3 s on, 40 s off) in
anesthetized, paralyzed, and ventilated guinea pigs. Bronchoconstric-
tions were measured as increases in peak inspiratory pressure during
electrical stimulation. Lung compliance was not independently mea-
sured; however, the contribution of lung compliance to rapid changes
in airway pressure using this technique are presumed negligible based on
prior work (23). R837 (0.003-3 mg/kg, intravenous) was given after
every four electrical stimulations. Some animals were treated with indo-
methacin (1 mg/kg, intravenous) or N-nitro-L-arginine methyl ester hy-
drochloride (L-NAME) (30 mg/kg, intravenous) 30 minutes before R837.
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Sensitization and Challenge

Guinea pigs were sensitized to ovalbumin by intraperitoneal injection
(Days 1, 3, and 5) and challenged by inhalation (Day 21; see online
supplement). Airway physiology was measured 24 hours after the final
ovalbumin exposure.

Lung Lavage

Guinea pig lungs were lavaged as described in the online supplement.

Reagents
TLR agonists were from Invivogen (San Diego, CA), and the TLR7 an-
tagonist IRS661and 21-mer phosphorothioated RNAs PolyU and PolyA

were from Invitrogen (Carlsbad, CA). Ovalbumin, L-NAME, L-NMMA,
and indomethacin were from Sigma-Aldrich (St. Louis, MO).

Statistics

Dose responses were analyzed using two-way analysis of variance for
repeated measures with Bonferroni post hoc test (GraphPad Software,
La Jolla, CA). Physiologic baselines, cell counts, and mean fluores-
cence were analyzed using one-way analysis of variance with Bonfer-
roni post hoc test. Error bars represent the SEM.

RESULTS

TLR7 Acutely Relaxes Human Airway Smooth Muscle

The TLR7 agonist R837 (10-300 nM) dose-dependently relaxed
human airway smooth muscle strips precontracted with MCh
(Figure 1A; P < 0.005 compared with vehicle-treated controls).
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Figure 1. Toll-like receptor (TLR) 7 agonist relaxes human airway smooth
muscle. (A) The TLR7 agonist R837 (10-300 wM, n = 9) relaxed precon-
tracted human airway smooth muscle in dose-dependent fashion. The
TLR7 antagonist IRS661 (100 wM, n = 5) blocked R837-mediated
smooth muscle relaxation. (B) The nitric oxide synthase inhibitor
N-methyl-L-arginine acetate salt (.-NMMA) (100 pM, n = 4) blocked
R837-mediated relaxation. (C) The cyclooxygenase inhibitor indometh-
acin (1 uM, n = 4) did not block R837-mediated relaxation. The same
R837 data are graphed against each inhibitor. Data shown are means =
SEM that have been normalized to MCh-contracted TLR agonist vehicle-
treated controls. *P < 0.05. MCh = methacholine.
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Relaxation occurred over seconds to minutes (see Figure E1 in the
online supplement) and was blocked by the TLR7 antagonist
IRS661 (100 wM; Figure 1A). IRS661 did not alter baseline air-
way smooth muscle tone or contractility (Figure E1).

TLR7-Dependent Bronchorelaxation Is Mediated
by Nitric Oxide

TLR7-mediated relaxation of precontracted human airway
smooth muscle strips was blocked by the nitric oxide synthase
inhibitor L-NMMA (100 pM; Figure 1B), indicating that
TLR7’s effect is mediated via nitric oxide production. In con-
trast, the cyclooxygenase inhibitor indomethacin (1 wM) had
no effect on TLR7-mediated bronchorelaxation (Figure 1C).
Neither L-NMMA nor indomethacin altered baseline airway
smooth muscle tone or contractility to MCh.

TLR8 Agonists PolyU and PolyA Cause TLR7-Independent
Relaxation of Human Airway Smooth Muscle

Both TLRS agonists 21-mer PolyU and PolyA (10-300 pg/ml)
dose-dependently relaxed human airway smooth muscle strips
precontracted with MCh (Figure 2A; P < 0.05 compared with
vehicle-treated controls). Although the TLR7 antagonist IRS661
(100 uM) and nitric oxide synthase inhibitor L-NMMA (100 uM)
each blocked TLR7 agonist-induced relaxation, neither blocked
relaxation induced by the TLRS agonist PolyU (Figures 2B and
2C). The cyclooxygenase inhibitor indomethacin (1 nM; Figure
2D) also had no effect on PolyU-mediated relaxation. These data
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Figure 2. 21-mer PolyRNA causes Toll-like receptor (TLR) 7-independent
human airway smooth muscle relaxation. (A) The 21-mer single-stranded
RNAs PolyU and PolyA (10-300 pg/ml, n = 4 per group) caused dose-
dependent relaxation that was significantly different from MCh-
contracted TLR agonist vehicle-treated control experiments (P < 0.05).
Neither the TLR7 antagonist IRS661 (B, 100 wM, n = 4), the nitric oxide
synthase inhibitor N-methyl-L-arginine acetate salt (-NMMA) (C, 100
wM, n = 4), nor the cyclooxygenase inhibitor indomethacin (D, 1 pM,
n = 3) blocked PolyU-mediated bronchorelaxation. The same PolyU data
are graphed against each inhibitor. Data shown are means = SEM that
have been normalized to MCh-contracted TLR agonist vehicle-treated
controls. MCh = methacholine.

demonstrate that PolyU relaxes human airway smooth muscle
independent of TLR?7, nitric oxide production, or the cyclooxy-
genase pathway, likely via TLRS.

TLR7 Causes Nitric Oxide Production in Mouse Airways

Isolated whole-mount mouse trachealis muscle loaded with
a nitric oxide sensor (copper-conjugated fluorescein derivative;
1 uM) (21) had dramatically increased nitric oxide fluorescence
after R837 exposure (30-300 wM; Figures 3A and 3B). R837-
induced fluorescence was blocked by the TLR7 antagonist
IRS661 (100 pM) and by the nitric oxide synthase inhibitor
L-NMMA (100 pM), indicating that R837 causes nitric oxide
production by stimulating TLR7.

TLR7 Is Expressed on Human and Mouse Airway Nerves
but Not Airway Smooth Muscle

Staining human and mouse airways with antibodies for TLR7
(green) and the pan-neuronal marker PGP9.5 (red) demonstrated
TLR7 on a specific subpopulation of airway nerves and airway
parasympathetic ganglia (Figure 4). TLR7 was not detected on
human or mouse airway smooth muscle. In humans, TLR7 was
expressed on large bundles of axons (Figures 4A and 4B) and on
individual axons innervating airway smooth muscle alongside
TLR7-negative axons (Figures 4C and 4D). Similarly, in mice,
TLR7 was expressed on nerve axons and on certain nerve cell
bodies (Figures 4F and 4G) as well as individual axons innervat-
ing airway smooth muscle (Figures 4H and 41). IgG primary
controls immunostained with PGP 9.5 and 4’ 6-diamidino-2-
phenylindole, but with nonspecific IgG substituted for the TLR7
primary antibody, showed minor punctate nonspecific fluorescein
binding (Figure 4E). Airways immunostained for PGP 9.5 and
4’ 6-diamidino-2-phenylindole but omitting the TLR7 primary an-
tibody showed no fluorescein binding (Figure 47J).

TLR7 and -8 Agonist-mediated Airway Relaxation Is Unique
among TLRs 1 to 9

We tested the role of other TLRs in mediating relaxation using
guinea pig airways in vitro because guinea pig is pharmacologically
similar to humans and spares the use of limited human tissues. As
in human airways, R837 (10-300 uM) and PolyU (10-300 pg/ml)
relaxed guinea pig airway segments precontracted with MCh
in vitro (Figure 5; P < 0.05 compared with vehicle-treated con-
trols). In contrast, agonists for TLR2/1 (Pam3;CSK,), TLR2/6
(Pam,CSKy), TLR3 (Poly I:C), TLR4 (LPS), TLRS (flagellin),
and TLR9 (ODN2395) did not induce airway relaxation.

TLR7-mediated Bronchorelaxation Is Not Altered by Antigen
Sensitization and Challenge

TLR7-mediated bronchorelaxation was investigated in guinea
pigs with antigen-induced eosinophilic inflammation in vivo.
R837 inhibited vagally mediated bronchoconstrictions equally
in nonsensitized, ovalbumin-sensitized, and ovalbumin-sensitized
and -challenged guinea pigs (Figure 6A; 0.003-3 mg/kg, intrave-
nous), indicating that TLR7-mediated relaxation is not affected
by eosinophilic inflammation. Eosinophilia in the lungs was con-
firmed by bronchoalveolar lavage (Figure 6B). There were no
differences in baseline peak inspiratory pressures or hemodynam-
ics between the groups (Table 1).

TLR7-Dependent Bronchorelaxation in Guinea Pigs In Vivo
Is Mediated by Nitric Oxide

R837-mediated (0.003-0.1 mg/kg, intravenous) bronchorelaxa-
tion was completely inhibited by the nitric oxide synthase
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inhibitor L-NAME (Figure 6C; 30 mg/kg, intravenous) in non-
sensitized guinea pigs in vivo, indicating that in this dose range
R837’s effect was mediated via nitric oxide production. Higher
doses of R837 (0.3-3 mg/kg, intravenous) were not inhibited by
L-NAME, indicating a non-nitric oxide-dependent mechanism
at high doses in this species. The cyclooxygenase inhibitor in-
domethacin (1 mg/kg, intravenous) had no effect on R837-
mediated bronchorelaxation in vivo (Figure 6D).

TLR7 Does Not Relax Vascular Smooth Muscle

R837 (0.003-3 mg/kg intravenous) did not affect heart rate (Fig-
ure 6E) or mean arterial blood pressure (Figure 6F) in guinea
pigs in vivo. Baseline physiologic characteristics are given in
Table 1.

DISCUSSION

TLR7 binds respiratory virus single-stranded RNA and via tran-
scription triggers production of antiviral interferons and proinflam-
matory cytokines (8). Here we report a novel TLR7 pathway that
rapidly and potently relaxes precontracted human airways
through the production of nitric oxide. The speed of relaxation
is on the order of seconds to minutes, which is not consistent
with TLR7’s known transcriptional effects. TLR7-mediated re-
laxation of human airways did not involve a cyclooxygenase
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Figure 3. Toll-like receptor (TLR) 7 stim-
ulates nitric oxide production in the air-
way. (A) R837 (30 uM, n = 4; 100 pM,
n = 3; 300 uM, n = 7) significantly in-
creased fluorescence of murine airway
smooth muscle loaded with a nitric ox-
ide—detecting fluorescent indicator (*P <
0.05 compared with vehicle control;
***p < 0.001 compared with all other
treatment groups except 100 uM R837).
The TLR7 antagonist IRS661 (100 pM,
n = 5) and the nitric oxide synthase in-
hibitor N-methyl-L-arginine acetate salt
(L-NMMA) (100 pM, n = 5) blocked
R837-induced increases in fluorescence.
IRS661 (n = 5) and .-NMMA (n = 5)
did not independently affect fluorescence
compared with vehicle controls (n = 5).
The mean of 10 nonoverlapping images
was obtained per experimental replicate.
(B) Representative images obtained with
Zeiss laser scanning confocal microscope
(dimensions 134 X 134 um; magnifica-
tion = 63X; numerical aperture = 1.4).

7 300 uM 25

pathway, which differs from our report in guinea pig airways
in vitro, in which R837 caused relaxation through both a TLR7-
dependent nitric oxide pathway and TLR7-independent cycloox-
ygenase pathway (18). These findings represent a fundamentally
unique TLR?7 signaling mechanism in human airways.

TLR?7 has not previously been linked to nitric oxide produc-
tion, which raises the possibility that TLR7 regulates airway
functions beyond relaxation. Nitric oxide is generated from
L-arginine by nitric oxide synthases and serves as a cell-signaling
molecule in many physiologic processes (24). In the lungs, nitric
oxide affects epithelial cell ciliary beat frequency (25) and trans-
epithelial anion transport (26), which facilitate airway clearance.
Nitric oxide affects parasympathetic nerve function, which controls
bronchoconstriction (27). Furthermore, nitric oxide has direct an-
tiviral effects (28, 29) and can influence immune signaling (30). It is
possible that TLR7 regulates many airway functions via its control
of nitric oxide production.

Although TLR7’s production of nitric oxide is novel, nitric
oxide’s ability to relax smooth muscle is well characterized.
Nitric oxide causes relaxation via reduction in intracellular cal-
cium by a cGMP-dependent pathway (24). This effect is not
specific to particular contractile agonists and therefore dilates
airways irrespective of the mediators of bronchoconstriction.
Our prior work in guinea pigs found that TLR7 relaxed airways
precontracted with a variety of agonists, including histamine
and potassium chloride (18). In this study, airway contractions
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were induced with either methacholine in vitro or by parasym-
pathetic nerve stimulation in vivo. Both methods activate post-
junctional M3 muscarinic receptors (Gg-class G-coupled protein
receptors) on airway smooth muscle. Parasympathetic nerves be-
come dysfunctional in the setting of eosinophilic inflammation,

<

Figure 4. Toll-like receptor (TLR) 7 is expressed on a subpopulation of
human and murine airway nerves but not airway smooth muscle.
Whole mounts of human and murine trachea and primary bronchi were
immunostained with antibodies to TLR7 (green), the pan-neuronal
marker PGP 9.5 (red), and the nuclear stain 4’,6-diamidino-2-phenylindole
(DAPI) (blue). Both human (A-D) and murine (F-l) airways demonstrated
colocalization of TLR7 and PGP 9.5 indicating the presence of TLR7 on
specific airway nerves and nerve cell ganglia. TLR7 was not expressed on
airway smooth muscle in either species. (A, B) TLR7 expression on airway
nerve bundles. (C, D) TLR7-positive nerves innervating airway smooth
muscle alongside TLR7-negative nerve axons. (F) Specific nerve cell bodies
expressing TLR7. (G) TLR7-negative nerve cell body alongside TLR7-
positive axons. (H, /) TLR7-positive nerve axons innervating airway smooth
muscle. (E) IgG primary control immunostained with PGP 9.5 and DAPI,
but substituting nonspecific IgG for the TLR7 primary antibody, showed
minor punctate nonspecific fluorescein binding. (/) No primary antibody
control immunostained with PGP 9.5 and DAPI, but omitting the TLR7
primary antibody showed no fluorescein binding. Images were ob-
tained with a Zeiss laser scanning confocal microscope at 20X and
63X magnification.

which is a common inflammatory cell type in asthma. As a result,
excessive acetylcholine is released at the neuromuscular junction,
causing increased M3 activation and airway hyperreactivity (31).
Therefore, our experiments focused on a particularly pertinent
dysfunctional pathway in allergic airway inflammation.

In the present study, we found that TLR7 was strongly ex-
pressed by airway nerves but not by airway smooth muscle. To
our knowledge, TLR7 has not previously been described on airway
nerves, whereas an absence of TLR7 expression by human airway
smooth muscle has only been assessed in primary cell culture (32).
TLR7’s pattern of expression suggests that airway nerves, but not
airway smooth muscle, are the source of TLR7-mediated nitric
oxide production. Nonadrenergic noncholinergic inhibitory
(NANCi) airway nerves are known to produce nitric oxide and
relax the airways (33), but it remains unknown if NANCi nerves
are the TLR7-positive nerves identified in this work. Alterna-
tively, neuronal TLR7 may cause nitric oxide production by air-
way smooth muscle via an intermediate cell. Although airway
epithelium also expresses TLR7 (3), we have previously shown
that epithelium is not necessary for TLR7’s relaxant effect (18).

TLR7’s expression by airway nerves also suggests that air-
way nerves have a role in the detection and response to respi-
ratory viruses. The presence of TLRs on central and peripheral
nerves has only recently been established, and their function
remains uncertain. In Schwann cells, TLR7 may be involved
in immune surveillance (34), whereas dorsal root ganglia ex-
posed to the dual TLR7 and -8 agonist resiquimod (R848)
had increased calcium flux, suggesting that TLR7 regulates sen-
sory nerve function (35). TLR7 may have a similar effect on
airway nerve signaling during respiratory virus infection. Fur-
thermore, in the peripheral nervous system, TLR expression
varied by nerve subtype (34), which is consistent with our find-
ing that not all airway nerves express TLR7.

The presence of TLR7 on airway nerves implicates neuronal
nitric oxide synthase as the particular isozyme involved in TLR7’s
effect. Neuronal nitric oxide synthase is constitutively expressed
and rapidly activated by calcium to produce nitric oxide (36). Our
observation that TLR7’s effects occurs within minutes in vitro
and within seconds in vivo is consistent with neuronal nitric oxide
synthase’s kinetics. Although the nitric oxide synthase inhibitors
used in these experiments were not specific for a particular nitric
oxide synthase isozyme, endothelial nitric oxide synthase is lo-
cated in airway epithelium (37), which is not involved in TLR7’s
effect, whereas inducible nitric oxide synthase is transcriptionally



Drake, Scott, Proskocil, et al.: TLR7 Relaxes Human Airways

TLR2/1 TLR2/6
=~ |m—E—E—a— =
S B 100 L] So10{a—Aa—aAa—a—,
=c = ¢
2 8 807 2 8 80-
§e §e
= o 60 = T 601
g 8 g 8
€ E 40 5 g 40 1
O5 5
< 2 207 < 2 201
01+ r r r r 01+ r r r r
0.01 003 01 03 1 001 003 01 03 1
Pam3CSK4 (uM) Pam2CSK4 (uM)
TLR3 TLR4
o= o=
S 100 S 100 1 _
g V—y—v—v—y 25 t—o—o—0o
2 8 80 2 8 801
§e §e
=35 604 =5 60
g 8 g 8
€ g 40 1 5 Tés 40 1
O5 5
< 2 207 < 2 201
01+ r r r r 01+ r r r r
3 10 30 100 300 001 003 01 03 1
Poly I:C (ug/mL) LPS (ug/mL)
TLR5 TLR7
~ _s—9—8—® ~
55 100{8 " L S 1004
=g = ©
28 80 28 80- \é
§e §e
= o 604 = o 604
88 58 \
= g 40 1 € g 40 4 §
©5 O5 \
O\o c 20 4 c>\o c 20 4 ka
01~ r r r r 0d— r r r
001 003 01 03 1 10 30 100 300
Flagellin (ug/mL) R837 (uM)
TLR7/8 TLR9
Sg0] 4 §g10{a—a—A—pr—n
=c —0O =€
28 80+ i = N 2 8 80+
c o (R c o
o+ o+
5 8 60 4 B 8 60
SN SN
‘g TEu 40 1 € E 40 1
©5 O5
< 2 207 < 2 201
0= r r r 01+ r r r r
10 30 100 300 003 01 03 1 3

PolyU (ug/mL) ODN2395 (uM)

669

Figure 5. Toll-like receptor (TLR) 7 and 8 agonist-mediated
airway relaxation is unique among TLRs 1 to 9. Isolated
guinea pig airways in an organ bath were precontracted
with methacholine (MCh) (3 wM) and treated with TLR1-9
agonists. Only TLR7 agonist R837 (10-300 uM, n = 7) and
PolyU (10-300 pg/ml, n = 4) caused airway relaxation. The
TLR2/1 agonist PamsCSK4 (0.01-1 uM, n = 4), TLR2/6
agonist Pam,CSK, (0.01-1 uM, n = 3), TLR3 agonist Poly
1:C (3-300 pg/ml, n = 7), TLR4 agonist LPS (0.01-1 wg/ml,
n = 6), TLR5 agonist flagellin (0.01-1 pg/ml, n = 4), and
TLR9 agonist ODN2395 (0.03-3 pM, n = 4) did not cause
airway relaxation. Data shown are means * SEM. *P <
0.05 and ***P < 0.001 compared with vehicle-treated
controls.

regulated (38) and is therefore unlikely to be involved in the
immediate effect of TLR7 stimulation.

Because the 21-mer single-stranded PolyU and PolyA RNA
relax guinea pig airways (18), we tested them here as relaxants
of contracted human airways. Both PolyU and PolyA relaxed

human airways in vitro, although unlike in guinea pigs, their
effect was not mediated by TLR7, or by nitric oxide or prosta-
glandins. This TLR7-independent effect in human airways is
novel. In guinea pigs, PolyU exclusively activated TLR7 (18).
In humans, however, uridylic acid and adenylic acid-rich motifs
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mediated bronchodilation. (A)

R837 (0.003-3 mg/kg, in-

travenous) inhibited vagally
* mediated bronchoconstriction
in nonsensitized (n = 5),
ovalbumin-sensitized (n = 6),
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-challenged (n = 6) guinea
pigs in vivo. (B) Bronchoalveo-
lar lavage demonstrated an
eosinophil-predominant in-
flammatory cell influx in the
sensitized and challenged
group. *P < 0.05 compared
with nonsensitized animals.
(C) Bronchodilation induced
by R837 at doses up to 0.1
mg/kg were blocked by the
nitric oxide synthase inhibitor
N-nitro-L-arginine methyl ester
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preferentially activate TLRS8 and not TLR7 (39). Although less
is known about TLRS, it is highly homologous to TLR7 and
similarly recognizes single-stranded RNA. Furthermore, species-
specific variation in PolyU-mediated TLRS activation has previ-
ously been described in immune cells (40, 41). PolyU activated
TLRS8 in human and bovine leukocytes but failed to activate
TLR8 on immune cells in mice and rats (39). Our findings are
consistent with these data. TLR8 remains incompletely under-
stood, in part due to a lack of TLR8-specific inhibitors and po-
tential cross-regulation of TLR7 by TLRS in certain species (42,
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43). Our data suggest that PolyU and PolyA cause TLR8-mediated
bronchorelaxation in human airways, although the specific mech-
anism remains a focus for further investigation.

Our data indicate that TLR7 and TLR8 may have a rapid sal-
utary relaxant effect in the airways. This effect contradicts the
airway hyperreactivity and bronchospasm caused by respiratory
viruses (5, 44). However, respiratory virus infections activate
many immune receptors in the airway, including other TLRs
(TLR3, TLRY), as well as retinoic acid-inducible gene-I (RIG-
I)-like receptors and nucleotide-binding oligomerization domain

TABLE 1. BASELINE PHYSIOLOGIC CHARACTERISTICS BEFORE R837 ADMINISTRATION

Treatment Group Ppi (mm H,0) HR (beats/min) SBP (mm Hg) DBP (mm Hg)
Nonsensitized (n = 5) 129.0 + 6.4 280.0 = 12.4 43.0 + 4.0 27.0 1.0
Nonsensitized + L-NAME (n = 5) 115.0 = 11.2 275.0 £ 15.2 65.0 = 4.2* 50.6 = 4.5*
Nonsensitized + indomethacin (n = 6) 128.3 = 14.2 268.3 = 11.8 423 = 3.1 242+ 26
Sensitized (n = 6) 111.4 = 8.6 2829 * 6.2 43.0 £ 2.5 234 1.7
Sensitized + challenged (n = 6) 120.0 = 4.7 278.3 £ 6.7 38.5 + 3.2 17.0 = 1.8

Values shown are means = SEM. DBP = diastolic blood pressure; HR = heart rate; Ppi = peak inspiratory pressure; SBP = systolic blood pressure.

*P < 0.05 compared with all other group means.
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TABLE 2. HUMAN DONOR CHARACTERISTICS
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# Age (yr) Sex Race Tobacco Use Cause of Death Comorbidities
1 71 F White No Head trauma —
2 55 F White N.G. CVA —
3 54 M Hispanic No CVA Hypertension
4 52 M White No CVA —
5 44 M White Yes CVA IVDU
6 47 F White No PEA Acute respiratory illness
7 50 F N.G. No CVA Obesity
8 24 M Hispanic N.G. Head trauma IVDU
9 25 F White No Head trauma Alcohol abuse
10 40 F White No Anoxia Hypertension
1 60 F White N.G. Head trauma —
12 48 M Asian No CVA Hypertension
13 52 M N.G. N.G. N.G. —
14 45 F White No Ml —
15 49 F White N.G. CVA —
16 65 F White Yes Anoxia —
17 55 F White Yes CVA Alcohol abuse

Comorbidities were included when available. No specific lung conditions were available at time of donation. CVA = cerebral vascular accident; F = female; IVDU =
intravenous drug use; M = male; MI = myocardial infarction; N.G. = not given; PEA = pulseless electrical activity.

(NOD)-like receptors (8). Our model did not investigate the
pleiotropic effects of viruses in the airway but instead focused
on the early events after isolated TLR7 activation. The rapid
effects of TLR7 activation described in this work have not pre-
viously been investigated in humans.

To determine if other TLRs besides TLR7 and TLRS cause
airway relaxation, we tested agonists for TLRs 1 to 9 in guinea
pigs airways in vitro. We found that no other TLR causes rapid
airway relaxation, despite the similarities in many of the TLRs’
signaling pathways. For example, TLR9 recognizes viral unme-
thylated DNA, is located on the endosome alongside TLR7 and
TLRS, and signals through the adaptor protein MyD88, like
TLR7 and TLR8 (45). TLR2/1 and TLR2/6 are heterodimerized
receptors, whereas TLR4 and TLRS are homodimers, but all of
these receptor complexes signal through MyDS88 (8). TLR3
does not signal through MyD88 but is located on the endosome
and detects viral double-stranded RNA (46). Despite these sim-
ilarities, no other TLRs caused airway relaxation, which rein-
forces the novelty of the rapid TLR7 and TLRS effects.

Given the association between TLR7 and asthma (9, 10), we
investigated TLR?7 signaling in an antigen sensitization and chal-
lenge model in guinea pigs. R837 inhibited vagally mediated air-
way contractions in guinea pigs in vivo through production of
nitric oxide. Similar to our previous work in guinea pigs, however,
R837 also had significant off-target effects at higher doses (18).
Importantly, R837’s bronchodilating effect was not altered by
antigen sensitization alone or by sensitization and challenge in
guinea pigs. This suggests TLR7’s function may be preserved in
the setting of eosinophilic inflammation, common in allergic
asthma. Furthermore, despite TLR7’s profound bronchodilatory
effect in the airways, TLR7 stimulation had no effect on blood
pressure (mean arterial pressure) or heart rate. TLR7 agonists are
unlikely to have cardiovascular effects in humans, either, given
that human systemic and pulmonary vascular endothelium does
not express TLR7 (47, 48). A lack of systemic effects is advanta-
geous for designing TLR7-targeted therapies for the airways.

Although our study demonstrates TLR7-mediated nitric ox-
ide production and airway relaxation across multiple mammalian
species, the heterogeneity of our human subjects was constrained
by the available donor pool (Table 2). Human donors were
mostly white and more often women. Minimal clinical charac-
teristics (e.g., the presence or absence of respiratory disease)
were given at the time of donation. Our donors, however, were
from all adult ages. Given the similarities between TLR7’s

effect in humans and the other mammalian species tested, we do
not believe our human donor characteristics limit the validity or
interpretation of the data.

This study is the first to identify TLR7 on airway nerves and the
first to demonstrate a rapid and potent TLR7-mediated relaxation
of human airways. We define a TLR7-independent pathway me-
diated by the TLR8 agonists PolyU and PolyA, and we have estab-
lished that TLR7’s function is not altered by eosinophilic
inflammation. These findings suggest TLR7 may have a role
as a therapeutic target, particularly in allergic asthma. A TLR7
agonist capable of inducing airway relaxation while suppressing
Th2 immune responses has the potential to address both compo-
nents of the allergic asthma phenotype: bronchoconstriction and
allergic inflammation. Furthermore, neuronal TLR7 expression is
compelling evidence that airway nerves have a role in the anti-
viral immune response and raises the possibility that TLR7 alters
airway nerve function during a respiratory virus infection.

Author disclosures are available with the text of this article at www.atsjournals.org.
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SUPPLEMENTAL METHODS
Immunohistochemistry

Human and murine airways were blocked overnight with 4% Normal Goat Serum, 1%
Trition X-100, 5% powdered milk in Tris-buffered Saline (TBS) pH 7.4, then treated with rabbit
polyclonal antibody against TLR7 (IMGENEX, San Diego, CA, USA) overnight at 4°C.
Airways were then washed in TBS 5 x 1 hour followed by immersion in goat anti-rabbit 555
F(ab’),-conjugated secondary antibody (Life Technologies, Grand Island, NY, USA) overnight
at 4°C. Airways were again washed in TBS 5 x 1 hour and treated overnight with nonspecific
goat anti-rabbit F(ab”), antibody to block nonspecific binding in subsequent steps. Airways were
immersed in rabbit polyclonal antibody against PGP 9.5 (a nerve-specific protein, Abd Serotec,
Raleigh, NC, USA) overnight. PGP antibodies were identified using a goat anti-rabbit 647
F(ab’),-conjugated secondary antibody (Life Technologies, Grand Island, NY, USA). Airways
were then washed in TBS 5 x 1 hour, treated with 4’,6-Diamidino-2-Phenylindole (DAPT)
nuclear stain (Life Technologies, Grand Island, NY, USA), and mounted on charged microscope
slides. Control airways were treated with either IgG control antibodies (IgG control), or were
not treated with primary antibodies (no primary control), in place of TLR7 primary antibodies.
Control airways were then treated with PGP 9.5 and DAPI. Airways were imaged with a laser
scanning confocal microscrope at 20x (424 um x 424 um field of view) and 63x (134 p x 134
um field of view). Images were analyzed with ImagelJ software (freeware, NIH, Bethesda, MD,
USA).
In vitro contraction of isolated human and guinea pig airways

Human airway smooth muscle strips (0.5 cm x 0.5 cm) and guinea pig tracheal segments

(3 cartilagenous rings long) were suspended in a 5-mL organ bath (Radnoti Glass Technology,



Inc, Monrovia, CA, USA) containing Kreb’s solution bubbled with a 95% 0,-5% CO, gas
mixture. Airway smooth muscle strips were suspended from loops of silk anchored to the
bottom of the organ bath well and to an isometric force transducer (Grass FT03 Instrument Co,
Quincy, MA, USA). Airway segments were equilibrated in the bath at 1.5 g of tension for 60
minutes and washed with Kreb’s solution at 15-minute intervals. Smooth muscle contractions
were induced with methacholine (MCh; 3 uM) to achieve an increase in tension of greater than
0.3 g. Tension recordings were made on a Powerlab/8SP (ADInstruments, Castle Hill,
Australia). One hundred percent baseline contraction was defined as the maximal contraction
induced by 3 uM MCh prior to testing TLR agonist dose-responses to the organ bath well. Some
airways were pretreated for 30 minutes with the TLR7 antagonist IRS661 (100 uM),
cyclooxygenase inhibitor indomethacin (1 uM), or nitric oxide synthase inhibitor L-NMMA (100
uM). All data were normalized to time controls contracted with MCh.
Guinea Pig In Vivo Physiology

Guinea pigs were anaesthetized with urethane (1.9 mg/kg administered intraperitoneally;
1.p.), chemically sympathectomized with guanethidine (5 mg/kg administered intravenously;
1.v.), and paralyzed with a constant infusion of succinylcholine (10 pg/kg min i.v.). Internal
jugular veins were cannulated for administration of drugs, and the right carotid artery was
cannulated for blood pressure and heart rate. Animals were tracheotomized and ventilated
through a tracheal cannula with a rodent respirator (2.5 mL volume, 100 breaths/minute, Harvard
Apparatus, Inc., South Natick, MA, USA). Peak inspiratory pressures (Ppeak; mmH,0) during
were measured at the trachea using a BD DTXplus'™ pressure transducer (Viggo-Spectramed,
Oxnard, CA, USA). Increases in Pyak over baseline are presumed to reflect changes in airflow

resistance due to changes in airway caliber. Lung compliance was not independently measured



using this technique, however, its contribution to rapid changes in airway have been shown to be
negligible in cats (E1). Bronchoconstriction was induced by electrical stimulation of the vagus
nerves at 40 second intervals (8 volts, 15 Hz, 2 ms duration, 3 seconds on, 40 seconds off).
100% baseline contraction was defined as the average of the 4 electrically induced
bronchoconstrictions before the first R837 dose. Some animals were treated with the
cyclooxygenase inhibitor indomethacin (1 mg/kg i.v.) or nitric oxide synthase inhibitor L-NAME
(30 mg/kg 1.v.) 30 minutes before R837.
Ovalbumin Sensitization and Challenge
Guinea pigs were sensitized to ovalbumin (10 mg/kg 1.p.) on days 1, 3, and 5 as we have
previously described (E2). Three weeks after the last ovalbumin dose, some animals were
challenged with 2.5% aerosolized ovalbumin for 5 minutes. In vivo physiology and responses to
TLR7 stimulation were measured 24 hours after challenge.
Lung Lavage
At the end of the experiment, guinea pigs were euthanized with a lethal dose of urethane and
exanguinated via the carotid cannula. The lungs were then lavaged 5 times with 10 mL aliquots
of sterile phosphate-buffered saline (PBS) via the tracheal cannula. Lavage samples were
centrifuged for 10 minutes at 300 x g. Cells were resuspended in 10 mL of PBS and counted
using a hemocytometer. Aliqouts of the cell suspension were cytospun onto glass slides, stained
with Hemacolor (EMD Chemicals, Inc., Philadelphia, PA, USA) and counted to obtain
differential cell counts.
Detection of Airway Nitric Oxide Production

Due to its short half-life and rapid diffusion characteristics, nitric oxide is difficult to

directly measure in biological systems. Therefore, we quantified TLR7-mediated nitric oxide in



airway smooth muscle using a copper-based nitric oxide-detecting fluorescent probe. Unlike the
commonly used diaminofluorescein (DAF) and diaminonaphthalene (DAN) that detect nitric
oxide oxidation products (nitrate and nitrite), the copper-based fluorophore used in these
experiments detects nitric oxide directly (E3). Lungs were removed from C57B1/6 female mice
(age 6-8 weeks) and placed in Hanks Balanced Salt Solution (HBSS; Mediatech, Inc, Manassas,
VA, USA) at 37 °C. The dorsal trachealis muscle was dissected free from cartilaginous rings and
incubated for 30 minutes with a copper-based nitric oxide sensing fluorescence indicator “NO-
ON” (1 uM; Strem Chemicals, Newburyport, MA, USA) in HBSS (E4). Airway smooth muscle
strips were then treated for 10 minutes with the TLR7 agonist R837 (30-300 uM), or sterile
endotoxin-free water vehicle. Some airways were incubated with the nitric oxide synthase
inhibitor L-NMMA (100 uM) for 30 minutes before adding R837. Airway strips were mounted
on charged glass microscope slides, and ten non-overlapping random images were acquired with
a Zeiss LSM 710 laser scanning confocal microscope (Plan-Apo 63x magnification, 1.4
Numerical Aperture objective, 488 nm wavelength, z=1.4 um sections, 134 um x 134 uM image
dimensions; Carl Zeiss Microscopy, Thornwood, New York, USA). Fluorescence intensity was
determined for each image using the ImagelJ analysis suite (Bethesda, MD, USA) by a blinded
observer, and mean intensity for images within an experimental replicate were averaged.
Materials

The TLR agonists for TLR2/1 (Pam3;CSKy), TLR2/6 (Pam,CSK4), TLR3 (Poly I:C),
TLR4 (LPS), TLRS (Flagellin), TLR7 (Imiquimod) and TLR9 (ODN2395) were obtained from
Invivogen (Carlsbad, CA).
SUPPLEMENTAL FIGURES

FIGURE E1. Representative tracings of in vitro human airway contraction experiments.



Human airway smooth muscle strips from the trachea and primary bronchi were contracted with
MCh (3 uM). Following washout, airway strips were treated with antagonists or vehicle (PBS)
for 30 minutes. Airway contractions were again induced with MCh (3 uM), then treated with

escalating doses of the TLR7 agonist R837 (10-300 uM).
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Figure E1
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