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Chapter 1
General introduction



Allergy

We are constantly exposed to airborne allergens. Not everyone is allergic
or develops an allergy over time, but the incidence of allergic rhinitis,
conjunctivitis and asthma is increasing rapidly. Estimates indicate that allergies
affect approximately 30% of the population in the developed countries
[1-5]. Sensitization to airborne allergens, such as pollen, is an overreaction
to an otherwise harmless substance. Pollen from birch and other Fagales
family members are the most dominant tree pollen in Northern and Central
Europe. Birch pollen allergy often comes with allergies to other types of pollen
(e.g. hazelnut, oak, chestnut) [6] and even food allergies [7, 8] as a result of
protein homology. Based on samples in populations throughout Europe, it is
estimated that between 10 and 20% of all citizens are sensitized to the main
allergen of birch pollen: Bet v 1 [2-4, 9]. Among pollen-allergic patients, between
50 and 99% have Bet v 1-specific immunoglobulin (Ig) E.

An allergy is developed in two phases: the sensitization phase (Figure 1) and
the effector phase (Figure 2). During sensitization, the immune response to an
allergen is skewed towards a T-helper (Th) 2-type response. Allergen-specific
Th2 cells secrete cytokines, including interleukin (IL)-4, IL-5 and IL-13, which
ultimately results in antibody isotype switching towards IgE. In the effector
phase, mast cells (MCs) and basophils are loaded with allergen-specific IgE.
Upon binding of allergen to these specific IgE molecules, the MCs and basophils
degranulate and thereby release a storm of molecules, such as histamines,
prostaglandins and leukotrienes [10-15]. These are responsible for the most
common symptoms of allergy, including sneezing, rhinitis and conjunctivitis.
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Figure 1. Proposed mechanism of the sensitization phase of developing an allergy.
Dendritic cells are exposed to allergens and, in the presence of IL-4, induce the
differentiation of naive CD4+ T-cells into Th2 CD4+ T-cells. These cells produce IL-4, IL-5
and IL-13 and subsequently induce antibody isotype switching towards IgE on B-cells.
This allergen-specific IgE can then bind FceRl receptors on basophils and mast cells.
Image was adapted from Larché et al. [15].
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Even though allergic reactions most often are not lethal, the economic burden
of allergies is severe. It was estimated to be 2-5 billion dollar in the United States
in 2003 (approximately 20 dollar per citizen) [16], and more than 1 billion euro
in Sweden in 2015 (approximately 960 euro per citizen) [17].
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Figure 2. Proposed mechanism of the effector phase of an allergy. Upon subsequent
exposure to the allergen, DCs take up allergen and IgE-bound allergen and activate Th2
CD4+ T-cells, which produce various cytokines and chemokines, resulting in activation of
eosinophils, smooth muscle cells, mucus production and basophils. Image was adapted
from Larché et al. [15].

Allergy therapies

The most effective allergy treatment is avoiding the allergen source.
Unfortunately this is very difficult if not impossible for airborne allergens. First
line therapy includes the administration of drugs, such as anti-histamines or
corticosteroids [18]. These treat the symptoms, but not the underlying cause.
The only curative treatment is allergen-specific immunotherapy (AIT) using
allergy vaccines [18]. AIT is available as sublingual immunotherapy (SLIT) or
subcutaneous immunotherapy (SCIT). In SLIT, atopic patients must administer
themselves allergen sublingually daily for at least a year. SCIT consists of weekly
subcutaneous injections by a general practitioner during the scale-up phase
(first 3-6 months) of therapy, and monthly or bi-monthly injections during the
maintenance phase (3-5 years) [19-21].

Allergy vaccines for SCIT are usually composed of an allergen extract, containing
water-soluble proteins, adsorbed to aluminum hydroxide. The latter is a
commonly used colloidal adjuvant in childhood vaccines, known to induce
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strong Th2 mediated responses [22]. A recent advance in the field of AIT is the
use of (well-defined) recombinant proteins instead of (poorly defined) allergen
extracts [23-26]. As allergen extract content varies between allergen-source and
even between batches of the same supplier [23, 27-29], this is the first step
towards well characterized and reproducible vaccine formulations.

While proven effective, SCIT requires at least 3 years before sufficient effect is
achieved. IgE levels first increase, before decreasing in the course of SCIT [12].
This may be explained by the Th2-type of immune response that aluminum
hydroxide initially induces, resulting in IgE induction, before inducing IgG4
and IL-10 production. If the vaccine could directly induce either a regulatory
response or a Thl type response, the increase of allergy-related biomarkers
probably would not happen. Thus, by replacing the adjuvant, the therapy might
require less injections and work more quickly [10, 26, 30, 31].

Some issues about the safety of aluminum salts have been raised [21, 32-34].
Although the toxicity is debatable, development of new allergies has been
reported as a result of AIT [35-37], which may be attributed to the induction
of antigen-specific IgE as a result of the aluminum adjuvant. Moreover, there
is a regulatory wish to replace aluminum salts in allergy vaccines [10, 26, 31].
Nanoparticles are an interesting alternative adjuvant for immunotherapy. A
broad range of nanoparticles has been prepared and described as alternatives.
Liposomes are among the most studied and several liposomal formulations are
for purposes other than allergy vaccination are on the market [38].

Liposomes

Liposomes are nanoparticles composed of one or more (phospho-)lipid bilayers.
Liposomes are a biocompatible, bio-degradable and highly versatile and tunable
delivery system [39]. Molecules can be physically associated to liposomes
in three ways (Figure 3): water-soluble molecules can be encapsulated in the
aqueous core or adsorbed to the surface, while lipid-soluble molecules can be
incorporated in the lipid bilayer [40]. Incorporation of molecules in liposomes
typically alters the bio-distribution after administration. This formulation
strategy has successfully been used to alter the pharmacokinetics of cytostatic
drug molecules, such as doxorubicin [41]. Liposomes are also investigated and
used as adjuvant for vaccination, to carry antigenic peptides or proteins as cargo.

Liposomes can serve as vaccine adjuvant in two ways. Firstly, they can act as
a delivery system to enhance the delivery of antigenic cargo towards and into
antigen presenting cells (APCs) [42, 43]. Secondly, they can induce, enhance
or direct the subsequent immune response via various immunostimulatory
mechanisms [43-45]. In order for an adjuvant to induce its effect, both antigen
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and adjuvant need to be taken up by the same APC [46, 47]. The in vivo behavior
of liposomes strongly depends on the physico-chemical properties, which in turn
is determined by the content and lipid composition. The hydrodynamic diameter
and zeta potential of liposomes and their impact on immunogenicity have been
widely studied [42, 48-53].

a b

‘ maolecube
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Figure 3. Schematic overview of structure and composition of a unilamellar liposome.
Liposomes consist of one or more lipid bilayers, in which hydrophobic molecules can be
incorporated (A). The aqueous core can be used to encapsulate hydrophilic molecules
(B). The surface of liposomes can contain charged lipids, PEG-conjugated lipids and lipids
conjugated to targeting molecules (C). Molecules can also be adsorbed to the surface via
e.g. electrostatic interactions (D).

Small particles (<500 nm) are thought to migrate towards the lymph node and
then be taken up by lymph node resident APCs, whereas larger particles (>500
nm) are primarily taken up at the injection site [54, 55]. Consequently, small
liposomes were shown to disappear more quickly from the injection site than
large ones [56]. While smaller solid nanoparticles are often associated with a
Thl-skewed immune response and stronger CD8 T-cell responses, this does
not seem to be the case for liposomes [48]. Large neutral liposomes induced
a strong Thl response, whereas small liposomes induced a Th2 response [53,
57]. Small cationic liposomes containing pDNA were more effective at inducing
both a humoral [56] and especially CD8+ T-cell response [51, 56]. This illustrates
that not only size, but also other parameters, such as zeta potential and surface
chemistry, are to be considered.
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Liposomes can be either neutral, anionic or cationic. Neutral liposomes are
typically composed of phosphatidylcholines (PC), phosphoethanolamines (PE)
and cholesterol. Neutral liposomes are not stabilized by electrostatic repulsion,
which can result in rapid aggregation or sedimentation [58]. Despite this
challenge, neutral liposomes are the basis of ASO1 (in combination with MPL-A
and Saponin), GSK’s adjuvant used in malaria and recombinant Zoster vaccine
[46]. Cationic liposomes generally form a depot at the site of injection, where
they accumulate and need to be taken up by APCs to remove them from the
injection site. Cationic liposomes are efficiently taken up by APCs and generally
induce a strong T-helper cell type (Th) 1 response and are able to induce antigen
specific CD8+ T-cell responses [44, 59-62]. The uptake mechanism for cationic
liposomes seems to be based on electrostatic interaction between liposomes
and cell surface [45, 68]. Anionic liposomes are taken up via scavenger receptors
present on macrophages and liver sinusoidal endothelial cells [66, 67]. Studies
with anionic liposomes have shown that liposomes containing lipids with either
a phospho-glycerol or a phospho-serine headgroup can induce a regulatory
immune response rather than an inflammatory Th1 or Th2 response [45, 63-65].

Besides improving the delivery of the antigen, another advantage of using
liposomes, or nanoparticlesin general, is their ability to co-encapsulate molecular
immune modulators [66-72]. This will ensure the delivery of both antigen and
immune modulator into the same APC. This co-delivery is necessary for an
optimal effect of the immune modulator on antigen specificimmune responses.
Additionally, targeting moieties could be coupled to the surface to enhance
uptake by specific subsets of cells (e.g. dendritic cells, Langerhans Cells or foam
cells) [73-77]. In this thesis we use liposomes as antigen delivery systems for
two different antigens: model antigen ovalbumin (OVA) and Bet v 1, the major
allergen in birch pollen allergy.
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Aim and outline of this thesis

In this thesis we investigate liposomes as a delivery system for SCIT. We
set out to gain fundamental knowledge on the effect of antigen association
method on the subsequent induced immune responses in vitro and in vivo.
Moreover, we developed a new method of antigen association that can both
reduce antigen loss during preparation and improve the immunogenicity of
the antigen. We have prepared cationic and anionic liposomes and focused on
the delivery of antigens in different animal models and in ex vivo human skin
biopsies.

Chapter 2 compares different methods of Bet v 1 association to cationic
liposomes. Bet v 1 was adsorbed to the surface, encapsulated in the aqueous
core and resulting association efficiencies were determined. Aggregation was
observed after exceeding a 0.15 protein/lipid ratio (w/w) in all cases. Liposomes
with Bet v 1 encapsulated, adsorbed, and unbound induced the strongest IgG1
response.

In chapter 3 atomic force microscopy was used to accurately measure the rigidity
(Young’s modulus, Ym) of anionic liposomes as function of lipid composition. The
Ym was correlated to liposome uptake in vitro and induction of regulatory T-cells
in vivo. A linear correlation was observed between liposome rigidity and the
uptake of liposomes by cultured dendritic cells. Moreover, the linear correlation
was also observed between liposome rigidity and induction of antigen-specific
regulatory T-cells (Tregs) in vivo: the more rigid the liposome membrane, the
more Tregs.

We evaluated the fate of two liposome formulations (cationic and anionic)
after intradermal injection in human skin biopsies in chapter 4. Fluorescent
OVA or Bet v 1 was encapsulated in fluorescent anionic and cationic liposomes.
Subsequently, we analyzed which subsets of dendritic cells had taken up antigen
and liposomes. Antigen uptake in different subsets was not affected by injection
depth. We found that most CD14+ dDCs take up antigen, while Langerhans cells
showed the smallest fraction of antigen-positive cells. Moreover, encapsulation
of Bet v 1in liposomes greatly enhanced uptake by APCs.

In order to reduce the loss of precious antigen during the preparation of
liposomal antigen formulations, we developed a novel antigen association
platform, which is described in chapter 5. This association method is based on
the interaction between two complementary peptides (pepE and pepK, figure
4) that form a coiled coil. PepE was covalently linked to an antigenic peptide
sequence (yielding a pepE-antigen conjugate), while pepK was covalently linked
to cholesterol (yielding CPK). CPK was subsequently incorporated in the lipid
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bilayers of cationic liposomes. This coiled coil-based association of pepE-antigen
conjugates to liposomes was compared to association to non-functionalized
cationic liposomes and showed superior in vivo co-localization, as well as in vitro
and in vivo antigen specific CD4+ T-cell responses.

B

pepK pepE

lonic interactions

Hydrophobic
core

lonic interactions

Figure 4. Schematic overview of the intermolecular interactions that happen when pepE
and pepK form a coiled coil (A) and a representative image of what the coiled coil looks
like on a molecular scale (B). Image was adapted from Fernandez-Rodriguez et al. [78]

Mice were immunized with Bet v 1 associated to liposomes or aluminum
hydroxide in chapter 6. We compared the coiled coil-based association to the
gold standard in SCIT: adsorption to aluminum hydroxide. Coiled coil associated
Bet v 1 resulted in a superior immune response compared to plain adsorbed Bet
v 1 to either cationic liposomes or aluminum hydroxide, with high levels of Bet
v 1-specific IgG1 and IgG2a. Moreover, cells derived from lung draining lymph
nodes produced high levels of IL-4, IL-5, IL-10 and IL-13.

Finally, in chapter 7 the results of this thesis are summarized and the possible

application of liposomes as adjuvant in (allergen specific) immunotherapy is
discussed.
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Abstract

Liposomes are a commonly used vaccine adjuvant and an interesting candidate
to replace aluminum hydroxide (alum) in allergy vaccines. Antigens are often
either encapsulated in the aqueous core of liposomes, or adsorbed to the lipid
surface. We have evaluated the effect of association method on the availability
of antigen for IgE binding and the ability to induce an immune response.

Increasing amounts of Bet v 1, a recombinant version of the major allergen in
birch pollen allergy, were formulated with cationic liposomes, either adsorbed or
encapsulated, or a combination of both. Upon increasing the Bet v 1/lipid ratio,
liposome size increased slightly, and signs of aggregation were visible starting
at a protein/lipid mass ratio of 0.15. With increasing Bet v 1 concentration, the
association efficiency decreased. Encapsulated allergen was approximately 8-fold
less effective at binding IgE than Bet v 1 in buffer, as determined by ImmunoCAP
inhibition. Bet v 1 adsorbed to or encapsulated in cationic liposomes was able to
induce an antigen-specific IgG1 response, but liposomes with both encapsulated
and adsorbed Bet v 1 resulted in a stronger 1gG1 and response as well as a
stronger cytokine production upon stimulation.

In conclusion, encapsulation of Bet v 1 resulted in the most hypo-allergenic
formulation. The combination of adsorption and encapsulation resulted in the
most efficient antigen association to cationic liposomes, as well as the strongest
immune response.
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Introduction

Subcutaneous allergen immunotherapy (SCIT) has been used to treat allergies for
more than 100 years [1]. During immunotherapy, the ongoing immune response
is redirected from a T helper (Th)2 response towards a response that suppresses
Th2-driven allergy symptoms by induction of Th1 or regulatory Th cells (Treg).
The treatment usually consists of weekly subcutaneous injections of allergen
extracts in the build-up phase and monthly injections in the maintenance phase
and requires 3-5 years to achieve sustained therapeutic effect [2]. The long
duration of the therapy and frequent (local) side effects are associated with low
therapy adherence [3].

In mice, the desired protective immune response has been reported to be
characterized by IL-10 and IgG2a, a mixed Treg/Th1 response [4, 5]. Apart from
being an adjuvant, adsorption to aluminium hydroxide (alum) also decreases the
access of IgE to allergen, which results in less side-effects [6]. An alternative
adjuvant should ideally also contribute to achieving a similar or preferably
higher degree of hypo-allergenicity, in order to prevent allergic adverse events.
Many innovative ideas are explored to improve the efficacy and safety of SCIT,
among which recombinant hypoallergenic allergens and new adjuvants [7].
Nanoparticles such as liposomes are an example of a new adjuvant that could
replace alum [8].

Liposomes consist of at least one lipid bilayer and an aqueous core and are
a versatile delivery system and adjuvant for vaccines [9-11]. The versatility is
related to the large variety of synthetic and natural (phospho)lipids that are
available and can be incorporated in the lipid bilayer [10, 12, 13]. Cationic
liposomes are considered to be taken up more efficiently by antigen-presenting
cells (APCs) than neutral or anionic counterparts, which is ascribed to the ability
to interact with anionic cell surfaces [14, 15]. As uptake in APCs is a crucial first
step to induce an immune response, cationic, rather than anionic, liposomes are
often used in combination with an antigen for vaccination against a wide variety
of diseases [11, 16, 17].

For vaccination purposes, antigens (= allergens in case of allergy vaccines) are
commonly associated with liposomes in either of the following two ways: via
adsorption to the surface of the liposome or by encapsulation in the aqueous
core of the vesicle [18]. Association to the liposome surface is an easy method,
in which antigen and pre-formed liposomes are mixed. The efficiency of
adsorption, however, depends on the physicochemical properties of the antigen
and the liposomes and often relies on electrostatic interactions [19, 20]. Upon
in vivo administration, however competition with endogenous compounds, such
as salts and proteins, may lead to rapid antigen desorption from the liposome
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[21, 22]. Encapsulation in the aqueous core ensures that antigen and liposomes
stay associated for a longer time in vivo. However, the manufacturing is often a
laborious and inefficient process, in which both precious antigen and liposomes
can be lost [16].

In order to assess the effect of association method on the induced immune
response, we formulated Bet v 1, the main allergen in birch pollen allergy
[23], with cationic liposomes via adsorption onto the surface of the lipid
bilayer, encapsulation in the aqueous core, or a combination with Bet v 1 both
encapsulated and adsorbed. We assessed the effect of allergen concentration
in the initial formulation on particle size, zeta potential and final allergen
association. Subsequently, we immunized mice with 10 ug bet v 1 in the different
liposomal Bet v 1 formulations and compared the immune response to that
of Bet v 1 adsorbed to alum (Bet v 1-alum). We observed that liposomal Bet
v 1 formulations induced stronger antibody responses than Bet v 1-alum. The
cationic liposome formulation with Bet v 1 both adsorbed on the surface and
encapsulated in the core induced the strongest humoral immune response.

Materials & Methods

Chemicals and reagents

Cholesterol (CHOL), 1,2-distearoyl-sn-glycero-3-phosphocoline (DSPC) and
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were purchased from
Avanti Lipids. Sucrose, HEPES and sodium azide were obtained from Sigma Aldrich,
and aluminum hydroxide (Imject * Alum) from Thermo Scientific. Recombinant
Bet v 1 (isoform Bet v 1.0101) was purchased from the Department of Molecular
Biology of the University of Salzburg (Salzburg, Austria).

Preparation of liposome formulations

The liposomes consisted of DSPC, DOTAP and cholesterol in a 2:1:1 molar
ratio. These lipids were dissolved in chloroform and mixed in the desired ratio.
Subsequently, the organic solvent was evaporated in a rotary evaporator at
37 ° C and 180 mbar, leaving a lipid film. This film was hydrated at 37 ° C in
the presence of glass beads with 1 mL of 10 mM HEPES (pH 7.4), 280 mM
sucrose buffer (H/S buffer). After hydration, the suspension was snap-frozen and
lyophilized resulting in a fluffy cake. The lipid cake was rehydrated at 37 ° C with
filtered Milli-Q water to a final volume of 2 mL and homogenized by using a
LIPEX extruder (Evonik, Canada) over a stacked 400-nm and 200-nm Nucleopore
Track-Etch membrane (Whatman, the Netherlands).

For adsorbed Bet v 1, liposomes were prepared as described above. To adsorb
Bet v 1, liposomes were mixed with varying amounts of Bet v 1 and incubated at
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ambient temperature for at least 15 minutes prior to sample analysis or injection.

Encapsulated Bet v 1 liposomes were prepared as described above, but varying
amounts of Bet v 1 were dissolved in the H/S buffer in the hydration step.
After preparation, any free and bound Bet v 1 was removed with centrifuge
membrane concentrators. Three repeated wash-steps were performed, in which
the liposomes were concentrated approximately 5-fold, reconstituted with H/S
to the original volume, and unbound fractions were collected.

For a combination of adsorbed and encapsulated Bet v 1, liposomes were
prepared as for encapsulated Bet v 1, with varying amounts of Bet v 1 in the H/s
buffer in the hydration step. Here, however, no purification step was performed
to remove free and bound Bet v 1. The differences between these formulations
are schematically depicted in Figure 1.

Lipid film hydration After extrusion DLS Association efficiency
1. Mix lipids in adsorbed vz Separate unbound
desired ratio Hydrate . @g Measure unbound
2. Evaporatfe ) with Store at2-8°C .
solvents in rotary Jospe buffer until Y
evaporator 100TAP measurements 3 A (CONC initial ~CONC unbound)
1. 150 mbar 1 Chol s A CONC initial
. *100%
2. 37°C
encapsulated
Break open liposome
Hydrate Purification: Measure protein
N > with Betv1|  Remove Sy,
2 DSPC 205PC At
unbound Betv 1 @ (CONC liposomes) 5
1 DOTAP “aar in buffer A 5 CONC initial 100%
1 Chol
adsorbed & encapsulated Separate unbound
Measure unbound
Hydrate Store at 2-8 °C
with Bet v 1 until (CONC initial —CONC unbound)
) initial ~CONC unbound
Loorss  inbuffer measurements CONC initial
1 Chol * 100%

Figure 1. Overview of the different formulations. The differences in the preparation
process and schematically what is measured in the characterization. For adsorbed Bet v
1, no antigen is added in the liposome preparation. Only liposomes with encapsulated Bet
v 1 were purified directly after they were formed in the extrusion process. For adsorbed
and adsorbed and encapsulated formulation, there is also a fraction of unbound protein
present.

Liposome characterization

Hydrodynamic diameter (Z-average diameter) and polydispersity index were
measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK). The zeta potential was measured using
laser Doppler electrophoresis (IDe) on the same machine with a Zeta Dip Cell
(Malvern Instruments Ltd.). Each sample was diluted 100-fold in 10 mM HEPES
buffer (pH 7.4, 0.2-um filtered) before measurement.
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Determination of association efficiency

To determine the association efficiency of the different formulations, unbound
protein was separated from liposomes with centrifuge membrane concentrators
(Vivaspin2, 300.000 MWCO, Sartorius) by spinning down at 500 x g at 5 °C until
concentrated approximately 5-fold. The flow through, which contained unbound
Bet v 1 was collected, while the concentrate was diluted to the original volume
with H/S buffer.

For liposomes with Bet v 1 adsorbed, the unbound fraction was removed as
described above. The unbound fraction was collected and used to determine the
percentage of unbound protein. Adsorption efficiency was calculated as:

(CONC initial —CONC unbound)
CONC initial

Adsorption ef ficiency = * 100%

For encapsulated Bet v 1, the liposomes were purified directly after the extrusion
step. The unbound protein was separated as described above. This process
was repeated 3 times, to ensure that > 99% of unbound protein was removed.
Subsequently, the liposomes were dissolved in methanol and the protein content
was determined as described below. Encapsulation efficiency is calculated as:

CONC in liposomes

* 1009
CONC initial %

Encapsulation ef ficiency =
For the combination of encapsulated and adsorbed Bet v 1, the association
efficiency was determined as for adsorbed Bet v 1. The unbound fraction
was removed as described above and the protein content of this fraction was

determined. Subsequently, the association efficiency was calculated:
CONC initial —CONC unbound
¢ con ) «100%

CONC initial

Association ef ficiency =

Protein concentration determination

Protein concentration was determined with a Micro BCA assay kit (Boster
Biological Technology, Pleasanton, CA, USA) according to the manufacturer’s
protocol. This kit was chosen as it is compatible with methanol. Flow through
fractions after separation with Vivaspin2 columns were measured without
sample preparation. For encapsulated fraction, a modified Bligh-Dyer extraction
was performed as described previously [24]. In short, 100 uL of liposome
suspension were mixed with 250 uL of methanol and 125 pl of chloroform. The
mixture was vigorously vortexed for 10 seconds before 125 uL of chloroform
and 250 pL of 0.1 M HCl were added to the mixture. The mixture was vigorously
vortexed for 20 seconds and centrifuged during 5 minutes at 2100 rpm and
room temperature. After centrifugation, the upper phase (methanol-water),
containing the Bet v 1, was collected and its protein content was determined.
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ImmunoCAP inhibition assay

The IgE binding potency of various liposome formulations was determined
by ImmunoCAP IgE inhibition assay [25]. To that end, liposomes were serially
diluted (dilution factor 10) in 10 mM HEPES, 280 mM sucrose, pH 7.4. A pool of
36 sera from birch pollen allergic patients (from a reference serum bank at AMC
[26, 27]) was diluted to 12 kU/mL of specific IgE against Bet v 1 and added 1:1
(v/v) to all serial dilutions, followed by incubation at room temperature for one
hour. Uncomplexed IgE in the samples was measured on a Phadia-250 machine
(ThermoFisher Scientific, Uppsala, Sweden) loaded with rBet v 1 ImmunoCAPs
(catalogue code t215, ThermoFisher Scientific). The percentage inhibition was
calculated on a scale from 100% inhibition (no serum) to an 0% inhibition
(PBS + serum). The concentration at which 50% inhibition occurred (IC50) was
determined by non-linear regression fit with variable slope (4 parameters: no
restriction for top, bottom was set to 0, Hill coefficient was set to “shared for all
data sets”, and IC50 must be greater than 0).

In vivo immunogenicity

Mice were immunized subcutaneously at day 0, 7 and 14 with 10 ug Betv 1, as
determined by BCA, in various formulations containing liposomes or alum (1
mg per injection). Serum for antibody detection was collected at days -1, 6, 13
and 20. At day 27, 28 and 29 the animals received an intranasal challenge under
3% (v/v) isoflurane anesthesia with 100 pug/mL birch pollen extract (BPE, HAL
Allergy, Netherlands) in PBS to induce lung inflammation. On day 31, the mice
were sacrificed, and blood was collected to analyze Bet v 1 specific levels of
IgG1 and IgG2a in serum. Moreover, lung draining lymph nodes were collected
to determine the production of IL-4, IL-5, IL-13, IL-10 and IFN-y cytokines after
stimulation with Bet v 1.

Determination of Bet v 1 specific antibodies

Serum was analyzed by ELISA for the level of Bet v 1-specific IgG1 and I1gG2a (1gG1:
Opteia, BD, San Diego, CA, USA, IgG2a: eBioscience) as previously described [4].
In short, Maxisorp plates were coated with recombinant Bet v 1 overnight and
subsequently washed. After blocking with 10% fetal calf serum, serum samples
were diluted 100-fold, prior to addition to the microtiter plate and incubated
for 2 hours at room temperature. Subsequently, detecting biotin-conjugated
antibodies specific for IgG1 or IgG2a, respectively, were added, followed by
an streptavidin-HRP and TMB substrate detection step. Coloring reaction was
stopped by addition of H,SO,, according to the manufacturer’s instructions.

Ex vivo re-stimulation of lung draining lymph node cells
Lung draining lymph node cell suspensions were plated in a 96-well round bottom
plate at a density of 2 x 10° cells per well in RPMI supplemented with gentamicin,
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fetal calf serum and B-mercaptoethanol. The cells were re-stimulated for 4 days
with 10 pg/mL recombinant Bet v 1. Expression levels of cytokines IL-4, IL-5, IL-
10, IL-13 and IFN-y were determined in the supernatant by ELISA (eBioscience).

Statistics

Data was processed and analyzed in GraphPad v8 (Prism) for Windows. Statistical
analysis was performed with the same program and the method of analysis is
indicated in the figure legends.

Results

Increasing amounts of Bet v 1 adsorbed to cationic liposomes ultimately
results in aggregation

The association method of Bet v 1 with liposomes may affect the colloidal stability
of the liposomes. Therefore, we evaluated how Bet v 1 loading of liposomes via
adsorption or encapsulation affected the size and charge of liposomes. Empty
liposomes consisting of DSPC, DOTAP and cholesterol had a hydrodynamic
diameter of circa 200 nm and a zeta potential of > 35 mV. Mixing of increasing
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Figure 2. Liposome properties: Z-average diameter (left column), polydispersity index (middle
column) and zeta potential (right column) of liposomes with increasing amounts of Bet v 1
adsorbed (A) or encapsulated (B) or both adsorbed and encapsulated (C). Mean values with
standard deviations are plotted (n=2-6). Means were compared with a 1-way ANOVA and Tukey’s
multiple comparison post-test. * =p <0.05, ** p =< 0.01, *** =p <0.001, **** = p < 0.0001.
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amounts of Bet v 1 (resulting in final Bet v 1 concentrations of 65 — 325 ug/
mL) with empty liposomes (final concentration 1.25 mg lipid/mL) resulted in
a slightly increased size and polydispersity index, while the zeta potential was
not significantly changed (Figure 2A). While the size and zeta potential did not
vary with increasing amounts of Bet v 1 encapsulated, the polydispersity index
increased in a similar manner as for adsorption (Figure 2B). For a combination
of adsorbed and encapsulated Bet v 1, the only changes observed were in the
polydispersity index (Figure 2C). Although the effect on size seems low, from a
protein/lipid ratio between 0.10 and 0.15 a second peak is visible in the size-
intensity plot after adsorption, encapsulation and the combination of both
(Supplementary Figure 1, 2 and 3 respectively), suggesting that some aggregation
had occurred.

Increasing amounts of Bet v 1 results in decreased association efficiency,
but increased amount of associated antigen

Next, we set out to investigate how increasing Bet v 1/lipid ratios affects the
allergen association efficiency with liposomes for all formulations. Regardless of
association method, more Bet v 1 was associated to liposomes with increasing
amounts of initial Bet v 1 (Figure 2). The association efficiency, however, was
decreased as more Betv 1 was added foradsorption (Figure 2A) and encapsulation
(Figure 2B), while the association efficiency was constant for the combination
of encapsulation and association (Figure 2C). To have the highest possible
allergen-association, without any visible aggregation, subsequent formulations
for immunoCAP and the animal study were prepared with a protein/lipid ratio
of 0.1 (w/w).

Bet v 1 encapsulation in cationic liposomes decreases IgE binding

In allergic patients, binding of IgE to Bet v 1 can cause potentially severe
side effects. An ImmunoCAP assay was performed to evaluate whether the
different association methods had effect on the IgE binding potency of Bet v
1. Adsorbed Bet v 1 should be accessible for IgE binding, while encapsulated
Bet v 1 theoretically should not, unless liposomes break open or allergen can
leak out. As shown in Figure 3, Bet v 1 adsorbed to liposomes bound IgE in a
similar, dose-dependent manner as free Bet v 1. Bet v 1 which was encapsulated
in liposomes showed an 8-fold reduction in IgE binding. This suggests that not
all Bet v 1 has been removed from the outside of the liposomes. Based on figure
3, the liposomes with both encapsulated and adsorbed Bet v 1, should have
approximately 50% of the Bet v 1 encapsulated, and 50% available for binding
IgE. The IgE inhibition of liposomes with adsorbed and encapsulated Bet v 1
showed an inhibition curve in between that of adsorbed and encapsulated Bet
v 1 (Figure 4).
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Figure 3. Total amount of antigen associated to liposomes (left panel) and association efficiency
(right panel) after increasing amounts of Bet v 1 were adsorbed to (A), encapsulated in (B), or
adsorbed to and encapsulated in (C) liposomes. Mean values with standard deviations are plotted
(n=2-6). Means were compared with a 1-way ANOVA and Tukey’s multiple comparison post-test.
*=p<0.05 **p=<0.01, ***=p<0.001, **** = p < 0.0001.

Cationic liposomes with Bet v 1 on surface and in core induced strongest
IgG1 response in mice

To assess the impact of the method of allergen association to liposomes on
immunogenicity, mice were immunized with 10 pg of Bet v 1 in the different
liposome formulations. The liposomal Bet v 1 formulations were compared to
a formulation of Bet v 1 adsorbed to alum. Bet v 1-specific 1gG1, IgG2a and IgE
were measured in the mouse sera at the end of the experiment. At the (100-
fold) dilution used for IgG detection, liposomes without allergen and alum-
adsorbed Bet v 1 did not induce detectable antigen-specific antibodies (Figure
5A). In contrast, all liposomal Bet v 1 formulations induced antigen-specific IgG1.
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The liposomal formulation in which Bet v 1 was both encapsulated and adsorbed
induced the strongest IgG1 response (4 out of 5 responders). None of the tested
formulations induced detectable amounts of Bet v 1-specific IgG2a or IgE.

Betv 1 Adsorbed | Encapsulated | Adsorbed + encapsulated
IC50 | 0.001700 | 0.002247 | 0.01225 0.006104

IgE inhibition by bet v 1 formulations
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Figure 4. The ability of free Bet v 1 (black), or Bet v 1 adsorbed to (blue), encapsulated in (green),
both adsorbed to and encapsulated in (red) liposomes to bind patient-derived Bet v 1 specific IgE.
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Figure 5. A. Bet v 1-specific IgG1 in serum after immunization of mice with Bet v 1 associated
to liposomes in different ways. Group mean and standard deviation are plotted (n = 4-5 mice/
group). B. Production of IL-4, IL-5, IL-10, IL-13 and IFN-y by lung draining lymph node cells from
immunized mice after exposure to Bet v 1. Group mean and standard deviation are plotted (n = 4-5
mice/group). Groups were compared with a Kruskal-Wallis test followed by Dunn’s correction for
multiple comparisons. * = p < 0.05, ** =p <0.01, *** = p < 0.001.

33



After sacrifice, lung draining lymph nodes were isolated and the production
of cytokines by lymph node cells was measured after exposure to Bet v 1. The
cytokine production trend followed that of the antibody responses. No cytokines
were detected for the groups immunized with liposomes alone, or alum-
adsorbed Bet v 1. The highest IL-5, IL-10 and IL-13 levels were observed after
immunization with a combination of adsorbed and encapsulated Bet v 1, while
encapsulated Bet v 1 resulted in higher cytokine levels than adsorbed Bet v 1
(Supplementary Figure 4), except for IFN-y, which had low levels in all groups. In
cytokine ratios (IL-10 / IL-4, IL-5, IL-13 and IFN-y) all liposome formulations induce
the same pattern compared to liposomes without antigen or alum-adsorbed Bet
v 1 (Figure 5B). The IL-10/IL-4 ratio is increased compared to empty liposomes
or alum-adsorbed Bet v 1, while the IL-10/IL-5 and IL-10/IL-13 ratio is decreased.
The IL-10/IFN-y ratio is very high in all groups, as very little IFN-y was detected.

Discussion

In this study we set out to explore the effect of allergen association method
on liposome properties and immunogenicity of the allergen (Bet v 1). Allergen
adsorption to liposomes is most efficient with opposite charges, which happens
in the case of cationic liposomes with negatively charged Bet v 1 (isoelectric point
=5.4[28]). The adsorption of anionic model antigens (a-lactalbumin, ovalbumin
and bovine serum albumin) to cationic liposomes has been reported to result
in up to almost 100% adsorption efficiencies. There is a maximum antigen
adsorption capacity of liposomes and a threshold above which aggregation
starts occurring, which depends on properties of both protein and formulation.
The aggregation which was detected for Bet v 1/lipid ratios larger than 0.1-
0.15 (w/w) is in line with previous studies [19, 20]. The association efficiency
increased with decreasing antigen / lipid ratio, which is in line with other studies
[29].

Successful removal of unbound Bet v 1 in encapsulated Bet v 1 was confirmed
by the results of the ImmunoCAP assay. While adsorbed Bet v 1 resulted in
practically the same IgE binding as Bet v 1 in buffer, encapsulated Bet v 1 resulted
in an 8-fold lower IgE binding. This suggests that approximately 12% of all Bet v
1 was present on the surface of the liposomes or had leaked out under the assay
conditions. The presence of adsorbed Bet v 1 on the liposome surface might be
an inevitable consequence of the formulation process because of incomplete
removal of adsorbed Bet v 1 despite multiple washing steps. In the formulation
where the washing steps were omitted (adsorbed + encapsulated, figure 4), the
IC50 of IgE binding was in between the IC50 of liposomes with adsorbed and
encapsulated Bet v 1, respectively. This is in line with the Bet v 1 encapsulation
efficiency of approximately 50% that was found for a 0.1 antigen / lipid ratio.
With regard to safety, encapsulated antigen would be the preferred option over
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adsorption, or a combination, as approximately 8-fold more Bet v 1 was required
to achieve a similar IgE binding.

Formulations with adsorbed allergen also had a fraction of unbound, free
allergen. Based on the ImmunoCAP assay, even the formulation which was
washed repeatedly to remove any bound and free Bet v 1, was able to bind Bet
v 1-specific IgE, albeit to a lesser extent than adsorbed Bet v 1. This unbound
fraction is not likely to interfere in DLS measurements, as proteins are much
smaller than liposomes and therefore will hardly contribute to the light scattering
signal [30]. The unbound fraction is definitely found in the ImmunoCAP assay,
where also surface-adsorbed Bet v 1 seems to be detected as free Bet v 1.
This unbound fraction may be problematic when applying these formulations
for immunotherapy, where free allergen is associated with side effects [5, 31].
The unbound Bet v 1 is however not expected to contribute significantly to the
induced immune response, as free Bet v 1 has previously shown to not induce
an immune response in naive mice [data not shown, Leboux et al., Chapter 6].
The immune responses that were reported in this manuscript were unexpected,
both for the cationic liposomes as for aluminium hydroxide. Cationic liposomes
reportedly induce a strong Thl skewed immune response, of which antigen-
specific 1gG2a and IFN-y are hallmarks [10, 11, 32]. Surprisingly, no lgG2a
induction in mice by any of the liposome formulations was observed. Moreover,
barely any IFN-y was detected after stimulation of lung draining lymph node cells
ex vivo. This poor IFN-y production is not in line with previous observations [33,
34]. However, it is important to note that others used spleen-derived cells while
in this study lung draining lymph node cells were used, because a strong response
in these cells was expected after the intranasal boost that was administered at
the end of the experiment. These cells produced large quantities of IL-5, IL-10,
IL-13, and to a lesser extent IL-4, which are signature cytokines for a Th2-skewed
response [35].

The weak response in mice that received alum-adsorbed Bet v 1 was also
unexpected. In several reports, alum-adsorbed Bet v 1 has been described
to induce a strong, allergy-like pathology in mice [4, 36-38]. For this purpose
however, the formulation is typically administered intraperitoneally (i.p.). It has
been reported that subcutaneous administration of alum-adsorbed Bet v 1 is
less efficient at inducing antigen-specific antibodies than i.p. administration [38,
39]. Perhaps another dosing regimen, or increased allergen dose per injection
would have increased the immune response. Altogether, the formulations used
in this manuscript did not induce an immune response which is associated with
relief of allergy symptoms in mice [4], but give insight into the effect of antigen
association method on the induced immune response.
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Similarly to the results presented in this manuscript, no significant differences
were found between either adsorption or encapsulation of influenza antigens
with cationic liposomes in a previous study [40], but a combination of both
methods was not explored. Tetanus toxoid either mixed or encapsulated (but
not purified) in liposomes in both cases induced similar IgG1, I1gG2a and IgG2b
levels. The antibody response lasted longer in mice injected with liposomes
that contained encapsulated antigen. The combination of adsorption and
encapsulation, as tested in our study, may induce the strongest response because
there is more and potentially longer antigen exposure. First, surface antigen is
(partially) desorbed from the liposomes and can quickly migrate away from
the injection site [19, 21]. Subsequently, cationic liposomes containing antigen
remain at the injection site and are removed by APCs that process and present
antigen fragments as well. This may be beneficial, because a humoral response
requires intact antigen (quickly desorbed antigen), which is enhanced by helper
T-cell stimulation with antigen derived peptides (from processed encapsulated
antigen) [41]. The same mechanism is assumed for colloidal aluminum salt-
based adjuvants, which slowly release antigen from the injection site [42].

In conclusion, we have shown that preparing cationic liposomes with increasing
amounts of Bet v 1 results in more association to liposomes, but a lower
association efficiency. Bet v 1 causes aggregation between an antigen/lipid ratio
of 0.10 and 0.15 (w/w) regardless of association method. Encapsulation of Bet v
1lin liposomes seems to result in a hypo-allergenic product, as the ability of Bet v
1 to bind IgE was reduced 8-fold. Unpurified liposomes in which Bet v 1 was both
adsorbed and encapsulated (and partly unbound) were more allergenic than
the ones with only encapsulated Bet v 1, but induced a stronger I1gG1 response
as well as a stronger cellular response to ex vivo stimulation, than otherwise
associated Bet v 1. This demonstrates that the association method not only
affects the association efficiency, but also the subsequent (hypo)allergenicity
and immunogenicity. The most hypo-allergenic formulation is the one with
encapsulated Bet v 1, while liposomes with both encapsulated and adsorbed
Bet v 1 showed the highest immunogenicity.
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Supplementary Figure 1. Effect of protein/lipid ratio on particle size distribution of pre-formed
cationic liposomes mixed with Bet v 1. The graphs shown are the average of 4-5 separate
experiments, in which 3 repeated measurements were made. The graphs were artificially nudged
by 2 y-axis values for sake of clarity.
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Supplementary Figure 2. Effect of protein/lipid ratio on particle size distribution of cationic liposomes
with encapsulated Bet v 1. The graphs shown are the average of 4-6 separate experiments, in
which 3 repeated measures were made. The graphs were artificially nudged by 2 y-axis values for
sake of clarity.
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Supplementary Figure 3. Effect of protein/lipid ratio on particle size distribution of cationic
liposomes with both adsorbed and encapsulated Bet v 1. The graphs shown are the average of
2 separate experiments, in which 3 repeated measures were mad. The graphs were artificially
nudged by 2 y-axis values for sake of clarity.
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Supplementary Figure 4. Production of IL-4, IL-5, IL-10, IL-13 and IFN-y by lung draining lymph
node cells from immunized mice after exposure to Bet v 1. Group mean and standard deviation are
plotted (n = 4-5 mice/group). Groups were compared with a Kruskal-Wallis test followed by Dunn’s
correction for multiple comparisons. * = p < 0.05, ** =p <0.01, *** = p < 0.001.
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Abstract

Regulatory T cells (Tregs) are vital for maintaining a balanced immune response
and their dysfunction is often associated with auto-immune disorders. We
have previously shown that antigen-loaded anionic liposomes composed of
phosphatidylcholine (PC) and phosphatidylglycerol (PG) and cholesterol can
induce strong antigen-specific Treg responses. We hypothesized that altering
the rigidity of these liposomes while maintaining their size and surface
charge would affect their capability of inducing Treg responses. The rigidity of
liposomes is affected in part by the length and saturation of carbon chains of the
phospholipids in the bilayer, and in part by the presence of cholesterol.

We used atomic force microscopy (AFM) to measure the rigidity of anionic
OVA,,.-containing liposomes composed of different types of PC and PG, with
or without cholesterol, in a molar ratio of 4:1(:2) distearoyl (DS)PC:DSPG
(Young’s modulus (YM) 3611 + 1271 kPa), DSPC:DSPG:CHOL (1498 + 531 kPa),
DSPC:dipalmitoyl (DP)PG:CHOL (1208 + 538), DPPC:DPPG:CHOL (1195 + 348
kPa), DSPC:dioleoyl (DO)PG:CHOL (825 + 307 kPa), DOPC:DOPG:CHOL (911 +
447 kPa), and DOPC:DOPG (494 + 365 kPa). Next, we assessed if rigidity affects
the association of liposomes to bone marrow-derived dendritic cells (BMDCs)
in vitro. Aside from DOPC:DOPG liposomes, we observed a positive correlation
between liposomal rigidity and cellular association. Finally, we show that rigidity
positively correlates with Treg responses in vitro in murine DCs and in vivo in
mice. Our findings underline the suitability of AFM to measure liposome rigidity
and the importance of this parameter when designing liposomes as a vaccine
delivery system.
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Introduction

Regulatory T cells (Tregs) are important for the resolution of inflammation
after infection, immune suppression, and immune homeostasist. They do
so by producing anti-inflammatory cytokines?, consuming pro-inflammatory
interleukin 2 (IL-2) and interrupting effector T cell metabolism?®. A reduction in
the number or the dysfunction of Tregs has been implicated in many diseases,
including type 1 diabetes, rheumatoid arthritis, and multiple sclerosis*. Due
to their immunosuppressive capacity, inducing Tregs is an attractive approach
for immunotherapy in inflammatory and auto-immune diseases. Approaches
to induce tolerance include oral administration of disease-specific antigens®,
as well as the use of tolerogenic nanoparticles (reviewed by Kishimoto and
Maldonado®).

Many of these tolerogenic nanoparticles co-encapsulate antigens with ligands to
enhance tolerance or inhibit effector responses, such as CD227 or rapamycin®°,
respectively. However, it is possible to use “bare” particles that exploit natural
tolerogenic processes, generally by targeting scavenger receptors®. When using
such nanoparticles, their physicochemical properties determine their efficiency
to induce antigen-specific Treg responses. For instance, cationic particles are
superior to anionic particles when comparing the efficiency of their association
to APCs, as well as induction of pro-inflammatory responses!!, whereas we and
other groups have shown that anionic nanoparticles like PG-containing liposomes
are more efficient at inducing tolerance!**3. Besides the surface charge, particle
size has also been shown to affect liposome-APC interactions and subsequent
induction of antigen-specific Tregs. For example, nano-sized particles are taken
up more efficiently by APCs than micron-sized particles, leading to stronger APC
activation and subsequent immune responses'“.

Finally, the rigidity of nanoparticles is another important parameter for the
induction of T cell responses!>!¢, however, to our knowledge, it is unknown
whether Treg responses are similarly affected by this parameter. The rigidity of
a particle, expressed here as YM, describes the deformation of an entire particle
and is not the same as the intrinsic deformation property of the material(s)
that the particle is made of. Rigid particles were previously shown to be more
efficiently taken up by macrophages compared to soft particles’’, and rigid
liposomes were able to induce stronger DC activation in vivo'®. Furthermore,
rigid liposomes led to higher levels of antigen presentation on MHC-Il in DCs®.
Finally, increasing liposomal rigidity has been shown to result in increased
humoral and cellular immune responses?®22,

Here, we aimed to study the relationship between liposomal rigidity and
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induced antigen-specific Treg responses. Liposomal rigidity is related to, but not
the same as, the rigidity of the lipid bilayer. Bilayer rigidity is strongly dependent
on the transition temperature (T ) of the constituent phospholipids. Below the
T_, phospholipid bilayers are in a relatively rigid gel state, whereas above the Tm
they arein a (much less rigid) liquid disordered state?®. Analytical techniques such
as differential scanning calorimetry (DSC)* are commonly used to determine the
average Tm of liposomal bilayers. However, these techniques do not measure
the absolute rigidity of bilayers, let alone of liposomal particles. Moreover,
bilayers containing substantial amounts of cholesterol (CHOL) lack a clear
Tm?, making the use of these analytical techniques less useful. In the present
study, we employed atomic force microscopy (AFM), as this technique allows
for simultaneous imaging and rigidity measurement of individual liposomes,
whether or not they contain CHOL?®. Here we present an AFM-based method
to measure the YM of a range of anionic liposomes, by immobilizing them on
(3-aminopropyl)triethoxysilane (APTES)-modified silicon plates. Moreover, we
show that liposomal rigidity is positively correlated with Treg responses against
a loaded antigen in vitro and in vivo.

Materials and Methods

Materials

The  phospholipids  1,2-distearoyl-sn-glycero-3-phosphocholine  (DSPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(DSPG), 1,2-dipalmitoyl-sn-glycero-3- phosphoglycerol (DPPG), 1,2-dioleoyl-
sn-glycero-3- phosphoglycerol (DOPG), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DPPE-Rho) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol (CHOL),
APTES, acetic acid, N,N’-diisopropyl carbodiimide (DIC), and triisopropyl silane
were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). The
ovalbumin-derived peptide OVA_ . (ISQAVHAAHAEINEAGR) was purchased from
Invivogen (San Diego, California, USA). Tentagel R-RAM resin was purchased
from Rapp Polymere (Tlbingen, Germany). Amino acids were supplied by
Novabiochem (Merck, Darmstadt, Germany). Dimethylformamide (DMF),
trifluoracetic acid (TFA), piperidine, pyridine, and acetonitrile were purchased
from Biosolve (Valkenswaard, the Netherlands). Oxyma was supplied by Carl Roth
(Karlsruhe, Germany). DCM was purchased from Honeywell (Fisher, Landsmeer,
the Netherlands). Diethyl ether was acquired from VWR (Amsterdam, the
Netherlands). Polycarbonate track-etched membranes with a pore size of 400
nm and 200 nm were obtained from Millipore (Kent, UK).

For cell culture, Ca*- and Mg*-free phosphate-buffered saline (PBS), Iscove’s
Modified Dulbecco’s Medium (IMDM), Roswell Park Memorial Institute Medium
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(RPMI 1640), L-glutamine, and penicillin/streptomycin were purchased from
Lonza (Basel, Switzerland). Fetal calf serum (FCS) was purchased from PAA
Laboratories (Ontario, Canada). B-mercaptoethanol was purchased from Sigma-
Aldrich (Zwijndrecht, the Netherlands). Granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from PeptroTech (London, UK).

The antibodies CD45.1-PE-DazzIle594 (A20), Thyl.2-PE-Cy7 (53-2.1), Gata-3-PE
(16E10A23), T-bet-APC (4B10), IL-17A-AF488 (TC11-18H10.1), and CD11c-PerCP-
Cy5.5 (N418) were purchased from Biolegend (CA, USA). FOXP3-eFluor450
(FJK-16S), CD25-AF488 (PC61.5), Ki-67-FITC (SolA15), fixable viability dye-APC-
eFluor780, IL-10-PerCP-Cy5.5 (JES5-16E3), IFNy-APC (XMG1.2), and FOXP3/
transcription factor staining kit were purchased from eBioscience (Thermofisher
Scientific, MA, USA). CD4-V500 (RM4-5) was purchased from BD Biosciences
(CA, USA).

Preparation of OVA_ .-AF488

323

The OVA,,, peptide with the sequence ISQAVHAAHAEINEAGRGC was synthesized
using a Liberty Blue microwave-assisted peptide synthesizer. Synthesis was
performed on a 0.1 mmol scale with a low-loading (0.18 mmol/g) Tentagel®
R-RAM resin. Amino acid activation was performed using DIC as the activator
and oxyma as a base, and Fmoc-deprotection was performed with 20%
piperidine in DMF. The resin was washed five times with DMF and five times
with dichloromethane. To protect the N-terminal amine, the peptide was
reacted with 5% v/v acetic acid anhydride and 6% pyridine v/v in DMF for 1 hour
at room temperature. Subsequently, cleavage from the resin was performed
using a mixture of TFA:triisopropyl silane:water, 38/1/1 v/v/v. The peptide
was precipitated using ice-cold diethyl ether. The precipitate was collected by
centrifugation before resuspension in water:acetonitrile 4/1 v/v, after which the
acetonitrile was evaporated and the remaining aqueous solution was lyophilized
overnight. Purification was performed by RP-HPLC on a Kinetic Evo C18 column
with a Shimadzu system comprising two LC-8A pumps and an SPD-10AVP UV-Vis
detector. The collected fractions were analyzed using LC-MS and pure fractions
were pooled, the organic solvent was evaporated and the peptide solution was
lyophilized overnight. To obtain fluorescently labeled OVA_,,, the peptide was
incubated for 48 hours at 4°C with AlexaFluor 488 C, maleimide (ThermoFisher
Scientific, Landsmeer, Netherlands) at pH 7.4 (100 mM HEPES buffer). The
purified fluorescent peptide was obtained by RP-HPLC and mass was confirmed
by LC-MS.

Liposome preparation
Liposomes were prepared using the thin film dehydration-rehydration method,
as described previously?. Briefly, phospholipids with or without CHOL (10 mg/
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mL, 1 mL) were dissolved in chloroform and mixed in a 50 mL round-bottom flask
at a molar ratio of 4:1(:2) PC:PG(:CHOL). The chloroform was evaporated under
vacuum in a rotary evaporator (Rotavapor R-210, Biichi, Switzerland) for 1 hour at
40°C. The resulting lipid film was rehydrated with 250 ug OVA___ dissolved in 1 mL
Milli-Q water and homogenized using glass beads. The liposome dispersion was
snap-frozen in liquid nitrogen, followed by freeze-drying overnight (Christ alpha
1-2 freeze-dryer, Osterode, Germany). The freeze-dried lipid cake was slowly
rehydrated using 10 mM sodium phosphate buffer (PB), pH 7.4. Two volumes of
500 plL and one volume of 1,000 puL PB were successively added, with intervals
of 30 min between each addition. The mixture was vortexed well between
each hydration step, and the resulting dispersion was left to rehydrate for at
least 1 hour. The multilamellar vesicles were sized by high-pressure extrusion
(LIPEX Extruder, Northern Lipids Inc., Canada) by passing the dispersion four
times through stacked 400-nm and 200-nm pore size membranes (Whatman®
NucleporeTM, GE Healthcare, Little Chalfont, UK). The resulting liposomes were
assumed to be unilamellar. Homogenization, rehydration, and extrusion were
performed at a temperature above the T_ of the phospholipids. To separate non-
encapsulated OVA_ . from the liposomes, liposomes were washed in a Vivaspin
2 centrifuge membrane concentrator (MWCO 300 kDa, Sartorius, Gottingen,
Germany) by centrifugation at 524 g and 4°C. To prepare fluorescently labeled
liposomes, 0.1 mol% of PC was replaced with DPPE-Rho. To prepare liposomes
with fluorescently labeled OVA,_ ., 10% of the OVA_ . was replaced with OVA_, -
AF488. Liposomes were stored at 4°C and used for further experiments within
2 weeks.

Liposome characterization

The Z-average diameter and polydispersity index (PDI) of the liposomes were
measured by dynamic light scattering (DLS) using a NanoZS Zetasizer (Malvern
Ltd., Malvern, UK). The same instrument was used to measure {-potential by
laser Doppler electrophoresis. The liposomes were diluted 100-fold in PB to
a total volume of 1 mL for these measurements. Particle concentration was
measured using nanoparticle tracking analysis (NTA), as described previously?,
for optimal AFM measurements. Liposomes were diluted in PB to a particle
concentration between 107 and 10° particles/mL based on the DLS attenuation.
NTA measurements were performed using a NanoSight LM20 (NanoSight,
Amesbury, UK). Capture time was 60 seconds, the camera shutter was set to
1500 ms, and gain to 680. To determine the concentration of loaded OVA_,,
the peptide was extracted from liposomes using a modified Bligh-Dyer method,
as described previously?®. Briefly, 100 uL of aqueous liposomal dispersion
or a known concentration of free peptide as control was mixed with 250 pL
methanol and 125 pL chloroform and vortexed. Then, 250 uL of 0.1 M HCl and
125 pl chloroform were added and the mixture was vortexed and subsequently
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centrifuged for 5 min at 524 g to separate the two phases. The upper phase
was collected and analyzed by RP- UPLC. Sample injections were 10 uL and the
column used was a 1.7 um BEH C18 column (2.1 x 50 mm, Waters ACQUITY
UPLC, Waters, MA, USA). Column and sample temperatures were 40°C and 4°C,
respectively. The mobile phases were Milli-Q water with 0.1% TFA (solvent A)
and acetonitrile with 0.1% TFA (solvent B). For separation, the mobile phases
were applied in a linear gradient from 5% to 95% solvent B over 5 minutes at
a flow rate of 0.370 mL/min. Peptides were detected by absorbance at 214 nm
using an ACQUITY UPLC TUV detector (Waters ACQUITY UPLC, Waters, MA, USA).

Preparation of APTES-modified silicon plates

To allow for imaging of anionic liposomes, (negatively charged) silicon plates
were modified with APTES, to obtain a positively charged surface, as described
previously®. Briefly, the plates were washed with acetone and methanol and
dried in a vacuum oven (Binder, Germany) for 30 minutes at 50°C. The plates
were incubated in a solution of 3/7 v/v H,0,/H,SO, at 120°C to remove any
organic contaminants and to hydroxylize the silicon surface. The plates were
then washed with water and dried for 30 minutes in a vacuum oven. The plates
were incubated overnight in 2% v/v APTES in toluene, washed thoroughly with
toluene to remove any excess APTES, and subsequently washed with methanol,
and dried in a vacuum oven at 175°C. Lastly, a curing step for the hydrolysis
of residual ethoxy groups was performed at 120°C for 30 minutes followed by
incubation in Milli-Q water at 40°C for 2 hours after which the plates were washed
with methanol and stored in a vacuum oven at 175°C until use. The smoothness
of the APTES-modified plates was confirmed using AFM in QI mode. A sharp
cantilever (Oltespa, Opus, Bulgaria) with a nominal spring constant of 2 N/m, a
nominal resonance frequency of 70 kHz and a tip radius of <7 nm was used to
image the surface of the plates. The sample tilt was corrected using the JPK Data
Processing software v6.1.79 flattening function. Images were extracted using
Gwyddion v2.50 and the heights of structures on the plates were determined.
The roughness of the plates was expressed as root mean square (RMS)*!, and
plates used had RMS values between 0.6 and 3 nm, which was deemed to have
minimal interference and to favor adsorption of liposomes?.

Sample preparation for AFM measurements

APTES-modified plates were attached to glass microscope slides using
Reprorubber® (Thin Pour Kit, Flexbar Machine Corporation, USA). A small glass
ring with a diameter of 15 mm and a height of 3 mm was attached on the plate to
form a small basin. Next, 200 pL of liposomal formulation (particle concentrations
of about 102 — 10*® particles/mL, as measured by NTA) was applied to the plate
and incubated at room temperature for 5 min. The plate was gently washed with
PB without exposure of the plate to air to remove free liposomes.
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Scanning electron microscopy (SEM) of cantilevers

The cantilever tip radius of the HSC-20 cantilever (Team Nanotec, Germany)
was assessed by SEM using an FEI Nova nanoSEM 200. Imaging was performed
in high vacuum mode at 15 kV and a spot of 4.0 at a tilt of 45°. Images were
captured at 200,000-fold magnification and the radius of the cantilever tip was
determined using the SEM software.

AFM measurements

ToimagetheliposomesaJPKNanowizard 3 (JPK Instruments AG, Berlin, Germany)
was used. Measurements were performed at 25 + 1°C in QI mode. The AFM
probe used was a Team Nanotec (Germany) HSC-20 hemispherical cone-shaped
tip cantilever with gold-reflective coating and metal carbide coating on the tip
side, with a nominal spring constant of 0.2 N/m, a nominal resonance frequency
of 15 kHz and a tip radius of 35 nm, as determined by SEM. The cantilever was
calibrated using contact-based calibration and thermal tuning. For calibration,
the setpoint was 0.1 V on approach with a dynamic baseline. Imaging of the
liposomes was performed with a z-length 200 nm and a set point between 0.5
— 0.85 nN. The area of the image was 2 x 2 um at a resolution of 128 x 128
pixels with a pixel rate of 20 msec/pixel. Scan line artifacts were removed, line
fitting was applied to the images, and sample tilt was corrected. Liposomes with
a height below 40 nm were excluded from the analysis to prevent interference
from the substrate. Force vs. height curves were measured for each pixel of the
AFM image. After subtracting the cantilever deflection, the force vs. tip-sample
separation (or distance) curves were fitted using the Hertz/Sneddon model* for
a hemispherical cantilever tip according to the following equation:

4R E
3 1—v2

3
F = 6z (equation 1)*
where F is the force as measured by AFM, R is the tip radius as measured by SEM,
E is the YM, v is Poisson’s ratio, set to 0.5 for soft materials such as liposomes®,
and 6 is the indentation of the sample, also measured by AFM. The YM was
determined for the center of the liposomes.

Raw data images and force vs. height curves were processed using JPK Data
Processing software v6.1.70. Data from the images were extracted using
Gwyddion v2.50. Between 31 and 450 liposomes were analyzed per formulation
(Figure 1A).

BMDC culture

Bone marrow was isolated from the tibias and femurs of wild-type (WT) C57BL/6
mice. A single-cell suspension of bone marrow cells was obtained by straining
over a 70 um cell strainer (Greiner Bio-One B.V., Alphen aan den Rijn, NL).
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Cells were cultured for 10 days in complete IMDM (cIMDM) which contains
IMDM supplemented with 2 mM L-glutamine, 8% v/v FCS, 100 U/mL penicillin/
streptomycin, and 50 uM B-mercaptoethanol at 37°C and 5% CO, in 95-mm Petri
dishes (Greiner Bio-One B.V., Alphen aan den Rijn, NL) and 20 ng/mL GM-CSF.
The medium was refreshed every other day.

Liposome or antigen association to BMDCs

BMDCs were cultured as described above. After 10 days of culture, BMDCs were
plated in F-bottom 96-well plates (Greiner Bio-One B.V., Alphen aan den Rijn,
Netherlands) at 50,000 cells/well. To measure association (either by uptake or
adsorption) of liposomes to BMDCs, liposomes prepared with 0.1 mol% Rho-
DPPE or controls (non-fluorescent liposomes or medium) were added at a
concentration of 20 pg/mL lipids in supplemented IMDM. To measure OVA_
association to DCs, liposomes encapsulating fluorescently labeled OVA_,, were
added to a concentration of 0.1 ug/mL OVA_,.. Cells were incubated for 4 hours
at 37°C and 5% CO,. Subsequently, excess liposomes were removed by washing
the cells several times with cIMDM, and cells were incubated overnight. Cells
were stained with a fluorescent antibody against CD11c-PerCP-Cy5.5 (N418) and
fixable viability dye-APC-eFluor780 and subsequently analyzed by flow cytometry
(CytoFLEX S, Beckman Coulter, CA, USA). The presence of the fluorescent label
in DCs indicated the association of either liposomes or peptide by BMDCs. Data
were analyzed with FlowJo software V10 (Treestar, OR, USA).

In vitro Treg induction by liposome-pulsed BMDCs

BMDCs were cultured as described above, plated to 50,000 cell/well in a 96-well
F-bottom plate, and pulsed for 4 hours with liposomes or controls in cIMDM.
Spleens from OT-1l mice were strained through a 70 um cell strainer to obtain
a single-cell suspension. Erythrocytes were lysed using ammonium-chloride-
potassium (ACK) lysis buffer (0.15 M NH,Cl, 1 mM KHCO,, 0.1 mM Na,EDTA; pH
7.3).CD4* T cells were isolated using a CD4* T cell isolation kit (Miltenyi Biotec B.V.,
Leiden, Netherlands) according to the manufacturer’s protocol. After exposure,
BMDCs were washed with cIMDM to remove free liposomes, and 100,000 CD4*
T cells/well were added to the BMDCs. Co-cultures were incubated for 72 hours
in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% v/v FCS, 100
U/mL penicillin/streptomycin, and 50 uM B-mercaptoethanol. Cells were stained
for Thy1.2-PE-Cy7, CD4-V500, viability-APC-eFluor780, FOXP3-eFluor450, and
Ki-67-FITC, and analyzed by flow cytometry (CytoFLEX S, Beckman Coulter, CA,
USA). Data were analyzed using Flowlo software V10 (Treestar, OR, USA).

Animals
C57BL/6 and OT-ll transgenic mice on a C57BL/6 background were purchased
from Jackson Laboratory (CA, USA), bred in-house under standard laboratory
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conditions, and provided with food and water ad libitum. All animal work
was performed in compliance with the Dutch government guidelines and the
Directive 2010/63/EU of the European Parliament. Experiments were approved
by the Ethics Committee for Animal Experiments of Leiden University.

Adoptive transfer

Eleven-week-old female C57BL/6 mice were randomized into 4 groups based
on weight. On day 0, all mice received 500,000 CD45.1*CD4* T cells splenocytes
isolated from a female OT-II transgenic mouse via the tail vein. On day 1, mice
were immunized intravenously (i.v.) with a single injection of DSPC:DSPG,
DSPC:DSPG:CHOL, DOPC:DOPG or DOPC:DOPG:CHOL liposomes containing 1
nmol OVA_, . in PBS, in a total volume of 200 pL via the tail vein. On day nine, mice
were sacrificed by cervical dislocation and spleens were immediately removed.
Spleens were processed as mentioned above and stained for CD4-V500, CD45.1-
PE-Dazzle594, Thy1.2-PE-Cy7, viability-APC-eFluor780, CD25-AF488, Gata-3-PE,
T-bet-APC, and FOXP3-eFluor450 and measured by flow cytometry (CytoFLEX S,
Beckman Coulter, CA, USA). To measure cytokine production, splenocytes were
stimulated ex vivo with OVA_,_ (10 pug/mL). After 1 hour brefeldin A (3 ug/mL) was
added and cells were incubated for a further 5 hours. Cells were subsequently
stained for CD4-V500, CDA45.1-PE-Dazzle594, Thyl.2-PE-Cy7, viability-APC-
eFluor780, IFNy-APC, IL-17A-AF 488, and IL-10-PerCP-Cy5.5, and analyzed by
flow cytometry. Data were analyzed using FlowJo software V10 (Treestar, OR,
USA).

Statistical analysis

Results were analyzed using one-way or two-way ANOVA, followed by
Bonferroni’s multiple comparisons test and was performed using GraphPad
Prism version 8.1.1 for Windows (GraphPad Software, CA, USA).

Results

Preparation of liposomes

Tregs are vital for maintaining immune homeostasis and are an attractive target
for immunotherapy. We have previously demonstrated that liposomes prepared
with DSPC, DSPG and CHOL in a molar ratio of 4:1:2 and loaded with an initial
OVA,,, concentration of 250 pg/mlinduce strong antigen-specific Treg responses.
In order to assess how the rigidity of these liposomes affects the Treg responses,
we altered the rigidity of the liposomes by using phospholipids with different
carbon chain-lengths (e.g. DSPC, di-18:0 PC vs. DPPC, di-16:0 PC), unsaturation
in the lipid chain (e.g. DSPC, di-18:0 PC vs. DOPC, di-18:1 (A9-Cis) PC) or exclusion
of CHOL (Table S1). The resulting liposomes were between 138 and 177 nm in
size (Table 1). Exclusion of CHOL slightly, but significantly, reduced the size of
the liposomes (p<0.05). All formulations were monodisperse, indicated by a
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PDI of about 0.1. As expected, because of the incorporation of an anionic PG
phospholipid, all liposomes had a negative {-potential. The loading efficiency
(LE) of the OVA,,, was between 11.4 and 24.6%.

Table 1. Physicochemical characteristics of liposomal formulations.

Lipid composition (molar |Z-average * SD (nm) |PDI * SD (-potential + SD (mV) [LE (%)° |Phase state
ratio) at room
temperature
DSPC:DSPG:CHOL (4:1:2) |166.1+8.5 0.09 +0.05 [-48.0+6.0 16.0 £8.5 Lo
DSPC:DPPG:CHOL (4:1:2) |177.3+6.6 0.08+0.03 |-46.4+9.5 15.8+5.5 Lo
DPPC:DPPG:CHOL (4:1:2) |173.5+10.6 0.08+0.04 |-46.2+11.7 24.7 £10.2 Lo
DSPC:DOPG:CHOL (4:1:2) |168.1+17.0 0.10+0.05 |-45.8+4.9 13.9+3.9 Lo
DOPC:DOPG:CHOL (4:1:2) |158.7 + 14.7 0.12+0.03 |-43.4+5.1 24.8+12.8 Lo
DSPC:DSPG (4:1) 138.4+13.2 0.10+0.03 |-39.7+5.7 11.4+6.2 Gel
DOPC:DOPG (4:1) 140.1+4.9 0.13+0.03 [-449+5.9 24.6+12.9 Ld

® Percentage of OVA,,. amount remaining in liposomes after purification compared to the
initial amount. Lo= Liquid ordered, Ld= liquid disordered

Effect of lipid composition on liposome rigidity

To study the effect of lipid composition on the rigidity of the liposomes, we
measured the YM of the anionic liposomes by AFM. Liposomes were successfully
immobilized on APTES-modified silicon plates and were imaged in quantitative
imaging (Ql) mode (Figure 1 and Table S2). AFM confirmed the size and
monodispersity measured by dynamic light scattering and allowed extraction of
force-separation curves and determination of the YM of single liposomes (Figure
1A). The most rigid liposomes were DSPC:DSPG liposomes, while the least rigid
liposomes were DOPC:DOPG liposomes (Figure 1B). This was expected, since
DSPC:DSPG bilayers are in a gel state, and DOPC:DOPG bilayers are in a liquid
disordered state at 25°C (Table 1). For DSPC:DSPG liposomes, the addition of
CHOL significantly reduced the YM (from 3611 + 1271 kPa to 1498 + 530 kPa,
p < 0.001), while this was reversed for DOPC:DOPG liposomes (from 493 + 365
kPa to 911 + 447 kPa, p = 0.0153). Interestingly, we observed that replacing a
small amount of a high-T_ phospholipid with a lower-T_ phospholipid has the
same effect as replacing all phospholipids by a lower-T_ one. For instance, both
DSPC:DPPG:CHOL (YM = 1159 + 525 kPa), where DSPC has a higher T_ than
DPPC, and DPPC:DPPG:CHOL liposomes (YM = 1211 + 399 kPa) were significantly
less rigid than DSPC:DSPG:CHOL liposomes (YM = 1498 + 531 p<0.005), while
not being significantly different from each other (p > 0.99). A similar effect was
observed for DSPC:DOPG:CHOL and DOPC:DOPG:CHOL liposomes. Finally, we
found that the T_ values and the molar ratio of the constituent lipids do not
significantly correlate with the rigidity of the liposomes (Figure S1).
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Figure 1. AFM measurements of liposomes. (A) Schematic overview of the AFM method used to
determine the rigidity of liposomes. Liposomes were immobilized on APTES-modified silicon plates.
The rigidity of the liposomes was measured using AFM in QI mode. AFM images were processed in
JPK data processing software v6.1.70. Scan line artifacts were removed and images were corrected
for baseline tilt. YM data per pixel was extracted by fitting each force-separation curve with the
Hertz/Sneddon model resulting in a YM map. To remove the interference of the silicon substrate,
a mask was created in Gwyddion 2.50, selecting a threshold of 40 nm with a slope of less than
20%. Liposomes touching the edges of the image were not included in the analysis. This mask
was applied to the YM map, and YM data was extracted for each liposome. Only the center of
each liposome was used to calculate the mean YM per formulation. Representative AFM images of
DSPC:DPPG:CHOL liposomes. (B) Rigidity, expressed as YM, of the different liposomes. Data shown
is mean values * SD, n = 31 — 450. Significant differences as measured by one-way ANOVA are
displayed in Table S3.

Effect of liposomal composition on liposome association to BMDCs and
Treg responses in vitro

Next, we assessed how the rigidity of liposomes affects the uptake by APCs and
the induction of Tregs by the APCs. To this end, we incorporated a fluorescently
labeled phospholipid, Rho-DPPE, into the lipid bilayer and exposed BMDCs for 4
hours to these formulations (Figure 2A). For almost all formulations, we observed
a positive trend between liposomal rigidity and association. Interestingly, the
highest association was observed for the least rigid, DOPC:DOPG liposomes. It
should be noted, however, that the DOPC:DOPG liposomes showed primarily
passive association, indicated by high cell association at 4°C (Figure 2B), while all
other liposomes showed negligible association at 4°C (Figure S2). Furthermore,
DOPC:DOPG liposomes did not appear to effectively deliver their cargo; while
the association of DSPC:DSPG liposomes led to a significant 7.5-fold increase in
OVA,,, association compared to free OVA_,, (control), both DOPC:DOPG:CHOL
and DOPC:DOPG liposomes did not increase OVA_,_ association compared to the
control (Figure 2C).

54



A 100- B g 1o
§ 80
c 80 < w0-
-_g é 40- T
g 60- gzo-
o g
(V)] &0 T T
2 40+ n:{c' K
< C o
3 g
20- §3
%I'Iﬂ 5
0- 82
ov O O oo Q S&
o debdbcbdbo -
L QOQOQOQOQOQ =
F LSS o)
Q .9 Q 0 Q
¥ RAAAS
Q Q OQ N

ooo‘zoo

Figure 2. Liposomal association (uptake and/or adsorption) by BMIDCs in vitro. (A) OVA | -containing

323
fluorescently labeled liposomes were incubated for 4 hours with BMDCs at 37°C. Liposomes were

subsequently washed away and cells were incubated overnight before being analyzed via flow
cytometry. % Association indicates the percentage of live BMIDCs that are positive for the fluorescent

label in the liposomes. (B) Association of OVA,, -containing fluorescently labeled DOPC:DOPG
liposomes at 37°C vs. 4°C. (C) Association of encapsulated OVA,,. to BMIDCs. Fluorescently labeled

OVA,,. was encapsulated in liposomes and incubated for 4 hours with BMDCs at 37°C. Liposomes

were subsequently washed away and cells were incubated overnight before being analyzed by flow
cytometry. Association was normalized to % of BMDCs positive for fluorescently labeled OVA,,_ in
the free OVA,,, control. Graphs show mean £ SD, (A) n =3, (B) n = 9, (C) n = 6. ****p < 0.0001,
compared to free OVA,,, determined by one-way ANOVA and Bonferroni’s multiple comparisons
test.

To determine whether the liposomal composition affected Treg responses,
BMDCs were pulsed with liposomes for 4 hours, and subsequently co-cultured
with OT-Il CD4* T cells. After three days of incubation, induced Tregs were
identified using flow cytometry (Figure 3A, B, and C). Among all tested OVA_, -
containing liposomes, the DSPC:DSPG liposomes induced the strongest Treg
responses, with a 1.6-fold increase in % FOXP3* population in live CD4*Ki-67*
T cell population compared to free OVA, .. Also DSPC:DSPG, DSPC:DSPG:CHOL,
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DSPC:DPPG:CHOL, and DPPC:DPPG:CHOL liposomes showed significantly higher
Treg responses compared to free OVA,, .. Furthermore, we observed a significant
correlation between the liposomal rigidity (determined by AFM) and Treg
responses (Figure 3D). Interestingly, there was no clear relationship between the
association of liposomes with BMDCs and subsequent Treg responses (Figure
3E).
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Figure 3: Induction of Tregs by OVA_, -loaded liposomes in vitro. BMIDCs were pulsed for 4 hours
with liposomes or controls and subsequently co-cultured for 72 hours with CD4* T cells isolated from
OT-Il splenocytes. Flow cytometry was used to measure FOXP3*Ki-67*CD4* T cells. Representative
flow cytometry plots of FOXP3*CD4* T cells in the live Ki-67*CD4* T cell population of OT-II T cells
cultured with (A) free OVA,,, (0.1 pug/mL) and (B) OVA,, -loaded DSPC:DSPG liposomes (0.1 ug/
mL OVA,,.). (C) Summary Treg data of all liposomal formulations tested. Results were normalized
to % FOXP3*Ki-67°CD4* T cells in the free OVA,,. control. The dashed line at Y = 1 represents the
free OVA,,, control. The graph shows mean + SD, n = 4. Linear correlations (95% Cl) between (D)
YM and Treg response ratio, and (E) % association and Treg response ratio. ****p < 0.0001, **p <
0.01. *p < 0.05, compared to free OVA,,. determined by one-way ANOVA and Bonferroni’s multiple
comparisons test.

Effect of liposomal composition on Treg response in vivo

Next, we aimed to assess whether liposome rigidity affects Treg induction in vivo.
An adoptive transfer mouse model using ovalbumin-specific OT-II T cells was used
to study the induction of antigen-specific Treg responses by the liposomes in
vivo. We selected the highest rigidity (DSPC:DSPG) and lowest rigidity liposomes
(DOPC:DOPG) and their CHOL-containing counterparts. Both DSPC:DSPG
and DSPC:DSPG:CHOL liposomes showed a significantly higher expansion of
antigen-specific CD4* T cells than the formulations containing DOPC and DOPG
(DSPC:DSPG 7.3 + 0.9%, DSPC:DSPG:CHOL 7.3 + 2.6%, DOPC:DOPG:CHOL 4.1 +
0.3%, and DOPC:DOPG 4.1 + 0.7%, Figure 4A, B, C, D, and E). Moreover, in line
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with the in vitro results, the total percentage of antigen-specific Tregs within the
CD4*T cell population was highest for DSPC:DSPG liposomes, and decreased with
decreasing liposome rigidity (Figure 4F). We observed no differences in Thl and
Th2 responses between liposomal formulations (Figure S3). Furthermore, there
were no differences in the production of IFNy, IL-10 and IL-17A by splenocytes
between liposomal formulations upon restimulation with OVA_ . for 6 hours
(Figure 4G, H and 1), although we did find a significant increase in production of
IL-10 in all groups comparing antigen-specific CD4* T cells to CD45.1°CD4* T cells,
suggesting liposomal vaccination induces functional Tregs.
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Figure 4. Expansion of OVA_,_ -specific Tregs in spleens of mice 8 days after i.v. injection of OVA_, -
containing liposomes. Representative flow cytometry plots of OVA_, -specific CD45.1*CD4* T cells in
the spleen of a mouse injected with (A) DSPC:DSPG, (B) DSPC:DSPG:CHOL, (C) DOPC:DOPG:CHOL
and (D) DOPC:DOPG liposomes containing OVA, .. (E) Percentage of CD45.1" cells in the CD4* T cell
population. (F) % of CD25*FOXP3*CD45.1* Tregs in the CD4* T cell population. Graphs show mean
+5D, n = 8. *p <0.05 **p < 0.01, compared to free OVA,,, determined by one-way ANOVA and
Bonferroni’s multiple comparisons test. Intracellular (G) IFNy, (H) IL-10, and (I) IL-17A staining in
splenocytes restimulated with 10 ug/mL OVA323 peptide for 6 hours. ****p < 0.0001 comparing
CD45.1*CD4* T cells to CD45.1*CD4* T cells. No significant differences found between liposomal
formulations as measured by two way ANOVA with Bonferroni’s post-test.
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Discussion

The induction of antigen-specific Tregs through vaccination is an attractive
approach for the treatment of autoimmune diseases. We and others have
previously shown that nanoparticles, such as liposomes, can be used to induce
these Tregs!®®3, Generally, approaches to optimize such nanoparticles are focused
on studying the effect of particle size and surface charge, while another important
parameter, rigidity, is often overlooked®®. This parameter is usually approximated
by the phase properties of the lipid bilayers by analytical techniques such as
DSC and Laurdan anisotropy. Besides the fact that these techniques only provide
information about the bilayer of liposomes and thereby exclude other influencing
factors, such as size, lamellarity, antigen content, and formulation excipients,
there are other issues associated with these techniques. For instance, many
liposomal formulations contain CHOL in the lipid bilayer, which compromises the
suitability of techniques such as DSC?, Fourier-transform infrared spectroscopy
(FTIR)%*, and Laurdan anisotropy®’. Furthermore, compounds encapsulated
in liposomes can also interfere with DSC*3%* and FTIR measurements*. Other
analytical techniques such as measuring the ability of particles to be extruded***?
are indirect measurements of rigidity. Importantly, all of the aforementioned
techniques can only measure the average properties of a batch of particles. In
contrast, AFM is an excellent technique to accurately measure the rigidity of
individual particles and is not hindered by the presence of other compounds,
such as CHOL and antigen. To further confirm this, studies should be performed
to compare AFM to other techniques that measure liposomal rigidity.

We observed that CHOL reduces DSPC:DSPG liposome rigidity, and increases
DOPC:DOPG liposome rigidity. The lipid bilayers of liposomes can generally be
classified into three physical states with increasing rigidity: liquid disordered
(bilayers composed of low-T_phospholipids), liquid ordered (bilayers composed
of high-or low-T_ phospholipids containing at least 20 mol % CHOL) and gel state
(bilayers containing high-T_ phospholipids). In the gel state, CHOL disrupts the
tight packing of the lipids, while in the liquid disordered state, CHOL occupies
space at the interfacial region near the membrane surface and replaces the
hydrated CH, groups. As the acyl chains become dehydrated and straighten
out, the packing becomes tighter and rigidity is, therefore, increased*. While
bilayer state is not the same as liposomal rigidity, it is most likely one of the most
important parameters that influence the rigidity of the liposomes. This is also in
line with results from Takechi-Haraya et al. who used AFM to study the effect of
CHOL on liposome rigidity**.

From our study, it became clear that the introduction of lipid order mismatch
significantly affects the rigidity of the liposomes. Mixing of lipids with different
phase transitions in the absence of CHOL can lead to the formation of lipid
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domains (e.g. rigid domains and fluid domains), which could destabilize the
bilayer packing, and thereby the rigidity of the liposomes®. We observed a
significant decrease in rigidity of liposomes in the presence of a small amount
of lower-T_ lipid (e.g. DSPC:DSPG:CHOL vs. DSPC:DPPG:CHOL, Table S3), which
did not further decrease upon complete substitution (e.g. DSPC:DPPG:CHOL vs.
DPPC:DPPG:CHOL). This suggests that the T_ values and the molar ratio of the
constituent lipids are poor predictors of the rigidity of the liposomes (Figure S1).
Physicochemical properties of liposomes other than bilayer composition can
also affect their rigidity. For example, smaller liposomes, measured by AFM, are
more rigid than larger liposomes®. This may be due to the different curvature
of liposomes of different sizes, leading to more restricted molecular interactions
between the lipids of smaller liposomes®. The charge of liposomes can also
affect rigidity; neutral DOPC liposomes measured by AFM were shown to be
more rigid than anionic DOPC:DOPG or cationic DOPC:DOTAP liposomes. This
was hypothesized to be due to electrostatic repulsions causing structural
destabilization of the lipid bilayer’”. Due to technical limitations, the AFM
measurements were performed at 25°C. Since temperature affects the phase
state of the lipid bilayers, it also influences the rigidity of liposomes. However,
the phase states of the used phospholipids are the same at 25°C and 37°C
(Table S1), so the trends in YM at this physiologically more relevant temperature
should be very similar to those observed at 25°C. Furthermore, a recent study
found no difference in anionic liposome stiffness over the temperature range
of 25-37°C*. Finally, antigen content may affect liposomal rigidity. In this study,
we have generated liposomal formulations with similar size, antigen loading,
and Z-potential to allow an in vitro and in vivo assessment primarily based on
liposome rigidity.

The liposomes we measured had a range of YM from about 500 kPa to almost 4
MPa (Figure 1B). For comparison, the YM of most mammalian cells was measured
to be between 0.02 and 400 kPa * and that of cortical bone was reported to be
about 20 GPa*°. Moreover, we have used our AFM method to measure other
anionic particle type, PLGA nanoparticles (Z-average diameter of 142.1 + 1.1
nm, PDI of 0.073 + 0.016, {-potential -49.7 + 4.2 mV), which had a YM of 14.4
MPa + 1.8 MPa. This illustrates that the range of rigidities of the liposomes is
relatively small. This is especially true for the CHOL-containing liposomes, the
rigidity of which ranged from about 800 kPa to 1500 kPa (Figure 1B). This was
expected since their bilayers are all in the liquid disordered state. However, even
such small differences in rigidity could be measured using our AFM method,
and we could measure significant differences between formulations (Table S3),
illustrating the strength of this technique.

We have reported the SD of YM values of all liposomes measured within a
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batch. The SD of YM was relatively high for each liposomal formulation. The
high SD was not due to a lack of precision of the AFM measurements, as
repeated measurements of the same liposomes showed very low variation (the
difference between two measurements of the same DSPC:DSPG:CHOL:OVA_ .
liposomes was 2.8%, Table S4). Rather, it illustrates the variation in YM of
the liposomes within a formulation, which is likely due to differences in size,
lamellarity, and possibly antigen loading among different individual liposomes
within the same batch. Variation in YM as measured in two different batches of
DSPC:DSPG:CHOL:OVA_ . liposomes was also very low (1467 + 575 kPa vs. 1510

+ 514, Figure S4).

Based on previous reports we expected that the rigidity of the liposomes would
positively correlate with their uptake by APCs since it requires less energy for a
cell membrane to wrap around rigid particles®. It is known that phospholipid
saturation has a significant effect on their fate in biological systems. For
instance, dimethyldioctadecylammonium:trehalose 6,6’-dibehenate (DDA:TDB)
liposomes showed higher retention at the site of injection and uptake by APCs in
vivo compared to more fluid (as measured by DSC) dimethyldioleoylammonium
(DODA):TDB liposomes®é. Furthermore, CHOL content negatively correlated with
uptake by THP-1-derived macrophages®?. In our study, almost all formulations
show a positive trend between liposomal rigidity and APC association. However,
DOPC:DOPG liposomes showed the highest association to BMDCs of all tested
formulations (Figure 2A), which was not expected since these liposomes
presented the lowest rigidity (Figure 1B). Their route of uptake could be different
from that of the more rigid formulations. For instance, pure DOPC liposomes
(YM of 45 kPa as measured by AFM) were hypothesized to fuse with cells®3.
The DOPC:DOPG liposomes showed high passive association (Figure 2B), and
did not deliver their cargo to BMDCs (Figure 2C), explaining their inability to
induce T cell responses (Figure 3C). There is evidence of an inverse relationship
between liposomal rigidity and membrane permeability, as measured by calcein
leakage®. So, it may be that the peptide had leaked out of the DOPC:DOPG
and DOPC:DOPG:CHOL liposomes prior to BMDC association. This hypothesis
is supported by our observation that a mixture of free OVA . and empty
DOPC:DOPG or DOPC:DOPG:CHOL liposomes showed the same amount of
OVA,,, association as encapsulated peptide (data not shown). Since we used
fluorescently-labeled lipids and peptides, we cannot exclude the influence of
the fluorophore itself on the measured association in BMDCs. However, since all
formulations (aside from DOPC:DOPG liposomes) show almost no association of
fluorophore when incubated at 4°C (Figure S2), the fluorophore itself likely has
no effect on association.

We observed a clear correlation between the rigidity of the liposomes and the
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Treg responses they elicited in vitro and in vivo (Figure 3D, Figure 4F). While
others have shown a link between increased rigidity and MHC-II presentation?’,
and enhanced humoral and cellular responses® >, we are the first to report the
effects of rigidity on Treg responses. This may have implications for the design of
delivery systems aimed to enhance antigen-specific Treg responses.

In conclusion, we showed that liposomal rigidity as measured by our optimized
AFM methodisanimportant parameterin elicitingantigen-specific Tregresponses
in vitro and in vivo. Our findings may contribute to a better understanding of the
factors driving Treg responses. Moreover, this paper may contribute to a rational
design of liposomal as well as other nanoparticulate vaccine formulations aiming
to enhance antigen-specific Treg responses for the treatment of autoimmune
diseases.
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Supplements

Table S1. T_ of phospholipids.

Lipid | Abbreviation | Structure | T.(°C) Ref
Neutral

1,2-distearoyl-sn-glycero-3-phosphocholine DSPC di-18:0 PC 55 o6
1,2-dipalmitoyl-sn-glycero-3-phosphocholine DPPC di-16:0 PC 41 57
1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC di-18:1 (A9-Cis) PC -17 °8
Anionic

1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) DSPG di-18:0 PG 55 57
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) DPPG di-16:0 PG 41 57
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) DOPG di-18:1 (A9-Cis) PG | -18 9

Table S2. Rigidity, expressed as YM, of liposomes determined by AFM, n = number of liposomes

measured
Lipid composition (molar ratio)

DSPC:DSPG (4:1)
DSPC:DSPG:CHOL (4:1:2)
DSPC:DPPG:CHOL (4:1:2)
DPPC:DPPG:CHOL (4:1:2)
DSPC:DOPG:CHOL (4:1:2)
DOPC:DOPG:CHOL (4:1:2)
DOPC:DOPG (4:1)

Table S3. Significant differences between liposomal rigidities as measured by One-way ANOVA

YM + SD (kPa) n

3611 +1271 450
1498 + 531 281
1208 +538 243
1195 + 348 170
825 + 307 31

911 + 447 63

494 + 365 149

and Bonferroni’s post-test. ****p < 0.0001, ***p < 0.001, **p < 0.01. *p < 0.05.
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Figure S1. Linear correlations (95% Cl) between YM and T_ of PC or PG, CHOL content, liposome
size, liposome {-potential and LE of OVA_,.. Correlations between (A) YM and T_ of PC, (B) YM and
T _of PG, (C) YM and mol % CHOL.
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Figure S2. Liposomal association (uptake and/or adsorption) by BMDCs in vitro. OVA,, -containing
fluorescently labeled liposomes were incubated for 4 hours with BMIDCs at 4°C and 37°C. Liposomes
were subsequently washed away and cells were incubated overnight before being analyzed via
flow cytometry. % Association indicates the percentage of live BMDCs that are positive for the
fluorescent label in the liposomes. Graph shows mean * SD, n = 3. ****p < 0.0001, comparing 4°C
to 37°C determined by two-way ANOVA and Bonferroni’s multiple comparisons test.
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Table S4. DSPC:DSPG:CHOL:OVA___ liposomes measured twice. Measurement 1 and 2 indicate

323
repeated scans of the exact same liposomes.

Young’s Modulus (kPa)
Measurement 1 Measurement 2
1660.80 1651.40
1345.50 1643.60
2009.60 2393.20
1345.80 1731.60
957.60 1277.50
677.60 1229.10
857.90 784.50
1595.50 1394.40
636.00 792.30
1246.50 743.00
1842.50 1687.30
720.10 1128.00
1234.90 1886.80
1595.10 1229.20
1131.30 1038.60
1508.20 1324.50
1055.20 1406.50
1187.50 974.30
2258.40 1343.30
1226.00 1642.40
734.10 930.90
901.70 988.20
1385.20 1247.10
2038.90 1876.20
1854.40 1506.90
2111.80 2249.80
2949.30 2779.90
749.10 798.40
1253.40 1300.80
772.30 638.50
1607.90 2085.40
1626.90 1608.20
1604.00 1537.50
683.80 775.90
2214.00 2287.70
1562.20 1703.10
2994.10 3184.40
1706.60 1603.80
Average
1443.20 1484.32
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Figure S3. Th1 and Th2 responses in spleens of mice 8 days after i.v. injection of OVA_, -containing
liposomes. (A) MFI Tbet and (B) MIFI GATA3 of CD45.1*CD4* T cells. Graphs show mean + SD, n =
8. No significant differences between groups as analyzed by one-way ANOVA and Bonferroni’s
multiple comparisons test.
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Figure S4. Comparison between two different batches of DSPC:DSPG:CHOL:OVA . liposomes. Each
point represents a liposome measurement. Graph shows mean + SD. No significant difference
found between both batches with unpaired two-tailed t-test. N = 77-204.
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Abstract

The skin is an attractive alternative administration route for allergy vaccination,
as the skin is rich in dendritic cells (DCs) and is easily accessible. In the skin
multiple subsets of DCs with distinct roles reside at different depths. In this study
antigen (= allergen for allergy) formulations were injected in ex vivo human skin
in a depth-controlled manner by using a hollow microneedle injection system.
Biopsies were harvested at the injection site, which were then cultured for 72
hours. Subsequently, the crawled-out cells were collected from the medium and
analyzed with flow cytometry.

Intradermal administration of ovalbumin (OVA, model antigen) solution at various
depths in the skin did not affect the migration and maturation of DCs. OVA was
taken up efficiently by the DCs, and this was not affected by the injection depth.
In contrast, Bet v 1, the major allergen in birch pollen allergy, was barely taken
up by dermal DCs (dDCs). Antigens were more efficiently taken up by CD14*
dDCs than CD1a* dDCs, which in turn were more efficient at taken up antigen
than Langerhans cells. Subsequently, both OVA and Bet v 1 were formulated in
cationicand anionic liposomes, which altered antigen uptake drastically following
intradermal microinjection. While OVA uptake was reduced by formulation
in liposomes, Bet v 1 uptake in dDCs was increased by encapsulation in both
cationic and anionic liposomes. This highlights the potential use of liposomes as
adjuvant in intradermal allergy vaccine delivery. In conclusion, we observed that
antigen uptake after intradermal injection was not affected by injection depth,
but varied between different antigens and formulation.
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Introduction

Allergen specific immunotherapy through vaccination is the only curative
treatment for allergies. These allergy vaccines are traditionally administered
subcutaneously (SCIT), but products for sublingual administration (SLIT) are
available as well [1]. Both therapies are effective, but take 3-5 years to reach
effectivity and require an intensive dosing regimen, which contributes to low
therapy adherence. To improve therapy adherence, alternative administration
sites and delivery methods are explored [2].

The skinis an interesting administration site for vaccination. It is easily accessible,
has a large surface area and a high density of antigen presenting cells (APCs)
resides in the skin which allows for a potent immune response [3-6]. Previous
studies have shown that intradermal vaccination compared to conventional
intramuscular or subcutaneous administration can result in equally effective or
stronger immune responses, such as rabies [7-9] hepatitis B [10, 11], influenza
[12, 13] and polio antigens [14, 15]. This illustrates that the intradermal route is
an attractive alternative to the conventional vaccination routes.

The main challenge for vaccination via the skin is overcoming the physical
barrier, the stratum corneum [3]. Several administration methods are available
to deliver an antigen (= the allergen in case of allergy) into the skin. One of the
most attractive approaches is the use of microneedles, as they are able to bypass
the stratum corneum effectively and potentially without pain sensation [16, 17].
When the stratum corneum is surpassed, a large network of dendritic cells (DCs)
is located in the viable epidermis and dermis. DCs are crucial cells for inducing
both humoral and cellular immune responses [18-20].

Several phenotypically and functionally distinct subsets of DCs are known to
reside in human skin: Langerhans cells (LCs) are located in the viable epidermis,
while CD14*, CD1a* dermal DCs (dDCs) and classical DC type 1 cells (cDC1s) are
located in the dermis [21]. cDC1s are identified by the expression of CD141 and
XCR1. These cells are necessary for anti-tumor immunity. They represent a very
small fraction of the total skin resident DCs [22].

LCs form a tight network with their dendrites close to the surface of the skin
[23-25]. Human LCs are recognized by their expression of langerin and a very
high expression of CD1a, but lack expression of CD14 on the cell surface. LCs
are known to respond to viruses [26-29], but only weakly to bacteria [30-32],
probably due to reduced expression of toll-like receptors (TLRs) 2, 4 and 5 [30].
Moreover, LCs play a role in skin homeostasis by maintaining a state of tolerance
by inhibiting T-cells [33].
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CD14* dDCs lack expression of langerin and CD1a, but do express CD14 on the
cell surface. It has been suggested that this subset could be monocyte-derived
macrophages rather than DCs [34]. CD14* dDCs are reported to preferentially
polarize naive CD4* T cells to develop into follicular helper T cells, which in turn
induce naive B cells to produce antibodies and to proliferate into plasma cells
[27, 35, 36]. CD14* dDCs have shown poor ability to naive CD8* T-cells [27].

CD1a*dDCs don’t have langerin and CD14 expression, but do express CD1a on
the cell surface. CD1a* dDCs are intermediately efficient in inducing humoral
and cellular immune responses, in comparison to CD14* dDCs and LCs [27, 36-
38]. Upon activation, LCs and dDCs will take up and process the antigen and
subsequently migrate from the skin towards draining lymph nodes, where they
present antigen fragments to B- and/or T-cells, initiating the adaptive immune
response [23, 24, 39].

Some antigens are poorly taken up by APCs, which complicates the induction
of an antigen-specific immune response. Antigen uptake can be increased by
formulating antigens in nanoparticles such as liposomes [40-42]. Cationic
particles are generally taken up more efficiently, as a result of electrostatic
interactions with anionic cell surfaces [43, 44]. Particles smaller than 500 nm
have been shown to be taken up more efficiently by DCs than larger counterparts
[45, 46].

The influence of intradermal injection depth on the antigen uptake and
subsequent immune response is difficult to examine and so far has not been
established. In this study we have used a hollow microneedle based system
which allows accurate injection of very small volumes (<1 uL) and controlled
injection depth. We set out to obtain fundamental insight in the antigen fate
after intradermal microinjection and how formulation into liposomal can alter
antigen uptake as well as migration and maturation of LCs and dDCs in a model
which directly translates to humans. We compared the uptake of ovalbumin and
Bet v 1, the latter is the major allergen responsible for birch pollen allergy. We
illustrated that antigen formulation in liposomes can increase uptake in dermal
DCs approximately 10-fold.

Materials & Methods

Materials

OVA conjugated with Alexa Fluor® 488, Iscove’s Modified Dulbecco’s Medium
(IMDM), Dil stain, Hank’s balanced salt solution and anti-human CD11c-PE-
Cy7 antibodies (catalogue number 25-0116-42), Alexa Fluor™ 488 NHS ester
(succinimidyl ester) were purchased from Thermo Fisher Scientific (Bleiswijk,
the Netherlands). Cholecalciferol (vitamin D3) and ethanol 96% (v/v) were
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obtained from Sigma Aldrich (Zwijndrecht, the Netherlands). Sterile phosphate
buffered saline (PBS) (163.9 mM Na*, 140.3 mM CI, 8.7 mM HPO,* and 1.8 mM
H,PO,, pH 7.4) was ordered at B. Braun Melsungen (Oss, the Netherlands).
Skin biopsy punches were purchased from Kai Europe (Solingen, Germany). BD
Micro-Fine™* 30G 0.3 mL needle-syringes and anti-human CD1a-APC, CD86-PE
and HLA-DR-PerCP antibodies (catalogue numbers 559775, 555665 and 347364,
respectively) were obtained from Becton Dickinson (Breda, the Netherlands).
Anti-human CD14-APC-Cy7 antibodies (catalogue number 301820) were
ordered at Biolegend (Koblenz, Germany). HyClone™ fetal calf serum (FCS) was
purchased from GE Healthcare Life Sciences (Eindhoven, the Netherlands). GM-
CSF was obtained from Schering-Plough (Uden, the Netherlands). Costar® 48-
well plates were ordered at Corning Life Sciences (Amsterdam, the Netherlands).
Styrofoam was purchased from a local hardware store.

Recombinant Bet v 1 was purchased from the Department of Molecular
Biology of the University of Salzburg (Salzburg, Austria). 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(DSPG) and cholesterol were purchased from Avanti Lipids (Alabama, United
States of America). Vivaspin columns (300.000 MWCO) were supplied by
Sartorius (Goettingen, Germany).

Fluorescent labeling of antigen

Antigens were labeled according to the manufacturer’s protocol [47]. In
short: proteins were dissolved in 1 mL 100 mM carbonate buffer (pH 8.5) at a
concentration of 4 mg per mL (Bet v 1, MW: 17.6 kDa) or 10 mg per mL (OVA,
MW: 42.7kDa). NHS-ester of Alexa Fluor 488 (excitation 490 nm, emission 525
nm) was dissolved in anhydrous DMSO to a concentration of 20 mg/mL. 100 uL
of the fluorescent dye solution was added to 1 mL protein solution. The mixture
was slightly shaken (100 RPM) at room temperature for 1 hour in an Eppendorf
shaker and subsequently stirred overnight at 4 °C. Free dye was removed
from protein-bound dye by means of dialysis (2000 Da MWCO) against 10 mM
phosphate buffer (pH 7.4). After conjugation, the yield and dye/protein ratio
was determined according to the manufacturer’s instructions. Protein yield was
above 90% in all cases and dye/protein (molar) ratio was between 0.8 and 1.8
and similar for both proteins.

Preparation of human skin for intradermal (micro)injections

Abdominal or breast ex vivo human skin was obtained from local hospitals after
cosmetic surgery. The procedure was according to the ethical principles of the
Declaration of Helsinki. The skin was stored at 4 °C and used within 24 hours after
surgery. The skin surface was cleaned by rinsing it with sterile PBS, 70% (v/v)
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ethanol and sterile PBS again. The skin was slightly pre-stretched by pinning the
skin on a flat piece of Styrofoam in an effort to simulate the stretch conditions
of human skin in vivo. No difference between abdominal or breast-derived skin
was observed, therefore all skin was pooled for analysis.

Dose-dependent DC activation and antigen uptake

For each experiment, sterile formulations of OVA and vitamin D3 were prepared.
To determine the effect of the administered OVA dose on antigen uptake,
migration and maturation of DCs, various doses of OVA in 10 uL PBS were injected
intradermally by using a conventional hypodermic needle-and-syringe (30G
needle-syringes). As controls, 1.25*10° mole vitamin D3 in 10 uL PBS (positive
control) or 10 uL PBS alone (negative control) were injected intradermally.
Additionally, plain biopsies of untreated skin were included.

Depth-controlled intradermal microinjections

To perform injections at an accurate depth, intradermal microinjections were
performed by using a digitally-controlled single hollow microneedle injection
system (DC-shMN-iSystem). This system comprises a single hollow microneedle,
which is fixed in an applicator, as explained in detail elsewhere [48, 49]. Accurate
intradermal microinjections of very low volumes are feasible by controlling the
microneedle applicator and syringe pump (NE-300, Prosense, Oosterhout, the
Netherlands) via a microneedle applicator controller unit (uUPRAX Microsolutions,
Delft, The Netherlands) [50, 51]. Prior to use, the fluidics part of the DC-shMN-
iSystem was sterilized by flushing it with 70% ethanol.

To maximize the accuracy of the microinjection depth, very low volumes were
injected to avoid perfusion. Therefore, the microinjection volume was only 0.2 uL
and contained 0.1 pg OVA in PBS. Intradermal microinjections were performed
at a pre-selected depth of 50, 500 or 1000 um by using the DC-shMN-iSystem. As
acontrol, 0.1 ug OVA in 10 uL PBS was injected intradermally with a conventional
hypodermic needle-and-syringe (30G needle-syringes).

Liposomes were injected at 500 um depth in a similar way by using the DC-
shMN-iSystem. For all formulations, 0.1 ug of antigen was injected in a volume of
0.2 uL. Consequently, the lipid dose varied between injections and formulations.

Culturing of human skin explants

Skin biopsies were harvested immediately after intradermal (micro)injection and
were cultured as reported earlier [52, 53]. A full thickness skin biopsy of 6 mm in
diameter was taken from the ex vivo human skin with the injection site centrally
located. The subcutaneous fat was removed simultaneously. For each treatment,
12 biopsies were harvested. Each biopsy was floated with the epidermal side up
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for 1 hour in 0.5 mL IMDM containing 1% FCS in a 48-well plate. Subsequently,
the biopsies were transferred into 1 mL of IMDM containing 10% FCS and 100
ng/mL GM-CSF in a 48-well plate and were cultured with the epidermal side up
at 37 °Cand 5% CO, for 3 days. After removal of the biopsies, migrated cells were
harvested and pooled for flow cytometric analysis.

Preparation of antigen-containing liposomes

Liposomes were prepared according to a dehydration-rehydration method [54].
In short: 10 mg lipids were dissolved in chloroform and mixed in the desired
ratios (Table 1) with a trace amount (0.2 mol%) of fluorescent lipid Dil (excitation
550 nm, emission 570 nm). The chloroform was removed in a rotary evaporator
(150 mbar, 37 °C), yielding a lipid film. The lipid film was subsequently hydrated
with (antigen-containing) phosphate buffered sucrose (PBS; 10 mM phosphate
buffer and 280 mM sucrose, pH 7.4) at 37 °C. The lipid-antigen mixture was
snap-frozen and lyophilized overnight. The resulting cake was hydrated at
37 °C with Milli-Q water in 3 steps: sequentially with 250 pL, 250 pL and 500
UL, resulting in a suspension containing 10 mg/ml lipids. After each addition,
the mixture was briefly vortexed to create a smooth emulsion. The emulsion
was homogenized by six-fold passage over a sequential stack of 400 and 200
nm polycarbonate filter by using an LIPEX extruder (Evonik, Canada). Antigen-
loaded liposomes were further purified with centrifuge membrane concentrator
(Vivaspin2, 300.000 MWCO, Sartorius), removing the non-associated antigen. All
fractions were measured for their fluorescent content (antigen and lipids) in a
Tecan Infinite M1000 plate reader (Mannedorf, Switzerland) and encapsulation
efficiency (EE) was determined as follows:

fluorescence after purification
x100%

fluorescence before purification

Table 1. Liposome formulation composition.

Formulation name Lipid 1 Lipid 2 Lipid 3 Molar lipid ratio
Cationic liposomes DSPC DOTAP Cholesterol 2:1:1
Anionic liposomes DSPC DSPG Cholesterol 2:1:1

Analysis by flow cytometry

The percentage of specific subsets of total migrated HLA-DR* DCs, maturation
and uptake of OVA by migrated LCs, CD1a* and CD14* dDCs were analyzed
by using flow cytometry. All migrated cells were isolated and stained with
fluorescently-labeled antibodies against CD11c, HLA-DR, CD1a and CD14. During
flow cytometry analysis, migrated DCs were distinguished by their forward
and sideward light scattering properties, in combination with high expression
levels of HLA-DR and CD11c, after which LCs (defined as CD1a"¢"), CD1a* and
CD14* dDCs were discriminated from this population (Supplementary Figure
1). Antigen/lipid uptake by LCs, CD1a* and CD14* dDCs was quantified by the
percentage of antigen- and/or lipid-containing cells within the LC, CD1a* and
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CD14* dDC subpopulations. Additionally, maturation of LCs, CD1a* or CD14*
dDCs was analyzed by measuring the mean fluorescence intensity (MFI) of the
markers HLA-DR and CD86. Multicolor flow cytometry was performed on a FACS
Canto Il (Becton Dickinson) and FlowJo v10.3 (Tree Star, Ashland, OR, USA) was
used for data analysis.

Statistical analysis

Graphs were plotted with GraphPad Prism version 8. The data was statistically
tested in GraphPad as well, as described in the caption of each figure. To compare
antigen uptake between skin donors, uptake was normalized as follows:

antigen uptake in formulation

x 1009
antigen uptake in PBS %

Subsequently, outliers were removed by performing the ROUT outlier test with
a 1% false discovery rate.

Results

Intradermal injections using a hypodermic needle and syringe

Currently intradermal injections are administered with a hypodermic needle
and syringe-based system. To evaluate the delivery of antigen after intradermal
injection, we have performed a series of experiments using conventional
intradermal injections.

Three distinct dendritic cell subsets migrated of ex vivo human skin

To determine what cells migrate from a skin explant, we injected model antigen
OVA and PBS in ex vivo human skin and cultured skin biopsies for 72 hours. After
intradermal injection three DC subsets had migrated out of the skin explant
(Figure 1A) : LCs (CD14 and CD1a**), CD14* dDCs (CD1a and CD14*), CD1a* dDCs
(CD1a* and CD14). The majority (ca. 70%) of DCs, as defined by HLA-DR and
CD11c expression, were CD1a* dDCs (Figure 1B), 10% were CD14* (Figure 1C)
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Figure 1. Detection of DCs after intradermal injection of 10 uL with a hypodermic needle and
syringe. The migrated DCs were collected from human ex vivo skin (circles = abdominal, squares =
breast) explants after 72 hours of culturing. DCs were defined by expression of both HLA-DR and
CD11c. A representative plot of the DCs shows the gating (A). In the DC population 3 subsets were
identified: CD1a* dDCs (B), CD14* dDCs (C) and LCs (D) (n=10 independent experiments) showing
each experiment and mean.
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and 4% were LCs (Figure 1D). The percentage of each subset that migrated out
of the explant was independent of the injected formulation (PBS vs OVA), but
varied between the donors (Figure 1). Moreover, when skin was not injected at
all, similar percentages of cells migrated from the skin explant (not shown). The
total amount of cells that crawled out however, was consistently higher after
injection of formulations that contained antigen than after PBS injection (data
not shown).

OVA uptake by skin-resident APCs is dose-dependent

To analyze the effect of the antigen dose on uptake by skin DCs, increasing
doses of OVA were injected into the skin and migrated cells were analyzed.
Antigen uptake by dDCs and LCs was evaluated after injecting various doses of
OVA. Practically all CD14* dDCs had taken up detectable amounts of OVA, even
when the low dose of 0.1 ug OVA was administered (Figure 2A). In contrast,
approximately 60% of the CD1a* dDCs had taken up detectable OVA after 0.1 pg
OVA was administered (Figure 2B). At higher doses, the majority (>95%) of CD1a*
dDCs had taken up OVA. LCs showed a dose-dependent uptake of OVA in the
investigated concentration range. Only after administration of the highest doses
(50 or 25 pg) all LCs showed detectable amounts of OVA. 70% of LCs had taken
up OVA after a 5 pug dose, with a dose-dependent decrease after administration
of 1 ug and 0.1 pg OVA (Figure 2C).
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Figure 2. Dose dependency of OVA uptake is DC subset specific. OVA uptake by LCs, CD1a* and
CD14* dDCs was investigated by flow cytometry as function of the OVA dose after intradermal
administration in abdominal skin by using a conventional hypodermic needle-and-syringe. OVA
uptake was measured and displayed as percentage of cells that had taken up OVA within migrated
CD14* dDCs (A), CD1a* dDCs (B) and LCs (C). The data represents mean + SEM (n 2 3 independent
experiments) uptake was compared by one-way ANOVA with Tukey’s multiple comparison test. * =
p <0.05, **=p<0.01, *** = p < 0.001, **** = p < 0.0001.

Depth-controlled microinjections via a hollow microneedle

Our previous results demonstrated that intradermal delivery of OVA results in
uptake by dDCs and LCs. Because the different DC subsets reside at different
depths in the skin, we hypothesized that OVA uptake may also depend on the
depth of intradermal antigen application. To administer antigen at a specific
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depth, conventional intradermal injection with needle and syringe cannot be
used. Besides the difficulty to determine injection depth accurately, an injection
volume of 10 pL (equals 10 mm?3) is a too large volume for accurate injection
in micrometer ranges. A digitally-controlled single hollow microneedle injection
system allows for precise injections of 200 nL, enabling depth-controlled
injections of a 50-fold smaller volume.

OVA uptake by skin-resident APCs is independent of injection depth

To study if injection depth affects the uptake of OVA in different subsets of
DCs, OVA solution was injected at a depth of 50 um (viable epidermis), 500 um
(superficial dermis) or 1000 um (deep dermis) with a hollow microneedle. This
was compared to injections of 0.1 ug OVA with a hypodermic needle, where
the injection depth is not known and the injected volume is much bigger: 10
ulL instead of 0.2 uL. Regardless of injection depth, 75% of all CD14* dDCs had
taken up OVA after injection with hollow microneedles (Figure 3). Conventional
intradermal injection resulted in a higher percentage of OVA positive (OVA®) cells.
Uptake of OVA by CD1a* dDCs and LCs was slightly, albeit not significantly, lower
at more shallow (50 um) depth-controlled injections. Moreover, conventional
injection resulted in slightly more OVA* cells in both subsets. Concomitantly,
DC activation, as measured by CD86 and HLA-DR expression, was similar for all
injection depths and conventional intradermal administration (Supplementary
Figure 2). Altogether, injection depth did not influence antigen uptake or DC
activation. Therefore, it was decided to perform all subsequent injections at only
one depth: 500 um.
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Figure 3. Uptake of OVA by skin-resident DCs is not dependent on injection depth. The uptake of
OVA in CD14* dDCs, CD1a* dDCs or LCs as function of the depth in abdominal skin at which 0.1 ug
OVA was administered by using a single hollow microneedle or conventional hypodermic needle-
and-syringe (ID). The data represents mean + SEM (n > 4 independent experiments). No statistical
differences were found between the different depths (one-way ANOVA).
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Bet v 1 is barely taken up by dermal APCs

To evaluate whether antigens with different properties are taken up in a similar
fashion, we compared the uptake of model allergen OVA (42.7 kDa, pl 4.5) with
the uptake of real allergen Bet v 1 (17.4 kD, pl 5.6) after administration of 0.2 pL
solution containing 0.1 ug at 500 um depth. In contrast to OVA, Bet v 1 was barely
taken up by any of the migrated dDCs and LCs (Figure 4). The mean fluorescence
intensity (MFI) of the injected antigen in CD14* dDCs was slightly increased after
microinjection of Bet v 1, but not in the other subsets (Supplementary Figure 3),
while the MFI after OVA injection increased significantly. This illustrates that not
all intradermally administered protein antigens, when free in solution, are taken
up efficiently by APCs.
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Figure 4. Not all antigens are taken up to the same extent by APCs. The uptake of fluorescent OVA
or Bet v 1in CD14* dDCs, CD1a* dDCs and LCs after microinjection at 500 um depth with 0.1 ug
of antigen in abdominal skin (mean + SEM; n > 6 independent experiments). The percentage of
cells that had taken up antigen was compared in a mixed-effects analysis with a Tukey’s multiple
comparison test. * = p < 0.05, ** =p < 0.01.

Both antigens were incorporated in fluorescently labeled cationic and
anionic liposomes

Nanoparticles such as liposomes are generally considered to be efficiently taken
up by APCs [55, 56]. Nanoparticle mediated uptake could overcome structural
differences between antigens. Both OVA and Bet v 1 (size graph in supplementary
Figure 4) were encapsulated in two types of liposomes: cationic and anionic
liposomes (Table 2). Cationic liposomes with OVA encapsulated were larger than
empty cationic liposomes, but the zeta potential was unchanged. Encapsulation
of Bet v 1 in cationic liposomes did not affect the size, but decreased the zeta
potential slightly. Anionic liposomes were slightly smaller after encapsulation
of both antigens: 180 nm instead of 205 nm, while zeta potential remained
negative. The encapsulation efficiency of OVA in cationic liposomes was higher
(70%) than that of Bet v 1 (50%). Both OVA and Bet v 1 did not associate well
with anionic liposomes (5% and 10%, respectively). The amount of antigen was
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kept constant for intradermal injections, so the injected dose of lipids was higher
for anionic liposomes than for cationic liposomes.

Table 2. Physicochemical properties of the liposomal formulations (mean values + SD, n = 3-5).

Formulation Z-ave (nm) PDI ZP (mV) EE (%)
Cationic liposomes

(DSPC:DOTAP:chol) 184.6 £5.6 0.102 +0.018 36.0 £ 14.5 -

Anionic liposomes

(DSPC:DSPG:chol) 2049 +13.6 0.128 + 0.004 -44.4 +0.5 -

Cationic liposomes

A T 206.6 + 25.1 0.140 + 0.086 37.1+3.9 70.9+9.2
Ao NFeE e 178.0+12.1 | 0.035+0.018 -38.8+1.38 52+0.7
containing OVA

Cationic liposomes

containing Bet v 1 194.8 +14.9 0.129 £ 0.017 260+74 49.4 +28.3
Anionic liposomes

containing Bet v 1 180.6 £2.1 0.101+0.023 -47.0+18.8 10.6 £5.2

Abbreviations: Z-ave = hydrodynamic diameter, PDI = polydispersity index, ZP = zeta potential, EE
= encapsulation efficiency, - = not applicable

Incorporation of Bet v 1, but not OVA, in liposomes increased uptake by
dDCs

To evaluate the effect of liposome formulation on the uptake of OVA and Bet v
1, formulations were injected in ex vivo human skin with hollow microneedles at
500 um depth. After antigen encapsulation in liposomes an increase in uptake
was observed for Bet v 1, but a decrease in uptake was observed for OVA (Figure
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Figure 5. Effect of fluorescently labeled liposomes on antigen uptake. The uptake of fluorescent
OVA (A-C) and Bet v 1 (D-F) in different dDCs or LCs was measured (mean + SEM; n > 6 independent
experiments). Antigens (0.1 ug) were injected at 500 um depth in abdominal (n > 4) or breast (n
= 2) skin explants. The percentage of dDCs that had taken up antigen was compared in a mixed-
effects analysis and Dunnett post-test to compare uptake to free antigen. * = p < 0.05, ** =p <
0.01, **** = p < 0.0001.

82



5). Encapsulation in cationic liposomes decreased OVA uptake in CD14* dDCs
from 60% of all cells (for OVA solution) to 35%, whereas encapsulation of OVA in
anionic liposomes decreased its uptake to 25% (Figure 5A). Similar trends were
observed for CD1a* dDCs (Figure 5B) and LCs (Figure 5C).

For Bet v 1, an opposite effect was observed. Cationic liposomes increased the
percentage of Bet v 1* CD14* dDCs to 14%, while anionic liposomes resulted in
17% antigen* CD14* dDCs (Figure 5D). Bet v 1* CD1a* dDCs percentage increased
from 2% to 6% with cationic liposomes, and 12% with anionic liposomes (Figure
5E). A similar trend was observed in LCs, where the Bet v 1* % of cells was
increased from 1% to 2.5% and 4%, respectively.

Antigen uptake of the same formulation varied substantially between skin
donors. Therefore, to evaluate the effect of liposome formulation on antigen
uptake, the uptake was normalized, i.e., uptake of free antigen was set as 100%
uptake, and compared to uptake of antigen formulated in liposomes per donor
(Figure 6). Cationic liposomes had little effect on OVA uptake: uptake in CD14*
dDCs was reduced 0.8-fold, whereas uptake in CD1a* dDCs was unaffected and
uptake in LCs was increased 1.4-fold (Figure 6). Anionic liposomes reduced
uptake in CD14* dDCs and CD1a* dDCs by half, but increased uptake in LCs by
1.3-fold (Figure 6).
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Figure 6. Normalized effect of fluorescently labeled liposomes on antigen uptake. The percentage
of cells that had taken up free antigen, as displayed in figure 5, was set at 100% (dotted line in
all graphs). Percentage of cells that had taken up antigen after formulation into liposomes was
normalized to the uptake of free antigen. The normalized uptake of both OVA (left) and Bet v 1 (right)
incorporated in cationic liposomes (white) and anionic liposomes (black) after administration at
500 um depth in abdominal (n > 4) or breast (n = 2) skin explants is shown (mean + SEM; n > 6
independent experiments).Significant differences between dendritic cell subset and formulation
were not found in a 2-way ANOVA for either antigen.

Cationic liposomes increased Bet v 1 uptake by CD14* dDCs over 9-fold, while
increasing uptake in both CDl1a* dDCs and LCs 4.5-fold (Figure 6). Anionic
liposomes similarly increased Bet v 1 uptake in CD14* dDCs 9-fold, uptake in
CD1a* dDCs 6.6-fold and uptake in LCs 4.3-fold (Figure 6). Uptake of Bet v 1
was increased drastically in especially CD14* and CD1a* dDCs by encapsulation
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in liposomes. Contrarily, the uptake of OVA was reduced in these subsets after
encapsulation in either cationic or anionic liposomes.

Anionic liposomes are taken up more efficiently than cationic liposomes
To determine whether the cells had also taken up liposomes, both liposome
formulations contained a small amount of fluorescent lipid. Liposome uptake by
the various subsets of DCs was measured. The loading of antigen did not affect the
uptake of liposomes by the various subsets (Figure 7). Cationic liposomes were
taken up less efficiently than anionic liposomes. Moreover, antigen formulated
with cationic liposomes resulted in lower uptake of liposomes and antigen by
the same cell than formulation in anionic liposomes (Supplementary Figure 5).
Representative flow cytometry dot plots of each subset and each formulation
are shown in supplementary figures 6 and 7.
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Figure 7. Liposome uptake by skin resident APCs. The uptake of fluorescently labeled cationic
liposomes (left) and anionic liposomes (right) in different skin APCs was measured (mean + SEM; n
> 6 independent experiments) after injection at 500 um depth in abdominal (n > 4) or breast (n =2)
skin explants. The percentage of dDCs or LCs that had taken up liposomes was compared in a 2-way
ANOVA and showed no significant differences between OVA or Bet v 1 in each subset.

Discussion

In this study we set out to obtain fundamental knowledge about the fate of
antigen formulations after intradermal injections. This knowledge is important
for rational development of formulations for intradermal administration. We
evaluated migrated DCs after intradermal microinjections of two antigens, OVA
and Bet v 1, in a human skin explant model. Both antigens were formulated in
buffer and in 2 different liposome formulations. Injection depth did not affect
antigen uptake, but we observed a significant difference in uptake between
antigens. When formulated in buffer, Bet v 1 was barely taken up, whereas
OVA was taken up very efficiently by APCs. By incorporating OVA, which was
taken up efficiently on its own, lower percentages of APCs had taken up antigen
encapsulated in liposomes. On the contrary, Bet v 1 (a relevant, but poorly
internalized antigen) was delivered much more efficiently to the dDCs and LCs
when encapsulated in liposomes upon injection.
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Uptake of antigen upon conventional intradermal injection was dose-dependent.
This illustrates the effect the antigen dose could have on the induced immunity.
CD14* dDCs are poor at inducing CTLs, but induce a strong humoral response,
while LCs are associated with strong CTL responses [27]. As these subsets reside
at different depths of the skin, we performed injections at different depths to
see if injection depth has any effect on uptake in different subsets.

Intradermal microinjections performed at 50, 500 or 1000 um did not show any
significant difference in antigen fate, even though the different DC subsets reside
in different parts of the skin. When compared to intradermal injection with a
hypodermic needle, we saw less uptake after depth controlled microinjections.
This may be as a result of injection accuracy: the DC-shMN-iSystem allows
very precise injection volumes, whereas a conventional needle and syringe
based system does not. Besides antigen uptake, DC activation was not affected
by the injection depth either. This would also suggest that there will be no
injection depth-dependent effect on the immune response. These findings are
in corroboration with various vaccination studies in other species, even though
skin composition and morphology differs between different species [57, 58]. Our
results can explain why injection depth did not affect immune response in rats
vaccinated with inactivated polio vaccine [48] and hairless guinea pigs vaccinated
with OVA by others [59]. Moreover, a study on intradermal vaccination of human
volunteers with rabies vaccine did not show an injection depth-dependent
immune response either [60].

Unlike injection depth, the nature of the antigen had a huge impact on its
uptake by DCs. The differences between OVA and Bet v 1 are numerous: OVA
is glycosylated and phosphorylated [61], while Bet v 1 does not have such
post-translational modifications, as it was produced in E.coli. OVA is 3 times
heavier than Bet v 1 and has a lower isoelectric point, although both proteins
are negatively charged at physiological pH. Especially the post-translational
modifications can impact the uptake of a protein [62]: the mannose receptor
has been shown to play a huge role in OVA uptake [63], while Bet v 1 uptake is
reported to be caveolae-mediated [64].

OVA was taken up readily by the majority of CD14* dDCs. Bet v 1, however, was
not taken up so easily: less than 5% of all dDCs and LCs had taken up Bet v 1. The
difference in uptake between the two antigens was surprising, as a large number
of publications have shown that both antigens are readily taken up in cell culture
conditions by human monocytes [21, 36, 64-68]. This shows the limitations of
cell culture experiments, where cells are continuously exposed to antigen. Thus,
there is a translational gap between cell culture and injection in human skin.
Our presented ex vivo human skin model is more representative for what would
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happen after intradermal injection.

Two different liposomal formulations were prepared, both having sizes smaller
than 500 nm, which has been reported to be ideal for uptake by DCs [45, 46].
Both formulations consisted for 50% of DSPC (T~ ~ 55 °C) and contained 25%
cholesterol. The only difference between the liposome formulations is the
charged lipid, which allows for a direct comparison of surface charge effect.
DOTAP-containing liposomes were cationic, and had a higher encapsulation
efficiency with OVA and bet v 1 than anionic DSPG-containing liposomes. This is
most likely related to electrostatic interactions, as both proteins have a negative
charge at physiological pH. However, part of the antigens may be associated
on the surface of liposomes rather than be encapsulated in the liposome core.
This could result in quick desorption after injection, which we indeed seemed
to observe: for cationic liposomes there were more OVA*than liposome* cells,
which would otherwise not be possible. Free OVA was taken up in more cells
(%-wise) than when encapsulated in liposomes, while the uptake of Bet v 1 was
increased drastically when encapsulated in liposomes compared to free Bet v
1. This difference can probably be attributed to the uptake of soluble antigen.
Encapsulated OVA uptake depends on the uptake of liposomes, which was not
as effective as that of soluble OVA.

Formulation of antigens (= allergen in case of allergy) in liposomes could also
contribute to more efficient allergen specific immunotherapy. By encapsulating
Bet v 1 in the core, it is not available on the surface and cannot bind circulating
antibodies and thereby reduce adverse events [2]. For this purpose anionic
liposomes would be the preferential choice, as there seems to be more antigen
dissociation from cationic liposomes. Moreover, by increasing the antigen uptake
the effectivity can potentially be increased. The increased effectivity could lead
to a reduction of therapy duration [1, 2, 69].

Intradermal vaccination has been reported to induce a stronger CD8" T-cell
immune responses compared to conventional subcutaneous or intramuscular
injections [70, 71]. Most nanoparticle-based approaches use cationic delivery
systems, because cationic formulations are taken up to a higher extent than
anionic ones in vitro [57], and we have seen the same with the formulations
we have used (data not shown). Those studies however describe in vitro
situations, where the extracellular matrix and presence of other cell types (e.g.
keratinocytes) is not taken into consideration, which has been shown to reduce
delivery of cargo from cationic nanoparticles before [72]. We demonstrated that
anionic liposomes resulted in more efficient delivery of Bet v 1 to APCs than
cationic liposomes in intact human skin. There does not seem to be a targeting
effect to any of the subsets. The same uptake pattern (CD14* dDCs > CD1a* dDCs
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> LCs) is observed with liposomes as for OVA in buffer.

Unexpectedly, anionic liposomes resulted in higher Bet v 1 uptake than cationic
liposomes, which have been used successfully in a multitude of intradermal
vaccine delivery studies [73-76]. We should however realize that, as antigen
dose was kept constant, more liposomes were injected for anionic liposomes
than cationic liposomes. Uptake by skin DCs is only the first step in the induction
of antigen-specific immunity. The activation state, antigen processing and
subsequent T-cell stimulation has not been investigated. Cationic liposomes
typically induce an inflammatory Th1l and CD8* T-cell based immune response,
which is desired for cancer immunotherapy. Contrarily, anionic liposomes are
reported to induce regulatory responses, which could be beneficial for the
treatment of allergy or auto-immune diseases [44, 55, 77-81]. So, both cationic
and anionic liposomes are interesting adjuvant candidates that can increase the
uptake of antigens which are not efficiently taken up by themselves.

Conclusion

Intradermal injection depth of antigens in ex vivo human skin does not affect
antigen uptake by migrated dDCs and LCs. However, a large difference in effect
occurs based on the kind of antigen and the kind of formulation applied. OVA
was readily taken up by dDCs and LCs in contrast to Bet v 1, a relevant antigen in
allergy. After incorporation in cationic and especially anionic liposomes, Bet v 1
was taken up by more dDCs and LCs. We conclude that both antigen nature and
formulation, but not injection depth determine the degree to which antigens are
taken up by skin resident APCs. Moreover, we have shown that uptake of poorly
internalized antigens can be significantly improved by encapsulating them in
liposomes in an ex vivo human skin model.
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Supplementary Figure 1. Gating strategy for flow cytometry analysis to distinguish the different
dermal dendritic cells and LCs. Langerhans cells (LCs), CD1a* dDCs and CD14* dDCs are distinct

populations.
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Supplementary Figure 2. Injection depth dependent DC activation. 0.1 ug OVA was injected at
different depths in ex vivo human skin explants and compared to conventional intradermal
injection. Activation markers CD86 (upper plots) and HLA-DR (lower plots) on different dDC subsets
were measured (mean + SEM (n = 3)).
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Supplementary Figure 3. Antigen uptake by DC subsets. Mean fluorescence intensity of the antigen-
label in CD14 dDCs, CD1a dDCs and LCs.
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(orange) as measured by DLS.
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Supplementary Figure 6. Representative flow cytometry plots of uptake of liposomes and Bet v 1 in
different APC subsets after injection at 500 um depth in ex vivo skin explants.
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Supplementary Figure 7. Representative flow cytometry plots of uptake of liposomes and OVA in
different APC subsets after injection at 500 um depth in ex vivo skin explants.
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Abstract

Liposomes are widely investigated as vaccine delivery systems, but antigen
loading efficiency can be low. Moreover, adsorbed antigen may rapidly desorb
under physiological conditions. Encapsulation of antigens overcomes the latter
problem but results in significant antigen loss during preparation and purification
of the liposomes. Here, we propose an alternative attachment method, based
on a complementary heterodimeric coiled coil peptide pair pepK and pepE.

PepK was conjugated to cholesterol (yielding CPK) and pepE was covalently
linked to model antigen OVA323 (yielding pepE-OVA323). CPK was incorporated
in the lipid bilayer of cationic liposomes (180 nm in size). Antigen was
associated more efficiently to functionalized liposomes (Kd 166 nM) than to
cationic liposomes (Kd not detectable). In vivo co-localization of antigen and
liposomes was strongly increased upon CPK-functionalization (35% -> 80%). CPK-
functionalized liposomes induced 5-fold stronger CD4* T-cell proliferation than
non-functionalized liposomes in vitro. Both formulations were able to induce
strong CD4* T-cell expansion in mice, but more IFN-y and IL-10 production was
observed after immunization with functionalized liposomes.

In conclusion, antigen association via coiled coil peptide pair increased co-

localization of antigen and liposomes, increased CD4* T-cell proliferation in vitro
and induced a stronger CD4* T-cell response in vivo.
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Introduction

The latest generation of vaccines moves away from whole pathogens and instead
uses pathogen-derived proteins or peptides (i.e., subunits) as antigen. Subunit
based vaccines are safer than whole pathogen-based vaccines but require
adjuvants because these antigens alone are poorly immunogenic. Liposomes,
vesicles composed of a phospholipid bilayer, are a widely investigated adjuvant
because of their versatility and proven success [1-4]. The lipid composition directs
the physico-chemical properties of the liposomes, such as size, zeta potential,
membrane fluidity and rigidity [1, 3]. These properties greatly influence their
behavior upon injection and the immune response they may induce [3, 5-8].
Cationic liposomes have been used extensively as vaccine adjuvants. They are
known to induce strong T-cell expansion and pro-inflammatory T helper (Th)
1-skewed immune response [9-14].

For a maximum adjuvant effect, the adjuvant and antigen need to be taken
up by the same antigen presenting cell. This is most efficiently achieved
when the antigen and the adjuvant are physically or chemically associated
[15, 16]. Antigens can be associated with liposomes in various ways. For
instance, hydrophilic molecules can be encapsulated in the aqueous core,
whereas lipophilic molecules can be incorporated in the lipid bilayer. Although
encapsulation usually ensures sustained co-localization, the encapsulation of an
antigen in liposomes can be a challenging and costly process. Very few examples
have shown 100% encapsulation efficiency, which oftentimes means that a large
amount (up to 99%) of a valuable antigen is lost during liposome preparation
and purification [10, 17-19]. Moreover, the encapsulation process has to be
optimized for each new antigen, and might require a change of composition of
the liposomes, thereby potentially sacrificing adjuvant potential [19, 20]. A more
straightforward method is association of antigens on the outside of the liposome,
which could be achieved by simple mixing of the antigen with preformed
liposomes. Administration of antigens adsorbed to liposomes, via electrostatic
interaction, has been shown to enhance the induced immune response
compared to administration of plain antigen [12, 21]. However, the degree of
association may vary between antigens and formulations [22-25]. Moreover,
after administration of liposomes with electrostatically adsorbed antigen, the
antigen may rapidly diffuse away from the liposomes because of competition
between the antigen and extracellular biomolecules. Another disadvantage of
electrostatic adsorption of antigens is that it requires an opposite charges on
the liposome and antigen [26]. This complicates the development of a general
vaccine adjuvant that can be used for a diverse range of antigens.

Here we provide an attractive alternative method of antigen association to
functionalized liposomes based on designer coiled coil (CC) motifs. In this method,
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complementary peptides interact resulting in the formation of noncovalent
intermolecular helices [27, 28]. The formation of these helices is based on a
complementary peptide pair, peptide E (pepE) and peptide K (pepK), which
form a parallel heterodimer CC [27-29]. The pepE-pepK peptide pair has been
shown to remain intact under physiological conditions. Moreover, liposomes
functionalized with pepK have shown to be able to target cells functionalized
with pepE in vitro and in vivo [30-34]. We investigated the possibility to use this
CC forming peptide pair as an attachment platform for association of antigens
to liposomes. We hypothesized that the binding affinity of these CC-forming
peptides results in a higher association efficiency of the antigen and a more
stable association in vivo as compared to electrostatic interaction. Here we report
that indeed the association of antigen (pepE-OVA323) with pepK-functionalized
liposomes remained intact under physiological conditions. Moreover, we show
this way of association significantly enhanced the immunogenicity of the antigen,
resulting in a stronger CD4* T-cell activation.

Material and Methods

Chemicals

Cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phosphocoline (DSPC) and
1,2-dioleoyl-3-trimethylammonium-propane  (DOTAP)  were  purchased
from Avanti Lipids (AL, USA). OVA323-339 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) were supplied by Bio-Connect (Huissen,
Netherlands), 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindodicarbocyanine,
4-Chlorobenzenesulfonate (DiD), phorbol 12-myristate 13-acetate (PMA),
ionomycin, Brefeldin A, Penicillin-Streptomycin (PenStrep), GlutaMAX™
were supplied by Thermo Fisher (Bleiswijk, Netherlands). Iscove’s Modified
Dulbecco’s Medium (IMDM) and Roswell Park Memorial Institute 1640
(RPMI) were supplied by Lonza (Basel, Switzerland). Fetal Calf Serum (FCS)
was purchased from PAA Laboratories (Ontario, Canada). Dimethylformamide
(DMF), piperidine, acetic anhydride, pyridine, trifluoroacetic acid (TFA) and
acetonitrile (ACN) were purchased from Biosolve (Valkenswaard, Netherlands).
N,N-diisopropylethylamine (DIPEA), and Ethyl cyanohydroxyiminoacetate
(Oxyma) were obtained from Carl Roth (Karlsruhe, Germany). Dicholoromethane
(DCM) and diethyl ether were supplied by Honeywell (Landsmeer, Netherlands).
Tentagel HL-RAM was obtained from Rapp Polymere (Tibingen, Germany). All
amino acids were supplied by NovaBioChem (Darmstadt, Germany). Fmoc-NH-
PEG,-COOH was purchased from Iris Biotech GmbH (Marktredwitz, Germany)
All fluorescent antibodies for flow cytometry were purchased from eBioscience
(MA, USA) and are displayed in supplementary table 1. CD4 and CD8 T-cell
enrichment kit was purchased from Miltenyi (Leiden, Netherlands).

All other chemicals were purchased from Sigma Aldrich (Zwijndrecht,
Netherlands).
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Mouse experiments

C57BI/6, OT-land OT-ll transgenic mice on a C57Bl/6 background were purchased
from Jackson Laboratory (CA, USA), bred in-house under standard laboratory
conditions, and provided with food and water ad libitum. All animal work
was performed in compliance with the Dutch government guidelines and the
Directive 2010/63/EU of the European Parliament. Experiments were approved
by the Ethics Committee for Animal Experiments of Leiden University.

Peptide synthesis

Peptides were synthesized on a microwave-assisted, automated peptide
synthesizer (Liberty Blue). An overview of all the synthesized compounds can be
found in Supplementary table 2. Synthesis was performed at a 0.1 mmol scale
on the solid-phase Tentagel HL-RAM resin with a loading of 0.39 mmol/g. Fmoc-
deprotection was achieved with 20% piperidine in DMF at 90 °C for 60 s. Amide
coupling was achieved using 5 equiv. of Fmoc-protected amino acid with 5 equiv.
of DIC as activator and 5 equiv. of Oxyma as the activator base heated at 95 °C for
240 s. Upon completion of synthesis, peptides were acetylated with an excess
of acetic anhydride and pyridine in DMF. Cholesterol-coupled pepK (CPK) was
synthesized as described elsewhere [35]. In short, resin-bound peptides were
PEGylated with 2.5 equiv. of Fmoc-NH-PEG,-COOH in the presence of 5 equiv. of
DIPEA and 2.5 equiv. of HATU for 4 hours at room temperature. Subsequently, the
protecting Fmoc was removed with 20% piperidine in DMF and the reactive amine
was coupled to 1.05 equiv. amino-cholestene hemisuccinate in the presence of
5 equiv. DIPEA and 2.5 equiv. HATU for 4 hours at room temperature, before
cleavage from the resin was performed by using a mixture of TFA:TIPS:water,
95:2.5:2.5. The peptide was precipitated in ice-cold diethyl ether; the precipitate
was subsequently collected by centrifugation and dissolved in a water and
ACN mixture. The ACN was removed using a rotary evaporator and water was
removed by lyophilization, resulting in crude peptide as an off-white powder.

All peptides and conjugates were purified by reversed-phase HPLC (RP-HPLC) on
a Kinetic Evo C18 column with a Shimadzu system comprising two LC-8A pumps
and an SPD-10AVP UV-Vis detector. Peptides were purified using a gradient of
20-80% B, (where B is ACN containing 1% TFA, and A is water with 1% TFA) over
20 minutes with a flow rate of 12 mL/min. The collected fractions were analyzed
on a LC-MS system (Thermo Scientific TSQ quantum access MAX mass detector
connected to a Ultimate 3000 liquid chromatography system fitted with a 50 x
4.6 mm Phenomenex Gemini 3 um C18 column) and those deemed to be pure
were pooled. Organic solvent was removed under reduced pressure (150 mbar)
before lyophilization to obtain a dry purified peptide powder.

AlexaFluor488-labeled pepE-OVA323 was synthesized starting from pepE-
OVA323 with an additional glycine and cysteine at the C-terminus. The peptide
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was incubated with 1.1 equiv. AlexaFluor 488 C, maleimide (Thermo Fisher,
Netherlands) in 100 mM HEPES buffer (pH 7.4) in the dark at room temperature.
After 2 hours, free dye was removed by dialysis under constant stirring in a 2k
MWCO Slide-A-Lyzer™ (Thermo Fisher, Netherlands) at 4 degrees to Milli-Q (18,2
MOhm/cm) overnight. Finally, the pure peptide was obtained by centrifugation
at 1,000 x g for 30 minutes.

Liposome preparation and characterization

Liposomes were prepared by the dehydration-rehydration method as described
elsewhere [17]. In brief: 15 umol total lipids with or without CPK were dissolved
in 1:2 methanol:chloroform in the desired ratio (2:1:1 DSPC:DOTAP:cholesterol
molar ratio with 1 mol% CPK). In case of fluorescent liposomes, 0.1 mol% of
total lipid DiD was added in this step. Subsequently, the organic solvent was
evaporated at 150 mbar and 50 °Cin a rotary evaporator, yielding a lipid film. This
film was hydrated in the presence of glass beads with a 10 mM HEPES, 280 mM
sucrose, pH 7.4 (H/S buffer), with antigen in the case of encapsulation, frozen in
liquid nitrogen and lyophilized overnight. The resulting lipid cake was rehydrated
with Milli-Q to a final volume of 1 mL (resulting in a 15 mM lipid suspension) and
homogenized with a LIPEX extruder (Evonik, Canada) by repeated passage over
stacked filters of 400 nm and 200 nm (Nuclepore Track-Etch membrane from
Whatman, Netherlands).

Hydrodynamic diameter and polydispersity were measured by dynamic
light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). The zeta potential was measured using laser Doppler
electrophoresis on the same machine with a zeta dip cell (Malvern Instruments
Ltd.). Each sample was diluted 100-fold in 10 mM HEPES buffer (pH 7.4) before
measurement.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed with a MicroCal PEAQ-ITC
Automated machine (Malvern Instruments Ltd., Worcestershire, UK). Free pepK
or liposomes containing CPK (300 pl, 50 uM pepK or CPK in H/S buffer) were
used in the receptor compartment. 3 pl of pepE, pepE-OVA323 or pepE-OVA257
(500 uM) was added every 180 seconds.

For data analysis, the firstinjection was removed from the raw data. Subsequently
a One-sited fitting was performed, which was optimized by 100 iterations until
the values for binding constant, stoichiometry and dH did not change anymore.
Far-UV circular dichroism spectroscopy

Far-UV circular dichroism (CD) measurements were performed on a Jasco J815
CD spectrometer equipped with a Jasco PTC 123 Peltier temperature controller
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in a 1 mm quartz cuvette. Far-UV CD spectra between 190-260 nm were also
collected at T = 25°C. The molar ellipticity [6] was calculated from the measured
ellipticity 6, the path length | in centimeter, the molar monomer concentration
cM, and the number of amino acids per peptide N as:

100+0
(0] = e sz
as described elsewhere [36].

(Equation 1)

Association efficiency

To determine the association efficiency of pepE-OVA323 to liposomes, liposomes
with and without CPK (800 pg lipids/mL) were incubated with antigen (30 pg/mL)
for 30 minutes. Subsequently, unbound antigen was separated from liposomes
with a centrifuge membrane concentrator (Vivaspin2, 300.000 MWCO, Sartorius)
by spinning down for 10 minutes at 500 x g. The unbound fraction (flow through)
was measured by RP-UPLC (Waters ACQUITY UPLC, Waters, MA, USA).

Liposomes with and without CPK (800 pg lipids/mL) were mixed with pepE-
OVA257 (30 ug/ml) and dialyzed in a Float-A-Lyzer® G2 (Spectrum labs, CA,
United States) of 1 mL and MWCO of 100 kD for 5 days against 10 mM HEPES
buffer pH 7.4. Remaining antigen in the dialysis membrane was measured by RP-
UPLC (Waters ACQUITY UPLC, Waters, MA, USA).

Ex vivo T-cell stimulation

Bone marrow-derived dendritic cells (BMDCs) were prepared as described
elsewhere [37]. In short, bone marrow was isolated from murine tibia and femurs
of C57BL/6 mice. Bone marrow cells were stimulated for 10 days with 20 ng/
mL GM-CSF in complete IMDM (cIMDM, IMDM supplemented with 100 U/mL
PenStrep, 2 mM glutaMAX and 8% FCS). After 10 days, the BMDCs (50,000 cells
per well) were exposed to the different formulations for 4 hours. Subsequently
the BMDCs were washed twice with cIMDM and incubated with either 100,000
CD4* T-cells derived from OT-ll mice or 100,000 CD8* T-cells derived from OT-I
mice, which were purified according to manufacturer’s protocol [38], for 72
hours in complete RPMI (cRPMI, supplemented with 100 U/mL PenStrep, 2 mM
glutaMAX, 50 UM B-mercaptoethanol and 10% FCS). After 72 hours, the cell
suspension was harvested and prepared for flow cytometry.

Flow cytometry measurements and analysis

For flow cytometry measurements, the cell suspension was washed with
FACS buffer (PBS with 1% FCS and 2 mM EDTA). Subsequently, the suspension
was stained for 30 minutes in the dark at 4 °C with FACS buffer containing
fluorescent antibodies against the surface markers of interest (an overview of
the used antibodies is found in Supplementary table 1). After the staining, the
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cells were washed with PBS and measured in the flow cytometer (CytoFLEX S,
BeckmanCoulter, CA, US). For intracellular markers, the cells were subsequently
fixed and stained according to manufacturer’s protocol with the Transcription
Factor Staining Buffer Set (eBioscience, catalogue number 00-5523-00) for
transcription factors, or the Intracellular Fixation & Permeabilization Buffer Set
(eBioscience, catalogue number 88-8824-00). Before measurement, the cells
were resuspended in PBS. All flow cytometry data were analyzed using FlowJo
vX.

Peptide uptake in BMDCs

BMDCs were prepared as described above and 50,000 BMDCs per well were
plated in a flat bottomed 96 wells plate. Subsequently, different liposome
formulations containing DiD (ex/em wavelength: 644/665 nm) were added to
the culture medium of these BMDCs. After 4 hours, cell medium was refreshed
twice to remove any unbound formulation. Subsequently, cells were prepared
for flow cytometry.

Biodistribution studies in zebrafish embryos

Zebrafish (Danio rerio, strain AB/TL or Tg(kdrl:RFP-CAAX)s916 [39]) were
maintained and handled according to the guidelines from the Zebrafish Model
Organism Database (http://zfin.org) and in compliance with the directives
of the local animal welfare committee of Leiden University. Fertilization was
performed by natural spawning at the beginning of the light period, and eggs
were raised at 28.5 °C in egg water (60 g/mL Instant Ocean sea salts). Prior to
injection, zebrafish embryos were embedded and anesthetized in 0.4% agarose
containing 0.01% tricaine. Liposomal formulations (containing 5 mM lipids and/
or 200 pg/ml pepE-OVA323-AF488) were injected with 1 nL volume in the duct
of Cuvier. at 2.5 days post fertilization (dpf) as described previously [40]. For
each treatment, two independently formulated liposome preparations were
imaged using confocal microscopy. Embryos were randomly picked from a dish
of 10-20 successfully injected embryos (exclusion criteria were: no backward
translocation of erythrocytes after injection and/or damage to the yolk ball).

Confocal z-stacks were captured on a Leica TCS SPE confocal microscope, using
a 10x air objective (HCX PL FLUOTAR) or a 40x water-immersion objective (HCX
APO L). For whole-embryo views, 3-5 overlapping z-stacks were captured
to cover the complete embryo. Laser intensity, gain, and offset settings were
identical between stacks and sessions. Images were processed using the Fiji
distribution of Imagel [41, 42]. The greyscale threshold for both liposomal and
peptide signal was determined and set identical for an entire experiment. All
pixels with intensity above the threshold were set at a maximum value of 255,
whereas negative pixels were set at 0. Subsequently, the “3D-multi coloc” plugin
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of 3d Image suite was used to determine co-localization [43].

Adoptive transfer and vaccination study

C57BI/6 mice (10-15 week-old females) were randomized into groups. On day
0, all mice received 500,000 CD4* T-cells, that were purified from sex-matched
OT-Il transgenic mice with a CD4+ T-cell enrichment kit (Miltenyi, Netherlands)
according to manufacturer’s protocol [38], via the tail vein. On day 1, mice
were immunized subcutaneously with a single injection of formulation in a
total volume of 200 pl in H/S buffer. Seven days after immunization, mice were
sacrificed and blood, spleen and axillary and brachial lymph nodes (LNs) were
removed. Organs were processed and measured by flow cytometry.

Splenocytes (10° per well) of each mouse were stimulated in cRPMI for 1 hour
with either medium, pepE-OVA323, or PMA and ionomycin, after which brefeldin
A was added and the cells were incubated for another 5 hours and subsequently
prepared for flow cytometry.

Statistical analysis

Data was processed and analyzed in GraphPad v8 (Prism) for Windows. Statistical
analysis was performed with the same program and the method of analysis is
indicated in the figure legends.

Results

Peptide and liposome characterization

The MHC-II (I-A®) restricted epitope of ovalbumin (OVA323-339,
ISQAVHAAHAEINEAGR) was synthesized at the C-terminus of pepE resulting in
the pepE-OVA323 conjugate. The same was done for the MHC-I (H2-KP) restricted
epitope (OVA257-264, SIINFEKL), resulting in pepE-OVA257. All peptides were of
>95% purity according to RP-HPLC (Supplementary figures 1-4). Subsequently,
positively charged (DOTAP-containing) liposomes were prepared with and
without CPK to assess the effect of its incorporation on the physico-chemical
properties of liposomes composed of DOTAP, DSPC and cholesterol. The size
(179 vs 177 nm for liposomes without and with CPK respectively), polydispersity
index (PDI, 0.073 vs 0.071 for liposomes without and with CPK respectively)
and zeta potential (between 48 vs 45 mV for liposomes without and with CPK
respectively) of liposomes were unaffected by the addition of 1 mol% CPK (Table
1).
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Table 1. Overview of the particle size (z-average), polydispersity index (PDI) and zeta potential of
non-functionalized liposomes (DOTAP:DSPC:cholesterol) and CPK-functionalized liposomes before
and after mixing with pepE-OVA323 or pepE-OVA257. Moreover, the dissociation constant (Kd) as
measured by ITC is shown. * = significantly different than the liposomes without antigen. * = beyond
detection limit. Values represent average values + SD (n > 2). N.a. = not applicable.

Liposome formulation | Z-average (hnm) | PDI Zeta potential Kd (nM) Association
(mV) efficiency (%)

Non-functionalized 179.3+13.8 0.073 48.1+3.3 n.a. n.a.

liposomes 0.039

CPK-functionalized 176.7+14.4 0.071+ 449 £6.2 n.a. n.a.

liposomes 0.047

Non-functionalized 188.6 £ 6.6 0.116 £ 35.0+5.2 % >10°% 78.1+4.0

liposomes + 0.028 *

pepE-OVA323

CPK-functionalized 185.8+4.2 0.080 286+7.0% 166+ 68 >95% *

liposomes + pepE- 0.014

OVA323

Non-functionalized 182.5+2.3 0.092 + 45.0+2.4 >10°7 1.69+2.4

liposomes + pepE- 0.004

OVA257

CPK-functionalized 184.6+2.5 0.089 + 388+13%* 392 + 264 475+7.1

liposomes + pepE- 0.004

OVA257

To confirm the presence of CPK in the functionalized liposomes, and the ability of
CPK to interact with pepE-conjugates, we performed far-UV CD spectroscopy and
ITC, respectively. Far-UV CD spectra showed minima at 222 and 208 nm in CPK-
functionalized liposomes which indicates presence of a-helices. Upon mixing
with pepE, the peak at 208 nm and overall signal increased, pointing to interaction
and the formation of a CC structure (Supplementary figure 5). ITC was used to
determine the binding energy and dissociation constant (Kd) between peptide
and liposome. No binding energy was measured in non-functionalized liposomes
(Figure 1), whereas the binding energy of pepE and pepE-conjugates titrated
into a suspension of CPK-functionalized liposomes decreased slowly during the
first 6 injections after which a plateau was reached (Figure 1). Kd values were
determined for both pepE-conjugates onto CPK-functionalized liposomes and all
were in the order of 107 M, but could not be measured with non-functionalized
liposomes. Moreover, antigen was mixed with both formulations and unbound
antigen was removed by centrifugal filtration or dialysis to measure association
efficiency. We observed an association efficiency of 78% after mixing pepE-
OVA323 with non-functionalized liposomes, which substantially increased after
mixing with functionalized liposomes (Table 1), where the unbound antigen
concentration was below the limit of detection. Thus, CC interaction provided
a simple and highly efficient method to associate antigen to liposomes, which
appeared stronger than adsorption to non-functionalized liposomes.
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Figure 1. Antigen binding to liposomes. Buffer corrected heat plots of isothermal titration
calorimetry measurements in which non-functionalized and functionalized liposomes were titrated
with pepE-OVA323 (A) and pepE-OVA257 (B). The calculated energy per mol of pepE-OVA323 (C) or
pepE-OVA257 (D) was used to derive the dissociation constant Kd (B).

Peptide uptake in BMDCs

We assessed whether the increased affinity provided by CC-mediated
association would result in an increased antigen and liposome uptake by BMDCs.
Fluorescently labeled pepE-OVA323 and the DiD-labeled fluorescent liposomes
were used to facilitate cell uptake studies using flow cytometry. The incorporation
of a small amount of fluorescent dye resulted in a slightly smaller size (160 vs 180
nm) of the liposomes (Supplementary Figure 6), but . BMDCs were incubated
for 4 hours with fluorescent formulations containing pepE-OVA323. Over 90%
of all BMDCs had taken up liposomes, irrespective of CPK-functionalization or
presence of antigen (Figure 2). However, dendritic cells had taken up antigen in
presence of CPK-functionalized liposomes. Uptake of peptides in the absence
of liposomes was limited (39%). Association with non-functionalized liposomes
increased the uptake from 40% to 75%, but was this increased to >99% after
association to CPK-functionalized liposomes (Figure 2A). The fluorescent signal
in cells (Mean Fluorescence Intensity, MFIl) after exposure to pepE-OVA323 was
significantly increased with functionalized liposomes (20-fold), compared to a
4-fold increase by association to non-functionalized liposomes (Figure 2B), which
indicates more uptake of pepE-OVA323 per cell. These data show that under
physiological conditions (including serum), the strong association of antigen to
CPK functionalized liposomes via coiled coil formation results in an improved
uptake of the antigen.
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Figure 2. Uptake of pepE-OVA323 and liposomes in MHCII'CD11c* BMDCs. BMDCs were incubated
in cIMDM for 4 hours with different formulations containing fluorescent liposomes and fluorescent
pepE-OVA323. Subsequently, the BMIDCs were analyzed by flow cytometry for peptide and liposome
uptake. C shows representative FACS plots of BMDC population for each formulation. A Two-
way ANOVA with a Tukey’s multiple comparison test to was performed to determine statistically
significant differences in antigen and liposome uptake. MFl was compared with a One-way ANOVA
and Tukey’s multiple comparison test. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

In vivo distribution in zebrafish embryos

The in vitro studies revealed that CPK-functionalized liposomes increased
antigen and liposome co-localization compared to non-functionalized liposomes.
To evaluate how these in vitro findings translate to in vivo administration in
complex tissue, we investigated the biodistribution of pepE-OVA323 and cationic
liposomes after intravenous injection in zebrafish embryos. Free peptide, free
liposomes, non-functionalized and CPK-functionalized liposomes incubated
with pepE-OVA323 were injected in zebrafish embryos. Confocal fluorescence
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microscopy was used to assess the biodistribution of both liposomes and
peptides after injection. Co-localization throughout the embryo was observed
afterinjection of functionalized liposomes with pepE-OVA323, and was especially
prominent in the caudal vein (Figure 3A, B). In contrast, for cationic liposomes
with pepE-OVA323, co-localization was only observed in the caudal aspect of
the tail and at the injection site for non-functionalized liposomes with pepE-
OVA323 (Figure 3A). Non-functionalized liposomes that were associated with
pepE-OVA323 displayed similar distribution to the individual components alone
(Supplementary figure 7). This difference of pepE-OVA323 distribution after
association with functionalized liposomes and non-functionalized liposomes was
more profound when zoomed in on the tail vein (Figure 3B). We observed 75%
of the functionalized liposome signal co-localized with pepE-OVA323, in contrast
to pepE-OVA323 associated to non-functionalized liposomes (34%) (Figure 3C).
In 3D representation, the co-localization can be observed at the subcellular level
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Figure 3. Liposome and antigen distribution in zebrafish embryos. Representative images of
zebrafish embryos 2 hours post injection (hpi) of pepE-OVA323 adsorbed to non-functionalized
liposomes and CPK-functionalized liposomes. Gray arrows indicate the site of injection. Images were
taken by confocal microscopy at 10x magnification (A) and 40x magnification (B), compressed and
processed by Imagel. PepE-OVA323 (yellow), liposomes (magenta) and the vascular system (cyan;
kdrl:mCherry) of the zebrafish are shown in the upper image; co-localization of pepE-OVA323 and
liposomes (i.e., the pixels in which the signals of fluorescence were above the background signal)
is white in the lower image of whole fish (A). The percentage of all pixels that had liposome signal
which also had pepE-OVA323 signal (C) was compared with a Mann Whitney test, ** = p < 0.01.
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as well (Supplementary video 1 and 2). Thus, pepE-OVA323 remained strongly
associated with functionalized liposomes in vivo, but only in part associated with
non-functionalized liposomes.

Ex vivo T-cell stimulation and proliferation

Next, we investigated whether the strong association and co-localization of
antigen and liposome results in improved immunogenicity. We pulsed BMDCs
with plain pepE-OVA323 or pepE-OVA323 adsorbed to liposomes with and
without CPK for 4 hours, after which CD4* T-cells derived from OT-Il transgenic
mice were co-cultured with these BMDCs. We observed that BMDCs pulsed
with soluble pepE-OVA323 successfully induced concentration-dependent
T-cell proliferation (Figure 4A). Compared to plain peptide, BMDCs pulsed
with pepE-OVA323 associated with non-functionalized liposomes resulted
in an approximately 5-fold lower EC50. The same antigen associated to CPK-
functionalized liposomes, however, showed an 18-fold lower EC50 than soluble
peptide.
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Figure 4. In vitro T-cell proliferation. A) CD8* T-cell proliferation induced by BMDCs pulsed with
pepE-OVA257 in different formulations. B) CD4* T-cell proliferation induced BMDCs pulsed with
pepE-OVA323 in different formulations. EC50 values were calculated based on a non-linear dose-
response model fit with variable slope (four parameters) in which top and bottom were shared
between all groups. Graph shows average of 3 points for each concentration and is a representative
of 3 separate experiments.

A similar experiment was performed with pepE-OVA257, an MHC-I restricted
epitope of ovalbumin and CD8* T-cells derived from OT-I transgenic mice.
There we also found a concentration-dependent T-cell proliferation profile.
Interestingly, in contrast to the CD4* T-cell proliferation, there were no differences
in proliferation induced by plain peptide, or antigen associated with either
liposome formulation (Figure 4B).

In vivo immune response in mice

As both non-functionalized and CPK-functionalized liposomes increased the
CD4* T-cell responses in vitro, we vaccinated mice that had received an adoptive
transfer of ovalbumin-specific CD4* T-cells derived from OT-Il mice to compare
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Figure 5. OT-ll T-cell expansion after vaccination. OT-Il CD4* T-cell expansion in vivo induced by
vaccination with 1 nmol antigen (A, mean + SD, n = 8 for liposomes, n = 4 for peptide) and 0.2 nmol
antigen (B, mean * SD, n = 7) as measured by flow cytometry. Effect of the formulation in each
organ was compared by multiple student’s t tests. * = p < 0.05

the effect of non-functionalized and CPK-functionalized liposomes on the in
vivo immunogenicity. One day after the adoptive transfer, mice received pepE-
OVA323in buffer orassociated to either non-functionalized or CPK-functionalized
liposomes. The expansion of the transferred CD4* T-cells was successfully induced
by both liposome formulations (Figure 5A & B), whereas few OT-II cells were
present in mice that were vaccinated with peptide alone. Two different doses
were used for vaccination. There were no differences in T-cell expansion in the
high dose, but in the low dose treatment we observed increased expansion in
the group which received the antigen with functionalized liposomes (Figure 5B).

The majority of the OT-Il cells that were found in all organs were positive
for the transcription factor T-bet. Few OT-Il cells expressed Gata3, RORyt or
FoxP3 (Supplementary figure 8), suggesting a Thl profile. Indeed, upon ex
vivo stimulation with PMA and ionomycin, IFN-y was the most abundantly
expressed cytokine (Figure 6A) while almost no IL-4 or IL-17 was expressed
(Supplementary figure 9). We observed a significant increase in IFN-y production
after immunization with CPK-functionalized liposomes compared to non-
functionalized liposomes. Interestingly, the expanded cells also produced IL-
10 (Fig 6B) despite the absence of FoxP3 expression. The IL-10 production was
significantly higher in mice that received functionalized liposomes. Further
inspection of these cytokine-producing T-cells revealed an increase of double-
producing OT-II cells after vaccination with functionalized liposomes (Figure 6C,
D).
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Figure 6. Cytokine production by expanded OT-Il T-cells after ex vivo stimulation. OT-II cells that
produced IFN-y (A), IL-10 (B), and both IL-10 and IFN-y (C) after stimulation for 6 hours with PMA
and ionomycin from the spleen after vaccination with 1 nmol antigen associated with either CPK-
functionalized or non-functionalized liposomes (mean * SD, n > 6). A representative FACS plot of
OT-ll cells for each formulation is shown in D. Mice where less than 200 OT-Il cells were detected,
were excluded from the analysis. Outliers were detected with Grubb’s outliers test and groups were
compared with an unpaired student’s t test. * =p <0.05,, **** = p < 0.0001.

Discussion

In this study, we demonstrated a novel antigen association method to liposomes
based on a complementary peptide pair that forms a CC upon interaction. PepK
was coupled to cholesterol to yield CPK, which was encapsulated in the lipid
bilayer, whereas pepE was synthesized with two different antigenic epitopes.
The interaction between pepE and pepK was already known to be stable under
physiological conditions [33, 44] and we now demonstrate its use as a method
of antigen association. We established that incorporation of CPK in the liposomal
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bilayers did not affect the size, polydispersity or zeta potential of liposomes
composed of DSPC, DOTAP and cholesterol.

The binding affinity between pepK and pepE is in line with expected values
reported before [45]. We observed Kds around 107 M when mixing both soluble
peptides. This did not change when CPK-functionalized liposomes were used
instead of soluble peptide or pepE-antigen was used instead of pepE. Moreover,
we observed an increase in ellipticity in the CD spectrum, which strongly suggests
that the association indeed occurs via the formation of a CC [36, 46]. By simple
mixing of the antigen and liposomes, high efficiency adsorption was achieved.
This adsorption is very stable and resulted in high co-localization of antigen and
liposome both in vitro and in vivo.

We showed in both BMDCs and zebrafish embryos that peptides associated to
non-functionalized liposomes, but not to functionalized liposomes, can rapidly
dissociate fromthe liposomes. While we saw a degree of co-localization of antigen
with non-functionalized liposomes, this was significantly increased when antigen
was associated with functionalized liposomes. PepE-OVA323 was taken up by
BMDCs and showed accumulation in zebrafish endothelial cells even without
liposomes. This is constent with the net anionic charge of this peptide, which
leads to rapid clearance by scavenger endothelial cells which are similar to liver
sinusoidal endothelial cells in mammals [40]. CC association, as demonstrated,
results in prolonged co-localization and therefore potentially increases exposure
to antigen-coated liposomes and could result in more antigen presentation and
TCR stimulation.

This prolonged TCR stimulation is in line with our in vitro observations, where we
confirmed the adjuvant effect of cationic liposomes [1, 5]. Antigen association
with non-functionalized liposomes resulted in a stronger T-cell proliferation,
reducing the EC50 approximately 5-fold. Stronger antigen association to CPK-
functionalized liposomes resulted in an 18-fold EC50 reduction compared to
plain antigen in CD4*, but not in CD8* T-cells. For CD8* T-cells more proliferation
was observed at higher pepE-OVA257 concentrations. The proliferation however
was barely affected by the addition of either non-functionalized or functionalized
liposomes to the formulation. This suggests that the T-cell proliferation is only
induced by unbound antigen, but not liposome-associated antigen. Possibly the
antigens associated to these liposomes are less capable of endosomal escape
and therefore do not enter the cytosol after uptake by BMDCs. MHC-II restricted
epitopes are loaded into MHC-Il molecules in the late endosome, and therefore
not affected by the absence of endosomal escape [47-50]. MHC-I restricted
epitopes however require this escape to be efficiently cross-presented to MHC-I
moleculesinthe ER [47,50-52]. The potential lack of endosomal escape would be
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surprising, as cationic liposomes are often used to induce CD8* T-cell responses in
vitro and in vivo [17-19], and are even found to promote cross presentation [22,
53, 54]. Apparently, this is not the case for the liposomes we have investigated.
Strong T-cell expansion of transferred OT-1l derived CD4* T-cells was observed 1
week after vaccination with antigen associated to both non-functionalized and
functionalized liposomes. When the vaccination was performed with 1 nmol of
antigen, we found that approximately 5-6% of all CD4* T-cells were expanded
OT-Il cells, which is in line with previous work [10]. Both liposomes directed
the induced immune response towards a Thl phenotype, as most of our OT-II
cells expressed T-bet, which is in agreement with previous findings [9, 10, 21,
26]. Hardly any cells were expressing transcription factors associated with Th2
(Gata3), Th17 (RORyT) or Treg (FoxP3) phenotypes. This was confirmed by the
cytokine production upon ex vivo stimulation of spleen-derived lymphocytes.
Approximately 55% of all OT-II cells in the spleen were producing IFN-y, a typical
Th1 cytokine, in mice which received antigen associated with non-functionalized
liposomes. In mice that received functionalized liposomes significantly more OT-
Il cells produced IFN-y, suggesting a stronger immune response.

A striking difference was the production of IL-10 after immunization. In mice
that received non-functionalized liposomes, approximately 7% of all OT-Il cells
produced IL-10, but in mice that were vaccinated with CPK-functionalized
liposomes, over 15% produced IL-10. Practically all of these IL-10-producing cells
were also producing IFN-y. The double-producing CD4* T-cells were previously
observed in parasitic infections and have proven critical for host-survival. They
are considered to dampen the ongoing immune response more effectively than
ordinary regulatory T-cells [55-58]. They could be an interesting phenotype to
induce in the treatment of auto-immune diseases and allergy, as both IFN-y and
IL-10 have an inhibitory effect on the Th2 immune response [56, 59, 60]. It is
thought that this subset of IL-10- and IFN-y-producing Th1 cells is the result of
continuous antigen presentation and T-cell receptor (TCR) overstimulation [55,
58, 61-64]. This suggests that immunization with antigen associated to CPK-
functionalized liposomes resulted in more stimulation of the TCRs by antigen
presenting cells than antigen associated to non-functionalized liposomes, which
could be explained by the enhanced affinity of pepE-OVA323 to functionalized
liposomes.

In conclusion, we have demonstrated the use of CC-forming peptides as an
antigen-attachment tool for peptide-based antigens. The antigens have a high
affinity for the liposomes and have a high association efficiency. Moreover, the
association remains intact in vitro and in vivo and could be used for peptide-based
MHC-II restricted epitopes. The induced immune response by DCs pulsed with
CC-adsorbed antigen to liposomes was much higher than for electrostatically
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adsorbed antigen. Moreovetr, in vivo we observed a strong increase in IL-10- and
IFN-y-producing antigen-specific CD4* T-cells, which suggests a stronger TCR
stimulation after CC-mediated association of antigen.
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Supplements

Supplementary table 1 Overview of all fluorescent antibodies used for flow cytometry. All antibodies
were purchased from eBioscience.

Antibody Target Fluorescent label |
CD25 PE

CD4 APC

CcD4 PE

CD4 V500
CD45.1 eFluor 450
CD8 eFluor 450
Fixable Viability Dye eFluor 780
FOXP3 APC
FOXP3 eFluor 450
Gata3 PE

IEN-y BV650
IL-10 PE

1L-17 EITC

IL-4 APC

Ki-67 EITC
RORYT BV650
T-bet PE-cy7
Thyl.2 PE

Thyl.2 PE-cy7
Thyl.2 PerCP

Supplementary table 2. Overview of all peptides that were synthesized. All names that are used
throughout the manuscript with the sequence, calculated theoretical molecular weight (MW) and
expected mass per charge (m/z) values for different positive charges (2, 3 and 4 protons added)
which will be measured in mass spectrometry.

Name S MW (Da) 2+ m/z 3+m/z 4+ m/z
cPK cholesterol - (PEG)4 —
KIAALKEKIAALKEKIAALKEKIAALKE 3747.2 1874.6 1250.1 937.8
pepE-OVA323 YGEIAALEKEIAALEKEIAALEKISOAVHAAHAEINEAGR 4299.3 2150.7 14341 1075.8
pepE-OVA257 YGEIAALEKEIAALEKEIAALEKSIINFEKL 3489.0 17455 1164.0 8733
YGEIAALEKEIAALEKEIAALEKISQAVHAAHAEINEAGR
pepE-OVA323-AF488 GC-AF488 5160.9 2581.5 1721.3 1291.2
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Supplementary Figure 1. LC (top) chromatogram and MS (bottom) spectrum of LC peak at 7.96
minute of pepE-OVA323. The sequence of acetylated pepE-OVA323 is Ac-YGEIAALEKEIAALEKEIAA
LEKISQAVHAAHAEINEAGR, which has a molecular mass of 4299.3. the expected m/z values are:
1434.1 and 1075.8 for 3+ and 4+, respectively.
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Supplementary Figure 2. LC (top) chromatogram and MS (bottom) spectrum of peak at 5.59 min of
acetylated pepE-OVA323-AF488. The sequence of pepE-OVA323-AF488 is Ac-YGEIAALEKEIAALEKE
IAALEKISQAVHAAHAEINEAGRGC-AF488, which has a molecular mass of 5160.9. the expected m/z
values are: 1721.3 and 1291.2 for 3+ and 4+, respectively.

124



250000+ 4

2000003
1500003 g77
1000003 7.77 '
500005 0.9 3.03 352 399 462 550 6.16 7.01

o
-500003 ‘
-1000003 |

O L A L L L L R SR SR S
6 7 8 9 10 " 12 13
Time (min)

uAU

o-u
-
N
w
=S
[5)]

. 1248.8
90%

[=a] -~ @
=] o CIJ

Relative Abundance
[3a)
(=]

1873.9

[}
=]

[}
(=}

B
o
Jocoa len bl o ler gl an g liipalingl

o

24226 1206.04
36859 45757 62098 739.68 92939 109293

200 400 600 800 1000 1200 1400 1600 1800 2000

M/Z

1266.83 190051

1571.47 1689.96

=]
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Supplementary Figure 5. Far-UV circular dichroism spectrum of pepE and liposomes with and
without CPK. Plain (black) and functionalized liposomes (blue) with (dashed lines) and without
pepE (connected lines). The spectrum of pepE (red, connected line) and the theoretical spectrum
of pepE and functionalized liposomes if there is no interaction (red, dashed). Non-functionalized
liposomes, for calculation purpose, were considered to have the same molar amount of CPK as
funtionalized liposomes. All lines were smoothened (7 neighbors).
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Supplementary Figure 6. Effect of fluorophore DiD on liposome size and polydispersity index.
Measured hydrodynamic diameter (Z-average) of liposomes with or without fluorophore (mean +

SD, n 29, of at least 3 separate formulations). Groups were compared in a two-way ANOVA with a
Sidak’s multiple comparison post-test. ** = p < 0.01
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Supplementary Figure 7. Distribution of pepE-OVA323, non-functionalized liposomes and CPK-
functionalized liposomes in zebrafish embryo 2 hour post injection. Gray arrows indicate the
injection site. The vasculature (cyan), peptide (yellow) and liposomes (magenta) were visualized in
a confocal microscope at 10x magnification (A) and 40x magnification (B).
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Supplementary Figure 8. Percentage of cell that expressed Tbet, Gata3, RORyT or CD25 and Foxp3
of OT-ll cells measured by flow cytometry found in blood, spleen and lymph node after vaccination
with 1 nmol antigen with either non-functionalized or CPK-functionalized liposomes (mean + SD, n
= 8). Only mice where more than 100 OT-l cells were found, were considered for this analysis, so
negative controls are not shown.
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Supplementary Figure 9. Ex vivo cytokine production. Lymphocytes of mice vaccinated with pepE-
OVA323 and non-functionalized or CPK-functionalized liposomes were stimulated for 6 hour with
PMA and ionomycin of which 5 with Brefeldin A. The percentage of OT-l cells that producted IL-4
and IL-17 was measured by flow cytometry (mean + SD).

https://youtu.be/EEJNRSuJ1PY

Supplementary video 1. 3D projection of zebrafish embryo tail vasculature (cyan) 2 hours after
injection of cationic liposomes (magenta) with pepE-OVA323 (yellow).

https://youtu.be/rkiSATyZgOM
Supplementary video 2. 3D projection of zebrafish embryo tail vasculature (cyan) 2 hours after
injection of functionalized liposomes (magenta) with pepE-OVA323 (yellow).
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Abstract

Background: Although aluminum hydroxide (alum) has long been used as safe
vaccine adjuvant, there is growing concern about its toxicity after chronic
exposure via allergen specific immunotherapy (SCIT). Replacing alum with safer
alternatives is currently being investigated.

Objective: The aim of this study was to evaluate Bet v 1 bearing cationicliposomes
as an alternative vaccine delivery system/adjuvant to replace alum in SCIT.
Methods: Cationic liposomes were functionalized with one peptide of a coiled
coil (CC) forming peptide pair. The resulting liposomes were characterized with
dynamic light scattering and laser Doppler electrophoresis. IgE binding and
cross-linking were studied by ImmunoCAP and rat basophil leukemia cell assays.
The immune responses of naive mice immunized with Bet v 1 bearing liposomes
or alum adsorbed Bet v 1 were compared.

Results: Bet v 1 bearing cationic liposomes were 200 nm in size and had a positive
zeta potential. The coiled coil attachment between the liposomes and Bet v 1
resulted in approximately 15-fold less allergenic potential than free Bet v 1 and
was crucial to induce high Bet v 1-specific IgG1 and IgG2a levels, which were
several orders of magnitude higher than alum-adsorbed Bet v 1 immunized
mice. This strong humoral response was accompanied by relatively high IL-10
cytokine levels.

Conclusion: The hypoallergenic character and strong humoral immune response
of cationic liposomes bearing Bet v 1 via coiled coil attachment are advantageous
properties for SCIT adjuvants. Therefore, these liposomes are a promising
replacement for alum in SCIT.
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Introduction

Subcutaneous allergy immunotherapy (SCIT) has been used to treat allergies
for more than 100 years [1]. The treatment commonly consists of monthly
subcutaneous injections of allergen extracts for 3 to 5 years to achieve optimal
therapeutic effect. Therapy adherence is relatively low because of this long
duration and the allergic side-effects that can occur [2]. Often, aluminum
hydroxide (alum) is used as adjuvant for SCIT. Although alum has been reported
to skew towards T helper (Th) 2 immune responses [3], during SCIT it has been
shown to result in a more mixed Th1/Treg cytokine response in combination
with production of interleukin (IL)-10 by regulatory T- and B-cells [4, 5]. Most
importantly, these regulatory B-cells then also produce the required protective
allergen-specific immunoglobulin (Ig) G, antibodies. In mouse models, the
protective effect of SCIT has been associated with the production of allergen-
specific IgG1 and particularly IgG2a antibodies and of IL-10 [6, 7].

Alum has a long history of safe use in vaccines for infectious diseases but also in
SCIT [3]. Nevertheless, there is growing concern with respect to the long-term
exposure to alum during SCIT, particularly in a pediatric setting [8].Therefore,
good alternatives to ultimately replace alum as adjuvant for SCIT are needed.
Besides directing the immune response, alum also serves as a depot for
adsorption of allergens, shielding them from IgE antibodies and reducing the
risk of allergic side-effects [9]. In recent years, different types of nanoparticles
have drawn attention to serve as effective vaccine delivery systems [7, 10, 11].
Liposomes are one of the most promising nanoparticles that could replace alum
[12, 13].

Liposomes consist of one or more lipid bilayers with an aqueous core and are
a versatile delivery system and adjuvant for vaccines [13, 14]. Antigens can
be adsorbed to the lipid bilayer [15], incorporated in the lipid bilayer [16], or
encapsulated in the aqueous core of the vesicle [17, 18]. Recently, we described
a novel antigen attachment method which is based on the interaction between
two complementary a-helical peptides that form a coiled coil (CC) structure [19].
Immunization of mice with antigen attached to cationic liposomes via this CC
formation resulted in strong CD4* T-cell proliferation and production of both
interferon gamma (IFN-y) and IL-10. These cytokines are a signature of a Thl
and a regulatory T-cell response, respectively, both of which are reported to be
required for effective SCIT [7, 20-22].

The goal of this study was to design a novel, alum free SCIT candidate vaccine
using Bet v 1, the major allergen in birch pollen allergy, and liposomes. We
produced a fusion protein between Bet v 1 and one of the two CC forming
peptides, peptide E (pepE-Bet v 1) and attached this to cationic liposomes
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bearing the complimentary CC forming peptide, peptide K (pepK). The resulting
liposomes were characterized and compared to alum-adsorbed Bet v 1 with
regard to physicochemical and immunological properties.

Material & Methods

Chemicals and reagents

Cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocoline (DSPC), 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP) were purchased from Avanti Lipids.
Recombinant protein Bet v 1 (isoform Bet v 1.0101) was produced by the
Department of Molecular Biology of the University of Salzburg (Salzburg,
Austria) [23]. Dimethylformamide (DMF), piperidine, acetic anhydride, pyridine,
trifluoroacetic acid (TFA) and acetonitrile (ACN) were purchased from Biosolve
(Valkenswaard, Netherlands). N,N-diisopropylethylamine (DIPEA), and ethyl
cyanohydroxyiminoacetate (Oxyma) were obtained from Carl Roth (Karlsruhe,
Germany). Dicholoromethane (DCM) and diethyl ether were supplied by
Honeywell (Landsmeer, Netherlands). Tentagel HL-RAM was obtained from Rapp
Polymere (Tubingen, Germany). All amino acids were supplied by NovaBioChem
(Darmstadt, Germany). Fmoc-NH-PEG,-COOH was purchased from Iris Biotech
GmbH (Marktredwitz, Germany). Pierce BCA assay and Imject ® Alum were
purchased from Thermo Fisher Scientific (Rockford, Ill., USA). Isopropyl B-D-1-
thiogalactopyranoside was obtained from Invitrogen (Carlsbad, CA., USA). Fetal
calf serum (FCS) was supplied by Thermo Fisher Scientific. Sucrose, HEPES, HATU,
Triisopropylsilane (TIPS), sodium azide, Tyrode’s salts, BSA, lysozyme, sodium
bicarbonate, 4-methyl umbelliferyl-N-acetyl-beta-D-glucosaminide, Triton
X-100 and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma-Aldrich. Disodium hydrogen phosphate and sodium
dihydrogen phosphate were purchased from Merck (Darmstadt, Germany).
Ampicillin was obtained from Roche (Basel, Switzerland).

Mice

Six to eight weeks old female BALB/c mice were purchased from ENVIGO (The
Netherlands). The animals were housed under specific pathogen-free conditions
at the animal facility of the Amsterdam University Medical Centers, location
AMLC. All experiments were performed in compliance with the Dutch government
guidelines and the Directive 2010/63/EU of the European Parliament and were
approved by the Animal Ethics Committee of the AMC.

Peptide synthesis

Peptides (pepK: CG-KIAALKEKIAALKEKIAALKE, and K4:
KIAALKEKIAALKEKIAALKEKIAALKE) were synthesized by standard Fmoc chemistry
using solid-phase peptide synthesis with an automated microwave peptide
synthesizer (CEM liberty blue).
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Cholesterol-PEG-K4 (CPK) was prepared as described elsewhere [10]. In short:
Fmoc-NH-PEG,-COOH was coupled to resin-bound K4 in the presence of DIPEA
(5 eqg.) and HATU (2.5 eq.) for 2.5 hours. Fmoc was removed with 20% piperidine
in DMF before the reactive amine was coupled to 1.05 equivalents amino-
cholestene hemisuccinate in the presence of DIPEA (5 eq.) and HATU (2.5 eq.)
for 4 hours at room temperature. The peptide was cleaved from the resin with
a mixture of TFA:TIPS:water (95:2.5:2.5 v/v/v), precipitated in ice-cold diethyl
ether and collected via centrifugation.

Crude peptides were purified using a Shimadzu RP-HPLC system comprising two
LC-8A pumps and a SPD-10AVP UV-Vis detector equipped with a Kinetic Evo C18
column. A gradient of 20-80% B, (where B is ACN containing 1% v/v TFA , and
A is water with 1% v/v TFA) with a flow rate of 12 mL/min was used. Collected
fractions were measured on a LC-MS system (Thermo Scientific TSQ quantum
access MAX mass detector connected to a Ultimate 3000 liquid chromatography
system fitted with a 50 x 4.6 mm Phenomenex Gemini 3 um C18 column). The
resulting chromatogram and spectrum are shown in Supplementary Figure 1.
ACN was removed by rotary evaporation (150 mbar, 50 °C) before lyophilization,
leaving dry purified peptide powder which was stored at -20 °C until use.

Design, expression and purification of pepE-Bet v 1.

A detailed description of the manufacturing of pepE-Bet v1 can be found in the
supplementary Materials and Methods. In short, the pepE-Bet v 1 gene was
produced by GenScript (Piscataway, NJ, USA) and used to transfect E. coli BL21
(DE3) cells. Ampicillin resistant clones were grown in a 5 L stirred tank coupled
to a BIOSTAT® controller (Sartorius Stedim Biotech) for protein production.
Harvested cells were pelleted by centrifugation and frozen for storage. The
protein was isolated from the frozen cell pellets by disrupting the cells using
sonication. Cellular debris was removed by centrifugation. The supernatant was
filtered through 0.2 um before affinity purification using cross-linked agarose
beads functionalized with PepK, the complementary peptide of the pepE/K
self-assembling peptide pair. The affinity purification matrix was equilibrated
with buffer, loaded with filtered supernatant and washed to remove unbound
proteins. Bound pepE-Bet v 1 was eluted by lowering the pH to 2.5 to unfold the
pepE/pepK coiled coil. Elution fractions were collected and directly neutralized
with 1 mol/L TrisHCI, pH 9. Flow through, wash and elution fractions were
analyzed with SDS PAGE. Elution fractions containing pepE-Bet v 1 were pooled
and loaded onto a Superdex 75 pg column (GE Healthcare) for polishing. Fractions
containing the pure protein were pooled and stored at -20°C until further use.

Preparation of liposomes
Liposomes were prepared by the dehydration-rehydration method as described
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elsewhere [15]. In short: lipids (DSPC, DOTAP and cholesterol in a 2:1:1 molar
ratio, optionally including 1 mol% CPK) were mixed in the desired ratio.
Subsequently, the organic solvent was evaporated in a rotary evaporator,
leaving a lipid film. This film was hydrated in the presence of glass beads with
a 10 mmol/L HEPES, 280 mmol/L sucrose buffer and lyophilized overnight. The
resulting lipid cake was rehydrated with filtered Milli-Q® water to a final volume
of 2 mLand homogenized using a LIPEX extruder (Evonik, Canada) over a stacked
400 nm & 200 nm Nuclepore Track-Etch membrane (Whatman, Netherlands).
Throughout this manuscript 3 different liposome formulations were used:

1. Cationic liposomes with pepE-Bet v 1 adsorbed (pepE-Bet v 1

liposomes)

2. CPK-functionalized liposomes with Bet v 1 adsorbed (Bet v 1 CPK-

liposomes)

3. CPK-functionalized liposomes with pepE-Bet v 1 adsorbed (pepE-Bet

v 1 CC-liposomes)
Each of these formulations was prepared by adding 50 ug of either Bet v 1 or
pepE-Bet v 1 (as was determined by BCA) to a liposome suspension (1 mg lipids)
with a final volume of 1 mL. This mixture was incubated for at least 15 minutes.

Liposome characterization.

Hydrodynamic diameter (Z ) and polydispersity (PDI) were measured by
dynamic light scattering (DLS) using a Zetasizer Nano Zs (Malvern Instruments
Ltd., Worcestershire, UK). The zeta potential was measured using laser Doppler
electrophoresis (IDe) on the same machine with a Zeta Dip Cell (Malvern
Instruments Ltd.). Each sample was diluted 100 fold in 10 mmol/L HEPES buffer
(pH 7.4, 0.2 um filtered) before measurement.

ImmunoCAP IgE inhibition

IgE binding to pepE-Bet v 1 CC-liposomes was determined by ImmunoCap IgE
inhibition assay using rBet v 1 ImmunoCAPs (T215). The liposomes and control
samples were serially diluted (10-fold dilutions) in 10 mmol/L HEPES, 280
mmol/L sucrose, pH 7.4 and pre-incubated 1:1 (v/v) at room temperature with a
serum pool. The pool was composed of 36 birch pollen allergic patient sera, 1:1
(v/v) mixed and was pre-diluted to approximately 14 kU/mL before mixing with
sample. Betv 1, pepE-Bet v 1 and serum without sample were used as controls.

Rat basophil leukemia (RBL) assay

To assess the allergenicity of pepE-Bet v 1-CC-liposomes, their ability to induce
mediator release from effector cells was compared to that of soluble wild type
rBetv 1.0101 (hereafter designated Bet v 1) [16] and pepE-Bet v 1. To that end, rat
basophil leukemia cells (RBL-2H3), transfected with the human high-affinity IgE
receptor (FceRl) [17], were sensitized with serum of Bet v 1 sensitized birch pollen
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allergic patients, and a B-hexosaminidase mediator release assay was performed
a as previously described [16]. In short, 2 x 10° transfected RBL-2H3 cells/well
were seeded in flat-bottom 96-well, Nunclon Delta-treated microplates (Thermo
Fisher Scientific, Waltham, MA, USA) and passively sensitized overnight with sera
derived from birch pollen allergic patients (n=8). To neutralize the complement
system, the sera were incubated with P3X63Ag8.653 cells ((ATCC CRL-1580™),
Manassas, VA, USA) prior to the sensitization step. For B-hexosaminidase release,
the cells were stimulated with the samples in eight 15-fold dilution steps ranging
from 10 pg/mL to 0.06 pg/mL Bet v 1 concentration. Samples were diluted in
Tyrode’s buffer containing 9.5 g/L Tyrode’s salts, 0.1% (w/v) BSA, 0.5 g/L sodium
bicarbonate. The cells were stimulated with the samples for one hour at 37 °C,
7% CO, before the cell supernatant was incubated with the B-hexosaminidase
substrate, 4-methyl umbelliferyl-N-acetyl-beta-D-glucosaminide, diluted in 0.1
M citric acid (pH 4.5) for another hour at 37 °C and then quenched with 0.2
M of glycine buffer (pH 10.7). The fluorescence was measured with an Infinite
200Pro spectrophotometer (Tecan, Switzerland) at an excitation and emission
wavelength of 360 nm and 465 nm, respectively. The data are presented as
percentage of cell release normalized to the maximal enzyme release caused
by cell lysis (10% Triton X-100, Sigma-Aldrich, Inc.), which was firstly corrected
for spontaneous release (no serum sensitization). Cell viability was confirmed by
performing a MTT assay.

Animal study

Mice were immunized subcutaneously on day 0, 7 and 14 with pepE-Bet v 1-CC-
liposomes or alum-adsorbed Bet v 1 (1 mg alum per dose) containing 10 ug
Bet v 1. Control groups received buffer (10 mmol/L HEPES, 280 mmol/L sucrose,
pH 7.4), pepE-Bet v 1 liposomes or Bet v 1 CPK-liposomes. Serum for antibody
detection was collected on days -1, 6, 13 and 20. On day 27, 28 and 29 the
animals received an intranasal challenge under 3% (v/v) isoflurane anesthesia
with 100 pg/mL birch pollen extract (BPE) in PBS to induce lung inflammation.
On day 31, the mice were sacrificed and blood and lung draining lymph nodes
were collected to analyze Bet v 1 specific levels of 1gG1, 1gG2a and IgE in serum
and determine the production of cytokines (IL-4, IL-5, IL-13, IL-10 and IFN-y)
after stimulation of lymphocytes in the lymph nodes with Bet v 1.

Determination of Bet v 1 specific antibodies

Serum was analyzed for the level of Bet v 1-specificIgG1 and IgG2a by ELISA (1gG1:
Opteia, BD, San Diego, CA, USA, IgG2a: eBioscience) as previously described [6].
In short, Maxisorp plates were coated overnight with Bet v 1. After blocking with
FCS (10%), serum samples were incubated for 2 hours and followed by an HRP-
conjugated anti IgG1 or IgG2a detection step, according to the manufacturer’s
instructions. Serum samples were diluted 10,000-fold, unless stated otherwise.
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Ex vivo re-stimulation of lung draining lymph node cells.

Lung draining lymph node cell suspensions were plated in a 96-well round
bottom plate at a density of 2 x 10° cells per well in RPMI supplemented with
gentamicin, 10% FCS and B-mercaptoethanol. The cells were re-stimulated for 4
days with 10 ug/mL Bet v 1. Expression levels of cytokines (IL-4, IL-5, IL-10, IL-13,
IFN-y and IL-17A) were determined in the supernatant by ELISA (eBioscience).

Statistics
Data was processed and statistically analyzed in GraphPad v8 (Prism) for
Windows. The statistical method is indicated in the figure legends.

Results

All liposomes were cationic and approximately 200 nm in size.

To determine the size and charge, all formulations were characterized by DLS and
laser Doppler electrophoresis. All liposome formulations had a hydrodynamic
diameter of approximately 200 nm and a positive zeta potential. The pepE-Bet
v 1 CC-liposomes were slightly larger than the other formulations. The zeta
potential was lower after coiled-coil mediated antigen adsorption. In contrast to
liposomes, alum-adsorbed Bet v 1 showed a slightly negative zeta potential and
the Z-average diameter was larger than 1000 nm (Table 1).

Table 1. Overview of all formulations and their physicochemical characteristics (mean values * SD,
n = 3-5). All formulations contained the same buffer composed of 10 mmol/L HEPES, 280 mmol/L
sucrose, pH 7.4.

Formulation Protein/carrier Z-average PDI Zeta potential
ratio (w/w) diameter (nm) (mV)

Liposomes n.a. 179.3+13.8 0.073 £0.039 48.1+3.3

(non-functionalized)

CPK-liposomes n.a. 176.7+14.4 0.071 £ 0.047 449+6.2

pepE-Bet v 1 CC- 1/10 207.2£10.7 0.159 + 0.064 29.4+4.2

liposomes

Bet v 1 CPK-liposomes 1/10 189.3+17.6 0.165 £ 0.029 40.0+1.7

pepE-Bet v 1 liposomes 1/10 176.8+16.4 0.145 £ 0.043 38.1+3.9

Alum-adsorbed Bet v 1 1/100 1245.1+131.9 0.318 £ 0.036 -6.3+1.0

PepE-Bet v 1 CC-liposomes are hypoallergenic compared to Bet v 1.

Next, we characterized the IgE binding capacity of pepE-Bet v 1 CC-liposomes by
testing its potential to inhibit IgE binding to rBet v 1 caps. Compared to Bet v 1,
the IgE inhibition curves of pepE-Bet v 1 and pepE-Bet v 1 CC-liposomes revealed
a higher inhibitor concentrations which indicated reduced IgE binding capacity
(Figure 1A). Subsequently, we tested the IgE cross-linking capacity of pepE-Bet
v 1 CC-liposomes by RBL mediator release assay. Testing a broad concentration
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range yielded typical bell-shaped mediator release curves [24]. Based on the
ascending part of the bell shaped curve, pepE-Bet v 1 appeared hypoallergenic
compared to Bet v 1. PepE-Bet v 1 CC-liposomes induced approximately 15-fold
less mediator release than recombinant Bet v 1 (Figure 1B). This was observed in
all individual donors. Moreover, except for 1 donor, pepE-Bet v 1 CC-liposomes
were more hypoallergenic than pepE-Bet v 1 (Supplementary Figure 3).
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Figure 1. ImmunoCAP IgE inhibition assay and rat basophil lymphocyte assay. (A) The amount of
IgE binding to serially diluted Bet v 1, pepE-Bet v 1 and Bet v 1 CC-liposomes was determined by
immunoCAP. (B) Basophils loaded with IgE from serum of Bet v 1-sensitized subjects were exposed
to a titration of different allergen formulations. Mediator release was measured and normalized
based on positive and negative controls. Each data point is the mean of 8 experiments. A non-linear
regression (variable slope, 4 parameters) fit was used to extract the EC50.

Cationic liposomes with coiled-coil associated Bet v 1 triggered strong
antibody responses in naive mice.

To evaluate the immune response induced by pepE-Bet v 1 CC-liposomes, naive
mice were immunized 3 times at weekly intervals followed by intranasal birch
pollen extract challenge. Bet v 1-specific antibody levels were measured before
each injection and at the end of the experiment. Mice that received pepE-Bet v 1
CC-liposomes had 77 fold higher IgG1 and 220 fold higher I1gG2a levels (Figure 2A
and B, respectively) than alum-adsorbed Bet v 1 at the endpoint. The IgE levels in
all the liposome receiving groups were higher than the Bet v 1 + alum group but
this was not significant (Figure 2C, 2F). In fact, the IgG1/IgE and 1gG2a/IgE ratios
in the pepE-Bet v 1 CC-liposomes group was much more favorable compared to
the alum-adsorbed Bet v 1 (11.2 vs. 1.72 and 3.78 vs. 0.25 respectively).

To evaluate whether the CC formation was crucial for the strong humoral
response, Bet v 1 CC-liposomes were compared to pepE-Bet v 1 liposomes
(non-functionalized liposomes) and Bet v 1 CPK liposomes (non-functionalized
Betv 1). IgG1land IgG2a induction was already observed 6 days after the second
injection of the pepE-Bet v 1 CC-liposomes, but not after injection of the other
liposome groups (Figure 3A and B, respectively). At the endpoint, all liposome
formulations induced stronger antibody responses than allergen alone, but
significantly more 1gG1 and IgG2a was detected in mice immunized with pepE-
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Bet v 1 CC-liposomes (Figure 2D and E), while the level of IgE was similar (Figure
2F). A serial dilution of pooled serum confirmed that pepE-Bet v 1 CC-liposomes
induced the strongest immune response (Supplementary Figure 4). This also
revealed that pepE-Bet v 1 induced a higher level of IgG1 than alum-adsorbed
Bet v 1. Moreover, Bet v 1 attached to liposomes without CC induced a stronger
humoral response than alum-adsorbed Bet v 1 or antigen without adjuvant.
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Figure 2. SeruQ:n levels of Bet v 1-specific IgG1 (A, D), IgG2a (B, E) and IgE (C, F). Mice (n=9) were
immunized with various formulations on day 0, 7 and 14 and received 3 intranasal challenges with
birch pollen extract for 3 consecutive days prior to the sacrifice. Group means were compared
with a one-way ANOVA and subsequent Tukey’s multiple comparison test (* = p < 0.05, **** =p
<0.0001).

PepE-Bet v 1 CC-liposomes induced a strong, regulatory skewed immune
response.

To evaluate the cellular immune response, cells were isolated from lung-
draining lymph nodes and stimulated with Bet v 1. Mice immunized with alum-
adsorbed Bet v 1 showed induction of Th2 related cytokines IL-4, IL-5, IL-13,
T regulatory (Treg) associated IL-10, Th1 associated IFN-y and Th17 associated
IL-17a. Immunization with pepE-Bet v 1 CC-liposomes, however, resulted in
significantly higher IL-4, IL-5, IL-13 and IL-10 production compared to the other
groups (Supplementary Figure 5). Remarkably, when ratios of different cytokines
were calculated pepE-Bet v 1 CC-liposomes had a significantly higher IL-10/IL-4
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Figure 3. Bet v 1-specific levels (mean + SEM) of IgG1 (A) and IgG2a (B) over time. Mice (n=9) were
immunized with various formulations on day 0, 7 and 14 and received 3 intranasal challenges with
birch pollen extract for 3 consecutive days prior to the sacrifice.
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Figure 4. Ratios between cytokines that were detected in supernatants of lung draining lymph
node cells after ex vivo stimulation with Bet v 1 as measured by ELISA. Mice were immunized with
various formulations on day 0, 7 and 14 and received 3 intranasal challenges with birch pollen
extract for 3 consecutive days prior to the sacrifice. Bars represent the mean ratio (n=6-9). Group
means were compared with a Kruskal Wallis test and Dunn’s multiple comparison test. * = p < 0.05.
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ratio, which indicates a more regulatory skewed response compared to Bet v 1
or alum-adsorbed Bet v 1 (Figure 4).

Discussion

Previously we described the functionalization of cationic liposomes with a
CC-forming peptide, which enhanced the immune response to model antigen
OVA323 [19]. In the current study, the CC functionalized cationic liposomes were
used to design a new birch pollen SCIT vaccine. In our vaccine design, Bet v 1
was attached to the functionalized liposome surface via peptide E fused to the
N-terminus of Bet v 1 which already appeared to interfere with IgE binding. More
importantly, the reduced IgE cross-linking capacity of pepE-Bet v 1 CC-liposomes
compared to pepE-Bet v 1 indicates a hypoallergenic phenomenon that has also
been reported by others. For example, despite being recognized by IgE, intact
Fel d 1 displayed on the surface of VLPs failed to cross-link IgE on mast cells [25,
26]. Similarly, trimeric Der p 2 displayed on engineered bioparticles also showed
reduced IgE cross-linking potential although the effect of trimerization on IgE
cross-linking/binding capacity was not reported [27]. How this hypoallergenic
effect is established is not completely clear. Allergens packed on the particle
surface could sterically hide IgE epitopes from IgE binding, thereby preventing
efficient IgE cross-linking and downstream induced mediator release [27].
Moreover, compared to allergens in buffer, particulate allergy vaccines might
be taken up more efficiently by DCs or macrophages before they enable IgE
cross-linking on the surface of basophils or mast cells which could also reduce
the risk of IgE mediated side effects. Alternatively, combined with a lower
diffusion coefficient, the effective free allergen concentration of allergen bearing
nanoparticles is strongly reduced which provides another physical explanation
for the reduced IgE cross-linking capacity [26]. Nevertheless, more studies are
needed to elucidate how allergen bearing nanoparticles show reduced IgE cross-
linking capacity compared to free allergen.

Subcutaneously administered alum-adsorbed Bet v 1 induced low antibody
levels which is in line with previous observations [28]. In contrast, all tested
liposomes in this study were more potent antibody inducers compared to alum-
adsorbed Bet v 1. More importantly, the humoral response was strongest when
Bet v 1 was associated to cationic liposomes via CC rather than electrostatic
adsorption. This might be explained by a relatively stable, multivalent display of
Bet v 1 on the liposome surface after CC formation. A repetitive antigenic surface
organization has been associated with efficient B-cell receptor cross-linking and
subsequent antibody production [29]. This highlights and confirms the potency
of cationic liposomes [14, 17] and the added advantage of CC attachment to
induce strong antibody responses.
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Together with the hypoallergenic character, the strong humoral response of
pepE-Bet v 1 CC-liposomes could be advantageous in SCIT. In humans, allergic
symptom relief after SCIT is correlated to increased levels of allergen specific
IgG, and allergen specific IL-10 production [5, 30, 31]. It is hypothesized that IgG,
blocks IgE binding to allergens which reduces IgE mediated clinical symptoms. In
mice, both IgG1 and IgG2a have been associated with relief of clinical symptoms
[6, 25]. pepE-Bet v 1 CC-liposomes induced both antibody isotypes strongly
which could reduce treatment frequency and duration to achieve early onset
and long lasting therapeutic effect.

The strong induction of Thl associated 1gG2a, is in line with the previously
observed induction of Thl CD4* T-cells [19]. These cells were found to produce
high levels of IFN-y and IL-10 [19]. Both cytokines are beneficial for SCIT: IFN-y
is able to suppress Th2 related IL-4 and Treg related IL-10 is able to suppress
both IFN-y and IL-4. In fact, the ratio of IL-10/IL-4 ratio was the highest after
immunization with pepE-Bet v 1 CC-liposomes. This indicates a more regulatory
skewed immune response which could aid the suppression of the ongoing Th2
based, pro-inflammatory immune response in allergic subjects during SCIT.
However, these murine results should be confirmed with human derived immune
cell studies. For instance, T-cell polarization studies using human monocyte-
derived dendritic cells isolated from peripheral blood mononuclear cells co-
cultured with T-cells could shed more light on the T-cell subset differentiation
pattern of pepE-Bet v 1 CC-liposomes.

In summary, we have developed a nanoparticle based delivery system using
functionalized, cationic liposomes bearing Bet v 1 via CC formation. The
hypoallergenic character, strong humoral as well as regulatory skewed T-cell
responses induced by this formulation are advantageous properties for a novel,
safe and highly efficacious SCIT vaccines. As such, our functionalized cationic
liposomes could present a promising replacement of alum.
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Supplementary information
Supplementary Material and Methods

Design, expression and purification of pepE-Bet v 1.
The gene of pepE-Bet v 1 was optimized for expression in E. coli and ligated into

the p19b expression vector by GenScript (Piscataway, NJ, USA):

ATGTATGGAGAAATCGCAGCCCTTGAAAAAGAGAT TGCCGCCTTAGAAAAAGAAATTGCCGCACT
GEAAMAGEETETTTTCAATTACGAAACTGAGACCACCTCTGTTATCCCAGCAGCTCGACTGTTCA
AGGCCTTTATCCTTGATGGCGATAATCTCTTTCCAAAGGT TGCACCCCAAGCCATTAGCAGTTTGA
AAACATTGAAGGAAATGGAGGGCCTGGAACCATTAAGAAGATCAGCTTTCCCGAAGGCTTCCCTT
TCAAGTACGTGAAGGACAGAGTTGATGAGGTGGACCACACAAACTTCAAATACAATTACAGCGTG
ATCGAGGGCGGTCCCATAGGCGACACATTGEAGAAGATCTCCAACGAGATAAAGATAGTGGCAA
CCCCTGATEGAGGATCCATCTTGAAGATCAGCAACAAGTACCACACCAAAGGTGACCATGAGGET
GAAGGCAGAGCAGGTTAAGGCAAGTAAAGAAATGGGCGAGACACTTTTGAGGGCCGTTGAGAGT
TACCTCTTGGCACACTCCGATGCCTACAACTAA.

The underscored base pairs denote the DNA sequence coding for
EIAALEKEIAALEKEIAALEK, the pepE amino acid sequence.

The pepE-Bet v 1 fusion protein was expressed in competent E. coli BL21 (DE3)
cells (Novagen, USA) by transfecting the cells with 5 ng DNA followed by heat
shock treatment at 42 °C. Subsequently, the transformed cells were grown on
antibiotic selective LB plates containing ampicillin (50 pg/mL). Protein expression
was induced in 5 mL Difco™ Terrific Broth (BD, Europe) cultures with 1 mmol/L
IPTG at OD600 nm 0.6 for 3 hours at 37°C. The highest producing clones were
used for protein production by inoculating 4 L TB medium in a 5 L stirred tank
coupled to a BIOSTAT® controller (Sartorius Stedim Biotech). Protein production
was induced for 3 hours with 1 mmol/L IPTG when the cells reached an OD 600
nm of 0.6. Finally, the cells were pelleted by centrifugation at 4600 rpm and
stored at -20 °C until further use.

Frozen cell pellets were thawed on ice and re-suspended in ice cold lysis buffer
(100 mmol/L sodium phosphate, 100 ug/mL lysozyme, pH 7.0) for 1 hour. The
cells were disrupted by sonicating at 15 um amplitude at 5 x 30 second bursts
with 30 second intervals. Cellular debris was spun down at 20,000 g and 8°C for
20 minutes. The supernatant was collected. Bacterial DNA was precipitated with
0.4% (v/v) polyethyleneimine and spun down again at 12.000 g and 8 °C for 20
minutes. The supernatant was filtered through 0.2 um before loading onto the
affinity column.

An affinity purification column was prepared by coupling PepK
(CGKIAALKEKIAALKEKIAALKE) to a supporting matrix. PepK was synthesized
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as described in the main article. The peptide was coupled to 6% cross-linked
agarose beads functionalized with iodoacetyl groups (Sulfolink, Thermo
Scientific) according to the manufacturer’s instructions [32].

[32]. The affinity matrix was equilibrated with 5 column volumes (CV) 100 mmol/L
sodium phosphate, 500 mmol/L sodium chloride, pH 7.0. Filtered supernatant
was loaded onto the column and unbound proteins were washed out with 10 CV
equilibration buffer. Bound pepE-Bet v 1 was eluted by lowering the pH with 5 CV
of 100 mmol/L glycine HCI, pH 2.5 to unfold the pepE/pepK coiled coil. Elution
fractions were collected and directly neutralized with (1:4, v/v) 1 mol/L TrisHCI,
pH 9. Flow through, wash and elution fractions were analyzed with SDS PAGE
(supplementary figure 2A and 2B). Elution fractions containing pepE-Bet v 1 were
pooled and concentrated before gel filtration. The concentrate was loaded at 1
mL/minute onto a Superdex 75 pg column (GE Healthcare) equilibrated with 10
mmol/L HEPES, 280 mmol/L sucrose, pH 7.4 as a final step. Fractions containing
the pure protein were pooled and stored at -20°C until further use.

SDS-PAGE

Purification fractions were analyzed with sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) using 4-12% Bis-Tris gels (GE Healthcare)
according to manufacturer’s instructions. Gels were stained with PageBlue
Coomassie and de-stained overnight in water.
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Supplementary figures
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Supplementary Figure 1. LC (top) chromatogram and MS (bottom) spectrum of the CPK peak eluting
at 7.77 minutes. The sequence of CPK is cholesterol-PEG4-KIAALKEKIAALKEKIAALKEKIAALKE, which
has a theoretical molecular mass of 3747.2. The expected m/z values are: 1874.6 and 1250.1 for
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Supplementary Figure 2. Affinity purification and analysis of pepE-Bet v 1. A) elution from pepK-
affinity column shows one peak, in which only a protein with the correct molecular weight is
found on SDS-PAGE (B).
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Supplementary Figure 3. Results of rat basophil leukemia assay. Basophils were loaded with IgE
from serum of Bet v 1-sensitized subjects and subsequently exposed to 15-fold dilutions of different
allergen formulations. Mediator release was measured and normalized based on positive and
negative controls. A non-linear regression (variable slope, 4 parameters) fit was used to extract the
EC50. Each graph represents the mediator release response of one patient. This data is summarized
in Figure 1.
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Supplementary Figure 4. Detection of Bet v 1-specific IgG1 in a 10-fold serial dilution of pooled
serum samples of mice that were immunized with various formulations on day 0, 7 and 14 and
received 3 intranasal challenges with birch pollen extract for 3 consecutive days prior to the
sacrifice.
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Supplementary Figure 5. Cytokine production in supernatants of lung draining lymph node cells
after ex vivo stimulation with Bet v 1. Bars represent the mean cytokine concentration and data
points represent the signals for each individual mouse (n=6-9). Group means were compared with
a one-way ANOVA and subsequent Tukey’s multiple comparison test. * = p < 0.05, ** = p < 0.01,
**% = p <0.001.
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Chapter 7
Summary, discussion, conclusion
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In this thesis, we set out to explore the use of liposomes as adjuvants in
subcutaneous allergen specific immunotherapy (SCIT). We evaluated different
methods for associating a recombinant birch pollen allergen, Bet v 1, with
liposomes. This led us to develop a new association method, based on the strong
interaction of two complementary peptides, which resulted in a formulation that
is able to induce a strong immune response upon subcutaneous administration
in mice.

To evaluate how different antigen association methods affect physico-chemical
properties and immune response of cationic liposomes, Bet v 1 was associated
with cationic liposomes in various ways in chapter 2. Bet v 1 was adsorbed onto
the lipid bilayer surface, encapsulated in the aqueous core of the liposomes, or
both adsorbed and encapsulated. With increasing amount of Bet v 1, the size and
polydispersity of the liposomes increased slightly for the adsorption method,
but not for the encapsulation method or the combination. Above a protein/lipid
ratio of 0.15 (w/w), aggregation was observed for both the association method
and the combination method. For both methods, the association efficiency
decreased with increased amounts of Bet v 1. Balb/c mice immunized with Bet
v 1 either adsorbed to or encapsulated in cationic liposomes produced more
antigen-specific IgG1 than Bet v 1 adsorbed to colloidal aluminum hydroxide. A
combination of encapsulation and adsorption resulted in an even stronger IgG1
response as well as more cytokine (IL-4, IL-5, IL-10 and IL-13) production in lung
draining lymph nodes. None of the formulations induced measurable antigen-
specific 1gG2a levels. While Bet v 1 in combination with cationic liposomes
induced a stronger response than colloidal aluminum hydroxide-adjuvanted Bet
v 1, these results reflect a Th2 skewed immune response. For allergen specific
immunotherapy a Thl or Treg type is more desirable, the latter has reportedly
been induced by using anionic liposomes. Therefore in chapter 3, anionic
liposomes were used. The effect of liposome rigidity on antigen-specific T-cell
responses was evaluated. The rigidity of nanoparticles, such as liposomes, is
an often overlooked property, for which no standard measurement method is
available. Atomic force microscopy (AFM) was used to measure the rigidity of
anionic liposomes containing OVA323, a MHC-II restricted epitope. A series of
liposome formulations was prepared, in which surface charge, surface chemistry
(i.e., phospholipid head group), antigen content and particle size as measured by
dynamic light scattering (DLS) were kept the same, in order to focus on the effect
liposome rigidity. The incorporation of cholesterol in the lipid bilayer increased
the rigidity of fluid-state liposomes and decreased that of gel-state liposomes.
With the exception of liposomes consisting solely of dioleoylphosphatidyl
phospholipids, all formulations showed a direct correlation between formulation
rigidity and uptake by antigen presenting cells (APCs). Moreover, a significant
correlation was observed between rigidity of liposomes and the regulatory
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T-cell responses that were induced in vitro and in vivo, i.e., the more rigid the
liposomes, the stronger the responses. An adjuvant that induces a stronger
regulatory T-cell response is in potential a better adjuvant for immunotherapy.
In chapter 4, the behavior after intradermal injection of both cationic and anionic
liposomes was compared. Ovalbumin (OVA) and Bet v 1 were encapsulated
in both types of liposomes, after which the uptake by skin resident dendritic
cells of these formulations after intradermal injection in ex vivo human skin
was assessed in a DC crawl-out model. There was a major difference in uptake
between antigens: OVA was taken up very efficiently by skin resident dendritic
cells, while Bet v 1 uptake was minimal. Encapsulation of Bet v 1 in liposomes,
both anionic and cationic, increased its uptake drastically (>10-fold), whereas
OVA uptake was decreased by encapsulation. While antigen uptake did not vary
significantly between cationic or anionic liposomes, uptake of anionic liposomes
was more efficient as compared to cationic ones. This was an unexpected finding,
as it is generally accepted that cationic liposomes are taken up more efficiently
by dendritic cells.

As observed in the previous chapters, in general the encapsulation of (usually
precious) antigen is not efficiently achieved. For cationic liposomes, 60-80% of
Bet v 1 was lost during preparation and purification and this process was even
less efficient for anionic liposomes. Therefore, in Chapter 5 a new association
method was developed and evaluated with model antigens and Bet v 1. Antigen
association to liposomal membranes was based on the interaction of two
complementary alpha-helical peptides, pepE and pepK, to form a heterodimeric
coiled coil (CC) complex. For this, pepK was conjugated to cholesterol, resulting
in CPK, and incorporated in the lipid bilayer of cationic liposomes, while the
antigenic peptides OVA323 (= pepE-OVA323, MHCII restricted epitope) and
OVA257 (= pepE-OVA257, MHC-I restricted epitope) were extended at the
N-terminus with pepE. Antigen affinity for liposomes via CC-formation was
very high (Kd = 100-400 nM range), as compared to traditional association
methods based on electrostatic interactions (Kd > 10° nM). Moreover, CC-
associated antigens remained associated with the liposomes after insertion in
serum-containing culture medium or after intravenous injection in zebrafish
larvae, whereas the electrostatically adsorbed antigens were mostly dissociated
from the liposomes under these conditions. PepE-OVA323 associated to CPK-
functionalized liposomes resulted in a 4-fold stronger CD4* T-cell proliferation
in vitro as compared to non-functionalized liposomes. Surprisingly this was not
the case for pepE-OVA257 and CD8* T-cells, which showed a dose-dependent
CD8* T-cell proliferation regardless of the formulation (free antigen, non-
functionalized liposomes, CPK-functionalized liposomes). Finally, antigen
associated via CC formation resulted in stronger CD4* T-cell responses after
subcutaneous immunization in mice. PepE-OVA323 associated with either non-
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functionalized liposomes or CPK-functionalized liposomes induced a Th1-skewed
immune response, as illustrated by the expression of T-bet by CD4* T-cells and
the production of IFN-y. Coiled coil associated antigen induced more antigen
specific IFN-y and IL-10 production by CD4* T-cells, indicating both Th1 and Treg
properties of these CD4* T-cells and therefore a promising immune response for
immunotherapy against allergens.

Based on these findings, in chapter 6 a genetic fusion antigen of pepE and Bet
v 1 (= pepE-Bet v 1) was produced in E. coli to further study the effect of CC-
based antigen binding to cationic liposomes. A rat basophil leukemia assay
revealed that CC-associated Bet v 1 to liposomes was approximately 10-fold
less allergenic than wild type Bet v 1, in terms of mediator release in IgE-loaded
basophils. Alum adsorbed Bet v 1 was compared to cationic liposomes with Bet
v 1 adsorbed in various ways. CC adsorbed pepE-Bet v 1 induced a strong antigen
specific IgG1 and IgG2a response after 3 immunizations, which was significantly
higher than the responses induced by alum adsorbed Bet v 1 or the antigens
without adjuvant. Moreover, neither cationic liposomes with Bet v 1 adsorbed
nor non-functionalized liposomes with pepE-Bet v 1 induced as strong responses
as CC adsorbed pepE-Bet v 1. These results clearly show that CC-mediated Bet v
1 association with cationic liposomes is an effective way to elicit a strong antigen-
specific immune response in vivo.

General discussion

While allergen specific immunotherapy already exists for over 100 years, the
formulations for SCIT have not substantially changed in decades [1-3]. Typically,
an allergen extract is mixed with an adjuvant and administered subcutaneously,
requiring up to 54 injections over the course of 3-5 years before the therapy
is completed [4-6]. The most commonly used adjuvant is colloidal aluminum
hydroxide, while microcrystalline tyrosine, monophosphoryl lipid A (MPLA) and
calcium phosphate are also available. Aluminum hydroxide initially boosts the
ongoing Th2 skewed immune response, before inducing tolerance [7-9]. Despite
SCIT being effective, there is room for improvement.

This can be achieved by strategies leading to 1) reduction of the number of
injections, 2) reduction of the time period before symptom relief occurs and 3)
fewer side effects. Therefore, safer formulations with increased immunogenicity
are urgently needed and various innovations are studied in this thesis:
recombinant proteins to replace allergen extracts, new administration routes
and new adjuvants to replace colloidal aluminum hydroxide [2, 5]. Rather than
using a birch pollen extract, recombinant Bet v 1 and pepE-Bet v 1 were used.
In chapter 4 we explored a model for intradermal administration and evaluated
the uptake of antigen by antigen presenting cells (APCs). And finally, the major
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thread throughout this thesis was the use of liposomes as adjuvant for SCIT.

Liposomes as adjuvant for SCIT

Currently the most used adjuvant for SCIT is colloidal aluminum hydroxide. It
has high adsorption capacity and upon injection forms a depot from which the
antigen is slowly released. The former means it can be used for a large variety
of antigens while the latter leads to prolonged antigen exposure [1]. Moreover,
aluminum hydroxide has been used for decades and is considered safe.

The desired immune response for SCIT is one that induces antigen-specific IgG4
and IL-10, which is associated with a tolerogenic response (characterized by
regulatory T- and B-cells) towards the allergen. It is argued that induction of a
Thl-type immune response could also be beneficial [4, 5]. Aluminum hydroxide
however has been shown to enhance allergy-associated IgE prior to the induction
of 1gG4 in patients receiving SCIT [10, 11]. If the phase of SCIT where levels of
allergy-associated biomarkers (e.g., IgE) are increased, can be avoided, the
therapy may become more efficient.

Liposomes can replace role of aluminum hydroxide as adjuvant for SCIT. They
are a versatile adjuvant that consists of (phospho)lipids with proven clinical
safety [12]. The composition can be altered, which will alter the properties and
consequently the behavior after administration [13]. Cationic liposomes can
form a depot after injection, can adsorb a wide variety of antigens (in particular
those that are negatively charged), and are considered to be taken up most
efficientlyandinduce aTh1l-skewed immune response [14-17]. Anionic liposomes
have shown, in mice, to be able to induce a specific tolerogenic response to
encapsulated antigens [18, 19]. Moreover, in chapter 4, we have shown that
encapsulation of antigens in liposomes of either charge can increase the antigen
uptake by dendritic cells after injection in human skin. The lipid composition and
consequential charge will likely determine the type of immune response that
is induced by liposomes. Both cationic and anionic liposomes could be able to
improve SCIT as adjuvant.

To ensure that liposomes and antigen are taken up by the same antigen
presenting cell (APC), antigens can be encapsulated in the core of liposomes.
This process is both inefficient and expensive. Encapsulation efficiency is
typically <50%, as shown in this thesis (Chapter 2-4) and the literature [20-24].
Moreover, for oppositely charged antigen it is difficult to distinguish between
surface adsorbed antigen and encapsulated antigen. The difference between
encapsulated and surface adsorbed antigen could have consequences for the
induced immune response, adverse events and the stability of the liposomal
formulation. For the induction of a strong humoral response, intact antigen is
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required. If intact antigen is freely diffusing, it could bind to IgE molecules on
mast cells or basophils, resulting in an allergic reaction [25-27].

An ideal liposomal adjuvant for SCIT should have the following characteristics 1)
high antigen association, 2) intact antigen is available on the surface to induce
a strong humoral response, 3) no antigen is released from the adjuvant to
potentially induce adverse events and 4) be applicable to a range of antigens.
On top of the above-listed characteristics, a SCIT formulation should foremost
also be stable and induce a strong immune response, which comprises the
production of antigen-specific IL-10 and high-affinity neutralizing antibodies
(IgG4 in humans).

Antigen association to liposomes via coiled coil-forming peptides

The newly developed association method using CC-forming peptides (chapter 5
and 6) leads to antigen-containing liposomes matching the desired characteristics
mentioned in the previous paragraph. High antigen association efficiency for
several tested antigens (pepE-OVA323, pepE-OVA257 and pepE-Bet v 1) was
obtained, which remained intact in the presence of serum or in circulation in
live zebrafish larvae. Moreover, in chapter 6 we showed that in mice that CC-
associated liposomal Bet v 1 induced a superior immune response compared to
otherwise associated Bet v 1. In addition to the strong immunogenicity of the
formulation, it was also hypo-allergenic in a rat basophil leukemia assay, which is
a good indication of an improved safety profile.

A liposome formulation based on CC-forming peptides for antigen association
will likely offer enhanced stability compared to encapsulated antigen, because
the antigen and the liposomes can be stored separately and mixed prior to
administration. This stability could be further increased by improving the
formulation buffer, which currently only consists of an aqueous solution of sucrose
and HEPES. Liposomes and antigen can be mixed shortly before injection, with
high association efficiency. Charged, small liposomes are generally very stable
at 2-8°C, as electrostatic repulsion avoids aggregation, while Brownian motion
prevents the suspension from collapsing. This stability based on repulsion could
be compromised when antigen and liposomes have opposite charges.

In summary, allergen association to liposomes via CC formation shows great
promise as allergy vaccine carrier platform. The formulation could be further
optimized. For an approach based on cationic liposomes, the induced immune
response could be enhanced by incorporation of immunomodulatory molecules
in the liposome, such as MPLA or dimethyldioctadecylammonium (DDA). These
may skew towards a Th-1 biased response [28, 29]. Owing to their amphiphilic
nature, incorporation in lipid bilayers without compromising liposome stability
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is feasible.

Anionic liposome-based vaccines on the other hand require more formulation
optimization as CPK incorporation into anionic liposomes resulted in almost
instantaneous aggregation. Thus, the CC-forming peptides should probably be
reversed: pepE (anionic) should be linked to cholesterol, while pepK (cationic)
should be coupled with the antigen. Moreover, anionic liposomes for SCIT could
benefit from incorporation of molecules such as vitamin D, to induce a stronger
tolerogenic response [30].

Another interesting possibility that could be explored is the association of multiple
antigens via CC formation. This could induce tolerance to multiple allergens
(and consequently multiple allergies) with only one formulation. Finally, other
applications than allergy could be explored, such as rheumatoid arthritis which
is also associated with CD4* T-cell responses. The ability to associate antigens in
a highly efficient and reproducible manner could result in a platform technology.
This would improve the development of new formulations, which would require
only minimal optimization for new antigens.

Concluding remarks

While aluminum has been used successfully as adjuvant to treat allergies,
SCIT could probably be improved drastically by improving the formulation. In
this thesis we investigated liposomes as adjuvant for SCIT. We studied several
methods of antigen association with cationic and anionic liposomes, and the
effect thereof on the loading efficiency and immunogenicity of the antigen.
We have developed a novel association method based on a complementary
peptide pair. This association method reduced antigen loss during formulation
and resulted in superior immune responses compared to colloidal aluminum
hydroxide-adsorbed antigen and otherwise associated antigen. The overall
results provide a solid basis for further improvements with respect to the design
of these liposomes, which potentially may replace colloidal aluminum hydroxide
as adjuvant in SCIT.
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Chapter 8
Nederlandse samenvatting
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In dit proefschrift is de mogelijke toepassing van liposomen als hulpstof in
subcutaneimmunotherapietegenberkenpollen allergie bestudeerd. Ditis gedaan
door het dominante allergeen in berken pollenallergie, Bet v 1, op verschillende
manieren aan liposomen te adsorberen. Uiteindelijk heeft dit geleid tot het
ontwikkelen van een nieuwe methode om eiwitten of peptiden aan liposomen
te binden. Deze methode is gebaseerd op de specifieke interactie tussen twee
peptiden, die een dubbele helix vormen. Conjugatie van Bet v 1 aan liposomen
zorgde na subcutane toediening voor een sterkere immuunreactie in muizen in
vergelijking van Bet v 1 gebonden aan liposomen via standaardmethoden.

In hoofdstuk 2 wordt beschreven hoe het beladen van positief geladen
liposomen met eiwitten de fysisch-chemische eigenschappen en stabiliteit van
de deeltjes beinvloedt. Bovendien wordt de opgewekte immuunrespons van
de verschillende methoden vergeleken. Bet v 1 werd aan de buitenkant van
de liposomen geadsorbeerd, aan de binnenkant verpakt (ingebouwd), en een
combinatie van de twee werd bekeken. De deeltjesgrootte en de spreiding van
de deeltjesgrootte namen toe, bij een hogere dosis Bet v 1 aan de buitenkant,
maar dit gebeurde niet als Bet v 1 aan de binnenkant zat, of bij een combinatie
van de twee. In alle gevallen werd boven een eiwit/lipide ratio van 0.15 (gewicht/
gewicht) aggregatie van de liposomen waargenomen. Het adsorberen van Bet v
1 aan de buitenkant, en ingebouwd in liposomen, werd minder efficiént bij een
toenemende dosis van Bet v 1.

Muizen die geimmuniseerd werden metde verschillende liposoom-formuleringen
produceerde meer Bet v 1-specifieke antistoffen dan muizen die geimmuniseerd
werden met colloidaal aluminium hydroxide, de hulpstof die gebruikt wordt
in immunotherapie tegen berkenpollen allergie. De combinatie van Bet v 1
ingebouwd in de liposomen en geadsorbeerd aan het liposoomoppervlak wekte
de meeste antistoffen op. De antistoffen die werden opgewekt, waren 1gG1,
maar niet IgG2a. IgG1 wordt geassocieerd met een helper T-cellen van type (Th)-
2-gemedieerde immuunreactie, terwijl voor allergie-specifieke immunotherapie
een gemengde Th-1 en regulatoire T-cel (Treg) reactie gewenst is. Deze laatste
wordt beter opgewerkt door negatief geladen liposomen. Vandaar dat in
hoofdstuk 3 en 4 negatief geladen liposomen gebruikt werden.

Eerst werd het effect van lipide-bilaag stijfheid bestudeerd. Er is echter geen
standaardmethode beschikbaar om eenvoudig de stijfheid van de lipide-
bilaag te meten. In deze studie werd atoomkrachtmicroscopie (AFM) gebruikt
om de stijfheid van een reeks negatief geladen liposomen met verschillende
samenstelling te meten. Deze verschillende liposomen hadden een vergelijkbare
deeltjesgrootte, oppervlaktechemie en belading van peptide. Het enige verschil
was de verzadiging van de fosfolipiden en/of de toevoeging van cholesterol.
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Dit lipide verhoogt de stijfheid van vloeibare membranen, maar verlaagt juist
de stijfheid van gel-achtige membranen. Van de reeks liposomen die gemaakt
was, werd de stijfheid gemeten, maar ook de opname door dendritische cellen
(DCs) en de mate van Treg activatie in muizen en celkweek. Dit toonde aan dat
liposomen met hogere stijfheid beter worden opgenomen door DCs en meer
Treg activatie veroorzaakten. Hulpstoffen die meer Treg activatie opwekken,
zullen waarschijnlijk beter zijn voor immunotherapie.

In hoofdstuk 4 werd het verschil in opname door DCs tussen twee eiwitten
(ovalbumine en Bet v 1) met en zonder liposomen (positief of negatief geladen)
na injectie in humane huid vergeleken. Hiervoor werd de opname door
dendritische cellen uit de huid bestudeerd in een ex vivo huid model. Grote
verschillen in opname werden waargenomen tussen de verschillende eiwitten.
Ovalbumine werd heel goed opgenomen door alle verschillende dendritische
cellen, in tegenstelling tot Bet v 1. Door de eiwitten in te bouwen in liposomen
werd de opname van Bet v 1 drastisch verhoogd (>10x), echter de opname
van ovalbumine nam af. Dit effect was zowel bij positief als negatief geladen
liposomen te zien. Bovendien werden negatief geladen liposomen beter
opgenomen dan positief geladen liposomen. Dit was onverwacht, omdat juist
wordt aangenomen dat positief geladen deeltjes beter worden opgenomen
door dendritische cellen.

In de eerdere hoofdstukken van dit proefschrift is al gebleken dat het inbouwen
van antigenen in liposomen vaak geen efficiént proces is. Voor positief
geladen liposomen ging 60-80% van het Bet v 1 verloren tijdens de zuivering.
Voor negatief geladen liposomen was dit verlies nog groter. Om dit probleem
op te lossen, werd in hoofdstuk 5 een nieuwe methode beschreven om
antigenen met liposomen te associéren. Deze methode is eerst met een model
antigeen (peptide) gekarakteriseerd, en vervolgens in hoofdstuk 6 met Bet v 1
beschreven. Het antigeen wordt aan liposomen geadsorbeerd door gebruik te
maken van complexvorming tussen 2 complementaire peptiden. Deze peptiden
vormen een zogenaamd coiled-coil motief. Eén van deze peptiden (peptide K)
werd geconjugeerd aan cholesterol resulterend in een peptide-amfifiel (CPK)
welke verankerd werd in het membraan van positief geladen liposomen. Het
complemenaire peptide (peptide E) werd geconjugeerd aan twee verschillende
antigenen “OVA323” en “OVA257” resulterend in respectievelijk pepE-OVA323
en pepE-OVA257. De affiniteit van de nieuwe pepE-varianten met CPK-liposomen
was hoog (Kd = 100-400 nM) in vergelijking met adsorptie door elektrostatische
interacties (Kd > 10° nM). Bovendien bleven antigenen die via coiled coils aan
liposomen waren gebonden bij elkaar in celkweek medium en na injectie
in zebravislarven, in tegenstelling tot antigenen die zonder coiled coils aan
liposomen waren gebonden. Ook zorgden coiled coil-gebonden antigenen aan
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liposomen voor een 4 keer zo hoge activatie van CD4* T-cellen in vitro. Bovendien
werd in muizen die geimmuniseerd werden met coiled coil-geimmobiliseerd
antigeen meer interferon gamma (IFN-y) en interleukine (IL) 10 geproduceerd
door CD4* T-cellen dan muizen die antigeen via elektrostatische interacties aan
liposomen geplakt waren. Deze combinatie van IFN-y en IL-10, die kenmerkend
zijn voor respectievelijk een Th1l en Treg-gestuurde immuunreactie, is bij uitstek
interessant om allergieén te bestrijden.

In hoofdstuk 6 werd in E. coli een fusie-eiwit geproduceerd van pepE met Bet
v 1, om Bet v 1 ook via coiled coils aan positief geladen liposomen te binden.
Deze liposomen waren een factor 10 minder allergeen dan vrij Bet v 1. Dit is
belangrijk om bijwerkingen van het preparaat te voorkomen. Daarnaast werden
muizen geimmuniseerd met positief geladen liposomen met Bet v 1 aangeplakt
via elektrostatische interacties of coiled coil. Dit werd vergeleken met de huidige
therapie voor berken pollenallergie, namelijk aluminium hydroxide geadsorbeerd
Bet v 1. Muizen geimmuniseerd met coiled coil gebonden Bet v 1 produceerde
de meeste IgG1l en IgG2a. Dit was significant hoger dan Bet v 1 gebonden
aan liposomen via elektrostatische interacties, welke meer antilichamen
produceerde dan de muizen die met aluminium geimmuniseerd werden. Deze
resultaten laten duidelijk zien dat het binden van een antigeen aan liposomen
via coiled coil interacties een sterke immuunreactie kan opwekken.

In dit proefschriftis aangetoond dat zowel positief als negatief geladen liposomen
gebruikt kunnen worden als verpakking van eiwit-antigenen. Bovendien hebben
we een nieuwe methode ontwikkeld om antigenen aan liposomen te plakken.
Deze methode is getest met verschillende antigenen (peptiden en eiwit) en
bleek voor allemaal goed te werken. Bovendien zorgde deze methode voor een
sterkere binding dan via conventionele binding (via elektrostatische interacties).
Antigenen die via deze manier aan positief geladen liposomen gebonden
waren, zorgden ook voor een sterkere immuunreactie dan antigeen dat via
elektrostatische interacties geplakt was. Bovendien is de immuunrespons die
opgewekt werd, een gemengde response van Thl en Treg, interessant voor de
toekomstige behandeling van allergieén via immunotherapie.
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