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Abstract:

The purpose of this study was to assess whether cationic nanoliposomes could address tumor
vaccines to dendritic cells in the lungs in vivo. Nanoliposomes were prepared using a cationic
lipid, dimethylaminoethanecarbamoyl-cholesterol (DC-cholesterol) or
dioleoyltrimethylammoniumpropane (DOTAP), and dipalmitoylphosphatidylcholine (DPPC),
the most abundant phospholipid in lung surfactant. The liposomes presented a size below 175
nm and they effectively entrapped tumor antigens, an oligodeoxynucletotide containing CpG
motifs (CpG) and the fluorescent dye calcein used as a tracer. Although the liposomes could
permanently entrap a large fraction of the actives, they could not sustain their release in vitro.
Liposomes made of DOTAP were safe to respiratory cells in vitro while liposomes composed
of DC-cholesterol were cytotoxic. DOTAP nanoliposomes were mainly taken up by alveolar
macrophages following delivery to the lungs in mice. Few dendritic cells took up the liposomes
and interstitial macrophages did not take up liposomal calcein more than they took up soluble
calcein. Stimulation of the innate immune system using liposomal CpG strongly enhanced
uptake of calcein liposomes by all phagocytes in the lungs. Although a small percentage of
dendritic cells took up the nanoliposomes, alveolar macrophages represented a major barrier to
dendritic cells access in the lungs.
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Abbreviations:

AMs, alveolar macrophages; APCs, antigen-presenting cells; BAL, bronchoalveolar lavage;
BSA, bovine serum albumin; CpG, unmethylated oligodeoxynucleotides containing CpG
motifs; DCs, dendritic cells; DC-cholesterol, 3B-[N-(N',N'-dimethylaminoethane)-
carbamoyl]cholesterol; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP, 1,2-
dioleoyl-3-trimethylammonium-propane; DPPC, 1,2-dipalmitoylphosphatidylcholine; A,
wavelength; EE, encapsulation efficiency; FBS, fetal bovine serum; HBSS, Hank’s Balanced
salt solution; HPLC, high-performance liquid chromatography; IMs, interstitial macrophages;
IL-6, interleukin-6; MEM, minimum essential medium; MFIs, median fluorescence intensities;
MHC-II, major histocompatibility complex II; MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetrazolium); MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate buffer saline; PDI, polydispersity index;
SD, standard deviation; TFA, trifluoroacetic acid; TLR9, toll-like receptor 9.

Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, accounting for 1.7
million deaths in 2015'. Immunotherapy brings new hope to the fight against lung cancer.
Immunotherapy stimulates the host immune system to recognize tumor cells as non-self and
eliminate them. Immune checkpoint inhibitors have been the first immunotherapy approved in
lung cancer. Immune checkpoint blockade can enhance T cell activation and effector functions
resulting in a swift tissue inflammatory response. In addition, several therapeutic vaccines
against tumor associated antigens have been developed and tested in large clinical trials>.
However, experience in the clinic has been disappointing with a durable benefit in only limited
subgroups of patients with lung cancer and with modest survival extensions. Nevertheless,
personalized neoantigen vaccines have revived this immunotherapy approach and have recently
shown promising results. Melanoma patients treated with up to twenty predicted personal tumor
neoantigens have either shown no cancer recurrence after two years or, recurrence and complete
tumour regression after checkpoint blockade®. Therefore, highly heterogenous tumours can be
targeted with a personal multi-peptide neoantigen vaccine.

Immune modulation in the lungs may represent a direct approach to treat respiratory
disorders such as lung cancer. Delivery of vaccines locally in the lungs has been widely
investigated for an improved protection against respiratory pathogens®. In fact, dendritic cells
(DCs) and macrophages are strategically located for antigen capture and presentation and local
immunization generates immunity at the natural site of infection. However, the potential of
pulmonary vaccination to treat lung cancer has never been investigated.

Dendritic cells and macrophages are the major phagocyte population that can function as
professional antigen-presenting cells (APCs) in the lungs’. Among these, DCs are specialized
in antigen uptake and processing and translocate quickly to draining lymph nodes to present
antigen to naive T cells and help naive T cells to differentiate into effector T cells. Dendritic
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cells are found in the lung parenchyma and beneath the epithelium in the airways. Dendritic
cells extend dendrites through the epithelial layer into the airway lumen to sample antigen’.
Alveolar macrophages (AMs) are located in the airway and alveolar lumen while interstitial
macrophages (IMs) are situated inside the lung interstitium. Interstitial macrophages express
the major histocompatibility complex II (MHC-II) which displays exogenous peptide fragments
on the cell surface for T cells recognition®. Alveolar macrophages are poor at presenting
antigens to T cells and they dampen immune responses to inhaled antigens®. Alveolar
macrophages are equipped with a set of inhibitory surface receptors that prevent their
unrestrained activation and guarantee a low inflammatory environment in the lungs. However,
AMs can also respond in a pro-inflammatory manner to a more pathogenic stimulus. The
initiation of inflammation requires a combination of events that override the inhibitory
mechanisms that regulate AMs®,

Because DCs control a substantial part of the adaptive immune response, targeting DCs
with an antigen-delivery system provides potential to develop potent vaccines. Particulate
delivery systems offer a natural targeting to APCs as a result of particle phagocytosis. In
addition, particle carriers can co-encapsulate and co-deliver adjuvants and antigens to APCs
and protect the actives from degradation in vivo’. The uptake of particle carriers by lung
phagocytes is determined by their particle size, surface-charge and shape. Alveolar
macrophages clear nanoparticles less efficiently than they clear microparticles®. Blank et al
showed that polystyrene particles with sizes ranging from 20 nm to 1,000 nm were mainly taken
up by AMs following intranasal instillation in mice but that DCs also took up the particles and
especially the smallest ones’. Fromen et al demonstrated that cationic hydrogel nanoparticles
were preferentially taken up by lung DCs while anionic nanoparticle counterparts were more
readily internalized by AMs!?. The larger DC uptake of cationic nanoparticles was associated
with an increased expression of the chemo-attractants Ccl2 and Cxcl0. Yet, no study has
investigated whether immune stimulation of the lung tissue alters the fate of nanoparticles.

The goal of this research was to assess whether cationic nanoliposomes could address
tumor vaccines to DCs in the lungs. Liposomes can be prepared with lipids endogenous to the
lungs and show excellent safety. As a result, liposomes are currently the only carrier for
pulmonary delivery that has reached clinical development'!. In addition, cationic lipids present
immunostimulatory properties'2. We prepared cationic nanoliposomes co-encapsulating tumor
antigens and an oligodeoxynucleotide containing unmethylated cytosine-phosphate-guanine
motifs (CpG) as a vaccine adjuvant. Liposomes were produced by the film hydration method
using two cationic lipids, DC-cholesterol and DOTAP, largely used to encapsulate anionic
nucleic acids, together with DPPC, the main phospholipid in lung surfactant'’>. We
characterized the particle size, surface charge, release properties and cytotoxicity of the
nanoliposomes and we investigated their uptake by lung phagocytes in vitro and in vivo. The
fate of the nanoliposomes was investigated in vivo in unstimulated lungs as well as in lungs
stimulated with CpG in order to assess whether immune stimulation could affect nanoliposomes
uptake.

Experimental Section
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Preparation of liposomes

Liposomes were prepared by the film hydration method using 3B-[N-(N'.N'-
dimethylaminoethane)-carbamoyl]cholesterol (DC-cholesterol; Avanti Polar Lipids; AL,
USA), 1,2-dipalmitoylphosphatidylcholine (DPPC; Lipoid GMBH; Ludwigshafen, Germany)
and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP; Avanti Polar Lipids; Alabaster,
AL, USA). DC-cholesterol (5.2 mg) and DPPC (4.8 mg) or DOTAP (5.9 mg) and DPPC (4.1
mg) were dissolved in chloroform (750 pl; analytical grade; VWR International, Leuven,
Belgium). These lipid quantities corresponded to a cationic lipid:DPPC molar ratio of 3:2. A
lipid film was prepared by rotary evaporation of the lipids solution under vacuum. 200 pg of
antigens (Melan A6-35) and Gp100@209-217); Proteogenix, Schiltigheim, France) and/or 200 pg
of phosphorothioate linked CpG oligonucleotide (5’TCGTCGAACGTTCGAGATGAT 3’;
CpG; Eurogentec; Seraing, Belgium) or 150 pg of calcein (high purity; ThermoFischer
Scientific, Aalst, Belgium) in 1 ml of water were added to the film. Five cycles of freezing and
thawing were conducted in order to prepare multilamellar vesicles. Liposomes were downsized
by extrusion through polycarbonate membranes of 200 nm pore size (Whatman; Diegem,
Belgium) using a mini-extruder (Avanti Polar Lipids). They were then concentrated by
ultrafiltration (Vivaspin 2, 100 000 molecular weight cut-off; Sartorius, Stonehouse,
Gloucestershire, UK) at 3000 g and 4°C for 1h. The liposomes were prepared the same day as
in vitro or in vivo experiments.

Physical characterization of the liposomes

Liposome size, polydispersity index (PDI) and zeta potential were measured with a
Nanosizer ZS (Malvern, UK). Liposome stability at room temperature was assessed by
measuring liposome size, zeta potential and leakage of the Gp100 peptide, CpG and calcein
from the liposomes over two weeks.

Liposome morphology and the number of lipid bilayers were observed by transmission
electron microscopy (Philips Electron Microscope CM12/STEM). Liposome suspension was
diluted 500-times in ultrapure water. A negative staining was made by mixing liposome
dispersion with a 4% tungstophosphoric acid (Merck, Darmstadt, Germany) in a 1:1 (v/v) ratio.
Stained liposomes were deposited on copper grids (Formvar 300 Mesh Cu grids, Agar
Scientific, Essex, UK). The excess liquid was removed and grids were allowed to dry in a Petri
box. Microscopic analyses were carried out at a magnification of 60,000.

The amount of the different compounds encapsulated in liposomes was measured
indirectly on liposome filtrates. The peptide antigens were assayed by high-performance liquid
chromatography (HPLC; Agilent 1100 series, Agilent Technologies, Palo Alto, CA). Solvent
A was composed of ultrapure water and 0.1% trifluoroacetic acid (TFA; Carl Roth GmbH +
Co. KG; Karlsruhe, Germany), and solvent B was composed of acetonitrile (analytical grade)
and 0.1% TFA. A linear gradient of Solvent A (80 to 50 %) in 15 minutes was used. Fifty
microliters of sample filtrate or standard were injected to a reverse phase column (Nucleodur
C18, 150 mm, 4um, Macherey Nagel, Diiren, Germany) at room temperature and detection was
performed at a wavelength of 220 nm. The CpG was quantified by the oligreen assay
(ThermoFischer Scientific). The filtrate was mixed with the oligreen® reagent at 1:1 (v/v) ratio
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and fluorescence was measured (Aexcitation: 485 nm; Aemission: 520 nm) with a Victor 2
luminometer (Perkin Elmer). The amount of calcein in filtrates was measured through its
fluorescence (Aexcitation: 494 NM; Aemission: 518 nm). The leakage of the different compounds from
the liposomes was assessed following storage at room temperature for 0, 7 or 14 days by
measuring compound concentration in the liposome suspension medium after removal of the
liposomes by ultrafiltration.

To evaluate the progressive release of peptides, CpG or calcein from the liposomes,
concentrated liposomes were poured into a dialysis bag (Spectra Por 1, 6-8 kDa molecular
weight cut-off, Spectrum labs, Netherlands). The dialysis bag was kept in phosphate buffer
saline (PBS) at 37°C under stirring. Samples were withdrawn at determined times and analyzed
by using HPLC, the oligreen reagent or fluorimetry.

Cytotoxicity of the liposomes

The Calu-3 bronchial epithelial cells (ATCC-HBT-55; LGC Standards s.a.r.l; Molsheim,
France) were cultured in minimum essential medium (MEM; Life Technologies; Gent,
Belgium) containing 10% fetal bovine serum (FBS; Gibco, Merelbeke, Belgium) and
maintained at 37°C in 5% CO, atmosphere. Murine immature dendritic cells (JAWS II; ATCC-
CRL-11904) were cultivated in aMEM containing ribonucleosides, supplemented with 20%
FBS, 4 mM L-Glutamine, 5 ng/ml granulocyte-macrophage colony-stimulating factor
(PreproTech, UK).

The thiazolyl blue tetrazolium bromide (MTT) test or the CellTiter 96® aqueous one
solution cell proliferation assay (MTS) was performed in order to evaluate the cytotoxicity of
the liposomes. The MTT test was performed for the adherent Calu-3 cells and the MTS test was
for the partially-adherent JAWS 1I cells. Cells (1.5x10* cells/well) were seeded in a 96 well
plate and allowed to attach overnight. Different concentrations of liposomes (6.2 to 500 ug
lipids/ml) were added to the cells and incubated for 24 h. Culture medium and triton 1% were
used as negative and positive controls, respectively. After incubation, supernatants were
removed and the MTT reagent (Sigma Aldrich; Diegem, Belgium) was added to Calu-3 cells.
The MTS reagent (Promega; Leiden; Netherlands) was directly added to JAWS 1I cells without
removing the medium. Incubation was pursued for 3 hours. In case of MTS, absorbance was
measured at 490 nm directly after incubation. In case of MTT, dimethyl sulfoxide was used to
lyse the cells and to dissolve the formazan crystals. Absorbance was then measured at 560 nm.

Uptake of the liposomes by phagocytes in vitro

Murine MHS alveolar macrophages (ATCC-CRL-2019) were cultured in RPMI 1640
medium (Life Technologies) containing 10% FBS and 0.05 mM 2-mercaptoethanol. Murine
J774 macrophages (ATCC-TIB-67) were cultured in Dulbecco's Modified Eagle Medium
GlutaMAX (Life Technologies) containing 10% FBS and 100 units/ml penicillin, 100 pg/ml
streptomycin (Life Technologies).

5x 10* MHS, JAWS II or J774 cells/well were seeded in 24 well plates and incubated for
24 hours. The next day, plates were centrifuged (250 g/10 min/4°C) and supernatant was
removed. Calcein (5 pg/well) encapsulated in DOTAP liposomes (370 pg lipids/well) or in
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solution was added to the wells and incubated at 37°C for 4 h. Non-treated cells were used as
control. After incubation, cells were washed 5 times with PBS-bovine serum albumin (BSA)
1%, trypsinized and then resuspended in 300ul PBS before flow cytometric analysis with the
FACSVerse Flow Cytometer (BD Biosciences; San Jose; CA; USA). Data were analyzed
through FlowJo software (BD Biosciences).

Stimulation of alveolar macrophages by liposomes in vitro

5 x 10° MHS cells/well were seeded in 24 well plates and incubated for 24 hours. The
next day, plates were centrifuged (250 g/10 min/4°C) and supernatants were removed. Fresh
medium and empty DOTAP liposomes (50 pg lipids/well) or CpG in solution (1 ug CpG/well)
or in liposomes (1 ug CpG/well in 50 pg lipids/well) were added to the wells and the cells were
incubated at 37°C for 2 h. Non-treated cells were used as controls. After the incubation, plates
were centrifuged (250 g/10 min/4°C), supernatants were removed and replaced by fresh RPMI
medium and the cells were incubated further for 24 h. After a last centrifugation (250 g/10
min/4°C), supernatants were removed and kept at 4°C until assayed for interleukin-6 content
by ELISA (Mouse IL-6 DuoSet ELISA; Bio-Techne LTD, Abingdon, UK).

Confocal imaging of the lungs

Animal experiments were approved by the Institutional Animal Care and Use Committee
of the Université catholique de Louvain (Permit number: 2012/UCL/MD/006). Female NMRI
mice (6 to 9 week-old; Elevage Janvier, Le Genest-St-Isle, France) were anaesthetized by
ketamine/xylazine (90/10 mg/kg) intraperitoneal injection. Calcein encapsulated in DOTAP
liposomes or in solution was then administered intratracheally to the lungs of the mice at a dose
of 5 ug. For intratracheal instillation, mice were placed on their back with a tilt angle of 45°. A
laryngoscope (Penn-Century Inc., Philadelphia, USA) was used to correctly place the bended
and blunt needle of a 100 pul precision micro-syringe (Hamilton, Bonaduz, Switzerland) into the
trachea. Twenty-five microliters of the calcein solution or calcein liposomes suspension were
delivered followed by a 200 ul air bolus using 1 ml syringe having an angled 18 gauge needle
with a blunt tip. One hour following administration, the mice were reanesthetized and an
abdominal incision was made. The posterior vena cava was cannulated with a Insyte-W ™
catheter (Becton Dickinson Infusion Therapy Systems, Sandy, UT, USA) connected via a
Connecta (Becton Dickinson Infusion Therapy Systems, Sandy, UT, USA) to two reservoirs
containing: (i) 0.9 % (w/v) NaCl and (ii) a fixative solution 4 % (v/v) formaldehyde in 0.9 %
(w/v) NaCl'*. Both the carotid arteries and jugular veins were cut, and solution (i) was perfused
via the vasculature at a flow rate of 2 ml/min during 10 min. Then, lung fixation through the
pulmonary vasculature was carried out using solution (ii) at a flow rate of 1 ml/min for 10 min.
Subsequently, the thoracic cavity was opened and the lungs were removed. Slices of
approximately 2 mm of lung lobes were immersed in Drag5™ (Abcam, Cambridge, UK),
diluted 1:100 (50 nM) in solution (ii) for 2 min'>. Then, the slices were briefly immersed in
PBS and finally placed into a receptacle (Lab-Tek II chambered coverglass W/cover #1.5
borosilicate sterile; Lab-Tek® Brand products, Rochestern NY, USA) for analysis by confocal
laser scanning microscopy. The experiment was repeated twice. Preparations were examined
with a LSM 510 microscope (Zeiss, Jena, Germany) using a Plan-Apochromat 20x/0.8
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objective (Zeiss, Jena, Germany). Fluorescent emissions from calcein and DRAQS5 were
sequentially recorded in the green and far-red channels, respectively. To evaluate the
autofluorescence properties of the pulmonary tissue, samples were analyzed with confocal laser
scanning microscopy without calcein. The autofluorescence in the green channel was very low
considering the intensity of the illuminating laser used.

Flow cytometry

Flow cytometry was used to assess the uptake of calcein liposomes by DCs, AMs and
IMs in the murine lungs. Each group of mice comprised 5 animals. Briefly, 1 h after
intratracheal instillation of 5 pg calcein in solution or encapsulated in DOTAP liposomes (370
ug lipids), mice were sacrificed by cervical dislocation. Bronchoalveolar lavage (BAL) was
performed by cannulating the trachea and flushing the lung lobes with 1 ml of sterile 0.9%
saline solution. The obtained lavage fluid was then centrifuged (4°C, 1250 rpm, 10 min) and
the cell pellets were used for cellular analysis. The lavaged lungs were infused through the
cannula with 1 ml of Hanks' balanced salt solution (Invitrogen, Merelbeke, Belgium) containing
2 mg of Pronase (Sigma-Aldrich, St Louis, MO, USA) to dissociate the lung tissue, and 0.1 mg
of DNase (Worthington Biochemical, Lakewood, NJ, USA) to prevent cell aggregation with
1% antibiotic antimycotic and fungizone (25mg/ml; Life Technologies). After 20 minutes at
room temperature, lung tissues were removed and mechanically dispersed with a 20 ml syringe.
The resulting cell suspension was filtered through a 70 um filter (BD Biosciences, Bedford,
MA, USA).

Pulmonary macrophages and DCs were identified in BAL and lung cell suspensions by
using flow cytometry and conventional cell markers'®!®. Alveolar macrophages (CD45"
F4/80M CD64" CD11c" Siglec-F" CD11b' cells), interstitial macrophages (CD45™ F4/80M
CD64" CD11ch CD11bM Siglec-F cells) and dendritic cells (CD45" CD11c" MHCII™ F4/80%
CD64" cells) were discriminated following the gating strategy illustrated in Fig. S1. The
identification of these three lung sub-populations was performed by using the following
fluorochrome-conjugated monoclonal antibodies specific to the mouse antigens: anti-CD45
(clone 30-F11, APC-Cy7; BD Biosciences, Oxford, UK), -F4/80 (clone BMS8, APC;
eBioscience, Vienna, Austria), -CD11c (clone HL3, PE-Cy7; BD Biosciences), -CD64 (clone
X54-5/7.1, PE; BD Biosciences), and -Siglec-F (clone E50-2440, BV421, BD Biosciences) -
CD11b (clone M1/70, BV421, BD Biosciences) and -MHCII/I-A/I-E (clone M5/114.15.2, PE;
BD Biosciences). Samples were fixed in 1.25% paraformaldehyde in PBS, acquired on a BD
LSR Fortessa (BD Biosciences) and analyzed using the FlowJo (TreeStar) software. Median
Fluorescence Intensities are not comparable between the two separate experiments presented in
Figs 7 and 8 because the PMT voltage used for the detection of calcein-positive cells was
different.

The innate immune system in the lungs was stimulated using liposomal CpG in order to
see whether stimulation could alter phagocytes uptake of calcein liposomes. Liposome-
encapsulated CpG (1 pg of CpG in 50 ug lipids) suspended in 25 pl of PBS was intratracheally
instilled in the lungs of mice thrice 5 days apart. Calcein liposomes (5 pg calcein in 370 pug
lipids) or solution (5 pg calcein) were then delivered by intratracheal instillation one day after
the last administration of CpG liposomes.
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Statistical analysis

All results are presented as mean values + standard deviation (SD). The Kruskal-Wallis
and Mann-Whitney tests were used for the statistical analysis of the data in Table 1. Two-way
ANOVA test with Bonferroni post-test was used for the statistical analysis of the data in Fig.
2. One-way ANOVA with Dunnet orTukey post-test was used for the statistical analysis of the
data in Figs. 3-5. A two-tailed unpaired Student’s t-test was used in Figs. 7 and 8. These tests
were performed using the GraphPad Prism software (CA, USA). One symbol p< .05, two
symbols p< .01, three symbols p< .001.

Results
Formulation and physical characterization of the liposomes

Liposomes containing tumor antigens (Gpl100 and Melan A), the immunostimulatory
agent CpG or a fluorescence tracer, calcein, were formulated by the hydration film method
using a cationic lipid (DC-cholesterol or DOTAP) and DPPC. The cationic lipid to DPPC molar
ratio was 3 to 2. This high proportion of cationic lipid in the liposomes was needed in order to
entrap the antigens. The liposomes presented a size below 175 nm with a low polydispersity
index (Table 1). The cationic lipids provided a positive Zeta potential to the liposomes and
thereby a good dispersibility and stability. Liposome size and zeta potential showed good
stability during storage at room temperature over 2 weeks (Fig. S2A-B). DC-cholesterol and
DOTAP liposomes encapsulating the tumor antigens and CpG were bigger and carried more
positive electric charges than empty and calcein liposomes (Kruskal-Wallis test, p < 0.05).
Cationic lipids were in much larger quantities in the liposomes than any of the negatively-
charged encapsulated compounds and they dominate the zeta potential. Encapsulation of the
antigens or CpG caused an increase in Zeta potential rather than a decrease because the
encapsulation increased the liposome size: the larger the liposome size, the larger the cationic
lipid quantity per liposome, the larger its zeta potential. The encapsulation efficiency of the
liposomes varied from 48% to 100%, according to the compound encapsulated and the liposome
composition (Table 1). It increased from the antigen Gp100, Melan A, calcein to CpG. The
antigens were generally better encapsulated in DOTAP liposomes than they were in DC-
cholesterol liposomes (Mann-Whitney test, p < 0.01 in case of Melan A). Co-encapsulation of
the tumor antigens and CpG did not affect their respective encapsulation efficiency. The leakage
of the compounds from the liposomes involved 47%, 0.4% and 14% of the loaded quantity for
the Gp100 peptide, CpG and calcein, respectively, just after liposomes formulation (Fig. S2C).
Although the leakage was substantial for Gp100, it was not higher for any of the compounds
following storage at room temperature for 7 days or 14 days than just after formulation.
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Table 1: Physical characterization of the liposomes

. 0
Size (nm) PDI Zeta(fncit](;ntml EE (%)
DC-cholesterol/DPPC
Empty liposomes 88+ 1 0.09 +0.01 +36.6 + 0.9 -
Gpl100 50 £ 14
Milan A 166.8 0.7 0.24 +0.01 +70 £2 8
CpG 160 £8 0.14 £0.02 +52+3 100£0
Gp100 48 £21
Melan A 172 £ 21 0.21 £0.04 +59 £ 10 69 +13
CpG 100 £0
Calcein 91+2 0.11 £0.02 +40+£2 933+04
DOTAP/DPPC

Empty liposomes 134 £ 18 0.07 £0.04 +52 +2 -
Gpl100 72 £13
Mlzlan A 152+ 10 0.15 20.07 +56+6 o1 =3
CpG 169 + 21 0.12 £0.02 +58 £ 11 99.8 £0.4
Gp100 71 15
Melan A 165 £17 0.15 £0.05 +56 £ 11 82 +6
CpG 99.6 £0.5
Calcein 134 £5 0.12 £0.05 +36 £5 90 =+5

PDI, polydispersity index; EE, encapsulation efficiency.
The data represent the mean values (£ SD) of 3 to 9 liposome preparations.

Analysis of liposome morphology by transmission electron microscopy showed that DC-
cholesterol and DPPC formed lipid bilayer aggregates and snail-shaped lipid bilayer structures
(Fig. 1A). DOTAP liposomes appeared as aggregates of multi-lamellar vesicles. Each multi-
lamellar vesicle contained between 10 to 15 bilayers and were 30 nm to 110 nm in size (Fig.
1B).

i SR : & 100 om
olesterol (A) and DOTAP (B) liposomes visualized by transmission
electron microscopy. DC-cholesterol and DPPC formed lipid bilayer aggregates (#) and snail-shaped
lipid bilayer structures (*) while DOTAP and DPPC formed aggregates of multi-lamellar vesicles. The
scale bars are 100 nm.

Fig. 1. Morphologies of
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The liposomes immediately released a significant fraction of the encapsulated tumor
antigens and calcein when placed in saline at 37°C in vitro. The remaining fraction remained
entrapped within the liposomes and was not released for up to 24 h (Fig. 2). However, the total
amount of CpG encapsulated remained entrapped within the liposomes and was not released at
all over 24 h (Fig. 2C). DOTAP liposomes better held the antigens than DC-cholesterol
liposomes did. DC-cholesterol liposomes were not able to held Gp100 at all since its transport
profile across the dialysis membrane was not statistically different from the Gp100 solution
(Fig. 2A). Calcein was significantly held by both types of liposomes. However, DC-cholesterol
liposomes retained a larger amount of calcein (Fig. 2D).

Therefore, cationic nanoliposomes loaded with vaccine antigens, an adjuvant or a
fluorescent tracer were successfully prepared. Although they could not provide the sustained
release of the actives in vitro, DOTAP liposomes could permanently entrap a large fraction of
the actives both in saline at 37°C and during storage at room temperature (Figs. 2 and S2C).
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Fig. 2. Release of different compounds from DC-cholesterol and DOTAP liposomes. Liposomes (3 mg
of lipids per 0.15 ml of water) were placed in a dialysis bag and compounds were released in 7.5 ml of
PBS pH 7.4 at 37°C. A: Gp100; B: Melan A; C: CpG and D: Calcein. Solution (e), DOTAP liposomes
(m) and DC-cholesterol liposomes ( A ). Two-way ANOVA test with Bonferroni post-test was performed
and liposomes were compared to the solution (a, p<0.05 vs the solution; b, p<0.05 vs DC-cholesterol
liposomes). The data represent the mean values (+ SD) of 2 to 6 liposome preparations.
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Cytotoxicity, cell uptake and cell stimulation in vitro

In vitro cytotoxicity studies indicated that DC-cholesterol liposomes were toxic to Calu-
3 cells, a bronchial epithelial cell line, at the lowest lipid concentration explored of 6.25 pg/ml
(3.25 pg/ml DC-cholesterol) and to JAWS 1II cells, a dendritic cell line, from the lipid
concentration of 62.5 pg/ml (32.5 ug/ml DC-cholesterol; Fig. 3). However, DOTAP liposomes
did not show any cytotoxicity in these cell lines, except at the highest lipid concentration of 500
Mg/ml (295 pg/ml DOTAP) in JAWS 1II cells. Therefore, we selected DOTAP liposomes to
pursue the work and gave up DC-cholesterol liposomes because of their cytotoxicity.
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Fig. 3. Cytotoxicity of DOTAP and DC-Cholesterol liposomes evaluated by the MTT assay in Calu-3
(A) or JAWS II (B) cells after 24 h incubation. One-way ANOVA test with Dunnett post-test was
performed and the different lipid concentrations were compared to the zero lipid concentration (p< 0.01
*%: p<0.001 ***), The data represent the mean values (+ SD) of 6 to 14 wells.

The efficiency of DOTAP liposomes uptake by DCs and macrophages was assessed in
vitro using calcein as a tracer of the liposomes and flow cytometry. We chose the MHS alveolar
macrophage cell line and the J774 interstitial macrophage cell line for this assay. MHS cells are
murine alveolar macrophages immortalized using the SV40 virus and J774 cells are derived
from a murine reticulum cell sarcoma. Calcein was taken up in much larger quantities by all
cells in vitro when encapsulated in liposomes than when in solution, indicating a good
phagocytic activity of all cell types (Fig. 4). However, MHS alveolar macrophages and JAWS
Il dendritic cells took up larger quantities of calcein liposomes than J774 interstitial
macrophages did.
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Fig. 4. Uptake of calcein in solution (5 pug calcein/well) or in DOTAP liposomes (5 pg calcein in 370
ug lipids/well) by MHS alveolar macrophages (A), JAWS II dendritic cells (B) and J774 interstitial
macrophages after 4 h incubation at 37°C. One-way ANOVA test with Tukey post-test was performed
and indicated a higher liposomes uptake by MHS alveolar macrophages and JAWS II dendritic cells
than by J774 macrophages (p < 0.001). The data represent the mean values (+ SD) of 3 assays. Untreated
cells showed negligible fluorescence.

The stimulation of alveolar macrophages by DOTAP liposomes and CpG was assessed
on MHS alveolar macrophages in vitro. Only liposomal CpG induced the secretion of
interleukin-6 (IL-6) by MHS cells (Fig. 5). Neither empty DOTAP liposomes nor CpG in
solution induced any detectable IL-6 levels, probably because of the low exposure
concentrations used.
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Fig. 5. Stimulation of MHS alveolar macrophages by DOTAP liposomes and CpG. MHS cells were
exposed to empty DOTAP liposomes (50 ug lipids/well), CpG in solution (1 ug CpG/well) or in DOTAP
liposomes (1 pg CpG/well in 50 pg lipids/well) for 2 hours. Cell supernatants were removed and
replaced by fresh medium and the cells were incubated further for 24 h. Cell supernatants were then
collected and assayed for IL-6 content. One-way ANOVA test with Dunnett post-test indicated a high
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immune stimulation by CpG liposomes (p < 0.001 vs medium) and no immune stimulation by CpG in
solution and empty liposomes (p > 0.99 vs medium). The data represent the mean values (+ SD) of 3 to
5 replicates.

Biodistribution in vivo

A biodistribution study of calcein-loaded DOTAP liposomes was carried out in the
murine lungs in vivo using confocal laser scanning microscopy. It showed that calcein was taken
up by phagocytic cells of the pulmonary tissue when delivered in liposomes (Fig. 6). No cell
uptake was noticed when calcein was delivered as a solution (Fig. 6B).

Fig. 6. Localization of calcein in mouse lungs by confocal laser scanning microscopy. The lung tissue
was visualized 1 h following delivery of calcein (green) to the lungs. Calcein-loaded DOTAP liposomes
(A; 5 pg calcein in 370 pg lipids) or a solution of calcein (B; 5 pug calcein in PBS) was delivered. The
lung tissue was colored in blue with nuclear stain DRAQS™ and the arrows indicate pulmonary cells
loading the fluorescent liposomes. The scale bars are 20 um.

We then assessed whether these phagocytes were AMs, IMs and/or DCs using flow
cytometry. Because an intense uptake of calcein liposomes by lung phagocytes was already
visible 1 h post-delivery (Fig. 6), we performed the flow cytometry study at this time point as
well. Only AMs significantly took up calcein liposomes as their mean fluorescence intensities
(MFIs) was 7-times higher than MFIs of AMs exposed to calcein in solution (Fig. 7B). In
addition, the % of calcein-positive AMs was large (Fig. 7A). Interstitial macrophages did not
take up calcein liposomes more than they took up soluble calcein as the % of calcein-positive
IMs and their mean MFIs were similar following in vivo exposure to soluble or liposomal
calcein. The % of calcein-positive DCs were <1%. However, the % of calcein-positive DCs
was 7-times higher when calcein was in liposomes rather than in soluble form. The MFI of
calcein-positive DCs are not presented because they comprised too few cells. Following
exposure to liposomal calcein, the % of calcein-positive cells were 50% for AMs recovered by
BAL. This percentage decreased to 20% for AMs recovered from the lungs, to 10% for IMs
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recovered from the lungs and to <1% for DCs recovered from the lungs (Fig. 7). AMs recovered
by BAL or AMs recovered from the lungs are the same cells. Therefore, the decrease in % of
calcein-positive cells following AMs recovery from the lungs indicates that the procedure of
lung digestion and cell labeling probably caused a partial loss of calcein from the cells.

In order to see whether the stimulation of the innate immune system could alter
phagocytes uptake of calcein liposomes, we delivered CpG liposomes to the lungs of mice
thrice 5 days apart and delivered calcein liposomes or solution one day after the last
administration of the CpG liposomes. The stimulation of the innate immune system in the lungs
largely enhanced both the % of calcein-positive cells and the significance of calcein uptake
(Fig. 8). The % of calcein-positive AMs, IMs and DCs almost doubled following immune
stimulation. Ninety percent of AMs from BAL took up liposomal calcein while 55% of them
took up soluble calcein. This difference in % of calcein-positive cells following intratracheal
instillation of liposomal or soluble calcein was also apparent for AMs from the lungs, IMs and
DCs (Fig. 8). However, it was only significant for AMs from BAL. In addition, the MFI ratios
of AMs exposed to calcein liposomes vs calcein solution largely increased following immune
stimulation. These ratios were respectively 7 and 28 without and with immune stimulation for
AMs collected by BAL and 2.5 and 3.3 for AMs isolated from the lungs (Figs. 7 and 8). The
ratio was worth 2.2 in case of DCs in stimulated lungs. By contrast, the MFI of IMs exposed to
calcein solution or liposomes remained equivalent following immune stimulation, as they were
without immune stimulation. An example of AM populations collected by BAL and from the
lungs in the cases of immune stimulation and no stimulation is presented in Fig. 9. The AM
populations are presented in terms of their fluorescence intensity in the calcein channel. The
figures well demonstrate the large uptake of calcein liposomes as well as the large enhancement
in uptake following immune stimulation using liposomal CpG.
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Fig. 7. Fraction and mean fluorescence intensity of calcein-positive alveolar macrophages (AMs),
interstitial macrophages (IMs) and dendritic cells (DCs) 1 h following delivery of 5 ug calcein in
DOTAP liposomes (370 pg lipids) or solution to the lungs of healthy mice. Alveolar macrophages were
collected by bronchoalveolar lavage (BAL) or after lung resection and digestion. Interstitial
macrophages and DC were only analysed in the lungs after resection and digestion. The data represent
the mean values (£ SD) of 4 to 5 mice.
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Fig. 8. Fraction and mean fluorescence intensity of calcein-positive alveolar macrophages (AMs),
interstitial macrophages (IMs) and dendritic cells (DCs) 1 h following delivery of 5 pg calcein in
DOTAP liposomes (370 ug lipids) or solution to the lungs of immune-stimulated mice. The innate
immune system in the lungs was stimulated by intratracheal instillation of liposome-encapsulated CpG
(1 pg of CpG in 50 pg lipids) thrice 5 days apart. Calcein liposomes or solution was then delivered by
intratracheal instillation one day after the last administration of CpG liposomes. Alveolar macrophages
were collected by bronchoalveolar lavage (BAL) or after lung resection and digestion. Interstitial
macrophages and DCs were only analysed in the lungs after resection and digestion. The data represent
the mean values (= SD) of 5 mice.
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Fig. 9. Representative populations of alveolar macrophages collected by bronchoalveolar lavage or by
using lung digestion in terms of calcein fluorescence in conditions of non-immune stimulation and
immune stimulation using CpG liposomes.
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Discussion

This study showed that DC-cholesterol and DOTAP liposomes could permanently entrap
peptide antigens, vaccine adjuvants and fluorescent dyes but that they could not sustain their
release in vitro. DOTAP liposomes were safe to respiratory cells but DC-cholesterol liposomes
showed cytotoxicity in the two cell lines tested. Encapsulation of the fluorescent dye calcein in
DOTAP liposomes strongly promoted its uptake by macrophages and DCs in vitro. However,
uptake of liposomal calcein was observed in a large fraction of AMs but in very few DCs in
vivo. Stimulation of the innate immune system by liposomal CpG triggered alveolar
macrophages to secrete IL-6 in vitro and largely enhanced calcein uptake by all phagocytes in
the lungs in vivo.

AMs constituted the main cell type involved in the uptake of nanoliposomes in the lungs
in vivo. Few DCs took up the cationic liposomes and IMs did not take up liposomal calcein
more than they took up soluble calcein. These results are in line with previous investigations.
Blank et al. delivered polystyrene particles by intranasal instillation to the lungs of mice’. Their
particles ranged from 20 nm to 1,000 nm in size. The majority of the particles were taken up by
AMs, irrespective of size. However, DCs also took up the particles and the 20 nm and 50 nm
particles the most. Moreover, particle uptake increased over time and larger uptake was
observed 24 h post-delivery than 2 h post-delivery. The calcein liposomes prepared with
DOTAP and DPPC in our study were 134 nm in size and therefore larger than the 20 and 50
nm particles of the Blank‘s study. Moreover, we assessed uptake 1 h post-delivery. This time
point was selected because it already resulted in an intense liposome uptake by lung phagocytes
in the confocal imaging studies. This uptake was then confirmed by the flow cytometry studies
as 50% and 90% of AMs took up calcein liposomes in the unstimulated and stimulated lungs,
respectively, 1 h post-delivery. Yet, an assessment at a later time point might have resulted in
the observation of larger DCs uptake. In a triple cell co-culture model composed of a monolayer
of lung epithelial cells, macrophages added on top of the epithelium and DCs underneath,
particle clearance mainly resulted from the highly phagocytic nature of macrophages as well'°.
However, macrophages also appeared to transfer particulate antigen to DCs via cell-cell
contacts over time. Fromen et al. delivered cationic or anionic 80 x 80 x 320 nm rod-shaped
particles to the lungs of mice and measured phagocyte particle uptake and lung tissue
stimulation 72 h post-intratracheal instillation!®. Again, AMs readily internalized both particle
types. However, a larger number of DCs took up cationic nanoparticles than anionic
nanoparticles. Finally, Blom et al. delivered 100 nm liposomes or 100 nm virosomes to the
lungs of mice and measured macrophage and DC uptake in the lung tissue 24 h after delivery?’.
Macrophages, and to a lesser extent DCs, captured particles, with no difference in uptake
between virosomes and liposomes.

However, our study went steps further compared with these previous ones. In fact, we
highlighted the benefit of the encapsulation in liposomes by measuring both the uptake of
soluble and liposomal calcein and we assessed the uptake by IMs, in addition to AMs and DCs.
The encapsulation increased the targeting of both AMs and DCs, but not of IMs. Although J774
macrophages, representative of IMs, were twice less phagocytic than MHS AMs and JAWS 11
DCs in vitro, all the cells were highly phagocytic and differences in phagocytic activity might
not explain our in vivo data. Rather, the localization of the phagocytes in the lungs and their
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accessibility to the liposomes are a more probable explanation for the differences in liposomes
uptake’. Alveolar macrophages were the lung phagocytes the most exposed to the liposomes
since they are located in the airway lumen and alveolar space where the liposomes deposited
after intratracheal instillation. At the opposite, IMs had the least accessibility to the liposomes
since IMs are located in the lung interstitium beneath the respiratory epithelium. Dendritic cells
presented an intermediate accessibility to the liposomes because they are located in the lung
parenchyma with dendrites extending in the airway lumen.

Calcein uptake by phagocytes was also measured after stimulation of the innate immune
system in the lungs by liposomal CpG. Studying the fate of nanocarriers in the stimulated lungs
is relevant because pulmonary vaccination will most frequently involve booster doses?!.
Unmethylated cytosine-phosphate-guanine motifs are pathogen-associated molecular patterns
as they are prevalent in bacterial but not vertebrate genomic DNAZ2. These motifs are
recognized by the pattern recognition receptor toll-like receptor 9 (TLRY) and activate natural
killer cells, macrophages, B cells and DCs. CpG is currently included in the composition of one
injectable vaccine approved for the prevention of hepatitis B virus infection in adults and it is
investigated as immunostimulant for the immunotherapy of lung cancer?® ?*. The particular
CpG molecule used in the present study has previously been shown to transiently increase AM
numbers in the lungs of healthy mice without causing an influx of inflammatory cells?. Here,
immune stimulation with liposomal CpG largely increased calcein uptake by all phagocytes in
the lungs. It increased the number of calcein-positive AMs, IMs and DCs but it also
significantly increased the efficiency of the nanoliposomes targeting to AMs and DCs. In view
of the large AM uptake of liposomal calcein, liposomal CpG probably ended up in AMs as well.
The TLRY recognized by CpG is located within the endosome and liposomes thus delivered
CpG directly to its receptor. The high efficacy of the liposomes to address CpG to its receptor
is demonstrated by the tremendous IL-6 production by AMs in culture following exposure to
liposomal CpG. Fernandez et al showed that CpG stimulation of TLR9 in AMs allowed AMs
to overcome IL-10-mediated inhibition and to behave in a proinflammatory manner®®. It
remains to be determined whether the increased uptake of calcein lipoomes by all phagocytes
resulted from a direct CpG stimulation on individual cell types or an indirect stimulation
through AM activation.

Liposomes made of DC-cholesterol and DPPC or made of DOTAP and DPPC could
permanently entrap actives but could not release them over time. The ability of liposomes to
gradually release actives strongly depends on the rigidity of the bilayer membrane of the
liposomes. The liposome membrane will only be rigid if its transition temperature from the gel
to the liquid phase is above the body temperature. Barnier Quer et al. measured a phase
transition temperature of 38°C for DC-cholesterol/DPPC liposomes where DC-cholesterol was
present at 10 mole %. However, above 30 mole % DC-cholesterol (and our formulation
contained 60 mole % DC-cholesterol), a liquid-ordered phase was induced and no phase
transition temperature could be measured?’. Cinelli et al. measured the thermal behavior of pure
DPPC and mixed DOTAP/DPPC bilayer membranes. The transition temperature of pure DPPC
was 41°C and it progressively shifted to lower temperatures to reach approximately 20°C at 60
mole % DOTAP, the mole % DOTAP in our DOTAP liposomeszg. Therefore, the absence of
sustained release of the actives from our liposomes is consistent with their low phase transition
temperature. However, our liposomes were able to retain peptide antigens, CpG and calcein at
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room temperature for at least two weeks. Because these compounds all carried negative charges,
they probably bound to the cationic lipids in the liposomes by strong electrostatic interactions=’.
Both the melan A and Gpl100 antigens carry one negative charge. CpG carries 20 negative
charges and calcein carries 4 negative charges. The high number of charges per CpG molecule
is probably the reason why CpG encapsulation efficiency was close to 100% as well as the
reason why the total amount of CpG encapsulated remained entrapped within the liposomes
and was not released at all. Similarly, the high negative charge of the calcein molecule could
explain its high encapsulation efficiency in our cationic liposomes™’.

Liposomes made of DOTAP and DPPC formed aggregated multi-lamellar vesicles. The
size of the individual multi-lamellar vesicles within the aggregates ranged between 30 nm and
110 nm and the size of vesicle aggregates ranged between 130 nm and 170 nm. DC-cholesterol
and DPPC formed 30 nm snail-shaped lipid bilayer structures and aggregates of lipid bilayers
with sizes varying from 90 nm to 175 nm. However, they did not form closed vesicles. The
absence of closed vesicles in the DC-cholesterol/DPPC preparation is also consistent with the
lack of sustained release of the actives. Although liposomes of similar composition have already
been prepared, these studies did not examine liposome morphologies using microscopy
techniques'* 2”-3!. However, morphologies can unravel encapsulation and release properties of
the liposomes.

The liposomes made of DC-cholesterol induced cytotoxicity in Calu-3 cells, a bronchial
epithelial cell line, at the lowest lipid concentration explored of 6.25 pg/ml (3.25 pg/ml of DC-
cholesterol) as well as in JAWS II dendritic cells at the lipid concentration of 62.5 pg/ml (32.5
pg/ml of DC-cholesterol). However, DOTAP liposomes were safe in these cell lines up to a
lipid concentration of 250 pg/ml (147.5 pg/ml of DOTAP). The potential toxicity of cationic
lipids is well known®2. Toxicity depends among others on the nature of the cationic lipid, the
nature of the co-lipid, the proportion of the different lipids and the cell type. Lechanteur et al
similarly showed higher toxicity of DC-cholesterol over DOTAP in A549 cells, a type 1I
alveolar epithelial cell line'>. At a 1:1 molar ratio with the fusogenic
dioleoylphosphatidylethanolamine (DOPE) phospholipid, DC-cholesterol was safe up to a
concentration of 2.7 pg/ml in the A549 cell line while DOTAP was safe up to a concentration
of 7 ng/ml. Filion and Phillips observed cytotoxicity of cationic lipids alone, including DOTAP
at a concentration of 70 pg/ml, in murine macrophages and the human monocyte U937 cell line.
However, toxicity of the cationic lipids was enhanced by the presence of DOPE. The
replacement of DOPE by DPPC significantly reduced liposome cytotoxicity and the presence
of dipalmitoylphosphatidylethanolamine-PEG in the liposomes completely abolished it?!.
Therefore, these previous cytotoxicity data corrobate our own observations.

Conclusion

Nanoliposomes made of a cationic lipid and DPPC could permanently entrap peptide
antigens, CpG and the fluorescent dye calcein. However, they could not sustain the release of
these compounds in vitro, presumably as a result of the low phase transition temperature of the
lipid bilayers. DOTAP liposomes were safe to respiratory cells in vitro while those composed
of DC-cholesterol were cytotoxic. Calcein encapsulation in nanoliposomes slightly improved
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the targeting of the fluorescent dye to DCs in the lungs in vivo. However, the access to DCs
was largely hindered by AMs since the majority of the nanoliposomes were taken up by these
cells in the airway and alveolar lumen. Targeting of IMs could not be achieved by using the
nanoliposomes, probably due to IMs localization in the lung parenchyma beneath the airway
epithelium. Stimulation of the innate immune system strongly enhanced calcein uptake by all
phagocytes in the lungs. It increased the number of calcein-positive AMs, IMs and DCs but it
also significantly increased the efficiency of nanoliposomes uptake by AMs. Future studies will
aim to assess the protection conferred by these formulations to lung tumor growth in murine
models of lung cancer.
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