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Surfactant Dysfunction in ARDS and Bronchiolitis is Repaired
with Cyclodextrins
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ABSTRACT Objectives: Acute respiratory distress syndrome (ARDS) is caused by many factors including inhala-
tion of toxicants, acute barotrauma, acid aspiration, and burns. Surfactant function is impaired in ARDS and acute air-
way injury resulting in high surface tension with alveolar and small airway collapse, edema, hypoxemia, and death. In
this study, we explore the mechanisms whereby surfactant becomes dysfunctional in ARDS and bronchiolitis and its
repair with a cyclodextrin drug that sequesters cholesterol. Methods: We used in vitro model systems, a mouse model
of ARDS, and samples from patients with acute bronchiolitis. Surface tension was measured by captive bubble surfac-
tometry. Results: Patient samples showed severe surfactant inhibition even in the absence of elevated cholesterol levels.
Surfactant was also impaired in ARDS mice where the cholesterol to phospholipid ratio (W/W%) was increased.
Methyl-B-cyclodextrin (MPCD) restored surfactant function to normal in both human and animal samples. Model stud-
ies showed that the inhibition of surfactant was due to both elevated cholesterol and an interaction between cholesterol
and oxidized phospholipids. MBCD was also shown to have anti-inflammatory effects. Conclusions: Inhaled cyclodex-
trins have potential for the treatment of ARDS. They could be delivered in a portable device carried in combat and

used following exposure to toxic gases and fumes or shock secondary to hemorrhage and burns.

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is common in
the acute care setting and constitutes a high burden for the
health care system and society (78.9/100,000 persons per year
in the United States [US]), with mortality ranging between
30% and 50%." Four clinical manifestations characterize the
disease."” In the initial stage, both tachypnea and dyspnea are
noted with relatively normal PaO,. The second stage often
begins within 12-72 h of the onset of the initial phase and is
characterized by physiological evidence of injury with an
influx of granulocytes into the lungs.'* At this stage, surfac-
tant becomes dysfunctional, resulting in high surface tension
throughout the lung, leading to alveolar collapse, hypoxemia,
and onset of respiratory failure.* Over the next several days, a
third stage ensues in which acute respiratory failure necessi-
tates mechanical ventilation. If resolution does not occur, a
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fourth stage of progressive respiratory failure ensues, leading
to pulmonary fibrosis or death.”

Pulmonary surfactant is necessary for normal lung func-
tion. It reduces the work required for breathing by decreasing
the surface tension within the distal airspaces.®’ It prevents
the collapse of small airways and plays a significant role in
host defense.® Surfactant deficiency is associated with neona-
tal respiratory distress syndrome, which is rescued by admin-
istering exogenous surfactant soon after birth.” However,
studies of patients with ARDS show that endogenous surfac-
tant is not merely deficient but altered by a variety of different
inhibitory mediators. In these circumstances, the disease does
not respond to exogenous surfactant therapy.'®

The pathology of ARDS is complex and involves damage
to the alveolar/capillary boundary, ventilation—perfusion mis-
match, edema, inflammation, oxidative stress, and surfactant
dysfunction.'" Acute respiratory distress syndrome is associ-
ated with a wide range of precipitating factors, including inha-
lation of toxic compounds and gases,'' but also factors as
diverse as sepsis, burns, aspiration of gastric contents, baro-
trauma, and pneumonia.'? Dysfunctional pulmonary surfactant
is also associated with reduced patency of small airways in
cystic fibrosis.'? Current therapies for ARDS have proven dis-
appointing with continuing high mortality." Despite evidence
of surfactant deficiency in ARDS, surfactant replacement ther-
apy has been unsuccessful.'’

We have previously shown that elevated levels of choles-
terol (20%) to be a potent surfactant inhibitor, a condition
met in ARDS.*'* In early ARDS, cholesterol levels are not
elevated, yet surfactant is dysfunctional. However, choles-
terol is still necessary for surfactant inhibition.'> This finding
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has led us to investigate other means whereby surfactant is
inhibited at normal cholesterol levels.

In the current study, we investigated whether impaired sur-
factant films can be repaired by exposure to a cholesterol-
sequestering agent, methyl-p-cyclodextrin (MBCD), in animal
models of acute lung injury, in lung fluids obtained from
patients with acute bronchiolitis, and in vitro model studies.

Cyclodextrins are rigid cone-shaped structures with a
hydrophilic outer surface and a hydrophobic inner cavity.'®
The relatively hydrophobic interior of the toroid-shaped
MBCD molecule is able to host various hydrophobic mole-
cules, including cholesterol and pro-inflammatory hydrolysis
products resulting from the oxidation of surfactant phospholi-
pids.”>!” The findings reported here provide strong evidence
that cyclodextrins can reverse surfactant dysfunction in bron-
chiolitis and ARDS. Furthermore, cyclodextrins can be easily
delivered as an aerosol either by jet nebulizer or via portable
dry powder inhalation (DPI) device.

METHODS

Patient Studies

A total of 14 patients were enrolled from the Alberta
Children’s Hospital (Calgary, Alberta, Canada) where bronch-
oalveolar lavage BAL is part of patient care. No changes to
the routine clinical management of the patients were required
for this research and only BAL surplus to diagnostic needs
was used. The BALs were obtained from two groups: the first
were eight asymptomatic patients, with a variety of conditions
requiring investigative bronchoscopy. These control subjects
had no evidence of current respiratory infection and cultures
of their BAL were negative. Details of bronchoscopy and
BAL procedure have been previously published.'®
Bronchoalveolar lavages were also performed on three
patients from a family with primary ciliary dyskinesia and one
patient with chronic bronchiolitis of unknown cause. These
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patients had acute on chronic airway inflammation. A flow
chart for the two pediatric patient groups is shown in Figure 1.
Approval of the research protocol was obtained from the Uni-
versity of Calgary Child Health Scientific Review Committee/
Conjoint Health Research Ethics Board, Calgary, Alberta,
Canada (id E-17733). Informed consent for the research was
obtained from the parents of the children. BAL cell differen-
tials and microbiology were determined by Calgary Labora-
tory Services. Surplus BAL was centrifuged at 400g for
10 min at 4°C to separate the supernatant from the cellular
pellet and one aliquot was used for biochemical analysis. The
remaining aliquot was then centrifuged at 40,000 g for 30 min
at 4°C. The resulting pellets, consisting of the large aggregate
portion of lung surfactant (Veldhuizen et al 1996), were used
for surface tension measurements.

Materials

Bovine lipid extract surfactant (BLES) was donated by
BLES Biochemicals Inc. (London, ON, Canada). All other
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All lipids were stored at —20°C under nitrogen.
Surfactant mixtures were stored at 4°C under nitrogen and
used within 3 d. Buffers containing HEPES were stored in
the dark at 4°C to avoid generating H,O,.

Cell-free BAL fluid was obtained as described above and
assessed for protein content using a bicinchoninic acid (BCA)
assay (Cat no.: RK-36490-00; Thermo Scientific, Rockford,
IL, USA). Sodium dodecyl sulfate (SDS) was added at a final
concentration of 2% to minimize interference from lipids.
Surfactant was extracted according to the method of Bligh
and Dyer."” Phospholipid concentration was assessed using a
phosphate assay (QuantiChrom phosphate assay kit, Cat no.:
DIPI-500; BioAssay Systems, Hayward, CA, USA). Choles-
terol level (w/w phospholipids) was determined using an
enzymatic assay for cholesterol (Amplex Red Cholesterol
Assay, Cat no.: A12216; Invitrogen, Eugene, OR, USA).
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Flow chart of patient selection. BAL, bronchoalveolar lavage; ACB, acute on chronic bronchiolitis. Not all samples had sufficient sample to
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In Vitro Model Studies

Preparation of the Surfactants

Bovine lipid extract surfactant with a phospholipid concentra-
tion of 27 mg/mL was a gift by the manufacturer (BLES
Biochemical, London, ON, Canada). Cholesterol was pur-
chased from Sigma Chemicals (St. Louis, MO, USA). A solu-
tion of 1:1:1 ratio of methanol, chloroform, and BLES by
volume was first vortexed and then centrifuged at 100 g for 5
min. The methanol/water phase was discarded and the BLES
in chloroform was retained and none, 5% w/w, or 20% w/w
of cholesterol, with respect to phospholipids, was added. Each
solution was then dried under N, and resuspended with buffer
(140 mM NaCl, 10 mM HEPES, and 2.5 mM CaCl,; pH 6.9)
to obtain an aqueous suspension of BLES and cholesterol at a
concentration of 27 mg/mL phospholipids.

In Vitro Oxidation

Reaction mixtures were composed of 27 mg/mL BLES, plus
Fenton reagents, hypochlorous acid in working buffer (in
mM): 0.150 NaCl, 20 Tris—HC], and 1.5 CaCl, at pH 7.4. The
samples were incubated at 37°C in a shaking water bath, nor-
mally for 24h. For standard oxidation by the Fenton-like
chemistry, BLES at 27 mg/mL was incubated with 0.65 mM
FeCl,, 0.65mM sodium ethylenediamine tetraacetic acid
(EDTA), and 30 mM H,0, in working buffer at a pH of 7.4.
Treatment with HOCl/-OCl was carried out at a final concen-
tration of 0.5 mM at pH 7.4 in working buffer. After oxidation
or control incubations, the lipid fraction was isolated by the
method of Bligh and Dyer'® (organic extraction) and conserved
at —20°C until the samples were tested via computer-controlled
captive bubble surfactometer (CBS).%° Oxidation of surfactant
phospholipids was confirmed by measuring the formation of
secondary lipoperoxidation products malondialdehyde (MDA)
and 4-hydroxyalkenal (4-HAE) (BIOXYTECH LPO-586;
OxisResearch, Burlingame, CA, USA).

Surface Tension Assessment

Surface activity of surfactant was determined with CBS as
described in detail by Gunasekara et al*' Interfacial area and
surface tension were calculated using the bubble height and
diameter. The method is used to determine surface tension
after surfactant adsorption and during quasi-static and
dynamic compressions of the bubble.

To evaluate the effect of MPCD, powdered MBCD (Sigma-
Aldrich, Catalogue-Nr. C4555) was dissolved in buffer to a
final concentration of 40 mg/mL and added to the CBS cham-
ber before the addition of a surfactant, whereas 10 mg/mL was
used in the animal model. Assessment of surface activity was
as described above.

Acid Aspiration Studies of Acute Respiratory
Distress Syndrome in Mice

Acute Ex Vivo Study of MBCD in ARDS
Animal Model: To test whether surfactant impairment is
seen in ARDS and whether it can be reversed with MBCD,
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we employed a previously established acid (HCIl) injury
mouse model of lung inflammation.* This injury is histolog-
ically characterized by an acute inflammatory response with
neutrophilic inflammation and release of reactive oxygen
species (ROS).

Ten- through twelve-weeks-old C57BLK/6 mice were
obtained from Jackson laboratories (Bar Harbor, ME, USA)
and housed in a pathogen-free animal care facility at the
University of Calgary. The entire protocol (no. AC13-0105)
was approved by the University of Calgary Animal Care
Committee. The mice were randomly grouped into three
groups: acid installation (n = 20), saline instillation (n = 9),
and baseline (n = 5). For the induction of acid-mediated
lung injury, mice were anesthetized using 3% inhaled iso-
flurane and acid aspirated as described by Allen et al** Mice
were positioned vertically upright, their tongues were
retracted, and their oropharynx carefully instilled with either
hydrochloric acid (HCL; pH 0.95-1, 4pL/g) or normal
saline using a long plastic pipette tip. The tongue was
retracted carefully until the mice fully aspirated the fluid.
After aspiration-associated sounds had ceased, the tongue
was released. Then mice were briefly rotated to the left and
right lateral decubitus position to equally distribute the fluid
among the lung tissue. Subsequently, the mice were allowed
to recover from anesthesia and monitored at regular time
intervals for a period of 24 h. Animals that appear to be in
discomfort were given 0.05 mg/kg buprenorphine subcutane-
ously every 4-12h. Animals that appear to be in distress
were humanely euthanized.

Following pentobarbital (90 mg/kg) anesthesia, lung mechan-
ics were measured 24 h following acid/saline aspiration using
a Flexivent (SCIREQ, Montreal, Canada) system. Tissue ela-
stance (H) and airway resistance (Rn) were recorded.”

Necropsy and Processing of Biologic Samples. After record-
ing pulmonary function, animals were humanely euthanized
with intraperitoneal injection (i.p.) of sodium pentobarbital
(90 mg/kg). Pulmonary lavage with 0.5 mL of warm 0.9%
saline was performed and the BAL fluid immediately centri-
fuged (400g X 10min X 4°C) to remove cellular compo-
nents. The pellet was resuspended in PBS buffer and
differential cell counts determined following centrifugation
and staining.

Finally, the supernatant was re-centrifuged using ultra-high-
speed centrifugation (40,000 g X 30 min X 4°C) to separate large
aggregate (pellet) and small aggregate (supernatant) fractions
of pulmonary surfactant. The surfactant was resuspended
in 1 pL of PBS buffer and its function measured in a CBS.

Pilot In Vivo Study of MBCD for Potential Toxicity and
Efficacy in the Acid Injury Model

Experimental Design and Procedures. A pilot study was
conducted to examine the effects of MPCD treatment in the
mouse model to determine any potential toxicity of the treat-
ment and to characterize the method of aerosol delivery.

209



Surfactant Dysfunction in ARDS and Bronchiolitis is Repaired with Cyclodextrins

TABLE I. Demographic Information for Lung-healthy Control and Bronchiolitis Patients
Subject Details Lung-Healthy Control (n = 8) Acute on Chronic Bronchiolitis (n = 4)
Age (median, range) 6.10 (1.68-14.68) 3.84 (2.06-8.68)
Sex (male/female) 6/2 3/1
>10° CFU“/mL bacterial/fungal organisms in BAL 0/8 2 (2 not known)
Exacerbation” (yes) 0/8 3/4
Bronchoscopic appearances (normal/mild—-moderate/severe) 6/2/0 0/2/2
Note. No significance observed, Mann—Whitney U-test.
“CFU: Colony-forming units.
bAs determined by the clinician on day of study.
These experiments used three groups of five mice followed | *x
over an 11-d schedule. Group 1 mice received acid injury using 801 ' -1
hydrochloric acid as described above followed by aerosolized 3 70+
methyl-p-cyclodextrin (S-1229) powder dissolved in normal > 60 -
saline (10 mg/mL). Group 2 mice were pre-treated with aero- g 50 4
solized acid followed by an aerosol of normal saline (control). 8
A third group received no pre-treatment (naive) followed by $ 407
aerosolized methyl-p-cyclodextrin. All mice of a single expo- % 30 1
sure group were placed in a plexiglass exposure chamber £ 204
together and treated with either MPCD or saline aerosol for § 104
10 min. This procedure was repeated six times over a 3-d
period followed by 3 d of rest. 0 '_f_%_
The S-1229 and saline aerosol were generated using an {\\«0\ V\\\c‘%\\
AeroGen X2 nebulizer head. Particle size was determined by *00 g ¢
cascade impaction. e&’@ (\\oq’
On day 10, the mice were weighed and euthanized and OQCSQ C}\‘o
BAL with saline performed. After centrifugation of the BAL A S
fluid and cytocentrifugation, slides were stained with vo&

Siemens Diff-Quick Stain set (B4132-1A) and differential
cell counts performed. The lungs were then inflated to total
lung capacity within the thoracic cage with 10% phosphate-
buffered formaldehyde. The lungs, heart, liver, kidney, and
spleen were also processed for histology and stained with
hematoxylin and eosin. All animal protocols were approved
by the University of Calgary Animal Care Committee.

RESULTS

Clinical Studies

Surfactant Function in Children with Acute on Chronic
Bronchiolitis

Table I shows the demographic information on patients with suf-
ficient BAL fluid for at least one test. There were no significant
differences in age or sex between groups, although there were
more males than females in both groups. However, two of four
acute on chronic bronchiolitis patients had >10° CFU/mL of
lavage fluid, a level considered indicative of active infection in
this patient population. None of the lung-healthy control cases
had clinical or laboratory evidence of active airway infection.

Cellular Analysis of Bronchalveolar Lavage
The percentage of polymorphonuclear leukocytes in the BAL
was significantly greater in the acute on chronic bronchiolitis
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FIGURE 2. Mean-(SEM) of % polymorphonuclear leukocytes in the two
groups. The proportion of neutrophils in acute on chronic bronchiolitis sam-
ples was significantly greater than lung-healthy controls (**p < 0.01).

patients (p = 0.0011) group compared with lung-healthy con-
trol subjects (Fig. 2).

Biochemical Characterization of BAL Samples
Biochemical analyses of BAL supernatants from the subjects
are shown in Table II. Cholesterol levels were not elevated
in acute on chronic bronchiolitis patients (4.87 + 0.48 wt%)
compared with lung-healthy controls (4.96 + 0.70 wt%).

Minimum surface tension during dynamic compression
for the two patient groups are shown in Figure 3. Surfactant
from healthy lungs revealed a surface tension of almost zero
at residual lung capacity. Acute on chronic bronchiolitis
patient samples did not achieve low minimum surface ten-
sion during CBS compression cycles (y & 17 mN/m). In
summary, we report consistent near-zero surface tensions for
lung-healthy control samples and elevated minimum surface
tensions (>12 mN/m) for a majority of acute on chronic
bronchiolitis cases.

To test whether MPCD could recover surfactant function at
physiologic cholesterol levels, two of the acute on chronic
bronchiolitis samples with sufficient sample were retested in

MILITARY MEDICINE, Vol. 183, March/April Supplement 2018
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TABLE II.

Biochemical Analysis of BAL Fluid

Measured Parameter

Acute on Chronic Bronchiolitis Patients (n = 3)

Lung-Healthy Control Patients (n = 4)

Total BAL protein (pg/mL)
Large aggregate phospholipids (wt%)
Cholesterol: LA phospholipids (wt%)

247.51 + 126.00
86.54 + 6.61
4.87 +0.48

181.97 + 53.08
78.30 + 5.39
4.96 + 0.70

Note. Data presented as mean + SEM (no significance between the two tested groups, Mann—Whitney U-test).
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FIGURE 3. Mean (SEM) minimum surface tensions following dynamic
cycling. Lung-healthy controls achieved low (normal) surface tensions (ver-
tical). Acute on chronic bronchiolitis (ACB) patient samples showed severe
impairment in surfactant function (diagonal). ACB samples after methyl-f-
cyclodextrin treatment (MBCD 40 mg/mL; horizontal) (***p < 0.001).

buffer containing MBCD (Fig. 3). During dynamic cycling,
minimum surface tension declined from an average of
18.04-3.45 mN/m following treatment with MPCD, suggest-
ing that molecules other than cholesterol, such as pro-
inflammatory hydrolysis products of surfactant, play an
important role in surfactant impairment in acute bronchiolitis.
In summary, after MPCD treatment, both acute on chronic
bronchiolitis samples resembled control surfactant in terms of
minimum surface tension and film stability.

In Vitro Model Studies

Reactive-Oxygen-Mediated Surfactant Inhibition. In the cap-
tive bubble surfactometer, surface tension is manipulated by
successive compression—expansion cycles, providing in-
depth information about the sample quality and functionality.
Surfactant behavior during dynamic cycling was used as the
main indicator of surfactant function.

Oxidation (oxBLES) alone had a minimal effect on the
function of BLES in the absence of cholesterol. However, this
effect was enhanced by the addition of a physiologic amount
(10%) of cholesterol (Fig. 4). The role of cholesterol in induc-
ing dysfunction in oxidized surfactant was further confirmed
by exposing oxBLES + 10% cholesterol to MPCD, a com-
pound that has been shown to reverse surfactant dysfunction
caused by cholesterol by selectively removing cholesterol

MILITARY MEDICINE, Vol. 183, March/April Supplement 2018
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FIGURE 4. Minimum surface tensions during dynamic compression—
expansion cycles of oxidized bovine lipid extract surfactant (0oxBLES, cho-
lesterol free) (white), oxBLES + 10% w/w cholesterol in control CBS buffer
(checker), or buffer containing 30 mM MBCD (black).

from the film.">** MPCD significantly improved the surface
activity of oxBLES + 10% cholesterol in terms of compress-
ibility (data not shown) and minimum surface tension (Fig. 4).

A prominent target of ROS-induced oxidation is polyun-
saturated phospholipid, constituting ~10% of total phospho-
lipids in surfactant.>> Oxidative inactivation of the surfactant
system by oxygen radical introduces significant levels of
lipid peroxidation, conjugated dienes, and lipid degradation
products (malondialdehyde and 4-hydroxynonenal).”® Fur-
ther, phospholipid hydrolysis products, free fatty acids
(FFA) are generated in considerable quantities (~15-20% w/w)
upon ROS exposure and are capable of surfactant inhibition.””
Linoleic acid is increased in ARDS and has been shown to be
a major inflammatory mediator.>>*®

Minimum surface tension during dynamic compression
for clinical surfactant with 20% w/w linoleic acid is shown
in Figure 5. Linoleic acid impaired surfactant function; sam-
ples did not achieve low minimum surface tension following
dynamic compression (y & 16 mN/m) (Fig. 5). Furthermore,
FFA-mediated surfactant inhibition was reversed by MBCD,
even in the relative absence of cholesterol (Fig. 5). This find-
ing likely reflects the capacity of MPBCD to sequester non-
steroidal lipids in addition to cholesterol, though with lesser
affinity.'” In summary, the effect of oxidation on surfactant
function was reversed with MBCD.
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Animal Model Studies

Acute Ex Vivo Study of MPCD in ALI. To test the associa-
tion between surfactant dysfunction and neutrophilic medi-
ated inflammation, we used the acid aspiration model of
lung injury in mice. Lung mechanics were compared among
the three mice groups during mechanical ventilation
(Flexivent) 24 h after acid or saline instillation. The acid-
injured mice demonstrated significant increases in elastance
(inverse of compliance) compared with baseline and saline-
aspirated mice (Fig. 6A). No significant differences in air-
way resistance were found between groups (data not shown).
Neutrophil differentials were significantly increased in acid-
exposed animals (p < 0.001) (Fig. 6B). Histologic examina-
tion of lung sections in 24 h post-treatment showed acute
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FIGURE 5. Minimum surface tension during dynamic cycle 20 with
BLES containing 27 mg/mL BLES in control CBS buffer (diagonals bar),
BLES with 20% w/w free fatty acid (linoleic acid) (vertical bar), and BLES
with 20% w/w free fatty acid + 40 mg/mL MPCD (horizontal bar). (**p <
0.01, ***p < 0.001). BLES with FFA or LPC shows marked impairment,
which is repaired to normal functionality in the presence of MBCD.
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inflammation in distal small airways and neutrophilic infiltra-
tion in the adjacent alveoli and hyaline membranes.

Surfactant obtained from healthy mice (MLES) exposed
to aspirated saline displayed normal surface activity.
Samples from acid-exposed mice showed marked surfactant
dysfunction, which was restored by treatment with MBCD
(Fig. 7A).

The cholesterol to phospholipid ratio (w/w %) for saline-
treated (n = 9) and acid-treated (n = 10) mouse surfactant
fraction of the BAL is shown in Figure 7B. Cholesterol was
significantly increased in the acid-aspirated group (p < 0.05)
compared with saline-aspirated controls.

Pilot In Vivo Study of MPCD for Potential Toxicity and
Efficacy in the Acid Injury Model. With the exception of three
animals that were euthanized as per approved animal protocol
due to acute respiratory distress immediately following acid
aspiration, all animals survived to the 10-d sacrifice. At nec-
ropsy, there was patchy evidence of resolving acute lung injury
in all acid-exposed mice. However, there were minimal neutro-
phils within the lesions of the MBCD-treated group compared
with the saline-treated group; a finding reflected in the increased
neutrophils in the BAL of mice treated with saline (10.6% +
6.37 SD) compared with those treated with MPCD (1.1% =+
0.36SD) (p = 0.023). Histological examination of organs
removed at necropsy showed no abnormalities, indicative of
lack of MPCD toxicity in any group. Specifically, there was no
evidence of MPCD toxicity in lungs and kidneys compared
with saline-treated animals. The mass median aerodynamic
diameter (MMAD) for the MBCD patrticles as determined with
a cascade impactor ranged from 0.9 pm to 1.5 pm.

DISCUSSION

In the studies reported here, we show that surfactant obtained
from animals with acute lung injury and patients with acute
on chronic bronchiolitis is dysfunctional. Furthermore, we
show that dysfunctional surfactant can be restored to normal
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(A) Mean values (+SE) for elastance (H) and peripheral oxygen saturation are plotted against time at positive end-expiratory pressure (PEEP)

level 1 cmH,O0 in saline-exposed C57BL/6 (n = 6), baseline C57BL/6 (n = 6), acid-exposed C57BL/6 (n = 7) mice. (B) Differential cell count percentage

on BAL cytospin films: *p < 0.05; **p < 0.01; ***p < 0.001.
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(A) Minimum surface tensions during dynamic compression—expansion cycles of mouse lipid extract surfactant (MLES), from saline-exposed,

acid-exposed, or CBS buffer containing 30 mM MPBCD (horizontal) animals, *p < 0.001. (B) Cholesterol to phospholipid ration (W/W %) for saline-
exposed (n = 9 pooled) and acid-exposed (n = 10 pooled) mice large aggregate fraction of the BAL (*p < 0.05).

function in situ with methyl-p-cyclodextrin (MBCD). The ani-
mal and human experiments were complemented by in vitro
and ex vivo experiments to determine the mechanism of action
of surfactant inhibition. We show that the primary mechanism
for surfactant inhibition (for two different injurious agents)
involves either elevated cholesterol alone or an interaction
between normal levels of surfactant cholesterol and oxidized
phospholipids. Finally, we show that MBCD not only seques-
ters cholesterol but can also sequester a pro-inflammatory
lipid breakdown product (18-C fatty acid) that causes inflam-
mation in acute lung injury. We focused on linoleic acid as
this has been shown to be a major driver of lung inflammation
in ARDS.? MPCD thus has potential for restoring function of
damaged surfactant as well as dampening the inflammatory
response in acute lung injury.'®

A limitation of this study was that the human population we
examined for the determination of surfactant dysfunction and
its reversal with cyclodextrins may not be representative of an
adult human population exposed to environmental airborne tox-
icants. An ideal study population would have comprised adult
military personnel or firefighters exposed to airborne toxicants.
Unfortunately, these populations are unlikely to be available for
research study as sampling would be invasive and bronchial
lavage would not be indicated without prior proof of principle
in a human population. We chose this pediatric patient popula-
tion because the children were already undergoing pulmonary
lavage for diagnostic purposes and our study only used surplus
lavage material, without compromising patient care. Although
not ideal, we believe that this population is relevant because
they are susceptible to environmental lung disease due to their
young age and genetic predisposition. Most of the children had
primary ciliary dyskinesia, a genetic disorder that impairs their
ability to clear inhaled particles and bacteria.*
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Additional studies are indicated in other high-risk human
populations with pre-existing diseases, such as cigarette smo-
kers®" with chronic obstructive pulmonary disease, patients
with acute inhalation injuries, immunocompromised patients,
and other patient groups undergoing diagnostic pulmonary
lavage. These studies can confirm or refute if the findings pre-
sented here are generally applicable to acute lung injury.

In this study, we explored the mechanisms whereby sur-
factant becomes impaired in acute lung injury. Cholesterol is
elevated in ARDS patients, rendering surfactant dysfunc-
tional.>**% A similar finding has been described for children
with cystic fibrosis.'® However, we show that for some pul-
monary diseases such as acute on chronic bronchiolitis
(reported in this study), the surfactant film was dysfunctional
despite physiological levels of cholesterol. This finding sug-
gests that surfactant inhibition can be cholesterol-dependent
even at physiological levels of cholesterol.

To understand this apparent anomalous finding, we exam-
ined the mechanism whereby pulmonary surfactant becomes
dysfunctional in the presence of normal cholesterol. We
focused on oxidative injury as this plays a central role in the
pathogenesis of ARDS and is the primary mechanism of
injury caused by a majority of toxicants including, gases and
fumes, chemical warfare agents, and exposures related to
deployment and experienced by firefighters.?'=*3—3°

The in vitro studies presented here reveal the important
role of oxidative stress on surfactant and that an interaction
of oxidized phospholipids with cholesterol is an important
cause of surfactant film impairment.

It has been reported that the lungs of patients suffering
from ARDS have increased levels of eNO and Oes,- released
by activated alveolar macrophages and neutrophils.>’ Because
eNO and Oe,- rapidly react to form peroxynitrite in the
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epithelial lining fluid, surfactant function becomes impaired
by damage to surfactant-specific proteins and lipid peroxida-
tion. Although it is generally accepted that lipid hydroperox-
ides are the predominant oxidative products of autoxidation,
there is evidence suggesting that epoxide-containing lipids are
also produced, where they could also have a deleterious effect
on lipid membrane organization and function.*® The presence
of lipid epoxides are thought to originate from enzymatic
action of monooxygenases. However, it was also shown that
lipid epoxides are produced non-enzymatically in the lung,
through the process of autoxidation.*®

Cyclodextrins are complex sugars with low toxicity, used
as vehicles for delivering many drugs and sequestration of
toxicants.”® In this study, we used MBCD for its ability to effi-
ciently take up cholesterol. However, we also showed that it
can sequester linoleic acid, an important lipid mediator of
inflammation in ARDS as well as suppress acute inflamma-
tion in our animal model of ALI Others have shown that
cyclodextrins have anti-inflammatory effects in the airways,*"
a finding seen in our pilot animal study. Thus, inhaled cyclo-
dextrins may have two important properties for treating acute
lung injury; an ability to repair dysfunctional surfactant and
an anti-inflammatory effect.

Methyl-p-cyclodextrin can be readily delivered as an aerosol
either by jet nebulizer or via a portable dry power inhalation
(DPI) device. The particle size measured in this study (MMAD
ranging from 0.9 pm to 1.5 pm) are of a size that is predicted
to penetrate to the small airways and alveoli. Once a suitable
dose has been identified, we will formulate MBCD within a
DPI delivery device for further clinical development. A DPI
device ultimately allows the most portability and convenience
for delivery of MPCD. We anticipate that this small portable
device could be deployed in combat (or other circumstances
where exposure to toxic gases or smoke is likely to occur) in
order to treat personnel after exposure to toxic gases and fumes
or shock secondary to hemorrhage and burns. MBCD could be
administered as prophylaxis to prevent the onset of ARDS or
used to treat established ARDS during transfer or in the ICU.
We have obtained US patent (13/629,474) for the treatment of
ARDS by cyclodextrins. Before clinical use, we will need to
complete further efficacy studies in animals, toxicology, phase
I safety, and phase II dose-ranging studies.

CONCLUSIONS

We have shown, using samples from human subjects, animals
with acute lung injury and in vitro studies that we can repair/
restore normal function to damaged surfactant. We have also
shown that the mechanism of the impairment involves elevated
cholesterol and/or an interaction between cholesterol and oxi-
dative damage to surfactant. Both types of surfactant dysfunc-
tion can be restored/repaired in situ with a cyclodextrin drug
(MBCD). Finally, we provide preliminary data showing that
MBCD may also have anti-inflammatory properties in situa-
tions involving acute lung and airway injury.
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