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Abstract

Background: Inhaled budesonide benefits patients with COVID-19. ProL ung ™-budesonide
enables the sustained, low dose administration of budesonide within a delivery vehicle similar
to lung surfactant. ProLung ™-budesonide may offer anti-inflammatory and protective effects to
the lung in COVID-19, yet it’s effect on SARS-CoV-2 replication is unknown.

Objective: To determine the efficacy of ProLung ™-budesonide against SARS-CoV-2-infection
in vitro, evaluate its ability to decrease inflammation, and airway hyperresponsiveness in an
animal model of lung inflammation.

Methods: SARS-CoV-2-infected Vero 76 cells were treated with ProLung ™-budesonide ([0.03—
100 pg/ml]) for 3 days, and virus yield in the supernatant was measured. Ovalbumin-sensitized
C57BL/6 mice received aerosolized (a) ProLung ™-budesonide weekly, (b) only budesonide,
either daily or weekly, or (c) weekly empty ProLung ™ carrier (without budesonide). All treatment
groups were compared to sensitized untreated, or normal mice using histopathologic examination,
electron microscopy (EM), airway hyperresponsiveness (AHR) to Methacholine (Mch) challenge,
and eosinophil peroxidase activity (EPO) measurements in bronchioalveolar lavage (BAL).

Results: Prol ung ™-budesonide showed significant inhibition of viral replication of SARS-
CoV-2-infected cells with the selectivity index (SI) value >24. Weekly ProLung ™-budesonide and
daily budesonide therapy significantly decreased lung inflammation and EPO in BAL. ProLung ™-
budesonide localized in type 11 pneumocytes, and was the only group to significantly decrease
AHR, and EPO in BAL with Mch challenge
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Conclusions: ProlLung ™-budesonide significantly inhibited viral replication in SARS-CoV-2-
infected cells. It localized into type Il pneumocytes, decreased lung inflammation, AHR and
EPO activity with Mch challenge. This novel drug formulation may offer a potential inhalational
treatment for COVID-19.

Introduction

Results

COVID-19 can cause significant respiratory symptoms with pulmonary compromise due to
severe inflammation, often requiring ventilatory support. This process can increase airway
hyperresponsiveness and possibly lead to permanent lung damage. COVID-19 can result in
elevated IL-6 levels, antiphospholipid antibodies, D-dimer levels, renal failure, and increased
clotting issues [1,2].

The mechanism of COVID-19 has been shown to be secondary to SARS-CoV-2 virus
binding to the ACE2 receptor on type Il pneumocytes in the lung [3,4] which subsequently
can result in overwhelming inflammation. Dexamethasone, a steroid, offers a significant
benefit to decreasing inflammation with severe respiratory distress in COVID-19 [5].
Inhaled steroids such as budesonide, are also showing a decrease in the respiratory
symptoms with COVID-19 [6]. Other studies have shown that inhaled steroids may decrease
the ACEZ2 receptor, which may also be beneficial in decreasing the binding of SARS-CoV-2
[7]. While offering a significant benefit in decreasing inflammation, it is not known what
effect steroids have on SARS-CoV-2 viral replication.

Prol ung ™-budesonide, uses a vehicle similar to lung surfactant, allowing for inhalational
administration of a low dose of budesonide, in a sustained manner. We have previously
shown in experimental animal studies, that weekly inhalation of ProLung ™-budesonide
significantly reduces lung inflammation [8]. The unique lipid composition of ProLung ™-
budesonide has been shown to have immunomodulating effects, stabilize the endothelium,
decrease IL-6 levels, and antiphospholipid antibodies, all of which may play an important
role in COVID-19 [9-12]. Studies have also shown that lung surfactant can have a protective
role against SARS-CoV-2 infection [10].

Our objective was to evaluate the effects of ProLung ™-budesonide on viral replication in
SARS-CoV-2 infected Vero 76 cells, and AHR with lung inflammation in the ovalbumin
murine model of inflammation. Electron microscopy was used to determine the stability and
deposition of ProLung ™-budesonide in the lung tissues.

Virus Yield Reduction/Neutral Red Toxicity-VYR assay

ProLung ™-budesonide showed highly significant antiviral activity against SARS-CoV-2,
as indicated by testing with the Virus Yield Reduction)/Neutral Red Toxicity assay

(Table 3). The ECgq (compound concentration that reduces viral replication by 90%) of
ProLung ™-budesonide was 4.1 ug/mL, compared to 8.1 g/mL for the control protease
inhibitor. Selectivity Index (Slgg) was calculated as concentrations CCsq (50% cytotoxic,
cell-inhibitory) / ECgq (compound concentration that reduces viral replication by 90%), by
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regression analysis with a Sl value = 10 considered as active. The ProLung ™-budesonide
Slgg was >24, while the control Slgg was >12.

Airway hyperresponsiveness (AHR) to Methacholine (Mch) challenge

The baseline airway resistance (R() in normal mice before challenge with Mch was 1.14 cm
H,0 mI~1 s (Figure 1). The baseline R, was greater in the Empty ProLung ™ carrierand
Daily budesonide treatment groups. At a cumulative dose of | mg Mch, R was increased

in all groups. At the | mg Mch dose, there was no significant difference between the airway
responsiveness of any of the groups of sensitized mice receiving treatment compared to

the Sensitized, Untreated group. All the treatment groups except the ProLung ™-budesonide
treatment group, demonstrated a significant increase in R compared to the Normal group at
a cumulative dose of 3 mg of Mch. There was no significant difference in R|_ between the
Normal Unsensitized, Untreated group and the ProLung ™-budesonide treatment group and
these were the only two groups with an Ry_significantly less than the Sensitized, Untreated

group.

Eosinophil peroxidase (EPO) activity with and without Methacholine (Mch) challenge

In the groups without Mch challenge the ProLung ™-budesonide (P<0.001) and the Daily
budesonide (A<0.001) treatment groups significantly decreased the Eosinophil Peroxidase
(EPO) activity in the bronchioalveolar lavage fluid (BAL), when compared to the Sensitized,
Untreated group (Figure 2). Weekly budesonide (P=0.419) and the Empty ProLung ™ carrier
(P=0.213) treatment groups did not show a significant decrease in EPO activity.

With Mch challenge, EPO activity of the all groups was increased, except for the

Prolung ™-budesonide treated group, which showed a significant decrease in EPO activity
F£<0.005). There was no significant difference in the EPO activity, with or without Mch
challenge, only in the ProLung ™-budesonide treated (P=0.68) and the Normal Unsensitized,
Untreated group. Normal Unsensitized, Untreated group had no detectable EPO activity in
the BAL.

Lung histology

Examples of lung tissues from the treatment groups are shown in Figures 3 and 4

(100x magnification, hematoxylin-eosin). The lung tissues from the Sensitized, Untreated
(SENS) mice had persistent and significant inflammation, including accumulation of
inflammatory cells in bronchiolar, peribronchiolar, and perivascular tissues, along with
significant submucosal thickening and epithelial hyperplasia, during the 4-week period.
Lung inflammation was markedly increased along with bronchoconstriction, cellular
infiltrates with methacholine (With Mch) challenge in all the groups except for the
Normal Unsensitized, Untreated and ProLung ™-budesonide treatment group. ProLung ™-
budesonide was the only treatment group that did not show a significant increase in lung
inflammation, with (With Mch) or without Mch (NO Mch) challenge, when compared to
the Sensitized, Untreated group. Daily budesonide treatment group only showed reduction in
lung inflammation without Mch challenge. The daily budesonide group treatment group
showed marked increase in inflammation along with bronchoconstriction and cellular
infiltrates with Mch challenge.
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Histopathology score with and without Methacholine (Mch) challenge

The lung tissues from the Sensitized, Untreated group had persistent and significant
inflammation, without Methacholine (Mch) challenge, including accumulation of
inflammatory cells in bronchiolar, peribronchiolar, perivascular tissues, and alveolar regions
along with significant submucosal thickening and epithelial hyperplasia, during the four-
week period (Figure 5). The inflammation was markedly increased with bronchoconstriction
and cellular infiltrates with Mch challenge.

There was a significant reduction in total lung histopathology score without Mch challenge,
in the ProLung ™-budesonide (P<0.020) and Daily budesonide (~£<0.030) treatment groups
when compared to the Sensitized, Untreated group. Similar decreases were not observed
with the other treatment groups. Only the Prol ung ™-budesonide treatment group with
Mch challenge, had a significant decrease in total histopathology score (£<0.0009) when
compared to the Sensitized, Untreated group. None of the other treatment groups (including
Daily budesonide treatment group) did not show a similar reduction with Mch challenge.

ProLung™-budesonide localizes to type Il pneumocytes in the lung

Scanning electron microscopy showed the deposition of the ProLung ™-budesonide in the
lung a week after a single dose was administered (Figure 6). Results show that ProLung ™-
budesonide was taken up into Type 1l pneumocytes at the alveolar level in the lung tissues.
ProLung ™-budesonide was detected upto 10 days post dosing, and was not detected at the
two-week period after a single dose was administered.

Discussion

SARS-CoV-2 infection is thought to occur through binding to the ACE2 receptor on

type Il pneumocytes in the lung, and the gastrointestinal (GI) mucosa [3,4] which
subsequently can result in overwhelming inflammation. Corticosteroids have demonstrated
anti-inflammatory effects in COVID-19 patients [5]. Dexamethasone, offers a significant
benefit in decreasing inflammation in COVID-19 patients with severe respiratory distress.
Inhaled steroid, budesonide, has recently been shown to decrease respiratory symptoms

and possible progression to COVID-19 [6]. Other studies have shown that inhaled steroids
may decrease the ACE2 receptor, which may also be beneficial in decreasing SARS-CoV-2
binding [7]. While offering a significant benefit in decreasing inflammation, it is not known
what effect steroids have on viral replication. Lung surfactant may have a protective role
against SARS-CoV-2 infection [10]. ProLung ™- budesonide, is similar in composition to
lung surfactant which allows for weekly administration of budesonide in a sustained carrier.

In this study, ProLung ™-budesonide significantly reduced viral replication of SARS-CoV-2
in Vero cells (Table 3), airway hyperresponsiveness (AHR) to Methacholine (Mch) challenge
(Figure 1), and lung inflammation (Figures 3-5). ProLung ™-budesonide, also showed a
significant decrease in eosinophil peroxidase activity (EPO) a marker of inflammation,

and AHR with Mch challenge (Figure 2). Daily therapy with budesonide, decreased lung
inflammation, but did not show a prolonged effect, or have an effect on decreasing AHR or
EPO activity with Mch challenge (Figures 1-5).
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We noted on electron microscopy studies that ProL ung ™-budesonide localizes in type 11
pneumocytes (Figure 6), the site of SARS-CoV-2 binding. Type Il pneumocytes produce
and secrete pulmonary surfactant lipids and proteins, and other soluble components of the
innate immune system [10-12]. They are considered to be the regulatory cells of the lung,
may play a critical role in lung inflammation, with immune interactions with alveolar
macrophages [11,16-18]. In diseases such as tuberculosis (TB), Type Il pneumocytes
likely signal alveolar macrophages to retain the TB organism subsequently leading to lung
inflammation. Studies have shown that lung macrophages also play an important role in
the lung inflammation and damage in COVID-19 and acute respiratory distress syndrome
(ARDS) [11,16-19].

ProLung ™-budesonide is delivered to the alveolar junction, targets Type Il pneumocytes,
and is noted to decrease SARS-CoV-2 viral replication. Dr. PRJ Gangadharam (VGSK
founding scientist) and Dr. Duizgiines have performed extensive work on antibiotics
encapsulated in the ProLung ™ carrierand noted the targeting to the macrophages of the
reticuloendothelial system [14,20,21]. They also noted the ProLung ™ carrier preferentially
target areas with increased inflammation and macrophages [14,20,21] in the systemic
circulation.

ProLung ™ budesonide may have a potential to interrupt the interaction of Type Il and
alveolar macrophages, and the subsequent progression to the lung inflammation noted in
COVID-19. In addition, It may also aid in lung stabilization and maintaining alveolar
function, secondary to its sustained steroid effect with a composition similar to lung
surfactant. The unique lipid composition of ProLung ™ budesonide, may play a role in

the innate immune system and may decrease 1L-6 levels which can be markedly elevated

in COVID-19 [1,2]. With these unique properties, ProLung ™ system can have a significant
impact in treating the COVID-19 Pandemic.

Pegylated delivery systems are now being used to deliver a variety of immune based
therapies and mRNA vaccines, such as Moderna® and Pfizer® [22-24] and have been
implicated in allergic reactions. Similarly, Poly ethylene glycol (PEG) 2000 is also used in
ProLung ™-budesonide but have not encountered similar allergic reactions. To determine the
safety of ProLung ™-budesonide, we have conducted long-term, safety, and toxicity studies
in an allergic model, using a repeat allergen challenge. We noted significant decreases in
markers of allergic inflammation such as serum IgE levels, reduction of eosinophils in

the lung lavage fluid and peripheral blood, and EPO activity [8,15]. There were no issues
noted with toxicity or severe allergic reactions during dose escalation and long-term toxicity
studies (unpublished data) conducted in our animal studies.

ProLung ™-budesonide is delivered as one dose, weekly as an inhalation, and has many
differences in composition from the vaccine delivery systems delivered as intramuscular
injections. PEG 2000 also has an immunomodulatory function [23-26]. The small amount of
PEG in our carrier system may also act as an additional barrier to prevent viral attachment of
SARS-CoV-2 virus.
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COVID-19 may result in the production of autoimmune antibodies, such as antiphospholipid
antibodies, which may be directed at lung surfactant lipids [9] ProLung™-budesonide,
secondary to it’s surfactant like composition, may be crucial in treating COVID-19
respiratory symptoms as well post COVID-19 syndrome, such as the “long haulers” who
have lung symptoms for months post the initial infection [27]. In addition, it has a stabilizing
effect on the lung mucosa which may aid in decreasing the fibrotic changes in the lung
(unpublished Data). In addition to the anti-inflammatory effect, the ProL ung”™-budesonide
decreases AHR to Mch challenge without the addition of a beta agonist, and may decrease
airway remodeling, which is not noted with daily budesonide therapy.

Prol_ung ™-budesonide may improve patient compliance as it offers a less frequent dosing
for chronic respiratory diseases, and possibly for the “long haulers” post COVID-19. Daily
dosing of a medication may lead to problems of noncompliance and treatment failures,
which might result in increased hospitalizations and complications.

The limitations of the current study are that the effect of ProLung ™-budesonide on
COVID-19 could not be conducted in an /7 vivo model secondary to lack of animal models
of SARS-CoV-2 and COVID-19, to test inhalation medications. Studies to meet regulatory
compliance have been completed for Prol ung ™-budesonide to enter clinical trials for
COVID-19 in the near future. The clinical trials will provide more definitive information
on the benefits of this novel entity on COVID-19.

Conclusion

Prol ung ™-budesonide offers a therapy that can be administered in a safe, effective manner
as an inhalation, with a low dose of steroid in a carrier similar to composition to surfactant
targeted in the lung to the point of viral attachment of SARS-CoV-2. With these unique
properties, Prol ung ™-budesonide can have a significant impact in treating the COVID-19
Pandemic.

Materials and Methods

Virus Yield Reduction (VYR) assay

A Virus Yield Reduction (VYR) assay was performed to determine test compound inhibition
of virus replication. Confluent or near-confluent cell culture monolayers of Vero 76 cells
were prepared in 96-well microplates. ProLung ™-budesonide was tested at eight half-log,g
concentrations (0.032, 0.1, 0.32, 1, 3.2, 10, 32 and 100 ug/ml) for antiviral activity and
cytotoxicity. Plates were incubated at 37°C with 5% CO, until >80% CPE (virus-induced
cytopathic effect) was observed in virus control wells. Five microwells were used per
dilution: three for infected cultures and two for uninfected toxicity cultures. Controls for the
experiment consisted of six microwells that were infected and not treated (virus controls)
and six that were untreated and uninfected (cell controls) on every plate. A known active
drug was tested (protease inhibitor) in parallel as a positive control drug. Cells were scored
for the presence or absence of virus after distinct CPE was observed, and the CCID5q (50%
cell culture infectious dose) is calculated using the Reed-Muench method [13]. In addition,
virus yielded in the presence of ProLung ™-budesonide was titrated and compared to virus
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titers from the untreated virus controls. Titration of the viral samples was performed by
endpoint dilution.

After maximum virus-induced cytopathic effect (CPE) was observed, the viable plates
were stained with 0.011% neutral red dye at 37°C. The neutral red medium was removed,
and the cells rinsed once with phosphate buffered saline (PBS) to remove residual dye.
The incorporated dye content was extracted and quantified by evaluation of absorbance

on a spectrophotometer at 540 nm. The dye content in each set of wells was converted

to a percentage of dye present in untreated control wells and normalized based on the
virus control. The 90% (one logg) effective concentration (ECgg) was calculated by
regression analysis by plotting the log,q of the inhibitor concentration versus logyg of virus
produced at each concentration. The 50% effective (ECsgp, virus-inhibitory) concentrations
and 50% cytotoxic (CCgg, cell-inhibitory) concentrations were then calculated by regression
analysis. The quotient of CCsgq divided by ECsq gives the selectivity index (SI) value, with
compounds having a Sl value = 10 being considered active.

Animal studies

Six-week-old male C57 black 6 mice (C57BL/6) were purchased from Charles River
Laboratories, Inc., Wilmington, MA. The animals were provided with an ovalbumin-free
diet and water ad /ibitum and were housed in an environment-controlled, pathogen-free
animal facility. All animal protocols were approved by the Animal Care Committee of

the Medical College of Wisconsin and the Zablocki Veterans Administration Medical
Center, in agreement with the National Institute of Health’s guidelines for the care and

use of laboratory animals. We were unable to conduct our studies in animal models with
COVID-19 as current animal models generally had only mild forms of the disease and were
not seen as adequate models for assessment of anti-inflammatory properties of inhalation
drugs at the time our studies were conducted.

Sensitization

The C57BL/6 mice were sensitized with ovalbumin (OVA) as described in our

previous studies [8]. This method of sensitization led to a significant elevation in

eosinophil peroxidase (EPO) levels in the bronchioalveolar lavage fluid (BAL), and lung
inflammation by day 24, as seen by histopathology. This method also increased airway
hyperresponsiveness (AHR) to methacholine (Mch) challenge, by day 24. All treatment
groups were compared with either Sensitized, Untreated or Normal, Unsensitized, Untreated
mice.

The dose of budesonide was extrapolated from our previous dose-response studies [8]. The
20 pg dose of budesonide was noted to decrease EPO in the BAL, and inflammation

on histopathological examination of the lung tissues, along with other inflammatory
parameters studied, without evidence of toxicity to the spleen, liver, bone marrow, skin

or the gastrointestinal tract. Based on our results, 20 ug of budesonide was encapsulated as
ProL ung ™-budesonide for administration one dose, once a week of as an inhalation.
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Study groups

Therapy was initiated on day 25, one day after the OVA sensitization was completed.
Sensitized animals received nebulized treatments for four weeks. Each study group consisted
of 20 mice and was followed for a four-week period. Five animals from each treatment
group and from each of the two control groups, sensitized and unsensitized, were euthanized
by means of an overdose of methoxyflurane inhalation, 24 hours after the first treatments
were given, and then at weekly intervals for four weeks. At each time point, measurements
of EPO in BAL were obtained and histopathologic examination of the lung tissues was
performed.

Treatment groups

After the OVA sensitization was completed (day 25), Sensitized animals received nebulized
treatments for four weeks as follows (Table 1): (a) (PRO-BUD)-received 20 pg of

ProLung ™-budesonide administered once a week; (b) (D-BUD)-20 ug of budesonide
(without ProLung ™ carrier) administered daily (c) (EMP-PRO)-received Empty ProLung ™
carrier (buffer-loaded), administered once a week; (d) (W-BUD)-20 pg of budesonide
(without ProLung ™) administered once a week. All treatment groups were compared to
either Sensitized Untreated (SENS) or Untreated, Unsensitized (NORMAL) mice.

Drugs and reagents

Budesonide for daily therapy was diluted from premixed vials (0.25 mg/ml) commercially
available from Astra Pharmaceuticals (Wayne, PA), and administered via a Salter

Aire Plus Compressor (Salter Labs, Irvine, CA). Budesonide for encapsulation, N-2-
hydroxethylpiperzine-N’-2-ethanesulfonic acid (HEPES), ovalbumin, methacholine, PBS,
sodium citrate, 0-phenylenediamine, 4N H2SO4 and horseradish peroxidase were purchased
from Sigma-Aldrich, St. Louis, MO. Phosphatidylcholine (PC), phosphatidylglycerol (PG),
and poly (ethylene glycol)-distearoylphosphatidylethanolamine (PEG-DSPE) were obtained
from Avanti Polar Lipids, Alabaster, AL.

ProLung™-budesonide preparation

Budesonide was encapsulated into the ProLung ™ carrier as previously described [8,14,15].
Lipids were dried onto the sides of a round-bottomed glass flask or glass tube by rotary
evaporation. The dried film was then hydrated by adding sterile 140 mmol/L NaCl and

10 mmol/L HEPES (pH 7.4) and vortexing. The resulting multilamellar liposomes were
extruded 11 times through two stacked polycarbonate membranes of 0.8 um pore diameter
(Whatman-Nuclepore, Sigma-Aldrich) using a custom-built high-pressure extrusion device
or a syringe extruder (Avanti Polar Lipids). Empty Prolung ™ carrierwas prepared similar
to ProLung ™-budesonide, without budesonide, and was diluted with HEPES-buffered saline
to maintain an equal volume for dosing.

Histopathology

Histopathological examinations were performed on lungs that were removed and fixed
with 10% phosphate-buffered formalin as previously described [8]. Tissue samples were
taken from the trachea, bronchi, large and small bronchioles, interstitium, alveoli, and
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pulmonary blood vessels. The tissues were embedded in paraffin, sectioned at 5 pm
thickness and stained with hematoxylin and eosin, and analyzed using light microscopy

at 100x magnification. Coded slides were examined by a veterinary pathologist in a blinded
fashion for evidence of inflammatory changes (Table 2). Each of the parameters evaluated
was given an individual number score. Objective measurements of histopathological changes
included the number of eosinophils and other inflammatory cells, surrounding the bronchi,
aggregation around blood vessels, presence of desquamation and hyperplasia of the airway
epithelium, mucus formation in the lumen of the airways and infiltration of inflammatory
cells surrounding the alveoli. Each of the parameters evaluated were given an individual
number score. The cumulative score was obtained using the individual scores and designated
as no inflammation (score.0), mild inflammation (score:1-2), moderate inflammation
(score:3—4), and severe inflammation (score.5-6).

Airway Hyperresponsiveness (AHR) To Methacholine (Mch) challenge

The effectiveness of the drug and drug-carrier combination on airway hyperreactivity
(AHR) to methacholine (Mch) challenge was evaluated by measuring Pulmonary Mechanics
using the protocols as previous described [15]. AHR was measured in spontaneously
breathing tracheally intubated mice that received up to 3 mg of Mch given intraperitoneally.
Pulmonary resistance measurements were made after four weeks of therapy. As an antigen
challenge and to demonstrate sensitization, an aerosolized dose of 6% ovalbumin was given
to each animal 24 hours before the evaluation of the pulmonary mechanics. The digitalized
Data were analyzed for dynamic pulmonary compliance, pulmonary resistance, tidal
volume, respiratory frequency and minute ventilation from six to ten consecutive breaths

at each recording event. Compliance and resistance were calculated from pleural pressure,
airflow, and volume data. Mch challenge was performed after baseline measurements

were obtained. Mch was injected intraperitoneally at three-minute intervals in successive
cumulative doses of 30, 100, 300, 1,000 and 3,000ug.

Eosinophil Peroxidase (EPO) activity in Bronchoalveolar Lavage (BAL) fluid

EPO activity was measured in the BAL, with and without methacholine (Mch) challenge. At
the time of sacrifice, the trachea was exposed and cannulated with a ball-tipped 24-gauge
needle. The lungs were lavaged three times with 1 ml phosphate buffered saline (PBS).

All washings were pooled and the samples were frozen at —70°C. The samples were

later thawed and assayed to determine EPO activity. A substrate solution consisting of 0.1
mol/L sodium citrate, 0-phenylenediamine, and H,O, (3%), pH 4.5, was mixed with BAL
supernatants at a ratio of 1:1. The reaction mixture was incubated at 37°C, and the reaction
was stopped by the addition of 4 N H,SO, . Horseradish peroxidase was used as a standard.
EPO activity (in international units per milliliter) was measured by spectrophotometric
analysis at 490 nm.

Electron microscopy

Lung specimens were processed using standard protocols and were evaluated under
transmission electron microscopy to evaluate using a Hitachi 600 electron microscope.
Data was evaluated to determine the stability and deposition of the ProLung ™-budesonide
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in the lung. Specimens were processed for two-week study, after one dose of ProLung ™:-
budesonide was administered via inhalation.

Data analysis

One-way ANOVA with Tukey-Kramer multiple comparison data analysis was used for Mch
responses using SigmaStat Statistical Software (Systat software Inc., San Jose, CA). EPO
activity analysis was performed using the Student #test. Over the Study period, there were
no significant variability in inflammation within each group with weekly measurements for
all of the inflammatory parameters being evaluated. Therefore, all the weekly measurements
are presented as Cumulative data and are presented as mean + standard error (SEM).

A p<0.05 was considered to be statistically significant for all of the above statistical
comparisons.
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Airway Reactivity to Methacholine (Mch)
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Figure 1: Airway Reactivity (AHR) to Methacholine (Mch) Challenge.
Treatment groups:

D-BUD=Treatment with 20 pg of budesonide only, administered daily to sensitized mice
with inflammation

PRO-BUD=20 pg of budesonide in the ProLung™ carrier, (ProLung™-budesonide)
administered as one dose, once a week to sensitized mice with inflammation
EMP-PRO=Treatment with Empty buffer-loaded, ProLung™ carrier, administered once a
week to sensitized mice with inflammation

W-BUD=Treatment with budesonide only, administered once a week to sensitized mice with
inflammation

Control groups:

NORMAL=Normal, Untreated, Unsensitized mice

SENS= Sensitized, Untreated, mice with inflammation;

? No (Without) methacholine challenge (NO Mch)

" With methacholine challenge (With Mch)

Airway Reactivity (AHR) to Methacholine (Mch) Challenge was measured as resistance (R
in cm H,0/ml/s). Data is shown for baseline which is no Mch challenge (gray bar, with 1 mg
Mch challenge (white bar), and 3 mg Mch challenge (dark bar). The baseline R|_ was greater
in the Empty ProLung ™ carrier (EMP-PRO) and Daily budesonide (D-BUD) treatment
groups. At a cumulative dose of | mg Mch, R|_ was increased in all groups. At the | mg Mch
dose, there was no significant difference between the airway responsiveness of any of the
groups of sensitized mice receiving treatment compared to the Sensitized, Untreated (SENS)
group. All the treatment groups except the ProLung ™-budesonide (PRO-BUD) treatment
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group, demonstrated a significant increase in R compared to the Normal Unsensitized,
Untreated (NORMAL) group at a cumulative dose of 3 mg of Mch. There was no significant
difference in R between the Normal Unsensitized, Untreated (NORMAL) group and the
ProLung ™-budesonide (PRO-BUD) treatment groups and there were the only groups with
an R|_significantly less than the Sensitized, Untreated (SENS) group.
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Figure 2: Eosinophilic Peroxidase activity (EPO) with and without Methacholine (Mch)
challenge.

Treatment groups:

D-BUD=Treatment with 20 pg of budesonide only, administered daily to sensitized mice
with inflammation

PRO-BUD=20 ug of budesonide in the ProLung™ carrier, (ProLung™-budesonide)
administered as one dose, once a week to sensitized mice with inflammation
EMP-PRO=Treatment with Empty buffer-loaded, ProLung™ carrier, administered once a
week to sensitized mice with inflammation

W-BUD=Treatment with budesonide only, administered once a week to sensitized mice with
inflammation

Control groups:

NORMAL=Normal, Untreated, Unsensitized mice

SENS= Sensitized, Untreated, mice with inflammation.

? No (Without) methacholine challenge (NO Mch)

" With methacholine challenge (With Mch)

Graph represents cumulative results from a 4-week study of eosinophilic peroxidase
activity (EPO), a marker of inflammation, measured in bronchoalveolar lavage fluid (BAL)
and Airway Reactivity (AHR) to Methacholine (Mch) Challenge. In the groups Without
Mch(NO Mch) challenge all the treatment groups showed a significant decrease in EPO
activity, when compared to the Sensitized, Untreated (SENS) group. Only the weekly
treatments with Prol ung ™-budesonide (PRO-BUD) significantly decreased EPO activity,
with Mch and without Mch (NO Mch) challenge when compared to the Sensitized,
Untreated (SENS) group. Daily budesonide (D-BUD), Weekly budesonide (WK-BUD and
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the Empty ProLung ™ carrier (EMP-PRO) treatment groups did not show a significant
decrease in EPO activity with Mch challenge.
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Figure 3: Lung histology, Without and With Methacholine (Mch) challenge.
Treatment groups:

D-BUD=Treatment with 20 pg of budesonide only, administered daily to sensitized mice
with inflammation

PRO-BUD=20 pg of budesonide in the ProLung™ carrier, (ProLung™-budesonide)
administered as one dose, once a week to sensitized mice with inflammation
EMP-PRO=Treatment with Empty buffer-loaded, ProLung™ carrier, administered once a
week to sensitized mice with inflammation

W-BUD=Treatment with budesonide only, administered once a week to sensitized mice with
inflammation

Control groups:

NORMAL=Normal, Untreated, Unsensitized mice

SENS= Sensitized, Untreated, mice with inflammation.

Examples of lung tissues from the treatment groups are shown in Figures 3 and 4 (100x
magnification, hematoxylin-eosin). The lung tissues from the Sensitized, Untreated (SENS)
mice had persistent and significant inflammation, including accumulation of inflammatory
cells in bronchiolar, peribronchiolar, and perivascular tissues, along with significant
submucosal thickening and epithelial hyperplasia, during the 4-week period. Lung
inflammation was markedly increased along with bronchoconstriction, cellular infiltrates
with methacholine (With Mch) challenge in all the groups except for the NORMAL

and ProLung ™-budesonide (PRO-BUD) treatment groups. ProLung ™-budesonide (PRO-
BUD) was the only treatment group that did not show a significant increase in lung
inflammation, with (With Mch) or without Mch (NO Mch) challenge, when compared to
the Sensitized, Untreated (SENS) group. Daily budesonide treatment (D-BUD) group only
showed reduction in lung inflammation without Mch challenge. The daily budesonide group
(D-BUD) group showed marked increase in inflammation along with bronchoconstriction
and cellular infiltrates with Mch challenge.
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Figure 4:
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- Histopathology Without and With Methacholine (Mch)
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Figure 5: Lung histopathology scores Without and With Methacholine (Mch) challenge.
Treatment groups:

D-BUD=Treatment with 20 pg of budesonide only, administered daily to sensitized mice
with inflammation

PRO-BUD=20 pg of budesonide in the ProLung™ carrier, (ProLung™-budesonide)
administered as one dose, once a week to sensitized mice with inflammation
EMP-PRO=Treatment with Empty buffer-loaded, ProLung™ carrier, administered once a
week to sensitized mice with inflammation

W-BUD=Treatment with budesonide only, administered once a week to sensitized mice with
inflammation

Control groups:

NORMAL=Normal, Untreated, Unsensitized mice

SENS= Sensitized, Untreated, mice with inflammation.

? No (Without) methacholine challenge (NO Mch)

" With methacholine challenge (With Mch)

Graph depicts the cumulative histopathology score from a 4-week study, with and without
methacholine (Mch) challenge. Scores were obtained from a scoring system (Table 1)

and were determined by a veterinary pathologist blinded to the treatment groups. The

lung tissues from the Sensitized, Untreated (SENS) group had persistent and significant
inflammation, without methacholine (No Mch) challenge which was increased with
methacholine challenge (With Mch). There was a significant reduction in total lung
histopathology score without Mch challenge, in the ProLung ™-budesonide (PRO-BUD) and
Daily budesonide (D-BUD) treatment groups when compared to the Sensitized, Untreated
(SENS) group. Similar decreases were not observed with the other treatment groups.

Only the ProLung ™-budesonide (PRO-BUD) treatment group with the Mch challenge,

Arch Pharmacol Ther. Author manuscript; available in PMC 2021 November 10.
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had a significant decrease in total histopathology score when compared to the Sensitized,
Untreated (SENS) group. There was also a significant decrease in lung inflammation in
the ProLung ™-budesonide (PRO-BUD) group in comparison with the Weekly budesonide
(WK-BUD) group. None of the other treatment groups, including the Daily budesonide
(D-BUD) treatment group, Weekly budesonide (WK-BUD), or Empty ProLung ™ carrier
(EMP-PRO) treatment groups showed a similar reduction with Mch challenge.
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Figure 6: ProLung™-budesonide localizes to type Il pneumocytes in the lung.
Scanning electron microscopy showed the deposition of ProLung ™-budesonide in the lung

after a week after a single dose was administered. Arrows depict the swirls inside the
Type 1l pneumocytes. Top left lower magnification and top right higher magnification.
ProLung ™- budesonide was taken up into the Type Il pneumocytes at the alveolar level in
the lung tissues.
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