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Abstract

Dexamethasone is a well-known anti-inflammatory drug readily used to treat many lung
diseases. However, its side effects and poor lower airway deposition and retention are
significant limitations to its usage. In this work, we developed lipid nanoparticulate
platforms loaded with dexamethasone and evaluated their behavior in inflammatory lung
models in vitro and in vivo. Dexamethasone-loaded liposomes with an average diameter
below 150 nm were obtained using a solvent injection method. Three different formulations
were produced with a distinct surface coating (polyethylene glycol, hyaluronic acid, or a
mixture of both) as innovative strategies to cross the pulmonary mucus layer and/or target
CD44 expressed on alveolar proinflammatory macrophages. Interestingly, while electron
paramagnetic spectroscopy showed that surface modifications did not induce any molecular
changes in the liposomal membrane, drug loading analysis revealed that adding the
hyaluronic acid in the bilayer led to a decrease of dexamethasone loading (from 3.0 to
1.7w/w%). In vitro experiments on LPS-activated macrophages demonstrated that the
encapsulation of dexamethasone in liposomes, particularly in HA-bearing ones, improved
its anti-inflammatory efficacy compared to the free drug. Subsequently, in vivo data revealed
that while intratracheal administration of free dexamethasone led to an important inter-
animals variation of efficacy, dexamethasone-loaded liposomes showed an improved
consistency within the results. Our data indicate that encapsulating dexamethasone into lipid

nanoparticles is a potent strategy to improve its efficacy after lung delivery.
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1. Introduction

Dexamethasone (Dex) is a corticosteroid that exerts potent anti-inflammatory and
immunosuppressive effects and is currently part of the World Health Organization's list of
essential medicines (World Health Organization, 2021). Due to its anti-inflammatory
ability, Dex has been extensively used in treating a wide range of inflammatory pulmonary
diseases such as asthma, acute lung injury, COPD, acute respiratory distress syndrome, and
COVID-19 (Rhen and Cidlowski, 2005; Noreen et al., 2021).

Although Dex is affordable and widely available, its systemic administration over a
long period can cause many side effects, such as muscle weakness, bone loss, cataracts,
and candidiasis (Saag et al., 1994; McDonough et al., 2008). Thus, despite the potential
therapeutic effect of Dex, its prolonged use remains a serious concern (Garcia-Fernandez
et al., 2021). In the past decades, local lung administration of corticosteroids by inhalation
for treating pulmonary conditions was shown to be highly efficient and associated with
optimal patient tolerance. In addition, inhaled corticosteroids allow for a rapid onset of
action and induce fewer side effects than administration by other routes (Matthieu et al.,
2014). Pulmonary delivery also enables a relatively uniform drug distribution in the lower
airways and avoids hepatic first-pass metabolism, increasing the local availability of the
drugs. Thus, inhalation of corticosteroids offers many advantages over the administration
by the systemic route to treat conditions that require either high doses or repeated
administration of the drug (Daley-Yates, 2015).

Despite significant signs of progress in this area, inhalation therapies still need
innovations to expand their uses and applications (Schneider et al., 2017). Major limitations
concern the moderate deposition of drugs in the lower airways, the toxicity in healthy lung
tissues, and the limited lung retention time (Lai et al., 2009; Almeida et al., 2019). Indeed,

Dex is water insoluble, and this property represents a considerable challenge in developing



nebulization-based strategies since, after a short passage in the lungs, the drug is rapidly
absorbed into the blood (N'Guessan et al., 2017). Therefore, Dex pulmonary administration
in lung inflammatory diseases by nanostructured carriers represents a promising strategy
due to the high uptake of these carriers by phagocytic immune cells (Blank et al., 2017).

Several past studies, including ours, have shown the benefits of using liposomes and
other nanoparticles displaying poly(ethylene glycol) (PEG) and hyaluronic acid (HA) on
their surface as strategies to improve respectively mucus penetration and alveolar
macrophages (AM) targeting through HA interaction with CD44 expressed on AM cell
membrane (Wang et al., 2008; Kelly et al., 2011; Suk et al., 2016; Ponzoni et al., 2018;
Pandolfi et al., 2019). AM are one of the key cellular components of the dysregulated
inflammatory response during acute lung injury. Therefore, these immune cells are
essential targets for the cell-specific delivery of corticosteroids, and their encapsulation in
liposomes has been shown to increase their delivery to macrophages (Hu et al., 2019; Sang
etal., 2021).

Successful pulmonary delivery of a drug involves a good understanding of the
physicochemical characteristics of the delivery system, such as particle size, surface
charge, mucopenetration properties, drug loading, cell targeting ability, and cell toxicity
(Y1ldiz-Pekdz and Ehrhardt, 2020). Based on the above, we report the development and
assessment of three surface-modified drug delivery systems for treating inflammatory lung
diseases in this work. Three Dex-loaded liposomes containing PEG and/or HA (Lip-PEG-
Dex; Lip-PEG-HA-Dex and Lip-HA-Dex) were designed to cross the mucus layer, reach
the lower airways and release Dex within the target cells (Japiassu et al., 2022). We
carefully characterized the different Dex-platforms and evaluated their efficacy in in vitro

and in vivo lung inflammation models.



2. Materials and methods

2.1. Materials

Phospholipids 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC),1,2-dipalmitoyl-
snglycero-3-phosphoethanolamine  (DPPE) and  1,2-distearoyl-  sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethyleneglycol) -2000](ammonium salt) (PEG)
were purchased from Lipoid Gmbh (Germany). Cholesterol (CHOL), ethyl
(dimethylaminopropyl) carbodiimide (EDC), N- Hydroxysuccinimide (NHS), tert butanol,
lipopolysaccharides from Escherichia coli 0127:B8 (LPS), collagenase type IV (C4-
BIOC) and DNAse | (10104159001) were obtained from Sigma- Aldrich (France).
Hyaluronic acid (400 KDa) was purchased from Contipro (Italy). Dexamethasone (Dex)
was purchased from Interchim (France). Water was purified using a MilliQ® Reference
system from Merck-Millipore (France). The spin labels 5- and 16-doxyl-stearic acid methyl
ester (5- and 16-DSM) were purchased from Sigma-Aldrich (St. Louis, USA). Solvents
were of HPLC analytical grade and were provided by Carlo Erba (Italy). TNF-alpha Mouse
Uncoated ELISA Kit and the following monoclonal antibodies were acquired from Thermo
Fisher (USA): Anti-Mo F4/80 (clone BM8); anti-Ly-6G (clone 1A8); anti-CD170/Siglec-
F (clone 1IRNM44N); anti-CD11b (clone M1/70). Antibody anti-mouse CD16/CD32

(clone 2.4G2, Mouse BD Fc Block™) was obtained from BD Biosciences (USA).

2.2. Preparation of Dex-loaded liposomes

Lip-PEG-Dex, Lip-PEG-HA-Dex, and Lip-HA-Dex formulations were prepared by a
solvent injection method (Japiassu et al., 2022). For Lip-PEG-Dex formulation, DPPC,
Chol, mPEG-DSPE in the molar ratio 65:30:5 (40 mg), and dexamethasone (4, 8, or 20
mg) were dissolved in 1 mL of absolute ethanol and stirred for 10 min at 43 °C. The organic

solution was injected at a 1.3 mL.min* rate into 10 mL of MilliQ® water with an automatic



injector. For Lip-PEG-HA-Dex the amount of mPEG-DSPE was reduced from 5% to 2.5%
molar ratio, and all the lipids (40 mg) and the Dex (4 mg) were solubilized in t butanol/
water mixture (60:40 v/v). Finally, for Lip-HA-Dex the same solvent mixture and
proportions were kept similar to the PEG-HA-Dex's formulation while all mPEG-DSPE
was replaced by HA-DPPE conjugate. Once the solvent injection method completed, the
liposomes were purified by 2 centrifugation steps. First, an ultracentrifugation (72500 x g)
was performed for 4 h at 4 °C to remove any free lipids present in the supernatant. The
liposomes, present in the pellet, were then resuspended and centrifuged for 30 minutes at
1700 x g. After this second centrifugation, the liposomes were present in the supernatant,

while the nonencapsulated Dex precipitated and was removed by discarding the pellet.

2.3. Characterization of liposomes

Liposome size, polydispersity index (Pdl) and zeta potential were analyzed by
dynamic light scattering (DLS) using a Nano ZS (Malvern Instruments, UK). Liposome
suspensions were diluted 10 times either in MilliQ® water for size measurements or in 1
mM NaCl for zeta potential measurements. DLS measurements were carried out in
triplicates of 10 consecutive runs.

The amount of Dex encapsulated within the liposomes was evaluated by a modified
HPLC technique (N'Guessan et al., 2017). Briefly, liposomes containing the drug or
standard solutions (0.5 pg/mL to 20 pg/mL) were dissolved in the mobile phase
(acetonitrile: water 45:55 v/v). Subsequently, samples were vortexed and filtered using 200
nm PTFE filters for precipitate removal. The resulting clear solution was analyzed and

quantified using an HPLC-DAD following an isocratic profile.

To assess the impact of the nebulization process, empty liposomes were instilled through

a mouse aerosolizer (Penn-Century, USA) into a vial. The size, polydispersity index



(PdI) and zeta potential of the nebulized liposomes were analyzed by DLS as described

above and compared to non-nebulized ones.

2.4. EPR spectroscopy

To perform EPR spectroscopy 1 uL of spin markers diluted in ethanol at 5 mg/mL was
added to the liposome membranes by placing the liposome solution in contact with a film
containing the markers. The labeled liposome suspensions were introduced in capillary
tubes sealed by flame. The EPR spectra were recorded using a Bruker EMX spectrometer
(Rheinstetten, Germany) operating in the X-band (approximately 9.4 GHz). The
instrumental parameters were the following: microwave power, 2 mW; modulation
frequency, 100 kHz; amplitude of modulation, 1 G; magnetic field scan, 100 G; scan time,
168 s, and detection time constant, 41 ms, with all measurements performed at room
temperature. The best-fit EPR spectra were obtained using the nonlinear least-squares
(NLLS) software developed by Freed JH et al. (Budil et al., 1996). The best-fit process has
as output, among other parameters, the rate of rotational Brownian diffusion, Rpar. The
motion parameter tc, i.e., the rotational correlation time, was obtained via the following

equation (Berliner, 1976):

_ 1
" 6Rbar

Tc (1),

The best-fit spectra were calculated using a model that combines two spectral membrane
components as described by Mendanha and Alonso (Mendanha et al., 2018; Mendanha and
Alonso, 2015) . Each one of these components were simulated using the input parameters
for the magnetic tensors g and A: gxx(1) = 2.0080; gyy(1) = 2.0060; gzz(1) = 2.0017; Axx(1)
=6.9; Ayy(1) = 6.0; Azz(1) = 32.0; gxx(2) = 2.0082; gyy(2) = 2.0062; gz-(2) = 2.0027; Axx(2)
=5.7; Ayy(2) =5.6; and Az;(2) = 31.0; where the numbers (1) and (2) refer to the first and

second spectral component, respectively. The mean rotational correlation time was



calculated as tc = (N1*tc1 + N2*tc2)/(N1+N2), where N1 and N3 are the relative populations

of spin labels present in component 1 and 2, respectively, provided by the NLLS software.

2.5. In vitro cell exposure to Dex

RAW 264.7 macrophages were seeded onto 12-well culture plates at 5 x 10° cells per
1 mL of culture medium and activated with 50 ng/mL of IFN-y + 100 ng/mL of LPS for 24
hours. Activated macrophages (M1) were then incubated for 6, 24, or 48 h with Dex-loaded
liposomes to obtain a final Dex concentration of 10 pg/mL. Controls included non-
activated macrophages (M0) and M1 macrophages incubated with free Dex at 10 pug/mL.
After incubation, the supernatant was recovered and frozen at -20 °C for further

determination of TNF-a concentration by ELISA.

2.6. Lung inflammation model

In vivo experimental procedures using C57BL/6J mice were approved by the
C2EA - 26 Ethics Committee in Animal Experimentation of IRCIV, under the protocol
APAFIS#27142-2020091114373465. Experiments were conducted following the
European guidelines (86/609/EEC and 2010/63/EU) and the Principles of Laboratory
Animal Care and national French regulations on animal testing (Decree No. 2013—118
of February 1, 2013). C57BL/6J male mice aged 7—12 weeks old were purchased from
Janvier Labs, France, and acclimated for at least one week before the experiments.
Animals were kept under climate-controlled conditions with a 12 h light/dark cycle,
constant temperature (19—22 °C), controlled relative humidity (45—65%), and food and
water ad libitum.

Acute LPS-induced lung inflammation was obtained by following a similar
protocol as applied by Knapp et al. (Knapp et al., 2006). The mice were first

anesthetized by intraperitoneal (i.p.) injection of a ketamine/xylazine mixture (100 and



10 mg/kg,respectively), and monitored until the disappearance of the pedal reflex.
Using a 200 uL pipette, 15 uL of an LPS solution (2 mg/mL) was administered twice
to the mice, by nasal administration (1.2 uL of LPS solution/g of mouse weight, i.e. 2.4
mg/kg). The mice were placed on their backs and made to inhale the solution through
the nostrils. Subsequently, the mice were allowed to wake up and were monitored
daily until euthanized.

After 24 h of LPS stimulation, mice were anesthetized and treated with Dex-loaded
liposomes (Lip-PEG-Dex, Lip-PEG-HA-Dex, or Lip-HA-Dex) or free Dex. A fixed
Dex dose of 120 pg/kg from each formulation and control was instilled into the mice
lungs through a mouse aerosolizer (Penn-Century, USA). After 6 h of treatment,
animals were euthanized using an i.p. overdose of pentobarbital (180 mg/kg). After
death was confirmed, the trachea was exposed through an incision and cannulated with
a 22-gauge catheter (BD Biosciences). A bronchoalveolar lavage fluid (BALF) volume
of 0.3 mL was recovered, and the TNF-a level was quantified using a TNF-alpha
Mouse Uncoated ELISA Kit (Invitrogen, ThermoFisher, USA Cat #88-7324)
according to the manufacturer's instructions. Subsequently, bronchoalveolar lavage
was performed 7 consecutive times by flushing the lungs with 0.6 mL cold PBS to
recover the BALF. The first lavage (0.3 mL) was centrifuged at 400 x g for 10 min.
The supernatant was kept for TNF-a quantification by ELISA. At the same time, the
cellular pellets were pooled with the cells obtained from the subsequent lavages for
flow cytometry analysis using an Attune NxT® flow cytometer (Thermo Fisher

Scientific, USA) and analyzed using FlowJo software (Tree Star).

2.7. Statistical analysis

Statistical differences between groups were evaluated using one-way ANOVA

analysis followed by a Turkey's test for multiple comparisons. All values are shown as



mean * standard error of the mean (SD). All statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software). A p value < 0.05was considered statistically

significant.

3. Results and Discussion

Corticosteroids exert their anti-inflammatory and immunosuppressive activity by
interfering with different steps of immune system regulation (Lu et al., 2020). Their
mechanism of action is multifactorial, resulting in prostaglandin synthesis and inhibition
of cyclooxygenases 1 and 2(Pandolfi et al., 2019). Due to their anti-inflammatory
properties, corticosteroids such as Dex have been prescribed for treating respiratory
diseases like COPD and infected SARS patients with severe lung conditions.
Corticosteroid regimens aim to reduce the inflammatory process associated with
exacerbated cytokine production, pulmonary edema and alveolar damage, which can
reduce hypoxia and avoid respiratory failure (Ponzoni et al., 2018; Noreen et al., 2021).
Also, cell-mediated responses can be indirectly inhibited by suppressing the production
of some interleukins and cytokines, including TFN-a (Kelly et al., 2011). In this work, we
designed surface-modified liposomes encapsulating Dex to enhance the drug delivery
efficacy across the lung mucus barrier. Three Dex-loaded platforms were developed with
different PEG and/or HA mucopenetrating lipid coating (Lip-PEG-Dex; Lip-PEG-HA-Dex
and Lip-HA-Dex) and tested for their ability to target AM and to reduce proinflammatory

cytokine secretion in lung diseases.

3.1 Physical characterization

The first step of the study was to identify the optimal drug/lipid ratio and maximize
the Dex loading efficiency inside the liposome formulations. As Lip-PEG-HA was the most

complex formulation of the three, it was used as a model to optimize the formulation



process. Various Lip-PEG-HA were produced using different amounts of Dex (4, 8, and 20
mg) while keeping a fixed (40 mg) total amount of lipids. Results displayed in Table 1 show
that all liposomes were monodisperse with an average diameter below 150 nm. However,
when 8 and 20 mg of Dex were added to the formulation, the total amount encapsulated
did not increase, indicating a saturation of drug incorporation into the lipid bilayer at a drug
loading of about 1.5 w/w% (Tsotas et al., 2007). Based on these results, the subsequent

formulations were prepared with a4 mg/40 mg drug/lipid ratio for in vitro and in vivo tests.

Table 1: Mean diameter, Pdl, molar ratio lipid and Dex (mg) encapsulation efficiency
(EE%) and calculated Dex encapsulationof Lip-PEG-HA-Dex with different added Dex

concentrations. n=3.

Lip-PEG-HA . . Drug loading
(mg added Dex for V63N diameter - potential Pdl EE(%) Dex (drug/lipid
40 mg of lipids) (nm) (mV) (hg/mL) Wiw9b)
4mg 136+ 4 33+ 2  019+001  17+2 70+4 16
8 mg 12247 3246  021+002  8%1 68+3 15
20 mg 11646 28+ 4  023+001  4+3 7147 16

The following step was to formulate Dex-loaded liposomes with different surface moieties.
Two formulations incorporated PEGylated lipid to reduce unspecific binding with mucus
(Lip-PEG and Lip-PEG-HA). In this application a PEG chain with an average size of 2000
Da was chosen as it shows a preferential balance between mucopenetration/ in vivo lung
retention, and macrophage interaction compared to smaller (750 Da) and larger
(5000/10000 Da) ones (Li et al., 2021). HA was also introduced in specific formulations
(Lip-PEG-HA and Lip-HA) for its capacity of targeting CD44 receptors and uptake by

improving CD44 expressing macrophages.



Table 2: Mean diameter, Pdl, { Potential, encapsulation efficiency (EE%), Dex
concentration and drug loading of Lip-PEG-Dex, Lip-PEG-HA-Dex and Lip-HA-Dex. n=3.

Mean V4 Dex Drug loading
Liposome Diameter Pdli Potential EE(%) (drug/lipid
(nm) (mv) (g/mL) WIW9%)
Lip-PEG-Dex 111+9 0.16 £0.01 -27+1 33+3 135+8 3.0
Lip-PEG-HA-Dex  136*4 0.19+0.01 -33+ 2 17£2 70+4 1.6
Lip-HA-Dex 189 +6 0.17 £0.02 401 192 77£9 1.7

Despite their different surface moieties, all formulations were negatively charged and
monodispersed, with mean diameters below 200 nm and Pdl values between 0.1 and 0.2
(Table 2). All formulations were stable in storage conditions for at least 3 weeks (Figure
2). Additionally, the high shear stresses of the inhaler/nebulization process did not appear
to modify the characteristics of the liposomes (Table 3).

Drug loading was determined to be 3% (drug/lipid w/w%) for Lip-PEG-Dex, 1.6% for
Lip-PEG-HA-Dex and 1.7% for Lip-HA-Dex (Table 2). This difference in drug
encapsulation is most likely related to the addition of DPPE-HA in the liposome bilayer,
which presumably sterically decreases the accommodation of Dex (Modi and Anderson,
2013). This drug loading appears to be on the lower scale, with most of the physically
trapped active molecules in liposomes having been characterized by a loading efficiency
between 0.1 and 10% (Gomez-Gaete et al., 2007). For non-potent molecules, this modest
loading is a drawback that severely hinders the translation from research to clinic.
However, for potent drugs, such as corticosteroids, low concentrations are enough to
promote an anti-inflammatory effect (Kelly et al., 2011; Samuel et al., 2017). For instance,
Lorscheider et al. (Lorscheider et al.,, 2019) demonstrated that 1 pg/mL of Dex,
encapsulated in lipid nanoparticles, strongly and significantly reduced inflammatory

cytokines in LPS-activated macrophages in vitro.
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Figure 2: Liposome stability over 3 weeks upon storage at 4 °C. Average diameter (left)

and Pdl (right) of Lip-PEG-Dex, Lip-PEG-HA-Dex, and Lip-HA-Dex were evaluated.

n=3.

Table 3: Mean diameter, Pdl and { Potential of Lip-PEG, Lip-PEG-HA and Lip-HA

before and after nebulization. n=3 for nebulization.

. Mean Mean Pdl Pdl ¢ ¢
Liposome Diameter Diameter before after Potential Potential
nm) before (nm) after (mV) before  (mV) after
Lip-PEG 129 +2 130+ 2 0.25+0.02 0.18 £0.02 -38+1 =372
Lip-PEG-HA 932 96 +3 0.17+0.01 0.18 +0.03 -32+1 2714
Lip-HA 175+1 165+3 0.14+0.01 0.14 £0.02 42 +4 -32+2

To further characterize the individual biophysical features of the lipid platforms and

the interaction of the Dex with the different lipids, a spin label approach was used to

investigate the dynamic and structural changes induced by the addition of HA-DPPE

conjugate, PEG, and Dex within the nanoparticle structures (Mendanha and Alonso, 2015).

For this study 5-DSM and 16-DSM lipid spin probes were used, with a nitroxide group

attached at different positions in their acyl chains. The influence of Dex incorporation on

the dynamics of the lipid bilayers was evaluated and the effect of surface functionalization

with HA and PEG (Figure 3). By having the nitroxide group attached to the fifth carbon of

its lipid chain, the 5-DSM spin label monitors changes at the hydrophobic/hydrophilic

bilayer interface. The 16-DSM spin probe, which has the nitroxide radical placed at the



sixteenth carbon of its acyl chain, is mainly sensitive to changes in the hydrophobic core
of the membrane. Through the spectra best-fit, we obtained the motion parameter, i.e., the
rotational correlation time, t¢, used as a measure of the bilayer molecular dynamics. High
values of t¢ typically indicate a restricted molecular motion of the spin probes, which
characterize a more rigid lipid bilayer (Mendanha et al., 2018; Mendanha and Alonso,
2015). The values obtained for the rotational correlation time (Figure 3-A) reveal that
adding Dex in the lipid bilayers led to an enhancement of the 5-DSM dynamics (spectrum
b). In contrast, incorporating cholesterol (Chol) promoted rigidity, also indicated by a
modification in the low field lineshape (spectrum c). Interestingly, both Chol and Dex must
be structured into the liposome membrane near the hydrophobic/hydrophilic bilayer
interface since the combined addition of two molecules led to an intermediate 5-DMS
dynamics (spectrum d). In addition, no substantial alterations were monitored by the 16-
DSM spin label, indicating that Dex did not induce fluidity in the membrane hydrophobic
core (Figure 3-B). Figure 3-A also shows that even after individual PEG or HA surface
modification (spectra e and g), the liposomes still present a similar dynamic spectrum (c),
which characterizes rigid bilayers due to Chol content. This structural stability can be
associated with a decrease in burst release, ensuring selective drug delivery to the target
cells. By contrast, Lip-PEG-HA presented an increased molecular motion on the membrane
polar interface that we explain by the PEG-HA spatial conformation. It was reported 23 that
when in dense concentrations, PEG molecules adopt a brush conformation, while low PEG
clustering is associated with the mushroom configuration. In sample (f), the PEG
mushroom clusters spatially interacted with HA chains, changing the lipid packing on the
hydrophobic/hydrophilic bilayer interface, which can be observed through the decrease in

the tc, value.
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Figure 3-A-B: Experimental (black line) and best-fit (red line) EPR spectra of the spin

3460 3480 3500 3520 3540 3560 3580
Magnetic field (G)

labels 5-DSM (Panel A) and 16-DSM (Panel B) structured into lipid platforms membranes.
The values of the rotational correlation time (tc) are indicated for each spectrum. The

intensities of the experimental spectra (on the y-axis) are normalized, and the total magnetic

field range is 100 G. (a) Lip-DPPC; (b) Lip-DPPC-Dex; (c) Lip-DPPC-Chol; (d) Lip-



DPPC-Dex-Chol; (e) Lip-PEG-Dex; (f) Lip-PEG-HA-Dex; (g) Lip-HA-Dex and (h)
deconvoluted spectral components of Lip-HA-Dex, green line = immobilized component
(1) and blue line = less immobilized component (2). N1 represents the fraction of spin probes
at the green immobilized component used to compute final t¢ values.

Finally, as expected, the surface modifications did not induce any molecular changes in the
membrane core, as seen in Figure 3-B (e)-(g). Altogether, these results indicate that the
lipid bilayer matrixes of the different liposomes are compatible with Dex addition and
PEG-HA surface modifications while maintaining their structural stability and preventing

the undesirable release of the drug content necessary for in vitro and in vivo efficacy.

3.2. In vitro and in vivo evaluation

Next, the anti-inflammatory efficacy of the three different Dex-loaded liposome
formulations (Lip-PEG-Dex, Lip-PEG-HA-Dex and Lip-HA-Dex) was measured in vitro
using an established IFN-y/LPS-inflammation model (Knapp et al., 2006). LPS-activated
M1 macrophages were treated with either free Dex or Dex-loaded liposomes for 6, 24, or
48 h, and their secretion of TNF-a was quantified by ELISA and compared to non-activated
MO macrophages (Figure 4). TNF-a was chosen as a readout for our in vitro and in vivo
experiments as it can be produced by activated macrophages, lymphocytes or monocytes
(Kim et al., 2021). The main stimulus for its production is the presence of LPS, which
composes the membrane of gram-negative bacteria. After being produced and released,
TNF-a binds specifically to TNF receptors (TNF-R) I and Il for its biological effects
(Lowry, 1993). When released in low concentrations, TNF-a acts on endothelial cells,
promoting vasodilation and stimulating the secretion of chemokines. Also, it has been
shown to play a crucial role in orchestrating the cytokine cascade in many inflammatory

diseases (Malaviya et al., 2017). Thus, because of its role as a "master regulator” of



inflammatory cytokine production, it has been proposed as a key targeted biomarker in

multiple inflammatory diseases (Hiremath et al., 2020; Lowry, 1993; Thomson et al.,
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Figure 4: Effect of the treatment with free Dex (orange), Lip-PEG-Dex (green), Lip-PEG-
HA-Dex (red) and Lip-HA-Dex (blue)on TFN-a release by MO0 (grey) and M1 (black) LPS-
activated macrophages. The final concentration of Dex was 10 pg/mL. (A) TFN-a
quantification at 6 h after treatment; (B) TFN-a quantification at 24 h after treatment; (C)
TFN-o quantification at 48 h after treatment. Data are represented as mean + SD,
****p<0.0001 analyzed by one-way ANOVA test followed by Tukey's multiple
comparison test. PBS: Phosphate buffered saline; LPS: lipopolysaccharide; MO0: non-
activated macrophage; M1: proinflammatory macrophage; Lip: liposome; PEG:

poly(ethylene glycol); HA: hyaluronic acid; Dex: dexamethasone.

Results presented in Figure 4 show a clear increase in the production of the
proinflammatory cytokine by activated (M1) macrophages when compared to MO
macrophages (p < 0.0001). While a decrease in TFN-o secretion was observed after
treatment with free Dex (21% after 24 h and 16% after 48 h), a significantly higher
reduction in TFN-a levels were measured after 24 h of exposure to HA-liposomes (50-
57%). This difference between treated cells decreased with time, but Lip-Dex platforms

constantly demonstrated better efficacy compared to free Dex. When comparing the level



of TFN-a secreted by activated macrophages after treatment with different Lip-Dex
platforms, data in figure 4 show that Lip-HA-Dex has the highest anti-inflamatory activities
followed by Lip-PEG-HA-Dex and then by Lip-PEG-Dex. This highest efficacy of HA-
bearing formulations is most likely due to the higher internalization rate of the liposomes
through HA interaction with CD44 receptors that are known to be overexpressed on the
surface of activated macrophages, as demonstrated in an earlier study (Japiassu et al.,
2022). Additionally, adding PEG molecules on the surface of liposomes has been shown
to reduce the efficacy of this CD44 targeting and may explain how Lip-PEG-HA-Dex
appeared to be less effective than Lip-HA-Dex.

The three Dex-loaded liposomes were then tested in vivo using an established LPS-
induced lung inflammation model (Japiassu et al., 2022). Data presented in Figure 5
showed that nasal LPS challenge led to an increased concentration of TNF-a in BALF,
indicating an inflammatory response. As expected, the treatment with free Dex reduced
TNF-a concentration by 45% compared to untreated animals but with high inter-animal
variability. Comparatively, using Lip-Dex improved efficiency in reducing TNF-o
secretion, with Lip-PEG-Dex, Lip-PEG-HA-Dex, and Lip-HA-Dex liposomes-based

treatment leading to a TNF-a secretion reduction of respectively 68, 60 and 64%.
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Figure 5: Effect of TFN-a release in BALF after 6 h of treatment with free Dex (orange),

Lip-PEG-Dex (green), Lip-PEG-HA-Dex (red) or Lip-HA-Dex (blue). Final concentration



of Dex was 120 pg/kg. Lines and error bars show the mean and SD, respectively.
****p<0.0001; **p<0.001; *p<0.05 analyzed by one-way ANOVA test followed by
Tukey's multiple comparisons test. Dots represent individual animals. PBS: Phosphate
buffered saline.

Interestingly, this decrease in TNF-a BALF concentration was more consistent across
animals treated with Lip-Dex compared to free Dex. This demonstrates that Dex
encapsulation in liposomes can increase its therapeutic efficacy and pharmacodynamics
parameters [42]. These findings are in agreement with the in vitro results and indicate the
ability of Lip-Dex platforms to overcome lung barriers and contribute to consistent lung
distribution and retention. However, unlike in vitro data (figure 4), no significant
differences were found between the three Dex lipid platforms in reducing TNF-a levels.
This disparity reveals the difference between in vitro and in vivo assays and the necessity
of preclinical animal experiments. Interestingly, the cell population remains unchanged
when studying BALF's cellular composition after 6 h of treatment with free Dex or Lip-
Dex (Figure 6). This indicates that our strategy affects cell activity and inflammation but

does not disrupt the overall cell composition, which is key to fighting any underlying

infections.
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Figure 6: In vivo cell profile analyzed in (A) Macrophages (B) Alveolar macrophages and

(C) Neutrophils by flow cytometry after 6 hours of treatment with free Dex and Lip-Dex,



The animals were treated with 120 pg/kg of Dex.

4. Conclusion

In this paper, we demonstrated that the encapsulation of Dex into targeted liposomes
is feasible and can be considered a new therapeutic option for inflammatory pulmonary
diseases. However, it is important to notice that the addition of DPPE-HA has a detrimental
effect on the drug encapsulation rate. We also demonstrated that TNF-a levels produced
by macrophages were efficiently reduced in vitro and in vivo after treatment with HA and
PEG-surface-modified liposomes containing Dex. In vitro data indicates a more efficient
targeting of the HA-bearing liposomes towards activated macrophages. The in vivo results
are more contrasted, demonstrating that Dex encapsulated within liposomes has a more
consistent efficacy but did not reveal any significant difference between the three lipid
platforms. Future perspectives of this work will need to focus on chronic treatment at a
lower dose to clarify the actual effect of liposomes surface modification with HA and PEG

on the efficacy of the treatments.
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