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(57) ABSTRACT

A method whereby a patient inhales a fixed dose of a test
agent, followed by collection of a blood or urine sample, and
measurement of the test agent in blood or urine. This “Leaky
Lung Test” is useful in the diagnosis and management of
subjects with asthma, cystic fibrosis, COPD, lung cancer and
other related lung diseases. In addition, the Leaky Lung Test
is useful in identifying subjects with dysfunctional epithelial
barriers caused by exposure to noxious inhaled irritants, or
after respiratory tract viral infections.
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Figure 1. Mannitol translocates across 16HBE
bronchial epithelial cells in a non-saturable

manner, indicative of paracellular permeability.
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Figure 2. Increased urinary excretion of inhaled
mannitol following RSV infection in mice.
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Subject fasts before and

 after inhalation and empties
bladder right before hand

Subject breathes in test
agent via oral inhalation

Subject expectorates oral
~ secretions and airway mucus
during sample collection

- Blood and urine samples are

collected for up to 48 hrs

~ Concentrations of test agent
- are determined in blood and

urine samples
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Figure 3. Overview of method to analyze airway

permeability non-invasively.
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Figure 4. Urinary mannitol excretion is higher in
six subjects with asthma symptoms {sx) compared
to two healthy controls 24 hours after inhaling 635
mg of mannitol.
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METHOD AND SYSTEM FOR IDENTIFYING
LEAKY LUNG EPITHELIAL BARRIER

BACKGROUND OF THE INVENTION

[0001] 1.FIELD OF THE INVENTION

[0002] The present invention relates to a method for non-
invasively measuring airway epithelial barrier function in
human subjects. Airway epithelial barrier function is thought
to be dysfunctional in lung diseases including asthma, cystic
fibrosis, chronic obstructive pulmonary disease (COPD) and
lung cancer, resulting in “leaky lungs”. By standardizing an
approach to measure airway epithelial barrier function, the
present invention provides a novel diagnostic and prognostic
test for asthma, cystic fibrosis, COPD, lung cancer and related
conditions.

[0003] 2. Description of the Background

[0004] Airway epithelial cells comprise a key barrier to the
outside world. The epithelial barrier includes both acellular
components (e.g. mucus) as well as specialized epithelial
junctional complexes between neighboring cells. These junc-
tional complexes, consisting of tight junctions and adherens
junctions, regulate the paracellular passage of molecules and
ions (and also prevent lateral movements of molecules within
the cellular membrane) (1, 2). When the integrity of epithelial
Jjunctions is compromised, pathology ensues. Recent research
in cell culture model and animal models suggests that defec-
tive epithelial junction function is akey component of airway
diseases such as asthma, cystic fibrosis, COPD, and lung
cancer (3-9) (reviewed in (10, 11)).

[0005] There are currently no well-established approaches
to measure the function of airway epithelial junctions in
human subjects (that is, to measure “outside/in” permeabil-
ity). Outsidefin in this context refers to translocation of
inhaled particles from the airway lumen into the sub-epithe-
lial space, then into lymph and the blood stream, and ulti-
mately excretion in the urine. In research settings, airway
epithelial cells can be obtained from the lower airway by
biopsy or brushing (5). Although useful for research pur-
poses, this approach of obtaining airway epithelial cells is
invasive (e.g. requiring bronchoscopy with sedation) and
does not study epithelial cells in their tissue context. Conse-
quently, this approach is not practical for widespread use.
[0006] The cause(s) of leaky airways in humans is/are not
currently known. One possibility is that this is due to inhala-
tion of noxious substances that disrupt the integrity of epithe-
lial barriers, such as air pollution and cigarette smoke.
Another possibility is that respiratory viruses cause dysfunc-
tion of epithelial barriers, which may be a strategy used by
viruses to promote their replication.

SUMMARY OF THE INVENTION

[0007] The invention includes a non-invasive way to mea-
sure airway epithelial barrier function in human subjects by
measuring the absorption and excretion of a test agent. This
invention is referred to as “The Leaky Lung Test.” To be a
useful for this purpose, a test agent should have the following
three properties. First, it should be safe when inhaled and not
cause significant lung toxicity. Second, it should be stable and
not broken down or metabolized in the airway, blood stream,
or urine. Third, it should move across the airway epithelium
via paracellular routes (i.e. between cells, therefore reflecting
the integrity of tight junctions between cells). One test agent
that fulfills each of these three criteria is mannitol. Mannitol
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is a simple sugar alcohol widely used as a food additive and
considered “Generally Recognized as Safe.”

[0008] Inhaled mannitol is an approved agent for use in
bronchoprovocation testing (14). Bronchoprovocation test-
ing is used to assess and quantify airway hyper-reactivity,
which is a hallmark of asthma (15). Bronchoprovocation
testing requires a subject to inhale the provocative substance
atincreasing doses until in the case of a positive test the forced
expiratory volume in 1 second (FEV1) decreases from base-
line as determined using spirometry.

[0009] The present invention is different from bronchop-
rovocation because: (i) mannitol and other test substances are
administered at doses below those that provoke bronchocon-
striction in most subjects, (ii) mannitol or other test sub-
stances are not administered in a dose-escalating manner, (iii)
the present invention specifically measures absorption and/or
excretion of the test substance after inhalation.

[0010] Therefore, the present invention includes a method
whereby a patient inhales a fixed dose of mannitol or other
test agents fulfilling the three properties above, followed by
collection of a blood or urine sample and measurement of the
testagent in blood orurine. The invention will be useful in the
diagnosis and management of subjects with asthma, cystic
fibrosis, COPD, lung cancer and other related lung diseases.
In addition, the invention will be useful in identifying subjects
with dysfunctional epithelial barriers caused by exposure to
noxious inhaled irritants, such as air pollution and cigarette
smoke, or after respiratory tract viral infections.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 demonstrates the result of in vitro experi-
ments using human bronchial epithelial monolayers in which
the flux of mannitol across the monolayer is shown to be
non-saturable.

[0012] FIG. 2 demonstrates proof-of-principle that excre-
tion of orally inhaled mannitol is higher in a mouse model of
respiratory syncytial virus (RSV) infection.

[0013] FIG. 3isa schematic of the sequence of events in the
Leak Lung Test.

[0014] FIG. 4 demonstrates results of preliminary data in
which 2 healthy control subjects and 6 subjects with asthma
symptoms were challenged with 635 mg inhaled mannitol,
and mannitol clearance was measured in urine collected over
the ensuing 24 hours using mass spectrometry.

DETAILED DESCRIPTION OF THE INVENTION

[0015] This invention pertains to the use of inhaled test
agents to measure outside/in airway permeability in human
subjects using test agents that fulfill the three criteria of: (i)
safety, (ii) stability, and (iii) paracellular movement.

[0016] A general outline of the Leaky Lung Test is as fol-
lows. Prior to undergoing testing, subjects will be asked to
empty their bladders of all urine. In the case of test agents also
present in dietary sources (e.g., mannitol), subjects will be
asked to avoid consumption of those dietary sources for 6-12
hours prior to administration, and also following administra-
tion during the specimen collection period. Subjects will be
administered the test agent via oral inhalation as described in
more detail below. During the specimen collection period,
subjects will be asked to expectorate (and not swallow) any
oral secretions or airway mucus. Subsequently, blood and/or
urine samples will be collected for up to 48 hours after chal-
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lenge and analyzed for the test agent. Absorption and clear-
ance of the test agent will be determined as described in more
detail below.

[0017] Two general approaches can be used to administer
the test agent via oral inhalation: (i) aerosolization, or (ii) dry
powder inhaler. Aerosolization can be accomplished using
nebulization or via metered dose inhaler. Because particle
size affects deposition within the respiratory tract (16, 17),
different sized particles will be used to determine permeabil-
ity at different anatomic locations within the lung. Particle
sizes between 5 and 10 microns will deposit in the larger
airways, and particle sizes <1 micron will deposit in the
smaller airways and alveoli. The size of the particle generated
will be controlled by physical properties of the aerosolization
device or inhaler, together with surface chemistry of the test
agent.

[0018] Because breathing patterns affect the site of depo-
sition of orally inhaled particles within the respiratory tract,
different breathing patterns during administration of the test
agent will be used to vary deposition of the test agent within
the lung. Instructing the patent to inhale with slow deep
breaths will promote penetration of inhaled particles deep
into the lung targeting small airways and alveoli, whereas
rapid shallow breath inhalation will target larger airways.
[0019] By measuring the concentration of the test agent in
blood over time, standard pharmacokinetic/pharmacody-
namic modeling will be used to infer absorption patterns
across the respiratory epithelium. Peak plasma concentration
will occur within a few hours, and a faster rate of rise and
higher peak concentration achieved will reflect greater
degrees of lung leakiness. The total amount absorbed over
time (calculated by integrating concentration over time) will
also be directly proportional to degree of lung leakiness.
[0020] By measuring the concentration of the test agent in
urine over time, standard pharmacokinetic/pharmacodynam-
ics modeling can be used to infer excretion patterns and
clearance. Urinary clearance will be determined by multiply-
ing the test agent concentration by total amount of urine
collected over 24-48 hours. Normalization to urinary creati-
nine may be useful to account for water excretion during the
time of measurement. Greater urinary clearance will be
indicative of greater degrees of airway leakiness.

[0021] FIG. 1 demonstrates the result of in vitro experi-
ments using human bronchial epithelial monolayers in which
the flux of mannitol across the monolayer is shown to be
non-saturable. The x-axis indicates the concentration of man-
nitol applied to the upper chamber of 16HBE cells grown to
confluence on a semipermeable membrane. The y-axis indi-
cates the concentration of mannitol detected in the lower
chamber after 1 hour, determined using a colorimetric assay
(where OD refers to optical density). 16HBE cells were either
unstimulated (open bars) or pretreated with the viral mimetic
Polyl:C (closed bars) for 18 hours prior to analysis of man-
nitol permeability. Note that in both unstimulated and Polyl:
C-stimulated cells, the mannitol concentration detected in the
lower chamber increased steadily with the concentration of
mannitol applied to the top chamber (i.e. there was no pla-
teau). This is indicative of movement across the monolayer
via paracellular routes (as opposed to receptor mediated
transport, for example). This demonstrates that mannitol
crosses the epithelial membrane in the spaces between cells,
rather than through cells.

[0022] FIG. 2 demonstrates proof-of-principle that excre-
tion of orally inhaled mannitol is higher in mice infected with
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respiratory syncytial virus (RSV) infection, as compared to
control uninfected animals. In this experiment, 6-8 week old
C57BL/6 mice were infected with a clinical isolate of RSV 9
(strain A2) intranasally (i.n.) on day 0 (d0), and then chal-
lenged with orally inhaled mannitol on days 2 and 4 as indi-
cated by the arrows in the schematic (top of figure). Twohours
after each mannitol inhalation, urine was collected from mice
by scruffing, and analyzed for mannitol using a colorimetric
assay. They are expressed as fold change in urine mannitol
relative to uninfected control mice on d0, which was set at 1.
Data are meanzstandard error of the mean, of n=5-6 mice per
group. * indicated p<0.05. This is the first direct demonstra-
tion that transit across the respiratory epithelium is increased
following RSV infection, indicative of a leaky airway.
[0023] FIG. 3 is a schematic of the sequence of events in the
Leak Lung Test.

[0024] FIG. 4 demonstrates results of a study in which 2
healthy control subjects and 6 subjects with asthma symp-
toms were challenged with 635 mg inhaled mannitol, and
mannitol clearance was measured in urine collected over the
ensuing 24 hours using mass spectrometry. Results are
expressed as urinary mannitol clearance, or the concentration
in the urine samples collected multiplied by the amount of
urine produced. Subjects with asthma symptoms had higher
mannitol clearance on average. The horizontal bar indicates
mean values.

[0025] The following representative examples show how
the Leaky Lung Test can be used in clinical practice.

Example 1

[0026] A Patient with Asthma Symptoms but Negative
Bronchoprovocation Testing

[0027] Patient 1 is asked to empty their bladder and fast for
6 hours, and avoid foods containing mannitol for 24 hours
after testing. They are then administered one inhalation of
mannitol using a nebulizer device generating particle sizes
averaging 5 microns, using a rapid shallow breathing pattern.
This method will maximize deposition in the larger airways,
the site of disease pathology in asthma. Urine will be col-
lected for the ensuing 24 hours, and mannitol clearance cal-
culated. Higher urinary clearance of mannitol compared to
healthy control subjects will demonstrate the presence of
leaky airways, suggestive of the diagnosis of asthma.

Example 2

A Patient with 30 Pack-year Smoking History
Concerned about COPD and Lung Cancer

[0028] Patient 2 is asked to empty their bladder and fast for
6 hours, and avoid foods containing mannitol for 24 hours
after testing. They are then administered one inhalation of
mannitol using a dry powder inhaler generating particle sizes
<1 microns with a slow deep breath. This method will maxi-
mize deposition in the smaller airways, the site of disease
pathology in COPD and lung cancer. Urine will be collected
for the ensuing 24 hours, and mannitol clearance calculated.
Higher urinary clearance of mannitol compared to healthy
control subjects will demonstrate the presence of decreased
barrier function in small airway epithelial cells. Since
decreased barrier function in airway epithelial cells may be a
risk factor for COPD and lung cancer, this patient will be
intensively counseled about smoking cessation and referred
for further testing.
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Example 3

A Young Adult with Cystic Fibrosis and Normal
Lung Function

[0029] Patient 3 is asked to fast for 6 hours, and then admin-
istered one inhalation of mannitol using a dry powder inhaler
generating particle sizes averaging 5 microns. Blood samples
will be obtained 0.5, 1, 2 and 4 hours after testing and man-
nitol concentrations in plasma will be measured. Compared to
other patients with cystic fibrosis, this patient demonstrates
much more rapid rise and higher peak plasma concentration
of mannitol, indicative ofleaky airways. This patient is coun-
seled about strategies to control airway inflammation and
infection to promote healing of the dysfunctional airways.
[0030] Patient 4: a child recovering from RSV bronchiolitis
[0031] Patient 4 is asked to empty their bladder before
hand, and avoid foods containing mannitol for the duration of
testing. The patient is then asked to inhale a test agent using a
nebulizer device generating particle sizes of 5 microns on
average. Urine is collected for 24 hours and clearance of the
test agent is calculated and compared to healthy age-matched
control subjects. Significantly higher urinary clearance of the
test agent will indicate ongoing airway leakiness, and a
greater risk for subsequent lung inflammation caused by
inhaled environmental pollutants and allergens. The child and
her parents will be counseled to avoid exposure to environ-
mental pollutants and allergens, until lung leakiness returns to
normal.
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1. A method for non-invasively measuring lung permeabil-
ity in human subjects comprising:

administering to a subject a test agent via oral inhalation

and measuring the amount of test agent in the subject’s
bloodstream or in the urine, wherein the test subject is
non-toxic, inert, and translocates across surface epithe-
lial cells via paracellular permeability.

2. The method according to claim 1 wherein the oral irtha-
lation is accomplished by one of the following:

a. aerosol delivery via nebulization

b. oral inhalation via dry powder inhaler

c. oral inhalation via metered dose inhaler.

3. The method according to claim 2 further comprising
determining permeability in different parts of the lung, com-
prising administering a test agent having particles of different
size.

4. The method according to claim 2 further comprising
determining permeability in different parts of the lung com-
prising instructing the patient to inhale with different breath-
ing patterns to alter deposition within the respiratory tract
(e.g. slow deep breathing vs. rapid shallow breathing).
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5. The method according to claim 1 comprising detecting
the presence of the test agent in peripheral blood plasma or
serum samples.

6. The method according to claim 1 comprising detecting
the presence of the test agent in collected urine samples.

7. The method according to claim 1, wherein the test agent
is mannitol, and wherein the method of detecting the presence
of mannitol is selected from one of the following:

a. Colorimetric assays of mannitol conversion to fructose,

b. Enzyme-linked immunosorbent assays of mannitol con-

centration relative to an internal standard,

¢. Quantitative mass spectrometry of mannitol with an

internal standard.

8. The use of claim 1 as a diagnostic test for asthma, cystic
fibrosis, COPD lung cancer, and other respiratory tract dis-
eases characterized by abnormal epithelial cells.

9. The use of claim 1 as a prognostic test for asthma, cystic
fibrosis, COPD lung cancer, and other respiratory tract dis-
eases characterized by abnormal epithelial cells.

10. The use of claim 1 as a diagnostic test of leaky airways
caused by respiratory viral tract infection.

11. The use of claim 1 as a diagnostic test of leaky airways
caused by cigarette smoke inhalation.

12. The use of claim 1 as a diagnostic test of leaky airways
caused by allergen inhalation.
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Figure 1. Mannitol translocates across 16HBE
bronchial epithelial cells in a non-saturable
manner, indicative of paracellular permeability.
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