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Btk Inhibitor RN983 Delivered by Dry Powder
Nose-only Aerosol Inhalation Inhibits Bronchoconstriction

and Pulmonary Inflammation in the Ovalbumin
Allergic Mouse Model of Asthma
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Abstract

Background: In allergen-induced asthma, activated mast cells start the lung inflammatory process with de-
granulation, cytokine synthesis, and mediator release. Bruton’s tyrosine kinase (Btk) activity is required for the
mast cell activation during IgE-mediated secretion.
Methods: This study characterized a novel inhaled Btk inhibitor RN983 in vitro and in ovalbumin allergic
mouse models of the early (EAR) and late (LAR) asthmatic response.
Results: RN983 potently, selectively, and reversibly inhibited the Btk enzyme. RN983 displayed functional
activities in human cell-based assays in multiple cell types, inhibiting IgG production in B-cells with an IC50 of
2.5 – 0.7 nM and PGD2 production from mast cells with an IC50 of 8.3 – 1.1 nM. RN983 displayed similar
functional activities in the allergic mouse model of asthma when delivered as a dry powder aerosol by nose-only
inhalation. RN983 was less potent at inhibiting bronchoconstriction (IC50(RN983)¼ 59 lg/kg) than the b-
agonist salbutamol (IC50(salbutamol)¼ 15 lg/kg) in the mouse model of the EAR. RN983 was more potent at
inhibiting the antigen induced increase in pulmonary inflammation (IC50(RN983)¼ <3 lg/kg) than the inhaled
corticosteroid budesonide (IC50(budesonide)¼ 27 lg/kg) in the mouse model of the LAR.
Conclusions: Inhalation of aerosolized RN983 may be effective as a stand-alone asthma therapy or used in com-
bination with inhaled steroids and b-agonists in severe asthmatics due to its potent inhibition of mast cell activation.
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Introduction

Protein kinases constitute one of the largest

families of enzymes and regulate many different sig-
naling processes by adding phosphate groups to proteins.(1)

Bruton’s Tyrosine Kinase (Btk) is a member of the Tec
family of tyrosine kinases and is involved in signal trans-
duction downstream of the B-cell receptor and the high-
affinity receptor for IgE (FceR) on mast cells and basophils.
The use of Btk inhibitor drugs have primarily focused on
diseases involving B-cells.(2) The link between Btk and B-
cells comes from human genetics, as X-linked agammaglo-
bulineima (XLA) patients have a loss of functional mutation
of Btk and an immunocompromised phenotype with impaired
maturation of B-cells.(3)

Asthmatics may also benefit from Btk inhibitors and aerosol
administration to the lungs could avoid systemic immunosup-
pression and accumulation of circulating IgE.(4) Btk is ex-
pressed by mast cells and mast cells deficient in Btk(5) or
depleted of Btk by siRNA(6) demonstrate impaired antigen-
induced degranulation. This suggests that Btk inhibitors could
reduce the early asthmatic response (EAR). The EAR response
is a type I hypersensitivity reaction where inhaled allergen
interacts with mast cell-bound IgE to trigger the release of
histamine that causes bronchoconstriction and increases air-
flow resistance through airway smooth muscle contraction.(7)

The EAR is significantly but incompletely reduced by mast cell
stabilizers(8) and anti-IgE antibodies,(9) and is currently treated
mainly by inhaled b-agonist bronchodilators. Of note, there are
species-specific differences in how mast cell-dependent
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bronchoconstriction develops.(10,11) Instead of histamine, 5-HT
is the predominant mediator released from mast cells in mice
and drives bronchoconstriction through a central nervous sys-
tem reflex instead of a direct effect on smooth muscle.(11) That
said, the primary mechanisms driving the EAR are similar in
mouse and man. The response in both species has been shown
to be IgE- and mast cell mediator-dependent.(10–12)

Pulmonary inflammation is a component of the late
asthmatic response (LAR) and currently treated with inhaled
corticosteroids. Btk inhibitors could also dampen the aller-
gic inflammation in asthma by inhibiting the release of mast
cell secreted proinflammatory and vasoactive mediators in-
cluding histamine, leukotrienes, and cytokines. The absence
of Btk has been shown to severely impair FceRI-dependent
mast cell production of cytokines and degranulation.(13,14) It
has also been shown that Btk was required for IgE-mediated
activation of human basophils.(15) Collectively, these data
suggest a Btk inhibitor could be useful to treat pathological
mast cell responses present in asthma.

In this study, ovalbumin-sensitized mice were given RN983
by the nose-only inhalation route of administration to assess its
effects on bronchoconstriction and inflammatory cell influx into
the bronchoalveolar lavage fluid induced by antigen challenge.
We show that RN983 is a potent and selective Btk inhibitor that
inhibits bronchoconstriction and pulmonary inflammation in the
antigen-induced ovalbumin mouse model of asthma.

Materials and Methods

Enzymatic activity and selectivity

A FRET (fluorescence resonance energy transfer) assay
was used to determine the potency of RN983 to competitively
inhibit binding of a substrate to Btk. It was adapted from a
standard ‘‘one step, mix-and-read, time-resolved FRET
binding assay’’ from Invitrogen (Carlsbad, CA). In brief, Btk-
BioEase, a biotinylated Btk, was conjugated to a FRET donor,
europium, through an incubation with Eu-streptavidin (Per-
kinElmer Life and Analytical Sciences, Waltham, MA) for 1 h
in a buffer containing 20 mM HEPES, pH 7.15, 0.1 mM di-
thiothreitol, 10 mM MgCl2, and 0.5 mg/mL bovine serum
albumin. Btk-Eu conjugate (0.1 nM) was then incubated with
KT-178, a kinase tracer and FRET acceptor from Invitrogen,
and RN983 or vehicle (DMSO) overnight at 15�C. Photons
emitted from both the donor (620 nm) and acceptor (665 nm)
were measured by using a BMG Pherastar Fluorescent plate
reader (BMG Labtech Gmbh, Offenberg, Germany). The ratio
between the 620- and 665-nm signals was calculated to de-
termine Btk-substrate binding and its inhibition by RN983.

Selectivity of RN983 for Btk over other kinases was de-
termined by testing the compound at a single 10-6 M con-
centration against a panel of 451 kinases at DiscoveRx (San
Diego, CA) by using a high-throughput Kinomescan based
on ATP free competitive binding.(16) Results for kinase
binding interactions were reported as percent competition.

Surface plasmon resonance (SPR) binding kinetics
assay

Avi-tagged Btk was captured on Biacore streptavidin
sensor chips (Series S) at densities of 10000 resonance units
(1 ru = 1 pg protein/mm2). RN983 dissolved in DMSO was
tested at 8 concentrations (100 nM down to 0.8 nM, two-fold

dilutions). RN983 was injected for 100 s association time,
and dissociation was followed for 20 min. Experiments were
performed at 25�C. The buffer consisted of 50 mM Hepes
pH 7.2, 150 mM NaCl, 10 mM MgCl2, 2 mM MnCl2, 1 mM
TCEP, 1% PEG 3350, 5% DMSO. Kinetic analysis was
performed using Biacor BIAevaluation software using a
simple model for 1:1 (Langmuir) binding.

In vitro studies

B cells. Human total B cells were enriched with Rosette-
Sep human B cell enrichment cocktail (#28921, Vancouver,
BC) from buffy coat leukocyte packs (New York Blood
Center) following manufacturer’s protocol. Enriched B cell
purity (around 80%) was checked by FACS with CD19+
staining. B cells were suspended (0.1 million cells/well/
100lL) in RPMI-1640 based conditional medium (50 ng/mL
IL-2, 50 ng/mL IL-10, 1 lg/mL anti-IgD for the activation of B
cells to produce IgG) together with RN983. Cells were cul-
tured for 10 days at 37�C in 5% CO2 incubator. Culture su-
pernatants were collected for IgG analysis following Bethyl
Laboratory’s protocol (#E80-104, Montgomery, TX).

Mast cells. One million human cord blood derived
CD34+ hematopoietic stem cells (HSCs) from different
donors (AllCells #CB008F-S, Emeryville, CA) were cul-
tured for 8 weeks in a serum-free complete medium
(StemPro-34 with supplements; Invitrogen, Carlsbad, CA),
with recombinant h-SCF (100 ng/mL) and h-IL6 (50 ng/
mL). During the first week of culturing, recombinant h-IL3
(10 ng/mL) was also included to support HSCs differentia-
tion. After 8 weeks of culture, cells were stimulated with
recombinant h-IL-4 (10 ng/mL) for 5 days. Confirmation of
the mast cell differentiation process was routinely done by
FACS to check for c-kit and FceRI expression; differenti-
ated cells were routinely more than 90% c-kit positive,
FceRI positive. Differentiated mast cells were sensitized
with 0.1 lg/mL anti-NP IgE (Serotec, Raleigh, NC) over-
night at 37�C. Cells were washed and then treated with
RN983 for 1 h at 37�C. After treatment, cells were cross-
linked with 1 lg/mL NP(30)-BSA (Biosearch Technologies,
Novato CA) for 30 min. Culture supernatants were collected
and assayed for PGD2 (Cayman Chemical Company, Ann
Arbor MI) release as per kits’ instructions.

Aerosol formulations

Test compounds were micronized (MC One Jet Mill,
Jetpharma USA Inc., South Plainfield, NJ) and blended by a
Turbula Mixer (GlenMills Inc., Clifton, NJ) with micronized
lactose (Lactohale 200, DFE Pharma, Goch, Germany) if
required. Dry powder aerosol was generated using a Wright
dust feed dry powder aerosol generator. The micronized
drug/lactose powder was packed into cylindrical reservoirs
using a hydraulic press at approximately 1000 psi to produce
compacted cakes of powder used as input by the Wright dust
feed aerosol generator.(17)

The aerosol passed through a sonic nozzle for de-
agglomeration and into a cyclone to remove non-respirable
particles and agglomerates. RN983 (6-tert-Butyl-8-fluoro-2-
(3-hydroxymethyl-4-[1-methyl-5-(1¢-methyl-1¢,2¢,3¢,4¢,5¢,
6¢-hexahydro-[3,4¢-6-ylamino)-6-oxo-1,6-dihydro-pyridazin-
3-yl]-pyridin-2-yl)-2H-phthalazine-1-one) was synthesized at
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Hoffmann-La Roche in Nutley, NJ. The chemical structure of
RN983 is shown in Figure 1. Salbutamol (AL156) and bude-
sonide (B1595) were purchased from Spectrum Chemicals
(New Brunswick, NJ).

In vivo studies

Mouse allergen-induced bronchoconstriction model of the
early asthmatic response (EAR). Adult male Balb/c mice
(greater than 8 weeks of age) were sensitized and boosted by
intraperitoneal (i.p.) injection of 0.2 mL of 2% aluminum
hydroxide (ALUM) gel (Serva Electrophoretics, 12261,
Heidelberg, Germany) containing 10 lg of ovalbumin (OVA)
antigen (Worthington Biochemical Corporation, LS003054,
Lakewood, NJ) on days 0 and 14. The i.p. injection solution
was prepared by dissolving 2.55 mg OVA in one mL of 0.9%
saline, then adding it to 50 mL of ALUM gel, yielding a final
concentration of 50 lg OVA/mL ALUM gel.

Once animals were sensitized, nebulized OVA was in-
haled to evoke antigen-induced lung inflammation and ex-
pand mast cell population in the lungs. For nebulized OVA
challenge, mice were placed in a plexiglass box, and aero-
solized OVA was nebulized into the box by a nebulizer
(PARI Respiratory Equipment, LC STAR nebulizer and
Proneb Ultra II compressor, Midlothian, VA) filled with 1%
ovalbumin in saline (0.01 g/mL) for 20 min on days 21, 22,
and 23. On day 26, a 20 minute nebulized OVA challenge
with 5% ovalbumin in saline was conducted. Animal care
and experimental procedures used in this study were ap-
proved by the Roche Animal Care and Use Committee
(RACUC, Nutley, NJ, USA), which is a facility accredited
by the American Association for the Accreditation of La-
boratory Animal Care (AAALAC).

Dry powder nose-only inhalation drug dosing. In four
separate experiments (100% RN983, 30% RN983 q.s. lactose,
100% salbutamol, and 30% budesonide q.s. lactose), three
groups of 8 mice were exposed to drug aerosol for 5, 15, or
45 minutes. Two groups of 8 control mice (saline and oval-
bumin control groups) were exposed to filtered air. RN983

was dosed once a day for 6 days (Days 21, 22, 23, 26, 27, and
28), salbutamol was dosed once 1 h before bronchoconstric-
tion measurements on day 28, and budesonide was dosed
once a day for 3 days (Days 26, 27, and 28). The cyclone
output from the aerosol generator passed into the Nose-Only
Exposure Inhalation Unit (TSE systems, Bad Homburg,
Germany)(18). The Inhalation Unit had 32 ports for animals
and 3 sampling ports for sampling: real time aerosol con-
centration (Microdust pro, Casella, Buffalo, NY), gravimetric
aerosol concentration (absolute filter), and particle size (cas-
cade impactor). The output of the aerosol generator was set to
supply 0.5 liters/minute to each animal port.

During exposure, the animals were restrained in glass
tubes designed for the anatomy of mice. The exposure
system was qualified for spatial uniformity and temporal
stability by an air mass balance. The air flow to each port
and the port to port flow rates varied by less than 2% with
the input flow rate set at 17 liters per minute. The particle
size distribution was evaluated by collecting aerosol
samples with an eight stage cascade impactor (In-Tox
Products, Moriarty, NM). Aerosol was sampled by the
cascade impactor at an airflow rate of 1 liter per minute for
45 minutes. HPLC was used to separate the lactose from
drug and determine the amount of drug collected on each
stage. Impactor data were mathematically evaluated to
determine the Mass Median Aerodynamic Diameter
(MMAD) and Geometric Standard Deviation (GSD) of
drug or lactose using graphical analysis of an assumed
lognormal distribution.

Aerosol dose calculations. The deposited dose(19) in
mg/Kg was calculated by multiplying the concentration of
the drug in the aerosol (mg/L) x minute ventilation (L/min)
x duration of exposure (min) x inhalable fraction x pulmo-
nary deposition fraction and dividing by the body weight
(Kg). The aerosol concentration (mg/L, Table 1) was mea-
sured gravimetrically and calculated by dividing the abso-
lute filter weight (mg) by the air flow rate through the filter
(L/min) multiplied by the sampling time (min). The mouse’s
minute ventilation was estimated as 0.026 liters per min-
ute,(20) the inhalable fraction was 1 as the aerosol was
passed through a cyclone to remove non-respirable particles,
and the pulmonary deposition fraction (Table 1) was de-
termined from the drug aerosol MMAD using experimental
calibration curves from monodisperse aerosols.(21)

Endpoint measurements (Day 28). One hour after drug
dosing, mice were surgically prepared while under anes-
thesia (100 mg/kg pentobarbital, i.p.) for cannulation of the
trachea. The anterior cervical skin was opened and trache-
ostomy performed with an 18 gauge Angiocath (Becton,
Dickinson and Company, 381144, Sandy, UT). The animals
were then subject to respiratory system resistance mea-
surements or pulmonary inflammation measurements.

Respiratory system resistance measurements. The ani-
mals were connected to the flexiVent system (SCIREQ Sci-
entific Respiratory Equipment, Inc., Montreal, Canada). The
flexiVent system contains a rodent respirator (Tidal vol-
ume = 10 mL/kg, Respiratory rate = 150 breaths/min, 3 cmH2O
positive end expiratory pressure), under computer control.
Once trained to artificial ventilation (not breathing against the

FIG. 1. Chemical structure of inhaled Btk-inhibitor
RN983.
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ventilator), a deep inflation maneuver was performed by in-
flating the lungs to total lung capacity (30 cmH2O) to open up
atelectic regions of the lung and normalize the lung volume.
Then, sinusoidal volume forced 150 Hz oscillation waveforms
up to a tidal volume of 10 mL/kg (SnapShot-150 perturbation)
were applied to the lungs while pressure measurements were
recorded. The volume and pressure data were fit to the single-
compartment model and respiratory system resistance (R) and
elastance (E) were calculated.

Baseline lung function measurements were repeated five
times over 30 seconds. Bronchoconstriction was then in-
duced by a 30 mg/kg injection (100 lL of volume) of OVA
in saline into the tail vein. OVA causes bronchoconstriction
by inducing mast cell degranulation in OVA sensitized
mice, different from agents such as methacholine and his-
tamine that directly contract airway smooth muscle. Lung
function was measured continuously every 10 sec over the
next 10 min. The percent increase in R for each animal,
calculated as the maximum R over the 10 min interval after
i.v. OVA injection (Rmax) minus the average R value of the
5 baseline measurements (Rave) divided by Rave (% in-
crease in R = (Rmax-Rave)/Rave), was used to quantitate the
bronchoconstriction.

Pulmonary inflammation measurements. The lungs were
lavaged four times with 0.3 mL of phosphate buffered saline
(PBS). The saline was instilled into the lungs and allowed to
equilibrate for at least 30 s before recovery. The four ali-
quots were pooled and total recovery volume per mouse was
approximately 0.9 mL. Total leukocyte number per lL was
determined by a coulter counter from a 100 lL bronch-
oalveolar lavage fluid (BALF) sample by diluting into
10 mL diluent buffer with 100 lL of erythrocyte lysing re-
agent (Zap-Oglobin II, Beckman Coulter, Fullerton, CA,
USA). For differential leukocyte counts, cytospin slides
(Shandon Scientific Ltd., Runcorn, UK) were prepared using
100 lL of the BALF sample diluted with 100 lL PBS and
centrifuged onto a microscope slide at 1300 rpm for 5 min.
The deposited cells were then fixed to the microscope slides
and stained with the Hemacolor stain set (EMD Chemicals
Inc., Gibbstown, NJ, USA). Cellular staining and standard
morphological characteristics were used to determine the
percentage of neutrophils, eosinophils, macrophages, and
lymphocytes from a microscopic count of 200 cells as de-
scribed previously.(22)

Data analysis

All data were summarized as group mean – standard error
of the mean. ANOVA with Dunnett’s multiple comparisons
test was performed to determine whether differences be-
tween groups vs OVA control group were significant. The
null hypothesis was rejected at *p < 0.05.

Table 1. Summary of Drug Aerosol Properties and Deposited Dose for in Vivo Experiments

Drug
(Study endpoint)

Formulation
(wt% drug)

MMAD
drug
(lm)

Deposition
fraction

Aerosol
concentration

(lg /L Air)

Post-cyclone
fraction of

drug in
aerosol

Days of
dosing

Average daily deposited
dose (lg Drug /kg)

5 minute
group

15 minute
group

45 minute
group

RN983
(Resistance)

100 1.4 0.034 184 – 31 1 6 30 – 6 100 – 20 300 – 50

Salbutamol
(Resistance)

100 0.8 0.036 82 1 1 15 50 140

RN983
(Inflammation)

30 1.8 0.037 115 – 14 0.39 – 0.1 6 3 – 1 10 – 2 30 – 5

Budesonide
(Inflammation)

30 1.7 0.036 105 – 7 0.64 – 0.2 3 12 – 1 40 – 2 110 – 10

FIG. 2. RN983 inhibited IgG production from human B-
cells (top panel) and PGD2 production from human mast
cells (bottom panel) with single digit nanomolar potency.
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Results

Inhibition of Btk and selectivity

RN983 demonstrated an IC50 of 0.40 nM in the Btk enzy-
matic activity FRET assay and 0.41 nM affinity (KD) measured
in the SPR assay (data not shown). RN983 demonstrated an off-
rate (Kd) of 3.6 · 10-4 (1/s) against Btk in a surface plasmon
resonance assay. RN983 maintained its nanomolar potency in
whole cell assays, inhibiting IgG production in human B-cells
with an IC50 of 2.5 – 0.7 nM and PGD2 production from human
mast cells with an IC50 of 8.3 – 1.1 nM (Fig. 2).

RN983 was highly selective with 98% competition
against Btk at 1 lM and having between 76% to 88%
competition with only 7 of the other 450 kinases screened
(scanMAX KINOMEscan, DiscoveRx, San Diego, CA). The
specificity of RN983 was also tested at 10 lM in the high-
throughput profile screen (Cerep Inc., Redmond, WA), demon-
strating less than 80% inhibition of the control compounds
specific binding for the 80 receptors, ion channels, and trans-
porters tested (data not shown).

Inhalation dosing

Aerosol deposited dose values and properties (concen-
tration and particle size) from samples of aerosol collected
from the animal exposure chamber during dosing of the four
in vivo studies are summarized for drug (Table 1) and lac-
tose (Table 2). The geometric standard deviation of the
aerosol mass median aerodynamic diameter ranged from 1.7
to 2.2 micron for these studies.

Inhibition of bronchoconstriction

RN983 inhibited i.v. OVA induced bronchoconstriction in
the OVA sensitized and challenged BALB/c mouse model
of the early asthmatic response (EAR). OVA increased R
within minutes of intravenous injection (Fig. 3) and OVA-
sensitized mice developed acute bronchoconstriction in a
dose-dependent manner (Fig. 3). Immediately after antigen
(i.v. OVA) induced bronchoconstriction, the percent in-
crease in respiratory system resistance (R) was inhibited in a

Table 2. Summary of Lactose Aerosol Properties and Deposited Dose for in Vivo Experiments

Drug (Study endpoint)
Formulation

(wt% lactose)
MMAD

Lactose (lm)
Deposition

fraction

Aerosol
concentration

(lg lactose/L Air)

Average daily deposited dose
(lg lactose/kg)

5 minute
group

15 minute
group

45 minute
group

RN983 (Inflammation) 70 1.9 0.038 70 – 6 14 – 2 42 – 5 125 – 14
Budesonide

(Inflammation)
70 2.2 0.043 38 – 4 8 – 1 25 – 2 74 – 5

FIG. 3. An example of the rapid temporal increase in re-
spiratory system resistance induced by intravenous ovalbu-
min (30 mg/kg) administered to ovalbumin-sensitized mice
(n = 6–8 per group, top panel). The percent peak increase over
baseline in respiratory system resistance (bronchoconstric-
tion) to increasing doses of intravenous ovalbumin adminis-
tered to ovalbumin-sensitized mice (bottom panel).

FIG. 4. RN983 delivered by nose-only inhalation inhibited
the ovalbumin-induced increase in respiratory system resis-
tance (bronchoconstriction) in ovalbumin-sensitized mice,
*p < 0.05 vs. OVA.
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dose-dependent manner by inhaled dry powder doses (q.d.
for 6 d.) of RN983. The percent increase in R was inhibited
by 44 – 24%, 59 – 16%, and 86 – 21% (Fig. 4) at average
daily deposited doses of 30 – 6, 100 – 20, and 300 – 50 lg/kg
(Table 1); respectively.

The pharmacokinetic profile of RN983 after a single depos-
ited dose of 290 lg/kg was measured in the lungs and blood of a
satellite group of mice (two per timepoint) at 5 timepoints
(15 min, 1, 2, 6, and 24 h) and found to maintain a greater than
100-fold higher concentration in the lungs over the 24 h mea-
surement period (Fig. 5). The calculated deposited dose value of
290lg/kg for RN983 after 45 minutes of aerosol inhalation in
the study where R was measured was comparable to amount of
drug that could be extracted (17 – 2 lg/g) from the lungs (lung
weight = 0.216 – 0.012 g) immediately after the exposure period
(151 – 25 lg/kg) from two mice (Fig. 5). RN983 was less potent
at inhibiting bronchoconstriction (IC50(RN983) = 59 lg/kg)
than the b-agonist salbutamol (IC50(salbutamol) = 15lg/kg) in
the mouse model of the EAR (Fig. 6).

Inhibition of pulmonary inflammation

RN983 significantly inhibited the total number of recover-
able leukocytes in the bronchoalveolar lavage fluid (BAL) by
96 – 9%, 106 – 12%, and 102 – 12% (Fig. 7) at all doses tested
(3 – 1, 10 – 2, and 30 – 5 lg/kg), respectively. The inhaled
corticosteroid budesonide (Fig. 8) was less potent (IC50(bu-
desonide) = 27 lg/kg) inhibitor of the antigen-induced increase
in pulmonary inflammation (total leukocytes) than RN983
(IC50(RN983) = <3 lg/kg).

Discussion

Orally bioavailable Btk inhibitors are known. The irrevers-
ible orally-administered Btk inhibitor Ibrutinib does inhibit
mast cell degranulation(23) and is currently approved for some
B-cell malignancies. Ibrutinib has many side effects,(24) some
due to lack of selectivity,(25) with an acceptable side effect
profile for cancer indications, but not for asthma. It remains to
be seen in the clinic whether orally available, selective, re-
versible Btk inhibitors such as RN486(2) will have better side
effect profiles.

This is the first study to report the effects of an inhaled
Btk inhibitor. Aerosol administration of RN983 to the lungs

FIG. 5. Pharmacokinetic profile in the lung and plasma
after a single dose (290 lg/kg deposited) of RN983 deliv-
ered by nose-only inhalation. Average values from two mice
per data point.

FIG. 6. The b-agonist salbutamol sulfate delivered by
nose-only inhalation inhibited the ovalbumin-induced in-
crease in respiratory system resistance (bronchoconstriction)
in ovalbumin-sensitized mice, *p < 0.05 vs. OVA.

FIG. 7. RN983 delivered by nose-only inhalation in-
hibited the ovalbumin-induced increase in the number of
recoverable cells in the bronchoalveolar lavage (pulmonary
inflammation) from ovalbumin-sensitized and nebulized
ovalbumin-exposed mice (top panel). The increase in total
leukocytes is primarily due to appearance of eosinophils in
the BAL (bottom panel), *p < 0.05 vs. OVA.
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is expected to avoid the systemic immunosuppression(26)

and accumulation of circulating IgE(4) which may be ex-
pected from orally available Btk inhibitors, while main-
taining efficacy (inhibition of mast cells). Drugs that inhibit
molecular targets upstream of Btk (SYK, PI3K) are also in
development for asthma, allergic rhinitis, and rheumatoid
arthritis, and have been recently reviewed.(27)

RN983 is a potent (single digit nanomolar, Fig. 2), re-
versible, and selective Btk inhibitor. RN983 significantly
inhibits the allergen-induced acute bronchoconstriction in a
mouse model of the early asthmatic response (EAR), with
an IC50 of 59 lg/kg deposited dose (Fig. 4) when delivered
by nose-only inhalation. A submaximal (30 mg/kg, i.v.) dose
of OVA was used to elicit the EAR (Fig. 3). We have
previously demonstrated that the mouse EAR model is an-
tigen dependent as non-OVA sensitized mice do not
bronchoconstrict to i.v. OVA.(28) Inhaled RN983 was found
to maintain a greater than 100-fold higher concentration in
the lungs than in the blood, decreasing the chances of ob-
serving systemic side effects (Fig. 5). The calculated de-
posited dose value of 290 lg/kg for RN983 after 45 minutes
of aerosol inhalation in the study where R was measured

was greater than the 151 – 25 lg/kg (n = 2) dose of drug that
could be calculated from the amount of drug extracted from
the lungs immediately after the exposure period, due in part
to absorption of drug from the lungs into the blood over the
45 minute exposure period.

RN983 had a similar potency to inhaled salbutamol
(IC50 = 15 lg/kg deposited dose, Fig. 6) in the EAR model
where submaximal dose combinations of RN983 and b-
agonists would be expected to work in synergy (or at least
additively) due to their different mechanisms of action.
RN983 also significantly inhibited the antigen-induced
pulmonary inflammation (total leukocytes in the BAL fluid)
in a mouse model of the late asthmatic response (LAR), with
an IC50 of less than 3 lg/kg deposited dose (Fig. 7) and more
potently than the inhaled steroid budesonide (IC50 = 27 lg/
kg deposited dose, Fig. 8). This suggests that asthmatics
may benefit from an inhaled Btk inhibitor alone or it could
also be a complementary therapy to b-agonists and corti-
costeroids that only partially inhibit mast cell activation and
the number of mast cells in the lungs.

All compounds were delivered by passive nose-only inha-
lation to conscious mice. This technique requires hundreds of
milligrams of micronized drug, but is the only technique that
provides a uniform drug distribution throughout the lungs.(29–

32) Uniform lung distribution is possible as a high quality re-
spirable aerosol is generated and maintained for a period long
enough to allow the mice to inhale an efficacious deposited
dose.(20) The deposited dose can be utilized to calculate a
therapeutic index,(33) ensuring that the drug has an appropriate
exposure multiple (usually >10) present to rule out the mani-
festation of any systemic side effects and is also useful when
planning inhaled toxicology studies.

When combined with animal disease models and phar-
macodynamic measurements, nose-only inhalation dosing not
only provides information on the efficacious deposited dose,
but also the duration of action required to maintain the tar-
geted efficacy; both helpful for dose translation to humans.
When the amount of drug is limited, direct administration
methods are an option but all suffer from non-homogeneous
deposition, with more drug concentrated along the central
airways and less well represented in the parenchymal/alveolar
regions.(29,30) Direct instillation methods including intrana-
sal(34) or intratracheal liquid(31,32) and spray instillation(35) or
dry-powder insufflation,(36,37) can be used as a screening tool
to determine the approximate dose range for later inhalation
studies, or to determine the ranking of efficacy/toxicity for a
series of structurally similar drugs.(38)

The current standard of care in asthma, inhaled b-agonist
and steroid combination treatments, have a beneficial inhi-
bition of the early asthmatic response (EAR) and the late
asthmatic response (LAR), respectively.(39) Steroids pre-
dominantly dampen inflammation in the lungs by repressing
the transcription of inflammatory mediators(40) that are im-
portant in the LAR,(41) and have little effect on the EAR.(42)

b-Agonists predominantly relax airway smooth muscle and
can reverse bronchoconstriction present in the EAR, but
chronic use can exacerbate the decrements in lung function
during the LAR.(43) Btk inhibitors inhibit mast cells from
generating a diverse number of mediators(13,44,45) that in-
duce symptoms and the pathogenesis of asthma.(27)

Both b-agonists and steroids are also known to have ef-
fects on mast cells. b-Agonists inhibit the release/generation

FIG. 8. The corticosteroid budesonide delivered by nose-
only inhalation inhibited the ovalbumin-induced increase in
the number of recoverable cells in the bronchoalveolar la-
vage (pulmonary inflammation) from ovalbumin-sensitized
and nebulized ovalbumin-exposed mice (top panel). The
increase in total leukocytes is primarily due to appearance of
eosinophils in the BAL (bottom panel), *p < 0.05 vs. OVA.
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of mast cell mediators,(46) but suffer from desensitization/
internalization(39,46,47) and submaximal/partial inhibition of
mast cell exocytosis.(46) Steroids only partially decrease mast
cell numbers in the airways.(48) Therefore, the potent inhibi-
tion of mast cell exocytosis and synthesis of eicosanoids and
cytokines by the inhaled Btk inhibitor RN983 may be effec-
tive as a stand-alone asthma therapy or used in combination
with inhaled steroids and b-agonists in severe asthmatics.
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