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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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Injection depth (um) Injection depth (um)

Injection depth (um)
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.

CD14* DCs CD1a* DCs LCs
100 Sk ke 60 *% * 30
— Pt
2 g0+
,,8 1 40- 204
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© i 20 10
G
2 20
0- 0- 0-
PBS OVA Betv 1 PBS OVA Betv1 PBS OVA Betv 1

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

81



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.
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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.

Funding

This work was supported by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (TKI-NCI, grant 731.014.207 and the Dutch Technology Foundation,
grant 11259). Koen van der Maaden is the recipient of a H2020-MSCA-Intra
European Fellowship-2018 (Grant Number 832455-Need2immune).

87



References

1.

10.

11.

12.

13.

14.

88

Pfaar, O., I. Agache, F. de Blay, S. Bonini, A.M. Chaker, S.R. Durham, et al., Perspectives
in allergen immunotherapy: 2019 and beyond. Allergy, 2019. 74 Suppl 108: p. 3-25.
Klimek, L., R. Brehler, E. Hamelmann, M. Kopp, J. Ring, R. Treudler, et al.,,
Development of subcutaneous allergen immunotherapy (part 2): preventive aspects
and innovations. Allergo Journal International, 2019. 28(4): p. 107-119.

Nicolas, J.F. and B. Guy, Intradermal, epidermal and transcutaneous vaccination:
from immunology to clinical practice. Expert Rev Vaccines, 2008. 7(8): p. 1201-1214.
Bonnotte, B., M. Gough, V. Phan, A. Ahmed, H. Chong, F. Martin, et al., Intradermal
injection, as opposed to subcutaneous injection, enhances immunogenicity and
suppresses tumorigenicity of tumor cells. Cancer Res, 2003. 63(9): p. 2145-2149.
Belshe, R.B., F.K. Newman, J. Cannon, C. Duane, J. Treanor, C. Van Hoecke, et al.,
Serum antibody responses after intradermal vaccination against influenza. N Engl J
Med, 2004. 351(22): p. 2286-2294.

Kaushik, S., A.H. Hord, D.D. Denson, D.V. McAllister, S. Smitra, M.G. Allen, et al., Lack
of pain associated with microfabricated microneedles. Anesth Analg, 2001. 92(2): p.
502-504.

Warrell, M.J., K.G. Nicholson, D.A. Warrell, P. Suntharasamai, P. Chanthavanich,
C. Viravan, et al., Economical multiple-site intradermal immunisation with human
diploid-cell-strain vaccine is effective for post-exposure rabies prophylaxis. Lancet,
1985. 1(8437): p. 1059-1062.

Quiambao, B.P., E.M. Dimaano, C. Ambas, R. Davis, A. Banzhoff and C. Malerczyk,
Reducing the cost of post-exposure rabies prophylaxis: efficacy of 0.1 ml PCEC rabies
vaccine administered intradermally using the Thai Red Cross post-exposure regimen
in patients severely exposed to laboratory-confirmed rabid animals. Vaccine, 2005.
23(14): p. 1709-1714.

Ambrozaitis, A., A. Laiskonis, L. Balciuniene, A. Banzhoff and C. Malerczyk, Rabies
post-exposure prophylaxis vaccination with purified chick embryo cell vaccine
(PCECV) and purified Vero cell rabies vaccine (PVRV) in a four-site intradermal
schedule (4-0-2-0-1-1): an immunogenic, cost-effective and practical regimen.
Vaccine, 2006. 24(19): p. 4116-4121.

Propst, T., A. Propst, K. Lhotta, W. Vogel and P. Konig, Reinforced intradermal
hepatitis B vaccination in hemodialysis patients is superior in antibody response to
intramuscular or subcutaneous vaccination. Am J Kidney Dis, 1998. 32(6): p. 1041-
1045.

Micozkadioglu, H., A. Zumrutdal, D. Torun, S. Sezer, F.N. Ozdemir and M. Haberal,
Low dose intradermal vaccination is superior to high dose intramuscular vaccination
for hepatitis B in unresponsive hemodialysis patients. Ren Fail, 2007. 29(3): p. 285-
288.

Arakane, R., R. Annaka, A. Takahama, K. Ishida, M. Yoshiike, T. Nakayama, et al.,
Superior immunogenicity profile of the new intradermal influenza vaccine compared
to the standard subcutaneous vaccine in subjects 65 years and older: A randomized
controlled phase Ill study. Vaccine, 2015. 33(48): p. 6650-6658.

Holland, D., R. Booy, F. De Looze, P. Eizenberg, J. McDonald, J. Karrasch, et al.,
Intradermal influenza vaccine administered using a new microinjection system
produces superior immunogenicity in elderly adults: a randomized controlled trial. )
Infect Dis, 2008. 198(5): p. 650-658.

Cadorna-Carlos, J., E. Vidor and M.C. Bonnet, Randomized controlled study of



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

fractional doses of inactivated poliovirus vaccine administered intradermally with a
needle in the Philippines. Int J Infect Dis, 2012. 16(2): p. 110-116.

Troy, S.B., D. Kouiavskaia, J. Siik, E. Kochba, H. Beydoun, O. Mirochnitchenko, et al.,
Comparison of the Immunogenicity of Various Booster Doses of Inactivated Polio
Vaccine Delivered Intradermally Versus Intramuscularly to HIV-Infected Adults. )
Infect Dis, 2015. 211(12): p. 1969-1976.

Bal, S.M., Z. Ding, E. van Riet, W. lJiskoot and J.A. Bouwstra, Advances in
transcutaneous vaccine delivery: do all ways lead to Rome? ) Control Release, 2010.
148(3): p. 266-282.

van der Maaden, K., W. Jiskoot and J. Bouwstra, Microneedle technologies for (trans)
dermal drug and vaccine delivery. ) Control Release, 2012. 161(2): p. 645-655.
Banchereau, J. and R.M. Steinman, Dendritic cells and the control of immunity.
Nature, 1998. 392(6673): p. 245-52.

Kapsenberg, M.L., Dendritic-cell control of pathogen-driven T-cell polarization. Nat
Rev Immunol, 2003. 3(12): p. 984-993.

Mellman, I. and R.M. Steinman, Dendritic cells: specialized and regulated antigen
processing machines. Cell, 2001. 106(3): p. 255-268.

Bond, E., W.C. Adams, A. Smed-Sorensen, K.J. Sandgren, L. Perbeck, A. Hofmann, et
al., Techniques for time-efficient isolation of human skin dendritic cell subsets and
assessment of their antigen uptake capacity. ) Immunol Methods, 2009. 348(1-2):
p. 42-56.

Noubade, R., S. Majri-Morrison and K.V. Tarbell, Beyond cDC1: Emerging Roles of DC
Crosstalk in Cancer Immunity. Frontiers in Immunology, 2019. 10: p. 1014.

Levin, C., H. Perrin and B. Combadiere, Tailored immunity by skin antigen-presenting
cells. Hum Vaccin Immunother, 2015. 11(1): p. 27-36.

Teunissen, M.B., M. Haniffa and M.P. Collin, Insight into the immunobiology of
human skin and functional specialization of skin dendritic cell subsets to innovate
intradermal vaccination design. Curr Top Microbiol Immunol, 2012. 351: p. 25-76.
Rowden, G., M.G. Lewis and A.K. Sullivan, la antigen expression on human epidermal
Langerhans cells. Nature, 1977. 268(5617): p. 247-248.

Ratzinger, G., J. Baggers, M.A. de Cos, J. Yuan, T. Dao, J.L. Reagan, et al., Mature
human Langerhans cells derived from CD34+ hematopoietic progenitors stimulate
greater cytolytic T lymphocyte activity in the absence of bioactive IL-12p70, by
either single peptide presentation or cross-priming, than do dermal-interstitial or
monocyte-derived dendritic cells. ) Immunol, 2004. 173(4): p. 2780-2791.
Klechevsky, E., R. Morita, M. Liu, Y. Cao, S. Coquery, L. Thompson-Snipes, et al.,
Functional specializations of human epidermal Langerhans cells and CD14+ dermal
dendritic cells. Immunity, 2008. 29(3): p. 497-510.

Klechevsky, E., M. Liu, R. Morita, R. Banchereau, L. Thompson-Snipes, A.K. Palucka,
et al., Understanding human myeloid dendritic cell subsets for the rational design of
novel vaccines. Hum Immunol, 2009. 70(5): p. 281-288.

van der Aar, A.M., R. de Groot, M. Sanchez-Hernandez, E.W. Taanman, R.A. van Lier,
M.B. Teunissen, et al., Cutting edge: virus selectively primes human langerhans cells
for CD70 expression promoting CD8+ T cell responses. J Immunol, 2011. 187(7): p.
3488-3492.

van der Aar, A.M., R.M. Sylva-Steenland, J.D. Bos, M.L. Kapsenberg, E.C. de Jong
and M.B. Teunissen, Loss of TLR2, TLR4, and TLR5 on Langerhans cells abolishes
bacterial recognition. ) Immunol, 2007. 178(4): p. 1986-1990.

89



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

90

Takeuchi, J., E. Watari, E. Shinya, Y. Norose, M. Matsumoto, T. Seya, et al., Down-
regulation of Toll-like receptor expression in monocyte-derived Langerhans cell-like
cells: implications of low-responsiveness to bacterial components in the epidermal
Langerhans cells. Biochem Biophys Res Commun, 2003. 306(3): p. 674-679.
Flacher, V., M. Bouschbacher, E. Verronese, C. Massacrier, V. Sisirak, O. Berthier-
Vergnes, et al., Human Langerhans cells express a specific TLR profile and
differentially respond to viruses and Gram-positive bacteria. J Immunol, 2006.
177(11): p. 7959-7967.

Steinman, R.M., D. Hawiger and M.C. Nussenzweig, Tolerogenic Dendritic Cells.
Annual Review of Immunology, 2003. 21(1): p. 685-711.

McGovern, N., A. Schlitzer, M. Gunawan, L. Jardine, A. Shin, E. Poyner, et al., Human
dermal CD14(+) cells are a transient population of monocyte-derived macrophages.
Immunity, 2014. 41(3): p. 465-477.

Caux, C., C. Massacrier, B. Vanbervliet, B. Dubois, |I. Durand, M. Cella, et al.,
CD34+ hematopoietic progenitors from human cord blood differentiate along
two independent dendritic cell pathways in response to granulocyte-macrophage
colony-stimulating factor plus tumor necrosis factor alpha: Il. Functional analysis.
Blood, 1997. 90(4): p. 1458-1470.

Fehres, C.M., S.C. Bruijns, B.N. Sotthewes, H. Kalay, L. Schaffer, S.R. Head, et al.,
Phenotypic and Functional Properties of Human Steady State CD14+ and CDla+
Antigen Presenting Cells and Epidermal Langerhans Cells. PLoS One, 2015. 10(11).
Morelli, A.E., J.P. Rubin, G. Erdos, O.A. Tkacheva, A.R. Mathers, A.F. Zahorchak,
et al., CD4+ T cell responses elicited by different subsets of human skin migratory
dendritic cells. ) Immunol, 2005. 175(12): p. 7905-7915.

Zaba, L.C., J. Fuentes-Duculan, R.M. Steinman, J.G. Krueger and M.A. Lowes, Normal
human dermis contains distinct populations of CD11c+BDCA-1+ dendritic cells and
CD163+FXIlIA+ macrophages. J Clin Invest, 2007. 117(9): p. 2517-2525.

Worbs, T., S.I. Hammerschmidt and R. Forster, Dendritic cell migration in health and
disease. Nat Rev Immunol, 2017. 17(1): p. 30-48.

Hansen, S. and C.-M. Lehr, Nanoparticles for transcutaneous vaccination. Microbial
Biotechnology, 2012. 5(2): p. 156-167.

Benne, N., J. van Duijn, J. Kuiper, W. Jiskoot and B. Sliitter, Orchestrating immune
responses: How size, shape and rigidity affect the immunogenicity of particulate
vaccines. Journal of Controlled Release, 2016. 234: p. 124-134.

Zolnik, B.S., A. Gonzalez-Fernandez, N. Sadrieh and M.A. Dobrovolskaia, Minireview:
Nanoparticles and the Immune System. Endocrinology, 2010. 151(2): p. 458-465.
Kang, J.H., WY. Jang and Y.T. Ko, The Effect of Surface Charges on the Cellular Uptake
of Liposomes Investigated by Live Cell Imaging. Pharm Res, 2017. 34(4): p. 704-717.
Nakanishi, T., J. Kunisawa, A. Hayashi, Y. Tsutsumi, K. Kubo, S. Nakagawa, et al.,
Positively charged liposome functions as an efficient immunoadjuvant in inducing
cell-mediated immune response to soluble proteins. ) Control Release, 1999. 61(1-
2): p. 233-240.

Tran, K.K. and H. Shen, The role of phagosomal pH on the size-dependent efficiency
of cross-presentation by dendritic cells. Biomaterials, 2009. 30(7): p. 1356-1362.
Foged, C., B. Brodin, S. Frokjaer and A. Sundblad, Particle size and surface charge
affect particle uptake by human dendritic cells in an in vitro model. International
Journal of Pharmaceutics, 2005. 298(2): p. 315-322.

Amine-Reactive Probes. 2013, Molecular Probes.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Schipper, P., K. van der Maaden, S. Romeijn, C. Oomens, G. Kersten, W. Jiskoot, et
al., Determination of Depth-Dependent Intradermal Immunogenicity of Adjuvanted
Inactivated Polio Vaccine Delivered by Microinjections via Hollow Microneedles.
Pharmaceutical Research, 2016. 33(9): p. 2269-2279.

van der Maaden, K., S. Trietsch, H. Kraan, E. Varypataki, S. Romeijn, R. Zwier, et
al., Novel Hollow Microneedle Technology for Depth-Controlled Microinjection-
Mediated Dermal Vaccination: A Study with Polio Vaccine in Rats. Pharmaceutical
research, 2014. 31: p. 1846-1854.

van der Maaden, K., J. Heuts, M. Camps, M. Pontier, A. Terwisscha van Scheltinga,
W. Jiskoot, et al., Hollow microneedle-mediated micro-injections of a liposomal
HPV E743-63 synthetic long peptide vaccine for efficient induction of cytotoxic and
T-helper responses. J Control Release, 2018. 269: p. 347-354.

Schipper, P., K. van der Maaden, V. Groeneveld, M. Ruigrok, S. Romeijn, S. Uleman,
et al., Diphtheria toxoid and N-trimethyl chitosan layer-by-layer coated pH-sensitive
microneedles induce potent immune responses upon dermal vaccination in mice.
Journal of Controlled Release, 2017. 262: p. 28-36.

Bakdash, G., L.P. Schneider, T.M. van Capel, M.L. Kapsenberg, M.B. Teunissen and
E.C. de Jong, Intradermal application of vitamin D3 increases migration of CD14+
dermal dendritic cells and promotes the development of Foxp3+ regulatory T cells.
Hum Vaccin Immunother, 2013. 9(2): p. 250-258.

Schneider, L.P,, A.J. Schoonderwoerd, M. Moutaftsi, R.F. Howard, S.G. Reed, E.C. de
Jong, et al., Intradermally administered TLR4 agonist GLA-SE enhances the capacity
of human skin DCs to activate T cells and promotes emigration of Langerhans cells.
Vaccine, 2012. 30(28): p. 4216-4224.

Varypataki, E.M., K. van der Maaden, J. Bouwstra, F. Ossendorp and W. Jiskoot,
Cationic liposomes loaded with a synthetic long peptide and poly(l:C): a defined
adjuvanted vaccine for induction of antigen-specific T cell cytotoxicity. The AAPS
journal, 2014. 17(1): p. 216-226.

Benne, N., J. van Duijn, F. Lozano Vigario, R.J.T. Leboux, P. van Veelen, J. Kuiper, et
al., Anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG) liposomes induce
antigen-specific regulatory T cells and prevent atherosclerosis in mice. J Control
Release, 2018. 291: p. 135-146.

Foged, C., C. Arigita, A. Sundblad, W. Jiskoot, G. Storm and S. Frokjaer, Interaction
of dendritic cells with antigen-containing liposomes: effect of bilayer composition.
Vaccine, 2004. 22(15): p. 1903-1913.

Wei, J.CJ., G.A. Edwards, D.J. Martin, H. Huang, M.L. Crichton and M.A.F. Kendall,
Allometric scaling of skin thickness, elasticity, viscoelasticity to mass for micro-
medical device translation: from mice, rats, rabbits, pigs to humans. Scientific
Reports, 2017. 7(1).

Hirschberg, H.J.H.B., E. van Riet, D. Oosterhoff, J.A. Bouwstra and G.F.A. Kersten,
Animal models for cutaneous vaccine delivery. European Journal of Pharmaceutical
Sciences, 2015. 71: p. 112-122.

Widera, G., J. Johnson, L. Kim, L. Libiran, K. Nyam, P.E. Daddona, et al., Effect of
delivery parameters on immunization to ovalbumin following intracutaneous
administration by a coated microneedle array patch system. Vaccine, 2006. 24(10):
p. 1653-1664.

Laurent, P.E., H. Bourhy, M. Fantino, P. Alchas and J.A. Mikszta, Safety and efficacy
of novel dermal and epidermal microneedle delivery systems for rabies vaccination

91



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

92

in healthy adults. Vaccine, 2010. 28(36): p. 5850-5856.

Huntington, J.A. and P.E. Stein, Structure and properties of ovalbumin. Journal of
Chromatography B: Biomedical Sciences and Applications, 2001. 756(1): p. 189-198.
Gordon, S., Pattern Recognition Receptors: Doubling Up for the Innate Immune
Response. Cell, 2002. 111(7): p. 927-930.

Burgdorf, S., V. Lukacs-Kornek and C. Kurts, The Mannose Receptor Mediates Uptake
of Soluble but Not of Cell-Associated Antigen for Cross-Presentation. The Journal of
Immunology, 2006. 176(11): p. 6770-6776.

Smole, U., C. Radauer, N. Lengger, M. Svoboda, N. Rigby, M. Bublin, et al., The major
birch pollen allergen Bet v 1 induces different responses in dendritic cells of birch
pollen allergic and healthy individuals. PLoS One, 2015. 10(1).

Roulias, A., U. Pichler, M. Hauser, M. Himly, H. Hofer, P. Lackner, et al., Differences in
the intrinsic immunogenicity and allergenicity of Bet v 1 and related food allergens
revealed by site-directed mutagenesis. Allergy, 2013. 69(2): p. 208-215.

Pichler, U., C. Asam, R. Weiss, A. Isakovic, M. Hauser, P. Briza, et al., The Fold
Variant BM4 Is Beneficial in a Therapeutic Bet v 1 Mouse Model. BioMed Research
International, 2013. 2013: p. 1-5.

Wallner, M., M. Hauser, M. Himly, N. Zaborsky, S. Mutschlechner, A. Harrer, et al.,
Reshaping the Bet v 1 fold modulates TH polarization. Journal of Allergy and Clinical
Immunology, 2011. 127(6): p. 1571-1578.

Smole, U., N. Balazs, K. Hoffmann-Sommergruber, C. Radauer, C. Hafner, M. Wallner,
et al., Differential T-cell responses and allergen uptake after exposure of dendritic
cells to the birch pollen allergens Bet v 1.0101, Bet v 1.0401 and Bet v 1.1001.
Immunobiology, 2010. 215(11): p. 903-909.

Gunawardana, N.C. and S.R. Durham, New approaches to allergen immunotherapy.
Annals of Allergy, Asthma & Immunology, 2018: p. 293-305.

Varypataki, E.M., N. Benne, J. Bouwstra, W. Jiskoot and F. Ossendorp, Efficient
Eradication of Established Tumors in Mice with Cationic Liposome-Based Synthetic
Long-Peptide Vaccines. Cancer Immunol Res, 2017. 5(3): p. 222-233.

Combadiere, B., A. Vogt, B. Mahé, D. Costagliola, S. Hadam, O. Bonduelle, et al.,
Preferential amplification of CD8 effector-T cells after transcutaneous application of
an inactivated influenza vaccine: a randomized phase | trial. PLoS One, 2010. 5(5):
p. e10818.

van den Berg, J.H., K. Oosterhuis, W.E. Hennink, G. Storm, L.J. van der Aa, J.FJ.
Engbersen, et al., Shielding the cationic charge of nanoparticle-formulated dermal
DNA vaccines is essential for antigen expression and immunogenicity. Journal of
Controlled Release, 2010. 141(2): p. 234-240.

van der Maaden, K., J. Heuts, M. Camps, M. Pontier, A. Terwisscha van Scheltinga,
W. Jiskoot, et al., Hollow microneedle-mediated micro-injections of a liposomal
HPV E743-63 synthetic long peptide vaccine for efficient induction of cytotoxic and
T-helper responses. Journal of Controlled Release, 2018. 269: p. 347-354.

Du, G., M. Leone, S. Romeijn, G. Kersten, W. lJiskoot and J.A. Bouwstra,
Immunogenicity of diphtheria toxoid and poly(I:C) loaded cationic liposomes after
hollow microneedle-mediated intradermal injection in mice. International Journal of
Pharmaceutics, 2018. 547(1): p. 250-257.

Du, G., R.M. Hathout, M. Nasr, M.R. Nejadnik, J. Tu, R.I. Koning, et al., Intradermal
vaccination with hollow microneedles: A comparative study of various protein
antigen and adjuvant encapsulated nanoparticles. Journal of Controlled Release,



76.

77.

78.

79.

80.

81.

2017. 266: p. 109-118.

Varypataki, E.M., K. van der Maaden, J. Bouwstra, F. Ossendorp and W. Jiskoot,
Cationic Liposomes Loaded with a Synthetic Long Peptide and Poly(I:C): a Defined
Adjuvanted Vaccine for Induction of Antigen-Specific T Cell Cytotoxicity. The AAPS
Journal, 2015. 17(1): p. 216-226.

Heuts, J., E.M. Varypataki, K. van der Maaden, S. Romeijn, JW. Drijfhout, AT.
van Scheltinga, et al., Cationic Liposomes: A Flexible Vaccine Delivery System for
Physicochemically Diverse Antigenic Peptides. Pharmaceutical Research, 2018.
35(11).

Christensen, D., K.S. Korsholm, |. Rosenkrands, T. Lindenstrgm, P. Andersen and E.M.
Agger, Cationic liposomes as vaccine adjuvants. Expert Review of Vaccines, 2007.
6(5): p. 785-796.

Hamborg, M., F. Rose, L. Jorgensen, K. Bjorklund, H.B. Pedersen, D. Christensen,
et al., Elucidating the mechanisms of protein antigen adsorption to the CAF/NAF
liposomal vaccine adjuvant systems: Effect of charge, fluidity and antigen-to-lipid
ratio. Biochimica et Biophysica Acta (BBA) - Biomembranes, 2014. 1838(8): p. 2001-
2010.

Henriksen-Lacey, M., D. Christensen, V.W. Bramwell, T. Lindenstrom, E.M. Agger, P.
Andersen, et al., Liposomal cationic charge and antigen adsorption are important
properties for the efficient deposition of antigen at the injection site and ability of
the vaccine to induce a CMI response. ) Control Release, 2010. 145(2): p. 102-108.
Pujol-Autonell, I., A. Serracant-Prat, M. Cano-Sarabia, R.M. Ampudia, S. Rodriguez-
Fernandez, A. Sanchez, et al., Use of Autoantigen-Loaded Phosphatidylserine-
Liposomes to Arrest Autoimmunity in Type 1 Diabetes. PLOS ONE, 2015. 10(6).

93



Supplementary information

s ] s ¥
g
2 i ¥
som ] ] £
T
x vie. ] =
- £
F-
= o™
E, et
o t P
w?
T —
6 eew  wEm  m e e @ o W = &
e e dia Sl A HLADRL BV
B2tk FeHI_BET_

Irgle celn
10060

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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Supplementary Figure 4. Size d/str/but'lon by volume of OVA-AF488 (blue) and Bet v 1-AF488
(orange) as measured by DLS.
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Supplementary Figure 5. Co-uptake of antigen and liposomes. Liposome uptake by dDCs that had
also taken up antigen after injection at 500 um depth in ex vivo human skin explants of OVA-
containing formulations (left) and Bet v 1-containing formulations (right) 1 (mean + SEM; n > 4).
The difference between antigens was compared with a 2-way ANOVA. * = p < 0.05.
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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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