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Delivery of vaccines into the skin provides many advantages over traditional parenteral vaccination and is a promising
approach due to the abundance of antigen presenting cells (APC) residing in the skin including Langerhans cells (LC) and
dermal dendritic cells (DDC). However, the main obstacle for transcutaneous immunization (TCl) is the effective delivery of
the vaccine through the stratum corneum (SC) barrier to the APC in the deeper skin layers. This study therefore utilized
microneedles (MN) and a lipid-based colloidal delivery system (cubosomes) as a synergistic approach for the delivery of
vaccines to APC in the skin. The process of vaccine uptake and recruitment by specific types of skin APC was investigated in
real-time over 4 hours in B6.Cg-Tg (Itgax-EYFP) 1 Mnz/J mice by two-photon microscopy. Incorporation of the vaccine into a
particulate delivery system and the use of MN preferentially increased vaccine antigen uptake by a highly motile
subpopulation of skin APC known as CD207" DC. No uptake of antigen or any response to immunisation by LC could be
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Introduction

Transcutaneous immunization (T'CI) is a novel approach to
deliver peptide, proteins, DNA or viral particulate vaccines into
the skin to the abundant resident antigen presenting cells (APC)
such as Langerhans’s cells (LC) in the epidermis and dermal
dendritic cells (DDC) in the dermis. LC are distributed throughout
the epidermis and make up approximately 3-5% of the total cells
present [1] and have been reported to be regulators of both
tolerance and immunity [2]. DDC reside in the dermis and are
assumed to be key regulators of cutaneous adaptive immune
responses [3]. LG have traditionally been discriminated from
DDC by their location, the presence of Birbeck granules and their
high langerin (CD207") expression [4]. However CD207*
expression has also been observed on DDC populations [5]. It
has been reported that these CD207" DC are involved in cross-
presentation of antigens and can potentially stimulate antigen-
specific cytotoxic T lymphocyte (C'TL) and T helper 1 cell (Th1)
immune responses [6,7,8] whereas CD207 DDC were found to
induce a primarily CD4" T cell response [9].

The major barrier for transcutaneous delivery of vaccines is the
outer protective layer of skin; the stratum corneum (SC). One of
the most common methods for enhancing vaccine permeation into
skin is the utilization of lipid vesicles [10] for example, cubosomes
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[11]. Cubosomes are a dispersion of the cubic liquid crystalline
phase that retain the unique nanostructure of the parent cubic
phase; a highly twisted, continuous lipid bilayer and two congruent
non-intersecting water channels [12]. It has been reported that the
penetration enhancing effect of cubosomes is due to the lipids of
the particles forming a mixture with the lipids of the SC due to
their similar cubic phase structure and thereby fluidizing the SC
[13,14]. Cubosomes have been used successfully for the transder-
mal delivery of several drugs including indomethacin [14] and
hydrophilic plant extracts from Berberis koreana [15].

Another approach to overcoming the barrier provided by the
SC is to transiently perforate skin using microneedles (MN). The
short needles (less than 1 mm) in microneedle arrays disrupt the
SC, forming transient micro-channels that facilitate the delivery of
drugs [16], macromolecules [17,18] or vaccines [18,19] to the
deeper tissue. MN possess the potential to revolutionise the field of
vaccine delivery due to low manufacturing and product distribu-
tion costs [20], the fact they may not require skilled vaccine-
administration expertise, are painless to use [21] and will likely
have wide public acceptance [22]. Numerous studies have
investigated the ability of MN to deliver vaccines into the skin
[23,24,25] demonstrating the effectiveness of this approach as
compared to subcutaneous [26,27] or intramuscular vaccination
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Figure 1. Two-photon microscopy (2 PM) visualization of Langerhans and dermal dendritic EYFP-CD11c" cells in mouse skin. (A) XZ
cross-sectional image of intact skin. XY images of (B) skin surface autofluorescence, (C) Langerhans cells (LC) localised in the epidermis and (D) dermal

dendritic cells (DDC) in the dermal layer. Scale bar is 50 pm.
doi:10.1371/journal.pone.0089503.g001

[24,28]. In this study, a combination of MN and cubosomes was
therefore employed to overcome the barrier imposed by the SC
and enhance vaccine delivery into the skin.

While TCI has been investigated by a number of different
research groups, no studies have been carried out investigating the
dynamics of interactions between vaccines and APC at the cellular
level in real-time and in living animals. As it has been reported
that the different APC subsets in the skin may promote
qualitatively different immune responses, such interactions may
be crucial in determining the outcome of TCI and by
understanding these interactions it may be possible to design
more effective vaccines. This lack of such data is due to the
limitations of traditional imaging techniques such as fluorescent
microscopy and confocal laser scanning microscopy (CLSM)
which have a reduced ability to visualize into deep turbid tissue
[29,30]. However, a combined approach utilizing advanced
fluorescent labelling techniques and two-photon microscopy
(2 PM) has been widely used in structural and functional studies
of deep tissue [31]. Another key advantage of 2 PM over CLSM 1is
reduced photo-breaching at out-of-focal plane regions [32].
Additionally, second harmonic generation (SHG) occurs concur-
rently with 2 PM [33]. SHG is not generated from absorption but
from hyper-Rayleigh scattering by the two low energy photons
[34]. SGH occurs when light interacts with asymmetric macro-
molecular arrangements such as collagen fibres [35]. Consequent-
ly, the overall purpose of this study was to visualize TCI in real-
time with particular emphasis on interactions with different APC
populations in the skin using 2 PM and also to examine the ability
of a combined approach of cubosomes and MN to induce immune
responses.
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Materials and Methods

Ethics Statement

All experiments were approved by the Animal Ethics Commit-
tee, University of Otago or by the Animal Experimental
Committee of Osaka University.

Materials

Phytantriol was purchased from A & E Connock (Hampshire,
England). Poloxamer 407 (Lutrol® F127) was obtained from BASF
(Ludwigshafen, Germany) and 1,2-propandiol (Propylene Glycol,
purity=99.5%) from Merck (Darmstadt, Germany). CD8 Oval-
bumin peptide (SIHINFEKL, OVAys; 964) and CD4 Ovalbumin
peptide ISOAVHAAHAEINEAGR, OVAsys 339) and 5(6)-tetra-
methylcarboxy rhodamine-labelled OVAys; 964 (TMR-SIIN-
FEKL) was purchased from Mimotopes (Clayton, Australia).
Monophosphoryl Lipid A from Salmonella Minnesota RE 595 was
purchased from Sigma-Aldrich (Missouri, USA). Purified saponin
(Quil-A) was purchased from Brenntag Biosector (Frederikssund,
Denmark). All other chemicals were of analytical grade.

Microneedle Arrays

Microneedle arrays fabricated from biocompatible polycarbon-
ate polymers using an injection moulding process were supplied by
Professor James Birchall (School of Pharmacy and Pharmaceutical
Sciences, Cardiff University, UK). The 13-needles (670-um/6
needles, 520-um/6 needles and 335-um/1 needle) were arranged
in concentric circles [36].

February 2014 | Volume 9 | Issue 2 | 89503



Imaging Transcutaneous Immunization

1500
40 mins
240 mins
€ 1000 l
£
‘ :
K
®
S
9 500
0 -

Peptide Rhodamine Cubosomes control

Peptide

Intact skin MN pretreated skin

Figure 2. Impact of TCl on LC. Two-photon microscopy (2 PM) visualization of the distribution of LC (green) and formulation (red) in the epidermis
of unimmunized mice (A, B) or following application of (C, D) TMR-SIINFEKL-loaded cubosomes for 40 min (A, C) and 240 min (B, D). Images are
representative of groups of three mice. Scale bar is 100 um. (E) The number of LC/mm? in the epidermis in untreated controls (control) or following
the application of aqueous TMR-SIINFEKL (peptide), rhodamine-labeled cubosomes (rhodamine) and TMR-SIINFEKL-loaded cubosomes (cubosomes)
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in the presence and absence of MN for 40 and 240 min. Cells were quantified from three randomised images from one mouse per group in three

independent experiments. Data presented are the mean+SD.
doi:10.1371/journal.pone.0089503.g002

Cubosome Preparation

Antigen/adjuvant-loaded cubosomes with a size of 158 to182
nm were formulated using the lipid precursor method [37]. Briefly,
phytantriol, poloxamer 407, propylene glycol and MPL were
weighed mto a 20-mL scintillation vial and dissolved in 5 mL
chloroform. Rhodamine-labeled cubosomes were prepared by
adding octadecyl rhodamine B chloride (R-18, Invitrogen
Molecular Probes, OR, USA) into the scintillation vial prior to
preparation of the cubosomes with a mass ratio of dye to lipid of
1:2000. Chloroform was evaporated under a stream of nitrogen at
45°C. The concentrated actives solution (0.8 mg/20 puL Quil-A
(QA) and 2 mg/20 pL peptide) and glass beads were added and
mixed by shaking until visually homogenous. Milli-Q water (45°C)
was gradually added into the scintillation vial to a final volume of
1 mL. while vortexing for 10 min. Peptide entrapment was
approximately 23% as previously reported [38].

Mice

For 2 PM experiments, 6-10 week old male and female B6.Cg-
Tg (Itgax- Enhanced Yellow Fluorescent Protein) 1 Mnz/] mice
originally purchased from The Jackson Laboratory (Maine, USA)
were maintained under specific pathogen-free conditions at the
Osaka University animal facility under an approved protocol from
the Animal Experimental Committee of Osaka University. For
other studies, male C57BL/6, 6-8 weeks old were utilized, bred
and maintained under specific pathogen-free condition at the
HTRU, Dunedin, New Zealand.

Two-photon Microscopy

Prior to performing the imaging experiments, the hair on the
lower back of mice was removed with an electronic hair clipper.
Any remaining hair was removed using depilatory cream (Nair®,
Carter Products, NY). The skin was wiped with moist cotton to
remove all the depilatory cream.

The imaging system was an AIRMP multiphoton microscope
(Nikon, Japan) driven by a Chameleon Vision II Ti:Sapphire laser
(Coherent, CA, USA) tuned to 920 nm with an inverted
microscope equipped with a 20x oil immersion objective (CFI-
Plan-Fluor, N.A. 0.75, Nikon). Laser power at the acquisition area
was 25 mW. Fluorescent probes were detected through bandpass
emission filters. Formulations were detected using a 561/25 nm
filter and collagen using a 440/25 nm filter. Images were acquired
from 20 to 45 z-planes, spaced 5 um apart every 5 min for up to
240 min. Snapshot images were acquired using scanning averages
of 2 scans. Raw imaging data was processed with Imaris software
(Bitplane AG, Ziirich, Switzerland). To assess vaccine penetration,
2 PM images were captured in the XZ-plane using the ortho slicer
function in the Imaris software. The microscope system was
enclosed in an environmental compartment in which anesthetised
mice were warmed by heated air.

Formulations (diluted 1:20 in sterile MilliQ)-water) were applied
onto the skin with excess formulation being removed after 2 min
by capillary action using a tissue. For experiments utilizing MN,
the MN were applied manually to the prepared skin before
application of formulations. A glass slide was attached to the skin
using tissue glue (Vetbond Tissue Adhesive, 3 M Animal Care
Products, MN, USA). Mice were then placed on a custom-
designed stage. Mice were anesthetised with isoflurane (Escain; 2%
vaporized in 100% oxygen) throughout the experimental period.
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In vivo Uptake of Formulations by Skin LC and DC

The immunization procedures were similar to that described in
the previous section. However, the testing area was protected by
paper and then covered with an occlusive dressing and the cage
was covered to protect from light. After euthanasia, a section of the
immunization site was rinsed with PBS to remove residual
formulation and then harvested. The skin was macerated and
incubated at 37°C for 1 hr in collagenase type IA (C9891, Sigma-
Aldrich, St. Louis, MO) digestion buffer. A single cell suspension
was fixed in 8% paraformaldehyde at room temperature. Cells
were then permeabilized using saponin (S-7900, Sigma-Aldrich,
St. Louis, Mo) buffer and incubated with anti-CD16/CD32 before
being stained with anti-CD207-Alexa Flour 488 (eBioscience, San
Diego, CA) for 30 minutes followed by washing and staining with
anti-CD11¢c-APC, anti-CD11b-PE-Cy7 (BD PharMingen, San
Diego, CA) and anti-F4/80- Brilliant Violet 421 (Biolegend, San
Diego, CA). Cells were then analysed using a FACSCanto™™ 1I
flow cytometer (BD Biosciences, San Jose, CA). Data was analysed
using FlowJo 7.6 analysis software (Tree Star, Inc., Oregon, USA).

Transcutaneous Immunization

Adoptive transfer was performed as described previously [39].
Briefly 4x10° lymphocytes from OT-I and OT-II were injected
into the tail vein of each recipient C57BL/6 mouse a day prior to
TCI. The following day the C57BL/6 mice were anaesthetised
and were close clipped. Self-adhering foam base (Reston™™, 3 M),
was attached on the skin of mouse to form a reservoir. Vaccine
formulations, 100 UL containing 100 pg of CD4" peptide, 100 ug
of CD8* peptide, 40 ug of QA and 20 pg of MPL formulated in
cubosomes (2 mg of lipid) or in Milli-Q water or cubosomes
containing adjuvants only (control) were applied on the skin inside
the reservoir which was then covered with an occlusive dressing
(Opsite-Flexifix™, Smith & Nephew Medical Limited and
Blenderm™, 3 M). For experiments utilizing MN, the micronee-
dle array was applied manually to the prepared skin before
application of formulations. The reservoirs were removed after
6 hr. The immunization procedure was repeated at day 14 and
then at day 18 the mice were sacrificed and regional lymph nodes
taken. Single cell suspensions were then prepared from all
harvested lymphoid tissues. Aliquots of single cell suspensions of
lymphocytes were incubated with anti-CD16/CD32 before being
stained with anti-CD4-V500, anti-CD8-PE-Cy7, anti-Va2-PE and
anti-VP5-biotin. This was followed by staining with SA-Percp-
Cy5.5 and propidium iodide. Antibodies and propidium iodide
were purchased from BD Biosciences Pharmingen (California,
USA). Cells were analysed on a FACSCanto™ II (BD Biosci-
ences) and data was analysed using Flow]Jo 8.6 (Tree Star Inc).

Interferon-y Assay

A 100 pL aliquot of a single cell suspension of 2x10°
lymphocytes/mL  was plated in triplicate a 96-well round
bottomed plate for restimulation with anti-CD3 (10 ug/mlL),
OVA (20 ug/mL) and IL-2 (2 ng/mL) or IL-2 alone (2 ng/mL).
The plates were incubated for 3 days in a CO, incubator (5% COy
at 37°C) (HERAcell incubator, Heraeus, Hanau, Germany). On
day 4, 100 puL of the cell culture supernatant was removed and
stored at —20°C until analysis. Interferon ¥ was measured using a
BD™! Cytometric Bead Array (CBA) Mouse T Cell Cytokine Kit

according to the manufacturer’s instructions.
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Figure 3. Impact of TCl on DDC. Two-photon microscopy (2 PM) visualization of DDC (green) and collagen (blue) in the dermis in unimmunized
mice (A, B) or following application of MN and TMR-SIINFEKL-loaded cubosomes (C, D) for 40 min (A, C) and 240 min (B, D). Images are representative
of groups of three mice. Scale bar is 200 um. (E) The number of DDC/mm? in untreated controls (control) or following the application of aqueous
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TMR-SIINFEKL (peptide), rhodamine-labeled cubosomes (rhodamine) and TMR-SIINFEKL-loaded cubosomes (cubosomes) in the presence and
absence of MN at 40 and 240 min. Cells were quantified from three randomised images from one mouse per group in three independent
experiments. Data presented are the mean+SD. ***P<0.001 compared to the control group (two-tailed unpaired Student’s t-test).
doi:10.1371/journal.pone.0089503.9003
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Figure 4. Formulation-DDC colocalization. Two-photon microscopy (2 PM) visualization of collagen (blue), DDC (green) and vaccine (red) in the
dermis of untreated mice (A) or 40 min following application of an aqueous TMR-SIINFEKL mixture (B, E), rhodamine-labelled cubosomes (C, F), or
TMR-SIINFEKL-loaded cubosomes (D, G) to intact (B-D) or MN pretreated (E-G) skin. Cross sections (XZ, far left) and 3-D images (XYZ) are shown as well
as merged images and scatter 2D plots of voxel intensities (far right panel) in the red and green channels for selected DC. Scale bar is 100 um.
doi:10.1371/journal.pone.0089503.g004
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Figure 5. DDC-formulation colocalization. Pearson’s correlation
coefficient calculated from skin treated with: an aqueous peptide
mixture (@), rhodamine-labeled cubosomes (A) and TMR peptide-
loaded cubosomes (M). The black and red colour represent intact and
MN pretreated skin respectively. Unimmunized intact skin served as
control (O). Cells were quantified from three randomised images from
one mouse in three independent experiments. Data presented are the
mean+SEM (n=9).

doi:10.1371/journal.pone.0089503.9g005

Data and Statistical Analysis

Data analysis was carried out using Microsoft Excel, Version
2010. The results are expressed as mean = SD and mean * SEM.
GraphPad Prism Version 5.0 was used to examine the statistically
significant differences using the two-tailed unpaired Student’s t-test
or the one-way analysis of variance (ANOVA) followed by Tukey’s
pairwise comparison.

Results

DDC, not LC, Respond Initially to Transcutaneously
Applied Antigen

The two main populations of skin GD11c” APC, the L.C and
DDC, reside in distinct locations (Fig. 1. and Movie S1). Two
criteria were used to distinguish LC from DDC; location within
the skin and physical morphology. LC were widespread in the
epidermis [40] which could be clearly identified by the absence of
collagen fibres (Fig. 1). Figure 1 B, C and D are XY images taken
at the skin surface, through the epidermis and through the dermis,
respectively. The unique morphology of LC, with their dendrites
extending from the cell body, is clearly visible in Fig. 1 C. DDC
had no visible dendrites and were found in the dermis (Fig. 1 D).

After MN insertion, the epidermis and the dermis were
transiently disrupted (Movie S2). Due to the technical require-
ments for application of formulations and set-up of the
microscope, the first images were taken 30-40 minutes after
TCI. Formulation was observed to penetrate from the micro-
channel over time and DDC were found in close proximity to
areas of formulation (Movie S2 and [38]).

The physical morphology and number of the LC in intact and
MN pretreated skin before and after immunisation was examined
(Fig. 2). The cells were non-motile (determined from time series
analysis over 4 hours) and had 4-5 dendrites projecting from the
body of the cell. LC density in untreated skin was determined to be
approximately 980 cells/mm?. Upon application of the vaccine to
the skin, no change in LC morphology or density could be seen
(Fig. 2 D and E) over the time period investigated (40-240
minutes). By 240 min fluorescence of the LC in the skin was
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reduced in all samples (Fig. 2 B and D) due to photobleaching.
Pretreatment of skin with MIN before immunization similarly did
not impact on LC density (Fig. 2 E.).

Subsequently, the ability of LC to capture formulation was
examined. Detailed analysis of images using ImarisColoc (Bit-
plane) was carried out to quantify LC-antigen colocalization.
Pearson’s coefficient was used to describe the correlation of the
intensity distribution of the green fluorescence of the LC and the
red fluorescence from the vaccine formulations. A Pearson’s
coefficient of 1 indicates a significant positive correlation; 0
indicates no significant correlation and —1 indicates complete
negative correlation. Values between 0.5 and 1 would indicate
formulation-cell colocalization [41]. The calculated Pearson’s
coefficient of LC from all vaccine experiments was zero
throughout the experimental period. It was therefore established
that no detectable formulation-LC colocalization occurred.

DDC were easily distinguishable in the dermis of CD11c*-
EYFP transgenic mice. The size of DDC could not be precisely
measured in these highly motile cells as they were constantly
changing shape and moving both horizontally and vertically
through the skin, squeezing between other cells and making
contact with other DDC (Movie S3). An increase in the number of
DDC was found in the skin of all mice treated with formulations
when compared to unimmunized skin (control) at 40 min and
240 min following TCI (Fig. 3). However, this was significant only
for mice immunized using TMR-peptide in cubosomes 240 min
following immunization (P<<0.001). MN pretreatment resulted in a
significant increase in DDC at both 40 and 240 min post-
application of TMR-peptide in cubosomes (P<<0.001).

Formulation-DDC colocalization was then examined by 2 PM.
XYZ sections of the dermis (Fig. 4) were examined in detail
40 min after TCI. Formulation of the vaccine into cubosomes
resulted in the highest levels of antigen being detected in dermis.
Antigen-DDC colocalization was examined in selected cells (Fig. 4
far right column) through 2D plots of voxel intensities. Areas of
high fluorescence intensity (due to autofluorescence of skin
appendages) were avoided. This analysis confirmed antigen (red
channel)-DDC (green channel) colocalization. Quantitative anal-
ysis of DDC-formulation colocalization was performed and
expressed in terms of a Pearson’s correlation coefficient (Fig. 5)
against time (40-240 min). The TMR-peptide in cubosome
formulation achieved a Pearson’s coeflicient above 0.5 after
application to both intact and MN pretreated skin at all time
points assessed.

Interestingly, DDC could also be found extending into the
epidermis in X7 cross-sectional images (Fig. 6 and Movie S4)
capturing and taking up formulations from the upper layers of the
skin.

Minor Population of Langerhin"DDC Takes up Antigen
Following TCI

APC were isolated from skin immunized transcutaneously in the
presence and absence of MN pretreatment or from unimmunized
control mice. Skin DC were identified based on CD11c expression
and were then gated based on CD207 and CD11b expression
(Fig. 7 A) into LC (CD207", CD11b™), langerin* DDC (CD207™,
CD11b* [1]) and langerin~ DDC (CD11b ™' CD207 ' [7,42)).
LC comprised approximately 8-10% of the isolated skin DC (Fig. 7
C). A small population of langerin* DC was also found in the full-
thickness skin (3-4% of total DC in the skin) in agreement with
previously published studies [43]. The largest population of DC in
the skin were the Langerin™ DDC population (~70%). Following
formulation application, while there was no significant change in
the number of any of the DC subsets (Fig. 7 C), uptake of
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Figure 6. Two-photon microscopy (2 PM) visualization of DDC uptake of antigen. (A) Orthogonal views (XY, XZ, YZ) through a DDC
illustrating colocalization of DDC (green), TMR-SIINFEKL (red) and collagen (blue). Colocalization is visible as a yellow colour and orange represents
the leakage of intense red fluorescence into the green channel. (B-C) 3D images of the DDC from (A). All channels are shown in (B), blue has been
dropped out in (C) and both blue and green in (D). TMR-SIINFEKL uptake by the DDC is shown in (D) indicated by arrow. Scale bar is 20 um.

doi:10.1371/journal.pone.0089503.g006

fluorescent peptide by skin DC (Fig. 7 B and D) was detected in
the minor langerin® DDC: subset in mice treated with MN and
peptide-loaded cubosomes (P<<0.05). Consistent with the 2 PM
antigen-DC colocalization studies, no uptake by LC was detected.

The ability of TCI with the OVA CD4 and CD8 minimal
peptide epitopes either delivered in water or in cubosomes, with or
without MN pretreatment to induce immune responses following a
prime-boost regime was assessed (Fig. 8). The number of antigen-
specific GCD4" T cell in the lymph nodes (Fig. 8 A) was low and not
above that found in control mice immunised with a control
cubosome formulation containing the adjuvants but no antigen
(P>0.05). Mice immunized transcutaneously with peptide in water
or peptide formulated in cubosomes had a measureable antigen-
specific CD8% T cell expansion as compared to the control
cubosome formulation (Fig. 8 B). The combination of pretreat-
ment with MN before the application of the formulation did not
significantly enhance the antigen specific expansion of CD8" T
cells as compared to formulation applied to intact skin. Similar
results were found in a functional assay where the ability of lymph
node cells to produce IFN-y upon restimulation with antigen was

PLOS ONE | www.plosone.org

examined. Lymphocytes from mice immunized using MN and
either cubosome or peptide in water produced significant levels of
antigen specific IFN-y (Fig. 8 C). However when the formulations
were applied to intact skin only lymphocytes from mice immunised
with cubosomes produced significant levels of IFN-y (P<<0.05).

Discussion

The aim of this study was to investigate the interface between
TCI and the immune system using 2 PM and flow cytometry. TCI
was accomplished using a lipid nanocarrier in combination with
MN. Cubosomes were chosen as the carrier due to their ability to
promote penetration of vaccine into the skin i vitro [11]. MN were
used to temporarily disrupt the skin barrier and improve vaccine
delivery to the epidermis and the dermis where LC and DDC
reside. The synergistic effect of combining lipid particles and MN
on immunological responses has been previously reported by
Hirschberg et al. [44]. They indicated that the induction of
antibody responses occurred only when mice were immunized
with a combined approach using both vesicles and MN. Zaric et al.
[45] also reported that robust immune responses were generated

February 2014 | Volume 9 | Issue 2 | 89503
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Figure 7. Antigen uptake by skin APC. (A) Representative dot plots
showing gating for flow cytometric analysis. CD11c DC cells were
selected and further gates determined on the basis of CD207 and
CD11b expression. (B) Representative histograms of the uptake of
vaccine; TMR-SIINFEKL (peptide), rhodamine-labeled cubosomes (Rho-
damine) or TMR peptide-loaded cubosomes (cubosomes) by Langerin®
DDC following TCl. The solid grey histograms are Langerin® DDC from
unimmunised controls and the open histograms are Langerin® DDC
from immunised mice. (C) Number of LC, Langerin™ DDC and Langerin™
DDC at 240 min in untreated control mice (control) or in mice
immunised with aqueous TMR-SIINFEKL (peptide), rhodamine-labeled
cubosomes (rhodamine) and TMR-SIINFEKL-loaded cubosomes (cubo-
somes) in the presence and absence of MN pretreatment. (D) Uptake of
antigen (median fluorescence intensity) by LC, Langerin® DDC and
Langerin™ DDC at 240 min in untreated control mice (control) or in
mice immunised with aqueous TMR-SIINFEKL (peptide), rhodamine-
labeled cubosomes (rhodamine) and TMR-SIINFEKL-loaded cubosomes
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(cubosomes) in the presence and absence of MN pretreatment. The
results of the antigen uptake are given as. Data are mean+SEM and are
representative of three independent experiments with 5 mice per
group. *P<0.05 (two-tailed unpaired Student’s t-test).
doi:10.1371/journal.pone.0089503.g007

by utilizing MN to deliver vaccine-loaded poly-D-L-lactide-co-
glycolide (PGLA) nanoparticles to the skin APC.

LC present in the epidermis are the first APC that transcuta-
neously applied vaccine antigens should encounter. However in
the early stages of immunization examined here, LC were not
found to be motile, the number of LC was not altered in response
to the application of formulation and no antigen-LC colocalization
could be detected either by 2 PM or flow cytometry. Sen et al. [46]
similarly found that LC were completely immotile until 48 hr after
the injection of adjuvants such as CpG and LPS and even then
only a subpopulation of LC (approximately 15%) moved at a very
low velocity. Studies of TCI using MN in human skin explants
have also shown that LC responses occur over 24 to 48 hours
[18,47]. The role of LC in the initiation of immune responses is
conflicting and incompletely understood. While LC have been
shown to be able to extend their dendrites into the SC layer to
capture antigen [48] and to be able to efficiently take up soluble
antigen [49] other studies have shown they are not involved in
priming immune responses in skin but are perhaps involved in
tolerance [2]. The fact that LC do not appear to be involved in the
immediate response in interesting and is perhaps suggestive of a
more regulatory role.

TCI using peptide loaded-cubosome formulations was however
found to have an impact on DDC recruitment and this occurred
earlier if MN pretreatment was employed. Two adjuvants with
different immune activatory activities were included in the
formulation in order to optimize immune stimulation. QA is a
hydrophilic TLR-independent adjuvant that has recently been
reported to activate the NLRP3-inflammasome [50] while MPL is
a lipophilic TLR-4 ligand [51,52,53]. Cubosomes were chosen as
the delivery system as their biphasic structure facilitates entrapp-
ment of both adjuvants and the antigen. In addition particulate
delivery systems have been shown themselves to activate the
inflammasome [54]|. Activation of the NALP3-inflammasome
leads to release of IL-1B, a potent proinflammatory cytokine,
which results in the recruitment of immature DC [55,56]. TLR-4
agonists activate NF-kB, a pro-inflammatory gene transcription
regulator, which results in the up-regulation of the co-stimulatory
molecules CD80 and CD86 [57] and the production of IP-10/
CXCLI10 chemokines responsible for Th1 recruitment [58]. In this
study we observed DC recruitment occurring 40 min after
immunization with TMR-peptide in cubosomes (when MN were
utilized) and within 4 hr when the vaccine was applied to the
intact skin. This only occurred if the vaccine antigen and adjuvant
were loaded into cubosomes, not when they were applied as an
aqueous mixture. Previous investigations into the mechanism of
vaccine permeation into skin revealed that the lipophilic cubo-
somes are retained in the microchannels formed by MN creating
an immunestimulatory depot and also facilitating the movement of
unentrapped peptide antigen and adjuvant into the deeper layers
of the skin to interact with APC [38]. The kinetics of the response
is similar to that found following topical application of measles
virus nucleoprotein onto mucosal tissue where DC were found to
be recruited rapidly, peaking at 2 hr, while DC migration to the
draining lymph node took place over 24 hr [59]. Interestingly,
rhodamine labelled cubosomes containing the adjuvants MPL and
QA but no antigen did not significantly effect DDC recruitment.
This requirement for antigen suggests that DC-T cell interactions
are required for the observed DDC recruitment. The skin contains
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Figure 8. Immune responses stimulated by TCI. Number of transgenic Vo2*VB5" CD4* (A) and Vo2*VB5" CD8* (B) T cells in lymph nodes of
mice vaccinated with 100 pg of CD4" peptide, 100 pg of CD8" peptide, 40 ug of QA and 20 g of MPL formulated in cubosomes (Cubosomes) or in
Milli-Q water (Water) or with cubosomes containing only MPL and QA (Control) in the presence and absence of MN pretreatment. (C) Production of
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interferon-y (IFN-y), expressed as fold increase over background, by cells isolated from lymph nodes of mice and re-stimulated in vitro with OVA or
media (as a negative control). Data shown are the mean+SEM from three independent experiments with 3—4 mice in each experiment. *P<<0.05, **P<

0.01 and ***P<<0.001 (two-tailed unpaired Student’s t-test).
doi:10.1371/journal.pone.0089503.9g008

large numbers of skin resident memory T cells [60] and naive T
cells [61]. It would be of interest to examine the interactions
occurring between DC and T cell subsets in the skin using 2 PM.

Antigen-DDC colocalization could be visualized by 2 PM and
confirmed by calculation of Pearson’s correlation coefficient, in
skin treated with TMR-peptide in cubosomes in the presence and
absence of MN pretreatment. Current dogma suggests that DDC
are unable to penetrate into the epidermis because of the barrier
provided by the epidermis-dermis tight junction [62], although it
has been reported that DC cluster around hair follicles and that
dendrites can penetrate the basement membrane to sample
antigen present in the epidermis [63]. Flow cytometry suggested
that it was the langerin® DDC subset that was taking up antigen.
As the vaccine was not actively targeting these cells the preferential
uptake of the vaccine must be related to the phenotype or physical
location of this population of cells. Bursch et al [63] reported that
langerin® DDC have been identified penetrating into the
epidermis therefore it may be that the physical location of these
cells results in the preferential uptake. This population of cells has
additionally been reported to trigger Thl immune responses and
induce predominantly cellular immunity, including antigen-
specific CD8* T cell [6]. It is possible that by utilizing MN the
vaccine is targeted to a different subset of APC: than it would be if
applied to intact skin and that a qualitatively different immune
response is produced.

Immune responses to vaccines applied transcutaneously to mice
were examined and while there were perhaps some minor
differences in the responses induced by the vaccines, all vaccines
were able to stimulate weak but detectable responses. This is a
limitation of using mice to examine immune responses to vaccines
applied transcutaneously, as vaccination is much more effective
due to the thin SC (approximately 9 Um in mice and human
20 wum in humans [64]) and high number of hair follicles
(approximately 660/cm?® in mice and 11/cm? in humans [65]).
An additional issue is the removal of hair by methods such as
plucking, shaving or through the use of a depillatory cream. All
these methods, including the depillatory cream used here, can act
to enhance vaccine penetration [66,67]. Therefore while mice are
an invaluable tool for investigating cellular interactions occurring
in the skin they are less useful for evaluating the immunological
activity of potential vaccine formulations.
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Movie S3 Rapid movement of DDC in normal skin.
Collagen is shown as blue fluorescence and green fluorescence
represents EYFP-CD11c" cells.
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Movie $4 Uptake of vaccine by DDC. A highly motile DDC
can be seen taking up vaccine from the epidermis. Peptide is visible
as red fluorescence, collagen is shown as blue fluorescence and
green fluorescence represents EYFP-CDIlc" cells. Areas of
antigen/DDC colocalization are yellow.

(MP4)

Author Contributions

Conceived and designed the experiments: TR JCB MI SH. Performed the
experiments: TR KY SF AK. Analyzed the data: TR JCB KY SF AK MI
SH. Contributed reagents/materials/analysis tools: JCB MI SH. Wrote the
paper: TR JCB MI SH.

antigens irrespective of the presence of Langerhans cells. ] Exp Med 207: 189~
206.

8. Elnekave M, Furmanov K, Nudel I, Arizon M, Clausen BE, et al. (2010) Directly
Transfected Langerin+ Dermal Dendritic Cells Potentiate CD8+ T Cell
Responses following Intradermal Plasmid DNA Immunization. J Immunol
185: 3463-3471.

9. Stoecklinger A, Eticha TD, Mesdaghi M, Kissenpfennig A, Malissen B, et al.
(2011) Langerin+ Dermal Dendritic Cells Are Critical for CD8+ T Cell
Activation and IgH y-1 Class Switching in Response to Gene Gun Vaccines.
J Immunol 186: 1377-1383.

. Bouwstra JA, Honeywell-Nguyen PL, Gooris GS, Ponec M (2003) Structure of
the skin barrier and its modulation by vesicular formulations. Prog Lipid Res 42:
1-36.

11. Rattanapak T, Young K, Rades T, Hook S (2012) Comparative study of
liposomes, transfersomes, ethosomes and cubosomes for transcutaneous
immunisation: characterisation and in vitro skin penetration. ] Pharm Pharma-
col 64: 1560-1569.

. Rizwan SB, Hanley T, Boyd BJ, Rades T, Hook S (2009) Liquid crystalline
systems of phytantriol and glyceryl monooleate containing a hydrophilic protein:
Characterisation, swelling and release kinetics. J Pharm Sci 98: 4191-4204.

February 2014 | Volume 9 | Issue 2 | 89503



20.

21.

22.

23.

24.

27.

28.

29.

30.

32.

34.

36.

37.

38.

39.

40.

. Norlen L, Al-Amoudi A (2004) Stratum Corneum Keratin Structure, Function,

and Formation: The Cubic Rod-Packing and Membrane Templating Model.
J Investig Dermatol 123: 715-732.

. Esposito E, Cortesi R, Drechsler M, Paccamiccio L, Mariani P, et al. (2005)

Cubosome Dispersions as Delivery Systems for Percutaneous Administration of
Indomethacin. Pharml Res 22: 2163-2173.

5. Kwon T, Lee H, Kim J, Shin W, Park S, et al. (2010) In vitro skin permeation of

cubosomes containing water soluble extracts of Korean barberry. Colloid
Journal 72: 205-210.

. Banks SL, Pinninti RR, Gill HS, Paudel KS, Crooks PA, et al. (2010)

Transdermal delivery of naltrexol and skin permeability lifetime after
microneedle treatment in hairless guinea pigs. J Pharm Sci 99: 3072-3080.

. Coulman SA, Barrow D, Anstey A, Gateley C, Morrissey A, et al. (2006)

Minimally invasive cutancous delivery of macromolecules and plasmid DNA via
microneedles. Current Drug Delivery 3: 65-75.

. Pearton M, Kang SM, Song JM, Kim YC, Quan FS, et al. (2010) Influenza

virus-like particles coated onto microneedles can elicit stimulatory effects on
Langerhans cells in human skin. Vaccine 28: 6104-6113.

Song JM, Kim YC, Lipatov AS, Pearton M, Davis CT, et al. (2010) Microneedle
delivery of H5N1 influenza virus-like particles to the skin induces long-lasting B-
and T-cell responses in mice. Clin Vaccine Immunol 17: 1381-1389.
Prausnitz MR, Mikszta JA, Cormier M, Andrianov AK (2009) Microneedle-
Based Vaccines Vaccines for Pandemic Influenza. Springer Berlin Heidelberg.
369-393.

Kaushik S, Hord AH, Denson DD, McAllister DV, Smitra S, et al. (2001) Lack
of Pain Associated with Microfabricated Microneedles. Anesthesia & Analgesia
92: 502-504.

Birchall J, Clemo R, Anstey A, John D (2011) Microneedles in Clinical Practice—
An Exploratory Study Into the Opinions of Healthcare Professionals and the
Public. Pharm Res 28: 95-106.

Mikszta JA, Sullivan V], Dean C, Waterston AM, Alarcon JB, et al. (2005)
Protective Immunization against Inhalational Anthrax: A Comparison of
Minimally Invasive Delivery Platforms. J Infect Dis 191: 278-288.

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

. Mikszta JA, Dekker JP, Harvey NG, Dean CH, Brittingham JM, et al. (2006)

Microneedle-Based Intradermal Delivery of the Anthrax Recombinant Protec-
tive Antigen Vaccine. Infect Immunity 74: 6806-6810.

. Dean CH, Alarcon JB, Waterston AM, Draper K, Early R, et al. (2005)

Cutaneous Delivery of a Live, Attenuated Chimeric Flavivirus Vaccines against
Japanese Encephalitis (ChimeriVaxTM-JE) in Non-Human Primates. Human
Vaccines 1: 106-111.

Mikszta JA, Alarcon JB, Brittingham JM, Sutter DE, Pettis R], et al. (2002)
Improved genetic immunization via micromechanical disruption of skin-barrier
function and targeted epidermal delivery. Nat Med 8: 415-419.

Matriano JA, Cormier M, Johnson J, Young WA, Buttery M, et al. (2002)
Macroflux microprojection array patch technology: a new and efficient
approach for intracutaneous immunization. Pharm Res 19: 63-70.

Cahalan MD, Parker I, Wei SH, Miller MJ (2002) Two-photon tissue imaging:
seeing the immune system in a fresh light. Nat Rev Immunol 2: 872-880.
Masters B, So P (2001) Confocal microscopy and multi-photon excitation
microscopy of human skin in vivo. Opt Express 8: 2-10.

. Helmchen F, Denk W (2005) Deep tissue two-photon microscopy. Nat Meth 2:

932-940.

Hadjantonakis A-K, Dickinson ME, Fraser SE, Papaioannou VE (2003)
Technicolour transgenics: imaging tools for functional genomics in the mouse.
Nat Rev Genet 4: 613-625.

Gauderon R, Lukins PB, Sheppard CJR (2001) Optimization of second-
harmonic generation microscopy. Micron 32: 691-700.

Murzina TV, Kolmychek IA, Maidykovski Al, Nikulin AA, Sychev FY, et al.
(2008) Second- and third-harmonic generation and hyper-Rayleigh scattering in
porous-silicon-based photonic microcavities. Opt Lett 33: 2581-2583.

. Mohler W, Millard AC, Campagnola PJ (2003) Second harmonic generation

imaging of endogenous structural proteins. Methods 29: 97-109.

Coulman SA, Birchall JC, Alex A, Pearton M, Hofer B, et al. (2011) In Vivo, In
Situ Imaging of Microneedle Insertion into the Skin of Human Volunteers Using
Optical Coherence Tomography. Pharm Res 28: 66-81.

Rizwan SB, Assmus D, Bochnke A, Hanley T, Boyd BJ, et al. (2011) Preparation
of phytantriol cubosomes by solvent precursor dilution for the delivery of protein
vaccines. Eur J Pharm Biopharm 79: 15-22.

Rattanapak T, Birchall J, Young K, Ishii M, Meglinski I, et al. (2013)
Transcutaneous immunization using microneedles and cubosomes: Mechanistic
investigations using Optical Coherence Tomography and Two-Photon Micros-
copy. J Control Rel 172: 894-903.

Myschik J, McBurney WT, Hennessy T, Phipps-Green A, Rades T, et al. (2008)
Immunostimulatory biodegradable implants containing the adjuvant Quil-A
Part II: In vivo evaluation. J Drug Target 16: 224-232.

Valladeau J, Saeland S (2005) Cutaneous dendritic cells. Sem Immunol 17: 273~
283.

PLOS ONE | www.plosone.org

41.

42,

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Imaging Transcutaneous Immunization

Zinchuk V, Grossenbacher-Zinchuk O (2001) Quantitative Colocalization
Analysis of Confocal Fluorescence Microscopy Images. Current Protocols in
Cell Biology: John Wiley & Sons, Inc.

Shklovskaya E, Roediger B, Fazckas de St. Groth B (2008) Epidermal and
Dermal Dendritic Cells Display Differential Activation and Migratory Behavior
While Sharing the Ability to Stimulate CD4+ T Cell Proliferation In Vivo.
J Immunol 181: 418-430.

Nagao K, Ginhoux F, Leitnher WW, Motegi S-I, Bennett CL, et al. (2009)
Murine epidermal Langerhans cells and langerin-expressing dermal dendritic
cells are unrelated and exhibit distinct functions. PNAS USA 106: 3312-3317.
Hirschberg H, van Kuijk S, Loch J, Jiskoot W, Bouwstra J, et al. (2012) A
combined approach of vesicle formulations and microneedle arrays for
transcutaneous immunization against hepatitis B virus. Eur J Pharm Sci 46:

1-7.

. Zaric M, Lyubomska O, Touzelet O, Poux C, Al-Zahrani S, et al. (2013) Skin

Dendritic Cell Targeting via Microneedle Arrays Laden with Antigen
Encapsulated Poly-D-L-Lactide-co-Glycolide Nanoparticles Induces Efficient
Anti-Tumour and Ant-Viral Immune Responses. ACS Nano. 7: 2042-2055.
Sen D, Forrest L, Kepler TB, Parker I, Cahalan MD (2010) Selective and site-
specific mobilization of dermal dendritic cells and Langerhans cells by Th1- and
Th2-polarizing adjuvants. PNAS USA 107: 8334-8339.

Pearton M, Kang S-M, Song J-M, Anstey AV, Ivory M, et al. (2010) Changes in
Human Langerhans Cells Following Intradermal Injection of Influenza Virus-
Like Particle Vaccines. PLoS ONE DOI: 10.1371/journal.pone.0012410.
Kubo A, Nagao K, Yokouchi M, Sasaki H, Amagai M (2009) External antigen
uptake by Langerhans cells with reorganization of epidermal tight junction
barriers. ] Exp Med 206: 2937-2946.

Stoitzner P, Tripp CH, Eberhart A, Price KM, Jung JY, et al. (2006) Langerhans
cells cross-present antigen derived from skin. PNAS USA 103: 7783-7788.

Li H, Willingham SB, Ting JP-Y, Re F (2008) Cutting Edge: Inflammasome
Activation by Alum and Alum’s Adjuvant Effect Are Mediated by NLRP3.
J Immunol 181: 17-21.

Ryan EJ, Daly LM, Mills KHG (2001) Immunomodulators and delivery systems
for vaccination by mucosal routes. Trends Biotechnol 19: 293-304.

Poltorak A, He X, Smirnova I, Liu M-Y, Huffel CV, et al. (1998) Defective LPS
Signaling in C3H/He] and C57BL/10ScCr Mice: Mutations in Tlr4 Gene.
Science 282: 2085-2088.

Ulrich JT, Myers KR (1995) Monophosphoryl lipid A as an adjuvant. Past
experiences and new directions. Pharm Biotechnol 6: 495-524.

Demento SL, Eisenbarth SC, Foellmer HG, Platt C, Caplan M], et al. (2009)
Inflammasome-activating nanoparticles as modular systems for optimizing
vaccine efficacy. Vaccine 27: 3013-3021.

. Chen M, Wang H, Chen W, Meng G (2011) Regulation of adaptive immunity

by the NLRP3 inflammasome. Int Immunopharmacol 11: 549-554.

Sharp FA, Ruane D, Claass B, Creagh E, Harris J, et al. (2009) Uptake of
particulate vaccine adjuvants by dendritic cells activates the NALP3 inflamma-
some. PNAS USA 106: 870-875.

Martin M, Michalek SM, Katz J (2003) Role of innate immune factors in the
adjuvant activity of monophosphoryl lipid A. Infect Immunity 71: 2498-2507.

Re F, Strominger JL (2001) Toll-like Receptor 2 (TLR2) and TLR4
Differentially Activate Human Dendritic Cells. ] Biol Chem 276: 37692-37699.
Etchart N, Desmoulins P-O, Chemin K, Maliszewski C, Dubois B, ct al. (2001)
Dendritic Cells Recruitment and In Vivo Priming of CD8+ CTL Induced by a
Single Topical or Transepithelial Immunization Via the Buccal Mucosa with
Measles Virus Nucleoprotein. J Immunol 167: 384-391.

Mackay LK, Stock AT, Ma JZ, Jones CM, Kent §J, et al. (2012) Long-lived
epithelial immunity by tissue-resident memory T (TRM) cells in the absence of
persisting local antigen presentation. PNAS USA 109: 7037-7042.

Clark RA, Chong B, Mirchandani N, Brinster NK, Yamanaka K-i, et al. (2006)
The Vast Majority of CLA+ T Cells Are Resident in Normal Skin. J Immunol
176: 4431-4439.

Ratzinger G, Stoitzner P, Ebner S, Lutz MB, Layton GT, et al. (2002) Matrix
Metalloproteinases 9 and 2 Are Necessary for the Migration of Langerhans Cells
and Dermal Dendritic Cells from Human and Murine Skin. J Immunol 168:
4361-4371.

Bursch LS, Wang L, Igyarto B, Kissenpfennig A, Malissen B, et al. (2007)
Identification of a novel population of Langerin+ dendritic cells. J] Exp Med 204:
3147-3156.

Wester RC, Maibach HI (2001) In vivo methods for percutaneous absorption
measurements (Reprinted from Percutaneous Adsorption, pg 215-228, 1999).
J Toxicol-Cut Ocular Toxicol 20: 411-422.

Bronaugh RL, Stewart RF, Congdon ER (1982) Methods for in vitro
percutaneous absorption studies. II. Animal models for human skin. Toxicol
Applied Pharmacol 62: 481-488.

Shiozuka M, Wagatsuma A, Kawamoto T, Sasaki H, Shimada K, et al. (2010)
Transdermal delivery of a readthrough-inducing drug: a new approach of
gentamicin administration for the treatment of nonsense mutation-mediated
disorders. J Biochem 147: 463-470.

Yu Z, Chung WG, Sloat BR, Lohr CV, Weiss R, et al. (2011) The extent of the
uptake of plasmid into the skin determines the immune responses induced by a
DNA vaccine applied topically onto the skin. J Pharm Pharmacol 63: 199-205.

February 2014 | Volume 9 | Issue 2 | 89503



