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Respiratory viruses including the respiratory syncytial virus (RSV) aggravate the global burden of virus-inflicted
morbidity and mortality. Entry inhibitors are a promising class of antiviral drugs for combating these viruses, as
they can prevent infection at the site of viral entry, i.e., the respiratory tract. Here we used a broad-spectrum
entry inhibitor, composed of a p-cyclodextrin backbone, functionalized with 11-mercapto-1-undecanesulfonate
(CD-MUS) that is capable of neutralizing a variety of viruses that employ heparan sulfate proteoglycans
(HSPG) to infect host cells. CD-MUS inactivates viral particles irreversibly by binding to viral attachment proteins
through a multivalent binding mechanism. In the present study, we show that CD-MUS is well tolerated when
administered to the respiratory tract of mice. Based on this, we developed an inhalable spray-dried powder
formulation that fits the size requirements for lung deposition and disperses well upon use with the Cyclops dry
powder inhaler (DPI). Using an in vitro dose-response assay, we show that the compound retained its activity
against RSV after the spray drying process. Our study sets the stage for further in vivo studies, exploring the
efficacy of pulmonary administered CD-MUS in animal models of RSV infection.

1. Introduction

Throughout history, there has been a continuous emergence of res-
piratory viruses with epidemic and pandemic potential, including
influenza A virus, respiratory syncytial virus (RSV) and, recently, SARS-
CoV-2 [1]. Respiratory viruses heavily contribute to the global burden of
virus-inflicted morbidity and mortality and thus, the urgency for effec-
tive prevention and treatment options remains high [2,3]. RSV in-
fections mainly form a risk for infants [4,5] and the elderly [6].
Recently, a rise in RSV cases has been observed after measures for the
prevention of SARS-CoV-2 transmission were gradually lifted. This has
led to an increased cumulative pressure on healthcare and an increased
chance of severe coinfections [7,8]. Up to this date, no effective vaccine
is available, although many candidates are in development [9]. The
standard of care treatment has largely been supportive (e.g. through
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mechanical ventilation) or has been based on the occasional use of the
nebulized nucleoside analog ribavirin [10]. In high-risk infants,
immune-prophylaxis is performed by using repeated injections of the
monoclonal antibody palivizumab [11]. Recently, an improved single-
dose monoclonal antibody, nirsevimab, has been granted market
authorization in Europe for the prophylaxis against RSV infection in
new-born infants [12]. Nevertheless, both limited efficacy and laborious
treatment procedures push the development of novel drugs [10,13,14].

Entry inhibitors are a promising class of antiviral drugs as they can
prevent a virus from entering the cell and thereby tackle the earliest step
in the viral infection process [15]. However, previous entry inhibitors
either lacked efficacy owing to their reversible, i.e. virustatic mechanism
of action, or led to cellular toxicity [16]. Earlier work from the Lausanne
group has reported a novel class of entry inhibitors based on gold
nanoparticles functionalized with long flexible linkers that terminate in
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11-mercapto-1-undecanesulfonate (MUS) groups [17]. These com-
pounds were designed to mimic heparan sulfate proteoglycans (HSPGs),
that function as an attachment factor for many viruses and are localized
on the eukaryotic cell membrane [18]. Based on a multivalent binding
mechanism, the compounds were designed to irreversibly disrupt the
membrane of HSPG-targeting viruses, thus exerting a virucidal effect
[17]. Because the drug mimics a common component of viral attach-
ment, the molecules showed broad-spectrum activity. The efficacy of the
MUS-functionalized gold nanoparticles has been confirmed against
several distinct HSPG-targeting viruses, both in vitro and in vivo. Spe-
cifically, the nanoparticles were able to inhibit respiratory syncytial
virus (RSV) infection in mice without any signs of toxicity [17]. More
recently, these MUS-carrying gold nanoparticles have been successfully
replaced by a biocompatible and commonly used p-cyclodextrin core
(CD). Both in vitro and ex vivo studies have shown that these MUS-
carrying cyclodextrins (CD-MUS) are virucidal against a variety of vi-
ruses, including RSV, and no adverse effects have been detected so far
[19,20].

When used against respiratory pathogens like RSV, entry inhibitors
should preferably be delivered to the respiratory tract. Since the path-
ogenesis of a severe RSV infection involves progression to the lungs, the
drug should ideally be targeted to the lower respiratory tract to ensure
optimal bio-availability [21]. From this perspective, administration of
CD-MUS by inhalation could be advantageous. Considering the limited
stability of liquid formulations and challenges regarding their adminis-
tration, it would be beneficial to formulate these compounds into a dry
form, as they can easily be administered using a dry powder inhaler
(DPI). Dry powder formulations for inhalation have been used to target
other diseases, e.g. bacterial infections and chronic airway diseases, but
have not yet been extensively explored for antiviral therapy.

Therefore, in the present study, we first assessed the pharmacoki-
netic properties of CD-MUS after administration of the compound to the
respiratory tract of mice. Subsequently, we developed a dry powder
formulation of CD-MUS for inhalation to target RSV in the lower air-
ways. To this end, we used spray drying to prepare a powder that meets
the physical requirements for lung deposition based on its geometric and
aerodynamic properties, and that performs well in a DPI. Using an in
vitro dose-response assay against two strains of RSV, we confirmed that
the compound retained its activity after drying. The work presented here
could aid further development of the compound as inhalable product
and sets the stage for in vivo RSV infection studies, comparing the ef-
ficacy and safety of pulmonary administered CD-MUS with other routes
of administration.

2. Materials and methods
2.1. CD-MUS synthesis and characterization

To synthetize CD-MUS (Fig. 1), a modification of the synthetic route
reported by Jones et al. was used [19]. In short, heptakis-(6-deoxy-6-
mercapto)-p-CD (3 g, 2.4 mmol, Arachem, Kuala Lumpur, Malaysia) and
sodium undec-10-ene-1-sulfonate (8.6 g, 33.6 mmol), were suspended in
200 mL of MilliQ water in a 500 mL round bottom flask. The reaction
mixture was stirred using magnetic stirring (600 rpm) and placed in
front of a 400 W ultraviolet (UV) lamp for 12 h. The turbid mixture
became clear after this interval and the entire crude was placed inside 2
kDa dialysis membranes (45 mm wide, Spectra/Por®, Spectrum Labo-
ratories Products Inc., New Brunswick, NJ) and dialysed for 4 consec-
utive days against 2 L of MilliQ water that was replaced four times a day.
After the four days of dialysis, the content inside the dialysis membranes
was filtered through a 0.2 pm syringe into eight 45 mL Falcon Tubes
(total volume > 200 mL) frozen and lyophilised. By this means, 6.2 g of
slightly off-white powder was collected (85% yield). To characterize the
sample, high resolution mass spectrometry (HRMS) analyses were per-
formed as described previously [18]. A brief description can be found in
the supplementary material (Supplementary method 1).
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Fig. 1. Chemical structure of CD-MUS. The counterion to each sulfonate group
is a sodium.

2.2. In vivo pharmacokinetics study

2.2.1. Animal study protocol

Envisioning a possible use for pulmonary administered CD-MUS as a
therapeutic agent against RSV, a study was performed in collaboration
with Aphad analytical solutions (Buccinasco, Italy). The aims were to
establish general pharmacokinetic properties and organ distribution of
the compound when administered intranasally as an aqueous solution to
mice. The in vivo study was conducted by Farefarma-Emozoo (Casole
d’Elsa, Siena, Italy) and adhered to the Italian Ministry of Health
guidelines for the use and care of experimental animals (authorization
173/2018-PR phase B D4A18.B.G7M). For this study, a total of 28 male
Swiss CD1 mice with an average body weight of 33 + 1 g were obtained
from Envigo (Udine, Italy). Mice were 5 weeks old upon arrival and were
housed under standard conditions (12-h light/dark cycle) with free ac-
cess to food and water. After a 5-day acclimatization period, mice were
divided randomly in groups of 4. Preceding treatment, mice were
sedated using mild isoflurane anesthesia (2.5%). The animals received a
9 mg/kg dose of CD-MUS in Hy0 via intranasal instillation (15 pL per
mouse, divided over each nostril). Based on previous work, it can be
assumed that in anesthetized animals, such a volume progresses down to
the lungs, ensuring delivery to the whole respiratory tract [22]. Each
group was then euthanized at a given time-point (i.e. 15 min, 30 min, 1,
2, 4, 6, and 24 h post-administration) after which different organs (lung,
liver, kidney, pancreas, spleen and brain) and blood were collected. The
organs were washed in saline, dried on paper and weighted immediately
after collection. Organs were then frozen at —80 °C until further anal-
ysis. Blood was retrieved via exsanguination of the caudal vein up to a
volume of 200-300 pL and centrifuged at 3000 rpm for 10 min at 4 °C for
plasma collection.

2.2.2. Determining tissue and plasma concentrations of CD-MUS after
administration using liquid chromatography with tandem mass spectrometry
50 pL of plasma was mixed with 5 pL of Internal Standard (200 ng/
mL of Pyridyl diphenyl triazine disulfonic acid sodium salt in water,
Sigma-Aldrich, St Luis, MO, USA) and with 200 pL of cold (4 °C) MeOH.
After mixing for 10 min at 300 rpm, samples were centrifuged for 15 min
at 4600 rpm (5 °C). Subsequently, the supernatant was transferred to a
96-well plate (Phenomenex, Torrance, CA, USA) and dried with a
ScanSpeed MiniVac (Labogene, Lillergd, Denmark), resuspended in 150
pL of water and injected into the LC-MS/MS. Organs were weighted
either after the sacrifice or before analysis (in case of the pancreas) and
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homogenized in 20 mM ammonium formate (0.2 g/mL) with a Precellys
24 homogenizer (Bertin technologies, Montigny-le-Bretonneux, France)
using Precellys Lysing CK28 beads, except for the pancreas for which
CK14 beads were used. Solid Phase Extraction (SPE) was then performed
using a Strata-X-AW 33 pm Polymeric Weak Anion (30 mg/well in a 96-
well plate (Phenomenex)). Preceding the extraction, the SPE plate was
washed with 1 mL of methanol and conditioned with 1 mL of water. 50
pL of tissue homogenate was mixed with 5 pL of internal standard and
diluted in 450 pL of water. Samples were then vortexed thoroughly for 1
min and centrifuged. Supernatants were loaded on the SPE plate that
was then washed with 0.5 mL of 20 mM ammonium formate (pH 6.6)
followed by 0.5 mL of methanol. CD-MUS was eluted with 250 pL of 5%
NH4OH in MeOH for 3 times. The 3 fractions were then pooled together,
dried and resuspended in 200 pL of 5 mM Ammonium Bicarbonate in
water (pH 8) and MeOH (75:25 ratio). Samples were then sonicated for
10 min, shaken for 10 min at 500 rpm and centrifuged at 4600 rpm for
15 min. Samples were then analyzed after purification by liquid chro-
matography with tandem mass spectrometry (LC-MS/MS) using a HPLC
(Shimadzu, Kyoto, Japan) coupled with the API 4500QTrap (AB Sciex
LLC, Framingham, MA, USA). The mobile phases were 5 mM Ammo-
nium Bicarbonate in water (A, pH 8) and MeOH (B) with a 0.3 mL/min
flow and a linear gradient from 0.5% B to 95% in 1.5 min followed by an
isocratic step at 95% B up to 4.5 min. The column used was a Kinetex
(Phenomenex) 2.6 pm C18 100A 75*3 mm. Samples were acquired in
negative mode using multiple reaction monitoring (MRM). 576.4 [M-
5H]°- and 480.2 [M—6H]6 were selected as parent Ions for the MRM with
the transitions reported in Supplementary Table 1. Interface parameters
were: Gas 1:50; Gas 2:45; collision activated dissociation (CAD): High;
curtain gas (CUR): 30; source temperature: 500 °C; IS -4500; Entrance
Potential (EP): —10 V; dwell time: 100 msec.

2.3. Powder formulation

CD-MUS powders were produced by spray drying. To aid deag-
glomeration of the spray-dried powder formulation, 4% w/w trileucine
(relative to the total solute content, Bachem AG, Bubendorf,
Switzerland) was included to obtain low cohesiveness of the resulting
powder particles [23-25]. Feed solutions at a total solute concentration
of 2% w/v in Milli-Q water (20 mg/mL) were spray dried using a Biichi
Mini Spray Dryer B-290 in conjunction with a B-296 dehumidifier (both
from Biichi AG, Flawil, Switzerland). The drying procedure was per-
formed at a feed rate of 3 mL/min using an NE-300 syringe pump
(ProSense B.V., Oosterhout, The Netherlands) with a 60 mL syringe
(Codan B.V., Deventer, The Netherlands). Preceding drying, the syringe
was connected via a small rubber tubing to the feed port of a two-fluid
nozzle (1.5 mm cap). Samples were fed into the system at an atomizing
gas flow of 601 Ly h~! (rotameter set to 50 mm). The inlet temperature
was set to 120 °C and the aspirator was set to 100%, which, according to
the operation manual corresponds to an aspiration flow of approxi-
mately 35 m® h™! at maximum. This resulted in an outlet temperature
during drying of 58 °C. To determine the yield, the glass collection vial
was weighed before and after the drying procedure. The powder was
then sealed and stored under 0% relative humidity to prevent potential
moisture uptake until further analysis. As a mock treatment for the dose-
response experiments described below, we spray-dried B-cyclodextrin
(Royal Avebe U.A., Foxhol, The Netherlands), also formulated with 4%
w/w trileucine (Bachem AG). In order to ensure that CD-MUS retained
its molecular integrity after drying, the compound was again analyzed
with HRMS as described in section 2.1.

2.4. Powder characterization

2.4.1. Powder morphology and primary particle size analysis

In order to assess the morphology of the spray-dried particles,
scanning electron microscopy (SEM) was performed, using a JSM 6460
SEM (JEOL, Tokyo, Japan) as described previously [26]. To determine
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the primary particle size of the spray dried powder, laser diffraction
analysis was performed using the RODOS disperser at 3 bar in
conjunction with a HELOS BF diffraction unit (both from Sympatec
GmbH, Clausthal-Zellerfeld, Germany). The diffractor was equipped
with an R3 lens (100 mm) allowing detection of particles within a range
of 0.1 to 175 pm. Before each measurement, a reference measurement
was performed for 5 s. Approximately 50 mg of powder was then care-
fully loaded on the rotating disk using a spatula. Measurements were
triggered when an optical density of 0.2% was reached on channel 30
and were stopped after 3 s. The particle size distribution was computed
based on the Fraunhofer diffraction theory, from which the X10, X50
and X90 values were derived. These values correspond to the cumulative
volume percent values (10%, 50% and 90%, respectively) of the
resulting particle size distribution curve. In addition, the span, or dis-
tribution width, was calculated using the below equation in order to
assess powder homogeneity.

(X90 — X10)
X50

Span

2.4.2. Dispersion efficiency

Powder dispersibility was assessed using the Cyclops™ DPI [27]
(PureIMS, Roden, The Netherlands). The particle size distribution of the
emitted aerosol was determined by laser diffraction analysis using a
HELOS BF diffraction unit equipped with the Inhaler2000 adapter
(Sympatec GmbH) and a custom-made mouthpiece. Before each mea-
surement, a reference measurement was performed to control for minor
differences in the resistance of different cyclops inhalers. For each
measurement, either 50 or 30 mg of powder was loaded in the device,
with or without 10 mg of a-lactose monohydrate crystals (250-315 pm,
derived from Pharmatose® 80 M, DFE Pharma, Goch, Germany).
Because of their size, these crystals do not leave the inhaler but rather
function as a sweeper to prevent adhesion of powder particles to the wall
of the cyclops classifier and therefore, to minimize the inhaler retention
[27]. An R3 lens (100 mm) was used enabling a measuring range be-
tween 0.1 and 175 pm. All measurements were performed at a pressure
drop of 4 kPa (40 mbar). Measurements were triggered when the
measured optical density passed 0.2% and lasted 3 s. Based on the data,
the fine particle fraction (FPF), defined as the percentage of particles <5
pm was determined. The FPF is generally considered a measure for the
fraction of particles that reach the lungs upon a normal inhalation ma-
neuver. Furthermore, the FPF is a suitable measure for the dispersion
efficiency of the formulation and inhaler combination used.

2.5. Cascade impaction analysis

2.5.1. Assessing the aerodynamic behavior using the next generation
impactor

To determine the aerodynamic particle size distribution after
dispersion of the dried CD-MUS formulation from the cyclops inhaler,
cascade impaction analysis was performed using a next generation
impactor™ (NGI, MSP corp., Shoreview, MN, USA) according to the
recommendations for apparatus E in chapter 2.9.18 of the European
Pharmacopoeia [28]. In short, the NGI is equipped with a standard USP/
Ph. Eur. induction port that models the throat, seven stages for the
collection of powder particles of different size ranges and a micro-orifice
collector (MOC) for catching the finest particles. Before weighing the
powders, 10 mg of sweeper crystals were added, as described in section
2.4.2. In order to reduce bounce effects of the high-dose formulation
[29], 0.2 pm/50 mm Whatman glass-fiber filters (Cytiva, Marlbourough,
MA, USA) were added to all of the impactor stages, with the exception of
the MOC, and pre-wetted subsequently with 1 mL of Millipore H0. A
wash bottle was included downstream of the NGI to catch any remaining
ultra-fine particles. The inhaler with powder was connected to the NGI
via a custom-made, airtight mouthpiece. The measurements were per-
formed for 3 s at a pressure drop of 4 kPa, to match the laser diffraction
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measurements. This corresponded to a flowrate through the NGI of 52.8
L*min~!. After measuring, all impactor stages, the induction port and
micro-orifice collector were rinsed 3 times with one 30-minute interval
and two 15-minute intervals to ensure complete dissolution of the
powder. Hereafter, the samples were collected in pre-weighed collection
cups and the filters were discarded. After collection, all cups were
weighed again to calculate the sample volume.

2.5.2. Sample analysis

Preceding analysis of the collected powder fractions, the samples
retained from stage 1 to 7 were filtered with Phenex 26 mm/0.2 pm RC
filters (Phenomenex) to remove any remaining glass fibers. Hereafter,
the dose per collection cup was analyzed by using the colorimetric
anthrone reaction for carbohydrates in solution [30]. In short, 4 mL of a
2 mg/mL solution of anthrone (Sigma-Aldrich) in concentrated analyt-
ical grade sulfuric acid (Boom B.V., Meppel, The Netherlands) was
carefully added to 1 mL of sample and to 1 mL of prepared calibration
samples (containing the same spray-dried batch of CD-MUS with tri-
leucine) at a known concentration range of 0-500 pg/mL. After brief
vortexing, the samples were left to incubate for 10 min. 250 pL was then
transferred on a 96-wells plate together with the standard. Subse-
quently, the absorbance was read at a wavelength of 620 nm using a
Synergy HT plate reader (BIO-TEK Instruments Inc., Winooski, VT,
USA). Based on the values of the calibration curve, the amount of
powder per collection cup was calculated after subtraction of the blank
(0 pg/mL). Next, the stage-specific cut-off diameters were calculated
based on recommendations of the European Pharmacopoeia for apparatus
E in conjunction with the procedure for powder inhalers [28]. Subse-
quently, the relative deposition across the stages, as well as the FPF and
the mass median aerodynamic diameter (MMAD) were derived using
non-linear curve-fitting as described before [31].

2.6. Invitro efficacy of dry-powder formulated CD-MUS against RSV

2.6.1. Cell line and viruses

To investigate whether the CD-MUS retained its activity upon drying,
a dose-response assay was performed on Vero-cells. To this end, Vero-
cells (ATCC CCL-81) were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM; Gibco, Life Technologies, Carlsbad, CA, USA) supple-
mented with 5% heat-inactivated fetal bovine serum (HyClone, Thermo
Fisher Scientific, Waltham, MA, USA) and 1% penicillin, streptomycin,
and glutamine (PSG, Gibco). Human recombinant RSV-X-GFP (based on
clinical isolate 98-25147-X and described in [32]), further referred to as
RSV-A, and human RSV-B (ATCC VR-1400) were propagated in Vero-
cells. Virus stocks were purified between layers of 10% and 50% su-
crose using an Optima XE-90 Ultracentrifuge (Beckman Coulter, Brea,
CA, USA). Samples were centrifuged at a speed of 100,000 x g for 90 min
at 4 °C. The 50% tissue culture infective dose (TCIDsg) per mL was
determined on Vero cells using the Spearman and Karber method [33].

2.6.2. Dose-response assays

Vero-cells were pre-plated on 24-well plates at a density of 75,000
cells/well and cultured overnight (37 °C, 5% CO,). Powders were dis-
solved in sterile water at a starting concentration of 1 mg/mL CD-MUS.
Next, 1:5 serial dilutions ranging from 500 to 0.16 ug/mL were made in
cell culture medium. As a negative control, spray-dried p-cyclodextrin
co-formulated with 4% trileucine was used and diluted in the same way.
Subsequently, RSV-A (multiplicity of infection (MOI): 1) or RSV-B (MOI:
0.8) was added to the diluted compounds and incubated for 1 h at 37 °C,
5% CO,. Hereafter, the virus/compound mixtures were added to the
cells and incubated again under the same conditions. Following virus
adsorption, the virus inoculum was removed, cells were washed and
fresh medium was added to the wells. After 24 h of incubation at 37 °C,
5% COg, the percentage of infected cells was analyzed using flow
cytometry. For RSV-A, cells were trypsinized and stained with a 1:5000
dilution of Fixable Viability Dye eFluor™ 780 (eBioscience, Thermo
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Fisher Scientific) for 30 min at 4 °C. In the case of RSV-B, cells were
stained with the viability dye in combination with a 1:1000 dilution of
anti-human RSV G-FITC (clone 131-2G, Sigma-Aldrich, St. Louis, MO,
USA), also for 30 min at 4 °C. Subsequently, cells were fixed using 4%
formaldehyde (VWR Chemicals, Radnor, PA, USA) for 15 min at room
temperature. Flow cytometry was carried out using the BD FACSCanto™
II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data were
analyzed using FlowJo software (BD Biosciences) and Graphpad Prism
version 8.0.1. (GraphPad Software, San Diego, CA, USA). Dose-response
curves were made by plotting a non-linear fit curve of the log concen-
tration against the percentage of infection (relative to the untreated
control). The flow cytometry gating strategy is shown in Supplementary
Fig. 1.

3. Results
3.1. Pharmacokinetics and safety in mice

Before formulating CD-MUS into an inhalable powder, the pharma-
cokinetics of the compound were determined after intranasal instillation
in mice. Mice did not show any deviations in physical appearance and
behavior. Also, no anomalies were observed at the dissection of the
organs. Fig. 2 shows the pharmacokinetic profiles of CD-MUS in the
plasma and in the organs. Immediately after administration, the plasma,
pancreas and lungs retained the highest concentration of the compound,
confirming that it reached the lungs after intranasal instillation. CD-
MUS concentrations in the pancreas and lungs reached the lower limit
of detection after 2 and 6 h, respectively. The concentration of CD-MUS
in the plasma, however, peaked 4 h post-administration and was still
quantifiable up to 24 h. CD-MUS was not detected in the brain and was
found only in very small amounts in the liver (detectable only at 15 min,
not shown in graph). CD-MUS was also found at low concentrations in
the spleen and at higher concentrations in the pancreas where some
variability was present, possibly due to the difficulty to excise this organ
from the fat tissue. CD-MUS was present from 2 h onwards in the kidney,
suggesting renal excretion. CD-MUS concentrations in plasma and tis-
sues are shown in Supplementary Tables 2 and 3, respectively. Addi-
tional pharmacokinetic parameters such as the maximum concentration,
the half-life of the compound in separate tissues and the mean residence
time are shown in Supplementary Table 4. Missing data points indicate
values below the limit of quantification.

3.2. Powder characterization
3.2.1. Powder morphology and molecular integrity

After assessment of pharmacokinetic properties, CD-MUS was
formulated into a powder using spray drying. SEM images show that
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Fig. 2. Mean concentrations of CD-MUS over time in plasma and tissues after

intranasal administration. Error bars represent the standard deviation. n = 4
per time point.
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most particles exhibit a spherical structure with occasionally a wrinkled
surface (Fig. 3). It can be seen that the majority of the single particles are
below 5 pm in size. Furthermore, it can be seen that the particles form
clusters of particles that vary in size (Fig. 3a). After synthesis, the HRMS
spectra, before and after processing the compound into a powder,
showed about 90% majority of 7-substituted beta cyclodextrins and
species with 6-substituted beta cyclodextrins as the main side product of
the reaction, along with traces of 5-substituted forms (Supplementary
Fig. 2 and Supplementary Tables 5 and 6). The figures confirm that the
molecular integrity of CD-MUS was not deteriorated by the spray drying
process.

3.2.2. Particle size distribution and dispersion behavior from the Cyclops
DpPI

The primary particle size distribution after dispersion by the RODOS
device is depicted in Fig. 4a. Upon dispersion, the majority of the spray-
dried particles was found to be smaller than 5 pm in diameter, with the
fraction <5 pm approaching 96%, and an average span of 1.75 pm. After
dispersion from the cyclops inhaler (Fig. 4b), the particles were bigger
with an X90 above 5 pm, irrespective of the dose and the use of sweeper
crystals. Fig. 4c shows the emitted dose for the same conditions with and
without sweeper crystals. It is apparent that the sweeper crystals do help
dispersion from the inhaler, reflected in a higher emitted dose for both
the 30 and 50 mg groups that included sweeper crystals. The most
pronounced effect was observed for the 50 mg dose, where sweeper
crystals led to an average emitted dose of 93%, which was a 40% in-
crease compared to the formulation without sweeper crystals. Fig. 4d
shows the FPF of the emitted aerosol after dispersion from the cyclops
inhaler. It can be seen that, independently of the loaded dose and the use
of sweeper crystals, the FPF of the emitted powder is comparable, con-
firming the crystals do not play a role in the deagglomeration itself.

3.2.3. Assessing the aerodynamic properties of the powder through cascade
impaction

Next, we assessed the aerodynamic properties of the powder by
cascade impaction. Fig. 5 shows the deposition of powder on all stages of
the impactor relative to the metered dose. The last bar represents the
FPF as a fraction of the emitted dose. It can be seen that the inhaler
retention is remarkably low, although a considerable amount (~25%) is
retained in the induction port. This can likely be explained by the high
loaded dose of around 50 mg and corresponds to previous results [29].
The FPF was found to be 43.2% on average. The MMAD of the delivered
dose (emitted dose minus retention and induction port deposit) was 3.4
+ 0.28 pm. The large difference between the FPF found in this mea-
surement and the FPF as determined by laser diffraction (82%, Fig. 4d)
can be explained to a significant extent by the large fraction of powder
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that remains in the induction port of the NGI. This is likely due to the
collision of dispersed powder particles to the walls of the induction port
which, in the laser diffraction analysis, may have partially added up to
the FPF.

3.3. In vitro dose-response assays in Vero-cells

To validate if CD-MUS retained its antiviral activity upon spray
drying, an in vitro dose-response assay was performed on both RSV-A
(Fig. 6a) and RSV-B (Fig. 6b) in Vero-cells. Virus-compound mixtures
were added to cells after pre-incubation of the viruses with either the
spray-dried CD-MUS formulation, freeze-dried CD-MUS (stock) or the
spray-dried p-CD formulation as a control. From the graphs, it can be
seen that CD-MUS, spray-dried together with 4% trileucine, was equally
effective as the unformulated compound against both RSV-A (Fig. 6a)
and RSV-B (Fig. 6b). This is also confirmed by the comparable IC50
values: 35.2 pg/mL for the stock against RSV-A versus 36.1 pg/mL pg/
mL for the dried formulation, and 65.4 pg/mL for the stock against RSV-
B versus 43.75 pg/mL for the dried formulation. The lower IC50 against
RSV-B resulting from the powder formulation compared to the stock can
likely be attributed to individual outliers. As expected, p-CD spray-dried
together with 4% trileucine did not elicit any activity against RSV-A nor
against RSV-B.

4. Discussion

The possibility to treat respiratory virus infections, like RSV, at their
port of entry, i.e. the respiratory tract would be of great interest. This
approach ensures rapid acting of the drug without the need to reach the
plasma levels required to get adequate concentrations in the lung, which
is the case when administered parenterally or orally. In this light,
inhalation is obviously the most efficient way to reach high drug con-
centrations at the site of action without adverse events originating from
high plasma concentrations [34].

In the present study, we aimed to develop an inhalable powder
formulation of CD-MUS, a novel HSPG-mimicking entry inhibitor. To
this end, we first performed a pharmacokinetic and safety assessment to
ensure that the compound can safely be administered to the respiratory
tract, and, to obtain information of the local and systemic concentrations
achieved after administration to the respiratory tract. Our results show
that CD-MUS has favorable pharmacokinetic properties after intranasal/
pulmonary administration to mice. It can be argued that for envisioning
pulmonary administration of the drug as a powder, a pharmacokinetic
profile should also be based on pulmonary administration of the drug as
a powder. However, in contrast to humans, accurate dosing of powders
to the whole respiratory tract of laboratory animals, such as mice, is

Fig. 3. SEM images of CD-MUS 4% w/w trileucine after spray drying. A) macro-view of the powder at a 1000 x magnification. Scale bar is 10 pm. B) the same powder

shown at 5000 magnification. Scale bar is 5 pm.
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Fig. 4. Particle size analysis and dispersion
efficiency of CD-MUS 4% trileucine. A)
Particle size distributions after dispersion
by the RODOS disperser (primary parti-
cles), represented by X10, X50 and X90
values. B) Particle size distributions after
dispersion by the Cyclops DPI for four
conditions: 30 mg metered dose, 30 mg
with sweeper crystals, 50 mg, and 50 mg
with sweeper crystals. C) Emitted dose as a
percentage of the metered dose for all four
conditions. D) The fine particle fraction <5
pm as a measure of dispersion efficiency for
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all conditions. Primary particle size mea-
surements were performed in triplicate.
Inhaler measurements were performed in
duplicate. Error bars in A represent the
standard error of the mean. Dashed line in
B represents 5 pm. Abbreviation: SC:
sweeper crystals.

=]
o
1

80

2]
o
1

60—

40

Emitted (%)
'S
o
1

Fraction < 5 um (%)

20

N
o
1

% of metered dose

NN
P& S LSS S e
2 &

& Ve 9"’6@‘2@‘2&9’
Fig. 5. Relative deposition of CD-MUS 4% trileucine on the impactor stages
after dispersion from the cyclops inhaler at 4 kPa pressure drop. Data represent
the average deposition on each of the impactor stages as a percentage of the
metered dose. The stage-specific cut-off diameters are shown in the x-axis titles.
In addition, the retention in the inhaler and induction port is shown as well as
the fine particle fraction. Abbreviation: M.O.C.: micro-orifice collector. n = 4.
Error bars indicate the standard error of the mean.

complicated as inhalers developed for humans can obviously not be
used. Moreover, as the mice were anesthetized preceding the treatment,
a substantial amount of the liquid is distributed to the lungs anyway.
This effect has been observed previously after intranasal instillation of
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anesthetized mice with volumes as little as 10 pL [22]. Therefore,
intranasal instillation is often used in mice to mimic the pharmacoki-
netic properties for drugs where inhalation is the envisioned adminis-
tration route. Indeed, CD-MUS was detectable at high concentrations in
the lungs already 15 min post-administration with a mean residence
time of 90 min, Therefore the intranasal administration can be consid-
ered as a combined intranasal/pulmonary administration. Furthermore,
our study shows that CD-MUS was adsorbed from the pulmonary tract,
confirming a systemic exposure.

Based on these results, CD-MUS was formulated into an inhalable
powder using spray drying. In order to increase its dispersion behavior,
trileucine was included in the formulation as a dispersion enhancer.
Currently, the use of trileucine as an excipient for inhalation has not yet
been approved. However, as it is composed of three repeats of L-Leucine,
which has been found to be well-tolerated, no notable toxicity is ex-
pected [35]. In addition, although no long-term stability tests have been
performed in the present study, it is likely that the hydrophobic nature of
the surface-active excipient trileucine aids in moisture protection of the
spray-dried powder [24]. The particles in the powder were found to be
uniform in size as shown by SEM and primary particle size measure-
ments. In addition, they dispersed well from the Cyclops DPI with an
emitted dose surpassing 90% and an FPF of 82%. Supporting these re-
sults, cascade impaction analysis showed a favorable aerodynamic
profile of the powder, reflected in both the FPF (43%) and MMAD (3.4
pm) values. While in the current study, we only assessed the powder’s
aerodynamic properties at a 4 kPa pressure drop, further studies could
test the dispersibility of CD-MUS across a range of pressure drops in
order to assess potential deviations in aerosol performance through the
impactor [36].

Next, we investigated whether dried CD-MUS retained its activity
against RSV. Using an in vitro dose-response assay, we confirmed that
the spray-dried compound retained its activity against both RSV-A and
RSV-B. This implies that the drying procedure does not affect the



R. Heida et al.

d.

Journal of Controlled Release 357 (2023) 264-273

RSV-A RSV-B
125+ . N . 125+ -= CD-MUS stock

S 1004 ® $ * 5100 u . R . -»- CD-MUS 4% Trileucine
= -1 E=1 4 @
8 n 8 ~— B-CD 4% Trileucine
= 757 = 75- "
o o
[ (]
g 50- 2 50-
| |
S 254 e 254
[} [}
o Q

0 T T T 0 T T T

-1 0 1 2 3 -1 0 1 2 3

Log concentration (pg/ml)

Log concentration (ug/ml)

Fig. 6. Dose-response curves were made after co-treatment of Vero-cells with pre-incubated antiviral-virus mixtures. Graphs represent the percentage of infection
after treatment with several dilutions of CD-MUS stock solution, CD-MUS spray-dried with 4% trileucine and f-CD spray-dried with 4% trileucine while maintaining a
fixed amount of virus (MOI 1). A) RSV-A; B) RSV-B. Percentages are expressed as relative to the untreated control which was set to 100%.

binding of the drug and thus, does not impair its virucidal activity. Given
this result, it is to be expected that CD-MUS in its dried form will also be
efficacious against previously validated targets, such as herpes simplex
virus, dengue virus, and Zika virus, although other transmission routes
do not necessitate administration via the respiratory tract.

The relatively high ICs¢ values reported here (35.2 pg/mL of the
unformulated compound against RSV-A and 65.21 pg/mL against RSV-
B) compared to the ICsy values reported previously by Jones et al.
(9.11 pg/mL against RSV-A and 5.48 pg/mL against RSV-B) are likely
the result of the hundred-fold higher amount of virus used in the present
study (MOI 1 compared to MOI 0.01) [19]. As for RSV-A the average
percentage of infection in the untreated cells was 54% and for RSV-B
36%, more of the compound is needed to achieve the same degree of
inhibition. Another reason could be a difference in the particle to plaque
forming unit (PFU) ratio, thus, the ratio of total viral particles to in-
fectious viral particles. This ratio can vary a lot between different viruses
(e.g. RSV-A and RSV-B) and different virus batches [37]. In addition,
some differences may have arisen from the cell lines used for virus
propagation. Specifically, Jones et al. used HEp-2 cells to cultivate their
virus while here, the virus was propagated in Vero-cells [19]. It has been
reported that RSV virions propagated on Vero-cells contain a cleaved
form of the RSV G-protein (i.e. the attachment protein) that leads to
altered receptor specificity and makes them five times less infectious to
primary human bronchial epithelial cultures (HBE) [38]. This might also
have affected their binding affinity for HSPGs and thus for CD-MUS.

In relation to this, there has been a debate as a whole on the de-
pendency of (circulating) RSV for HSPGs as attachment receptor
[18,39]. Interestingly, Johnson et al. showed that HSPG is not present on
the apical side of HBE cultures while, nevertheless, they are permissive
to RSV infection [40]. A range of studies have shown that RSV rather
relies on attachment to the CX3C receptor-1 on ciliated cells [40-43].
Research that has studied the interaction of RSV with its host environ-
ment has often used laboratory-adapted strains of RSV that were prop-
agated in immortalized cell lines, such as the HEp-2 cell line or, in our
case, Vero-cells. In a seminal study by King and colleagues [44], it was
found that clinical strains of RSV and strains that were propagated in
primary human bronchial epithelial (HBE) cultures had lower affinity
for HSPGs than the laboratory-adapted strains. The reason proposed for
this diminished affinity is a post-translational modification that leads to
a larger (170 kDa) version of the G-protein used for attachment of RSV
virions to the host cell [38,44]. In turn, this presumably leads to a partial
blockage of the heparin binding pocket [44]. The authors therefore
conclude that, for studying virus-host interactions, it would be of high
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relevance to use strains that are propagated in their host environment
[44]. Although they do not affect the results presented here, these
findings may be of relevance when considering further exploration of
CD-MUS in the (pre-)clinical stages of development. Specifically, they
urge the need for validating its efficacy against a broader range of
potentially HSPG-independent RSV strains that have either been isolated
from patients or have originated from cultures that are more reflective of
the host environment.

Delivery of CD-MUS via inhalation using DPIs would primarily be
interesting for treatment of the elderly population and other immuno-
compromised individuals. The use of DPIs in young children, the other
patient group prone to severe RSV infections, is precluded because
newborns are obligate nose breathers and even toddlers are not able to
perform an adequate inhalation maneuver. [45]. In addition, taking into
account the child’s airway geometry, devices specific to the pediatric
population would be needed [46]. Recently, a thorough and promising
overview of DPI developments and case studies specific to the pediatric
patient group has been presented by Bass and coworkers [47]. In this
review, several options are considered, even for the infant population,
such as devices for positive-pressure nose-to-lung delivery.

In conclusion, we show that CD-MUS, a novel HSPG-mimicking entry
inhibitor is well tolerated after respiratory tract administration in vivo.
Using spray drying, an inhalable powder was obtained that disperses
well from a DPI and retains its activity against both RSV-A and RSV-B
upon drying. Based on the results presented here, future studies
should assess the efficacy of pulmonary administered CD-MUS in an in
vivo RSV-infection model. Specifically, pulmonary administration
should be compared head-to-head with intranasal administration to
define any superior effects of one route of administration over the other.
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