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The skin is potentially an important vaccine delivery route facilitated by a high number of resident anti-
gen presenting cells (APCs), which are known to be stimulated by different Toll-like receptor agonists
(TLRa). In this study, neonatal and adult pigs were vaccinated in the skin using dissolving microneedle
patches to investigate the immuno-stimulatory potential of different TLRa and possible age-dependent
differences early after vaccination. These patches contained TLR1/2a (Pam3Cys), TLR7/8a (R848) or
TLR9a (CpG ODN) combined with inactivated porcine reproductive and respiratory syndrome virus

Keywordsf . (PRRSV) or with an oil-in-water stable emulsion. Vaccinated skin and draining lymph nodes were anal-
Skin vaccination . . . . s . .
Neonatal ysed for immune response genes using microfluidic high-throughput qPCR to evaluate the early immune
Skin immunity response and activation of APCs. Slfin pathology and in'qmunohist.ochemistry were used to evaluate the
Adjuvant local immune responses and APCs in the vaccinated skin, respectively.

In both neonatal and adult pigs, skin vaccination with TLR7/8a induced the most prominent early
inflammatory and immune cell responses, particularly in the skin. Skin histopathology and immunobhis-
tochemistry of APCs showed comparable results for neonatal and adult pigs after vaccination with the
different TLRa vaccines. However, in vaccinated neonatal pigs in the skin and draining lymph node more
immune response related genes were upregulated compared to adult pigs. We showed that both neonatal
and adult skin could be stimulated to develop an immune response, particularly after TLR7/8a vaccina-
tion, with age-dependent differences in regulation of immune genes. Therefore, age-dependent differ-
ences in local early immune responses should be considered when developing skin vaccines.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Toll-like receptor agonist

1. Introduction The epidermis and dermis are the most important layers that

determine the immune responses within the skin [7,8]. These lay-

The skin is the largest organ in the body and forms a physical
and immunological boundary to protect from injury and pathogens
[1,2]. Because of its immunological role, the skin is an attractive
delivery route for vaccination. Skin vaccination can induce immune
responses quantitatively equivalent or qualitatively enhanced
compared to conventional intramuscular (i.m.) vaccination [3,4],
sometimes with a reduction of the vaccine antigen-dose [5,6].
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ers can be physically breached by dissolving microneedle (DMN)-
patches, a needle-free delivery system for skin vaccination [9], also
termed “microarray patches”. DMN-patches can target the high
numbers of quiescent or immature APCs present in both epidermis
and dermis. After vaccination, activated APCs mature and transport
the vaccine-antigen to the draining lymph nodes (LNs), where the
antigen is presented to naive T cells [10,11] to induce an immune
response. Besides APCs, epidermal keratinocytes and newly
recruited dermal immune cells also contribute to this skin vacci-
nated induced immune response [11,12].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2021.02.028&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.vaccine.2021.02.028
http://creativecommons.org/licenses/by/4.0/
mailto:Sandra.vreman@wur.nl
https://doi.org/10.1016/j.vaccine.2021.02.028
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine

S. Vreman, Johanna M.J. Rebel, J. McCaffrey et al.

Dendritic cells (DCs) are professional APCs, which are essential
to induce effective immune responses after vaccination [13,14].
We studied two different DC subsets in the skin of adult and
neonatal pigs: Langerhans cells (LC) in the epidermis and dermal
DCs (dDC) in the dermis, by detecting the expression of cell-
surface markers (CD1a, MHCII and CD163) [7,15,16] combined
with their localisation within the skin. In the dermis, macrophages
(M9), expressing cell-surface marker CD163, can also act as APCs.
In the steady state, dermal resident M¢ are rare in the porcine skin
[7], but after injury, inflammation or vaccination circulating mono-
cytes recruited from blood differentiate into mature M¢ in the skin
[15,17].

Inactivated porcine reproductive and respiratory syndrome
virus (iPRRSV) was selected as vaccine-antigen to explore early
immune response following skin vaccination. PRRSV is an impor-
tant swine pathogen causing major worldwide economic losses
[18-20]. As such, there is a need for effective PRRSV vaccines
[21,22], which can already be administered to newborn or neonatal
piglets [23]. Neonatal immune responses are directed towards a
Th2 response, limiting both Th1- and B-cell responses in neonates
compared to adults, often resulting in a reduced vaccine efficacy
[24-26]. Moreover, murine studies have shown that neonatal LCs
[27-29] were less effective APCs than adult LCs, which could influ-
ence skin vaccination in neonatal pigs. Therefore, it seems appro-
priate to apply a strategy that intensifies immune responses in
the skin by stimulating APCs. It has been reported that potent
immuno-stimulators, such as TLR agonists (TLRa), enhanced
neonatal immune responses [30,31]. Therefore they could con-
tribute to more effective vaccine responses in neonates after skin
vaccination. In this study, three different TLRa, i.e. TLR1/2a
(Pam3Cys), TLR7/8a (R848) and TLR9a (CpG ODN) were selected
as they have shown potential to contribute to APC activation in
blood of neonatal and adult pigs [32-34]. TLR7/8a and TLR9a have
already proven efficacy after skin vaccination in adult pigs [35,36]
and mice [37], but to our knowledge no studies have evaluated the
efficacy of skin vaccination in neonatal pigs with TLRa.

In the present study, neonatal and adult pigs were administered
vaccines to the skin using DMN-patches containing iPRRSV-antigen
with different TLRa as adjuvant. We investigated the potential of
different TLRa to induce early immune responses in the skin and
draining LN and whether these early immune responses were
age-dependent.

2. Materials and methods
2.1. Vaccines

The vaccine-antigen consisted of binary ethylenimine (BEI)
inactivated PRRSV type 1 strain 07 V063 (iPRRSV, each dose is
1.0 x 108 TCIDso). This antigen was prepared as described previ-
ously [38]. Three different vaccines were prepared for the vaccina-
tion of neonatal and adult pigs, each containing a different TLRa as
adjuvant: TLR1/2a, Pam3Cys L2000 from EMC Micro-collections;
TLR7/8a, R848, Resiquimod from InvivoGen; and TLR9a, CpG
ODN-type A sequence D32, ggTGCGTCGACGCAGggggg, from Euro-
fins Genomics. A full vaccine dose contained 250 nug of the individ-
ual TLRa mixed with iPRRSV.

Additionally, three different DMN-patches were produced for
use in neonates only, that contained either a) the vaccine-antigen
(iPRRSV) only or b) iPRRSV with an oil-in water (O/W) stable squa-
lene (SE) emulsion [39] (29% volume per volume (v/v)) and a mix-
ture of the three TLRa (SE + TLRa) or c) squalene emulsion without
the TLRa mixture (SE). This TLRa combination mixture contained
80 ng of each of the three TLR agonists mentioned above. The SE
and SE + TLRa patches were only evaluated for macroscopic and
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histopathologic changes. The DMN-patches were prepared as pre-
viously described [38,40], using trehalose and polyvinylalcohol
(PVA) as excipients. The iPRRSV and TLRa were dispersed homoge-
nously throughout the full volume of the microneedle pore. One
full vaccine dose was contained in 200 microneedles, which were
500 um in height. Placebo patches, containing excipients only,
were also produced and administered.

2.2. Animals and experimental design

Six (n = 6) male twelve-week-old pigs and twelve (n = 12) male
four-day-old piglets (Topigs Norsvin Z-line, commercial breed)
from 4 different sows with the same parity were used. The pigs
were purchased from a PRRSV-negative, defined high health status
farm (van Beek SPF Varkens B.V., the Netherlands). The adult
experiment started after one week of acclimatization, the neonatal
experiment started after two days of acclimatization (neonatal pigs
were weaned at 1-2 days of age). After weaning the piglets were
fed ad lib with the Opticare™ milk programme (Swinco B.V., Hel-
mond, the Netherlands). The animal experiment was conducted
in accordance with the Dutch animal experimental and ethical
requirements and the project was approved by the Dutch Central
Authority for Scientific Procedures on Animals (CCD) (Permit num-
ber: ADV401002015356).

All of the pigs, adult and neonate, received one vaccine-dose
with one specific TLRa on the medial side of each hind-leg (n = 4
for every TLRa, Table 1). In adults, on the skin of the the left leg
two patches (200 DMN in total) containing iPRRSV and either
TLR1/2a or TLR9a (250 pg) and one placebo patch (Table 1), were
administered. On the right leg of adult pigs 2 patches (200 DMN
in total) containing iPRRSV and either TLR9a or TLR7/8a (250 pg)
and one placebo patch (Table 1 and supplementary Fig. 1SA), were
administered. Due to the smaller size of neonates and more limited
skin surface we used a different shape of patches in neonates. The
total vaccine dose in neonates was the same as in the adult pigs.
However, in neonates the placebo patch i.e. without vaccine, was
administered to separate animals. In neonates, the left leg was
administered with four patches (200 DMN in total) containing a
full dose of iPRRSV or iPRRSV with TLR1/2a or TLR9a (250 pg).
Neonatal right legs received 4 patches containing iPRRSV with
TLR7/8a, (250 pg) or SE or SE + TLRa or they received placebo
patches (Table 1 and supplementary Fig. 1SB).

To macroscopically evaluate the local reaction in the skin, six
hours post-administration, half of the vaccine-patches were
removed from each leg (one vaccine patch from adults or 2 vaccine
patches from neonates) and one placebo patch was removed from
each adult pig. The remaining patches were removed at 24 h,
which was the time of necropsy. During necropsy, skin biopsies
(8 mm punch biopsies) were taken from treated and untreated skin
(non-vaccinated; NV). The skin of the caudal ventral abdomen on
the right side (comparable skin thickness as medial side hind-
leg) was selected as NV control skin. The right axillary lymph node
was sampled as control lymph node next to the draining lymph
node (superficial inguinal lymph node).

2.3. Assessment of post-vaccination reaction: Macroscopy and
histology

After removal of the DMN-patches, at 6 h and 24 h after patch
application, the skin was graded from 0 (no visible change) to 3
(discolouration and/or swelling of the skin) [38]. Skin biopsies
taken 24 h after patch application were fixed in 10% neutral buf-
fered formalin and routinely processed into paraffin-embedded tis-
sue samples. Three consecutive 4 um thick sections were cut and
stained with haematoxylin and eosin (HE). HE-stained slides were
semi-quantitatively analysed in a “blinded” manner per animal by
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Table 1
Adjuvant overview of skin vaccines with iPRRSV.
Animal Left leg Right leg
Adult
#1,2 TLR1/2a Placebo TLR9a Placebo
#3,4 TLR1/2a Placebo TLR7/8a Placebo
#5,6 TLR9a Placebo TLR7/8a Placebo
Neonate
#1to4 TLR1/2a TLR7/8a
#5t0 8 Antigen only Placebo
#9, 10 TLR9a SE
#11, 12 TLR9a SE + TLRa

The dissolving-microneedle (DMN) patches contained different Toll-like receptor agonists (TLRa) as adjuvant: TLR1/2a (Pam3Cys), TLR7a (R848) and TLR9a (CpG ODN),
combined with inactivated porcine reproductive and respiratory syndrome virus (iPRRSV). Each pig received two different DMN-patches, one on the left leg and on one on the
right leg. Placebo patches without vaccine were applied on each leg of the adult pig next to the vaccine. Only the neonates received patches with only iPRRSV (antigen only)
and additionally patches with a stable emulsion (SE) with a mixture from the three TLRa (SE + TLRa) or without (SE).

a board-certified veterinary pathologist. Each section was graded
for number of inflammatory cells, hyperaemia and dermal oedema,
resulting in an overall score from 0 to 3. Detailed scoring of histol-
ogy is described in supplementary data (Table S1A). Additionally,
the NV neonatal and adult skin was compared by measuring the
epidermal and dermal thickness (three measurements per animal,
objective 2x) with cellSense software V1.16 from Olympus.

2.4. Identification of antigen presenting cells in the skin

For cell phenotyping skin biopsies were snap-frozen on dry-ice
in Tissue-Tek® optimal cutting temperature compound (0.C.T.™).
Cryosections (8 pum) were cut with a Leica CM3050S cryostat.
Before processing for immunohistochemistry (IHC) with 3,3'-
diaminobenzidine (DAB) or immunofluorescence (IF) microscopy,
tissue sections were air-dried, fixed in cold acetone, and stained
with mouse anti-pig CD1a (IgG2a, clone 76-7-4 from Southern Bio-
tech). For IHC the anti-CD1a was incubated for 4 h at room temper-
ature. The ChemMate Envision Detection kit™ /mouse with DAB
from Dako was used according to manufactures’ instruction for
antigen visualisation. IHC slides were analysed semi-
quantitatively in a “blinded” manner and graded based on the
number of positive staining cells in epidermis (0-3 for LC) and der-
mis (0-3 for dDC). Detailed IHC-scoring is described in the supple-
mentary data (Table S1B).

For IF microscopy, skin samples were stained using the three
primary antibodies: CD1a (as earlier described), mouse-anti-pig
MHCII (IgG1, clone K247.3G8 from Bio-rad) and mouse anti-pig
CD163 (IgG1, clone 2A10/11 from Bio-rad). The following sec-
ondary antibodies were used: Alexa Fluor 647® goat anti-mouse
(IgG2a from Bio-rad) and Alexa Fluor 568® goat anti-mouse (IgGla
from Bio-rad) (supplementary data Table S2). Hoechst 33,342
staining dye solution (Sigma-Aldrich) was applied for nuclear
staining. From every skin sample, 3 different images were acquired
using consistent microscope settings (Leica DM6b upright micro-
scope, 20x objective), and positive cells were selected manually
and counted with the Leica Application Suite X software (version
2.0.0.14332). For negative controls (IHC and IF microscopy), the
primary antibodies were replaced by isotype controls or only the
secondary antibodies were used.

2.5. Gene analysis with high throughput qPCR

2.5.1. Gene selection

Based on literature search and previous porcine expression
studies of subcutaneous tissue [41], we selected 86 genes likely
involved in the early immune response after skin vaccination. For
10 important genes, two different primer sets were selected. The
genes were divided into 5 main clusters, which are presented in
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the results section. Primer sequences, amplicon lengths and if
applicable literature reference for selected genes are described in
the supplementary data. (Table S3).

2.5.2. RNA extraction and cDNA synthesis

Skin biopsies and lymph nodes were snap-frozen on dry-ice and
stored at —80 °C. Before RNA extraction samples were homoge-
nized in TRIZOL® and RNA was extracted using the Directzol®
RNA MiniPrep (Zymo Research) according to the manufacturer’s
instructions. RNA quantity and purity were assessed with the
NanoDrop 1000™ (Thermo Fisher Scientific). The purity was evalu-
ated based on optical density (OD) using the A260/280 and
A260/230 ratios. RNA-quality was assessed by measuring the
RNA integrity number (RIN) on an Agilent Bioanalyzer (Agilent
Technologies) using the RNA 6000 nano kit (Agilent Technologies).
Samples with a RIN > 5 were considered appropriate for further
processing. The lymph node samples had a mean RNA integrity
of 7.9 + 0.8 (SD), while the skin samples had a lower average RIN
value of 6.6 * 0.8 (SD) (results not shown). From each RNA sample,
duplicate cDNA syntheses were made from 500 ng extracted RNA
using the QuantiTect Reverse Transcription kit from Qiagen accord-
ing to manufacturer’s instructions. The cDNA was diluted 1:10 in
low-ethylenediaminetetraacetic acid (EDTA) TE-buffer (Panreac
AppliChem) before pre-amplification. 3 pl TagMan PreAmp Master
Mix (Applied Biosystems), 2.5 pul 200 mM mix of all primers used
subsequently for qPCR, 24 pl low- EDTA TE-buffer (Panreac Appli-
Chem) and 2.5 ul diluted cDNA was mixed and incubated at 95 °C
for 10 min followed by 20 cycles of 95 °C for 10 s and 60 °C for four
minutes. The pre-amplified cDNA was treated with 16 U Exonucle-
ase I (New England Biolabs) for 30 min at 37 °C and stored at -20 °C
until further processing.

2.5.3. High-throughput qPCR

gPCR was performed using 96.96 Dynamic array integrated
fluid circuit (IFC) chips (Fluidigm) in the BioMark HD System (Flu-
idigm), combining 96 primer sets with 96 samples. Each primer
mix contained 3 pl 2X Assay Loading Reagent (Fluidigm) and 3 pl
of 20 mM forward and reverse primers suspended in low-EDTA
TE-buffer (Panreac AppliChem). The sample mixes were prepared
using 3 ul 2X TagMan Gene Expression Master Mix (Applied
Biosystems), 0.3 ul 20X DNA Binding Dye Sample Loading reagent
(Fluidigm), 0.3 ul 20X Evagreen (Panreac AppliChem), 0.9 pl low-
EDTA TE-buffer (Panreac AppliChem) and 1.5 pl pre-amplified
diluted (1:10) cDNA. Before loading samples and primers, the chip
was primed in an HX IFC controller (Fluidigm). After priming, 5 ul
of each sample mix and primer mix were distributed into the
appropriate compartments and loaded into the chip in the HX
IFC controller. Thereafter the chip was inserted in the BioMark
real-time PCR instrument (Fluidigm) and the following program
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was used: two minutes at 50 °C and 10 min at 95 °C, next 35 cycles
with 15 s at 95 °C and one minute at 60 °C. Non-template controls
and non-reverse transcriptase controls were included to indicate
problems with contamination, non-specific amplification or geno-
mic DNA, respectively. Standard curves constructed from three
separate dilution series of pooled cDNA of all samples to determine
the efficiency of each primer. Based on the melting curves, stan-
dard curves and control samples 13 genes (HPRT1 (25), CCL2
(117), CCR7 (608), GZMA (758), IL8 (37), SAA (158), TNF (125),
IL12A (44), IL13 (279), IL23A (195), TLR7 (164), TLR8 (127),
TLR9(81) were excluded from the skin sample analysis and 7 genes
(HPRT1 (25), CCL2 (117), GZMA (758), IL13 (279), IL23A (195),
IFNL3(298), IFNB (22 3) from the lymph node sample analysis.

2.5.4. qPCR data analysis

Raw data were inspected using Fluidigm Real-Time PCR Analy-
sis software (v. 4.1.3). GeneEx5 (v. 5.4.4.119) (MultiD) was used for
data pre-processing. To compensate for variation between
dynamic chips, three pooled samples were used as interplate cali-
brators. Out of six tested reference genes, actin beta (ACTB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), peptidyl-
prolyl isomerase A (PPIA) and tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta (YWHAZ),
were found to have the most stable expression in porcine skin
and lymph nodes using both GeNorm and NormFinder in (GeneEx5
software). Expression data were normalized following the
approach of Pfaffl [42] with geometric averaging of relative quan-
tities of reference genes [43]. Gene expression changes were nor-
malized against the average expression of control samples (NV
skin or right axillary lymph node) of the same animal. Relative
expression of genes (fold-change) of test samples was calculated
for individual replicate separately and passed to the following sta-
tistical analysis. Normalization was performed with ‘in-house’
script (Supplementary materials).

2.6. Statistical analysis

The data of the macroscopic changes, histology and IHC were
analysed with a non-parametric Kruskal-Wallis test followed by
a post-hoc Dunnett test for multiple comparisons. The data of
the IF microscopy were analysed with a one-way ANOVA followed
by a post-hoc Dunnett test for multiple comparisons. Statistical
assessment of differences between NV samples for adults and neo-
nates was performed with an unpaired t test (two-tailed with a
Welch’s correction). Statistical analysis was performed with
GraphPad Prism 8.2.1 software. P- values <0.05 were considered
significant statistically (*p < 0.05, ** p < 0.01, *** p < 0.001).

Statistical assessment of expression changes of selected genes
during the experiments was performed using one-way ANOVA test
(one parameter, treatment) or two-way ANOVA (two parameters,
treatment and age, and their interaction). Influence of individual
treatments on gene expression was analysed with Mann-
Whitney U test. Holm-Bonferroni correction was used to adjust
p-value threshold for multiple testing. Statistical analysis was per-
formed using Python 2.7.15 and modules sklearn, statsmodels
(biopython version 1.70), pandas (version 0.23.4), numpy (ver-
sion1.15.1) and matplotlib (version 2.2.3).

3. Results
3.1. Macroscopic and histopathological changes after skin vaccination
First, the skin histology of NV (control) adult (Fig. 1A and B) and

neonatal pigs (Fig. 1C and D) was evaluated and compared to iden-
tify possible age-dependent differences, which could influence the
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effect of skin vaccination. The neonatal and adult skin had a similar
structure. However, the epidermis (Fig. 1B, arrow) and especially
the dermis (Fig. 1B, arrowhead) were significantly thicker
(1.5-fold and 1.8-fold, respectively) in the adult skin compared to
the neonatal skin (Table 2). For both adult and neonates, the skin
thickness was larger (>500 um) than the length of the DMN
(500 pum). The adult and neonatal dermis contained a comparable
variety of adnexal structures (i.e. hair follicle, sweat glands and
sebaceous glands). However, the neonatal dermis was distinctly
more cellular in the HE stain compared to the adult skin, most
likely due to a larger number of fibroblasts and immune cells.

Macroscopic skin changes were evaluated 6 h and 24 h after
DMN-patch application. Six hours after application of the TLR7/8a
patch, a macroscopic grade 1 to 3 skin reaction was induced in all
adult and neonatal pigs (results not shown), which continued with
a similar intensity to 24 h after vaccination (Fig. 2A and B). In both
age-groups the TLR1/2a and 9a patches induced only a mild and
occasionally moderate skin reaction (grade 0 to 2), which was sig-
nificantly less severe than the TLR7/8a patch and comparable to
the placebo patch. The antigen-only patch and the SE patch, which
were only used in neonates, induced no skin changes. While the
SE + TLRa patch, also only used in neonates, induced mild skin
changes (Fig. 2A and B)

The macroscopic findings were supported by the histopatho-
logic changes, where in both adults (Fig. 2C) and neonates
(Fig. 2D) the TLR7/8a patch induced mainly grade 3 changes. The
histopathologic changes induced by the TLR1/2a and 9a patches
were restricted to maximum grade 2 in both adult and neonatal
pigs (Fig. 2C and D), where adult pigs showed more skin changes
for TLR1/2a (macroscopy and histology) than neonatal pigs (Fig. 2-
A-D). The antigen-only patch, which was only used in neonates,
induced no skin changes in histology. While the SE patch and
SE + TLRa patch, also only used in neonates, induced mild to mod-
erate skin changes respectively. Histologically, the skin changes,
especially grade 3, were characterized in both age groups by a focal
extensive infiltration of mononuclear inflammatory cells and lower
numbers of neutrophils in the superficial dermis extending to the
epidermis (Fig. 2E and F, arrow adult skin) with pustule formation
(Fig. 2G and H, asterisk neonatal skin). Focally, the dermal-
epidermal junction was affected (Fig. 2F and H) in both age-groups.

3.2. In situ characterization of antigen presenting cells after skin
vaccination

To characterize and quantify the number of APCs within the
epidermis and dermis (Table 2), we used surface-marker CD1a in
IHC (Fig. 3), and surface-markers CD1a, MHCII and CD163 in IF
microscopy (Fig. 4). First we evaluated the normal NV skin to iden-
tify any age-dependent differences which could influence the skin
vaccination. CD1a" cells (LC) in the epidermis were localized near
the basement membrane as shown by IHC (Fig. 3A, arrowhead)
and IF microscopy (Fig. 4A, arrowhead). IF microscopy showed that
all CD1a" cells in the epidermis were MHCII" (data for CD1a and
MHCII double stained sections are not shown) and CD163~
(Fig. 4A). The number of LCs, in situ quantified by IHC (Fig. 3E)
and IF (Fig. 4B and C), was similar in the NV epidermis of adult
and neonatal pigs.

In the dermis, the dDCs were CD1a" in IHC (Fig. 3A, arrow) and
CD1a*CD163*~ (Fig. 4A, arrow) or CD1a*MHIIC* in IF microscopy.
All CD1a" cells in dermis also expressed MHCII, in both neonates
and adults (results not shown). The dDCs were mainly located in
the superficial dermis near the epidermal basement membrane
in the proximity of small blood vessels. There was no significant
difference in the number of dDCs in NV neonatal and adult pigs
based on the results of the IHC (Fig. 3F) and IF microscopy
(Fig. 4D). CD1a*~CD163" dermal macrophages (M$) were located



S. Vreman, Johanna M.J. Rebel, J. McCaffrey et al.

Vaccine 39 (2021) 1857-1869

100 pm.

Fig. 1. Normal skin histology in adult and neonatal pigs. Skin biopsies of non-vaccinated (NV) adult (A and B) and neonatal (C and D) control skin were stained with
haematoxylin and eosin (HE). The epidermis is indicated with an arrow and the dermis with an arrowhead (B). The NV neonatal control skin (C and D) showed a more cellular
dermis than the adult control skin (A and B); For A and C we used objective 10x and for B and D objective 40x.

Table 2
Comparison non-vaccinated adult and neonatal skin.

Histology normal skin (HE)

Thickness Adult neonate
Epidermis 62 um * 11 41um+5*
Dermis 1263 pm * 107 698 pm * 160 ***
Identification APCs skin

IFT IHC
Epidermis LC CD1a* MHCII* CD163~ CD1a*
Dermis dDC CD1a* MHCII* CD163 */- CD1a*
Dermis M¢ CD1a* CD163* Not evaluated

Adult (n = 6) and neonatal skin (n = 12) were compared for epidermal and dermal
thickness with a haematoxylin and eosin (HE) stain. The neonatal dermis and
epidermis were significantly thinner than the adult dermis and epidermis. The
different antigen presenting cells (APC): Langerhans cell (LC), dermal dendritic cell
(dDC) and dermal macrophages (M$) were evaluated with immunohistochemistry
(IHC) and immunofluorescence (IF) microscopy using different surface markers.

in the superficial and deeper dermis (Fig. 4A, arrowhead) and the
number of macrophages was significantly higher in the dermis of
NV neonatal pigs compared to NV adult pigs (Fig. 4E).

Both IHC and IF microscopy were used to quantify the number
of DCs (LC and dDC) and dermal macrophages in the skin 24 h after
DMN-patch application. In both the adult and neonatal pigs, the
number of LCs in the epidermis ((CD1a") in IHC (Fig. 3E) and
CD1a*/MHCII* or CD1a*CD163" in IF microscopy (Fig. 4B and C))
did not significantly change in any of the used skin vaccines com-
pared to the NV skin.

The number of dDCs in the vaccinated skin did not significantly
change compared to the NV skin in the adult and neonatal pigs as
evaluated with IHC for expression of CD1a (Fig. 3F) and with IF
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microscopy for dermal expression of CD1a*MHCII* (Fig. 4D). Also,
the number of dermal M¢ (CD163") did not change significantly
following vaccination (Fig. 4E). For both IHC and IF microscopy
there was a large variation within the different samples of neonatal
pigs and within the different samples of adult pigs.

3.3. Gene expression in skin and lymph node

The selected immune genes were grouped according to gene
ontogeny (GO) in 6 different clusters (Table S3): (1) APC activation
and migration, (2) acute phase inflammatory response; (3) anti-
inflammatory response, (4) Th-directed response, (5) TLR expres-
sion and activation, and (6) other/epithelial junction. After data
processing and removal of duplicate primers, valid expression data
from 74 genes of the skin samples and 74 genes of the LN samples
were obtained. Differences in gene expression were considered rel-
evant when a statistically significant fold change of >2 or <0.5 com-
pared to the reference sample was measured and only the genes
with such a fold change are reported below. Gene expression of
SE and SE + TLRa patches, only used in neonates, was not analysed.

3.3.1. Gene expression in non-vaccinated adult and neonatal skin and
lymph node

To investigate potential age-dependent differences in basal
gene expression in NV, control skin and control LN, we compared
the level of expression in the neonatal samples with the level of
expression in the adult samples for 74 genes (Table S4). The neona-
tal skin showed a relevant different expression level in 9 of 74
investigated genes. The main difference was the lower expression
of APC activation/migration related genes (e.g. CD86 and SLA-
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Fig. 2. Skin changes after vaccination with dissolving-microneedle (DMN) patches. The DMN patches contained vaccines with different Toll-like receptor (TLR) agonists, a
squalene emulsion (SE), a mixture of TLR agonists and SE (SE + TLRa), antigen only, or a placebo patch without vaccine. (A) macroscopic skin changes in adult pigs graded from
0 to 3, 24 h after skin vaccination; (B) macroscopic skin changes in neonatal pigs; skin biopsies taken 24 h after vaccination were stained with haematoxylin and eosin (HE)
and graded from O to 3 for adult (C) and neonatal (D) pigs. Skin vaccination with TLR 7/8 agonist (TLR7/8a) induced grade 3 changes in adult (E and F) and neonatal (G and H)
skin characterized by a focal extensive infiltration of mononuclear inflammatory cells and lower numbers of neutrophils in the superficial dermis extending to the epidermis
(E and F, arrow) with pustule formation (G and H, asterisk). Focally, the dermal-epidermal junction was affected (F and H). Each symbol represents one animal, line indicates
the median of a group (n = 2-6) with the 95% CI. (*p < 0.05, **p < 0.01) compared to non-vaccinated (NV) control skin. For E and G we used objective 10x and for F and H

objective 40x. 1862
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Fig. 3. CD1a expression in adult and neonatal skin measured with immunohistochemistry (IHC). Adult (A and B) and neonatal (C and D) skin was evaluated for CD1a
expression (objective 20x) to identify Langerhans cells (LC) in the epidermis (A, arrowhead) and dermal dendritic cells (dDCs) in the dermis (A, arrow). The CD1a expression is
comparable in non-vaccinated (NV) adult (A) and neonatal skin (C). After skin treatment with TLR7/8a vaccine (B, adult and C, neonate) the CD1a expression in epidermis or
dermis was not affected. After vaccination (24 h) with different Toll-like receptor (TLR) agonists, antigen only or with placebo patches, the skin was evaluated for number of
Langerhans cells (LCs) in the epidermis and dermal DCs (dDc) with IHC and graded from O to 3 (E and F). Each symbol represents one animal (adult = red square and
neonate = blue circle). The line indicates the median with S.D. Statistical significance was calculated for the different vaccines compared to NV animals for every age-group or
for NV neonatal samples compared to NV adult samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

DRB1, surface-markers for antigen presentation) in the neonatal
skin. The macrophage surface-marker CD163 was the only gene
that was significantly higher expressed in the NV neonatal skin
compared to the adult NV skin. We found no difference in TLR gene
expression in the neonatal skin compared to the adult skin. Both
adult and neonatal skin showed no expression of TLR9, while we
did find TLR9 gene expression in the LN of both age-groups.

The neonatal control LN showed a relevant different expression
level in 24 of the 74 investigated genes compared to the adult con-
trol LN. Genes related to DCs/ antigen presentation (CD1la and
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CCR7) were less expressed, while genes related to monocytes/-
macrophages (CD14 and CD163) were more expressed in the
neonatal control LN compared to the adult control LN. All data
on biologically relevant genes in neonatal NV skin and control LN
compared to adult control samples are provided in supplementary
Table S4.

3.3.2. Gene expression after skin vaccination in adult and neonatal pigs
To investigate the effect of skin vaccination on expression of the
selected genes in the vaccinated skin and draining LN, 24 h after
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administrations, we calculated the fold-change difference in gene TLR7/8a vaccinated skin showed the most prominent induction

expression between the NV control skin and control LN and the of gene expression compared to NV control skin, with the overall
vaccinated skin and vaccinated draining LN. For both age groups, number of upregulated genes being higher in neonates (38 of 74
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genes) compared to adults (21 of 74 genes). In both age groups,
especially the genes in the clusters APC activation/migration (e.g.
CCL20, CCR7, CD86 and CXCL10) and TLR expression/activation
(e.g. IFNL3, IRF7, OAS1 and RNASEL) were significantly upregu-
lated. Neonatal pigs showed a high upregulation (fold-change > 25)
of gene expression for the pro-inflammatory genes IL8, GZMB and
CASP1 in the skin. No upregulation of these genes was observed in
the adult skin samples after TLR7/8a vaccination. In contrast, the
overall gene expression in the TLR9a vaccinated skin contained a
higher number of downregulated genes in adult and neonatal sam-
ples compared to the other TLRa vaccines (Table 3a). This downreg-
ulation in gene expression was observed in all immune response
clusters, except for the APC cluster (e.g. CCL20, CD86 and CXCL10)
in neonatal pigs which showed an upregulation. The TLR1/2a vac-
cine was the only skin vaccine which did not induce a significant
change in gene expression in the Th clusters compared to the NV
control skin (Table 3a). The placebo vaccination induced mainly a
downregulation in gene expression particularly in the adult skin
(12 of 74 genes) and to a lesser extend in the neonatal skin (4 of
74 genes), especially for the APC activation/maturation cluster
(e.g. CCL3 and CXCR4) and for the acute phase inflammatory
response cluster (e.g. DEFB1). The antigen-only vaccine (Ag), only
administered in neonates, induced only a regulation in a limited
number of genes (3 of 74 genes).

Draining LNs of skin vaccinated with TLR7/8a regulated the
expression of a larger number of genes (13 of 74 genes neonate
and 10 of 74 genes adult) compared to the other skin vaccines in
both age groups (<9 of 74 genes neonate and <3 of 74 genes adult)
(Table 3b). In both age groups, nearly all upregulated genes in the
LN samples of the TLR7/8a vaccine showed a fold-change of <5,
while a large number of upregulated genes in the TLR7/8a vacci-
nated skin samples showed a fold-change of >10. Thereby the
response to vaccination was larger in the skin compared to the
draining LN (Tables 3a and 3b).

Draining LNs of the TLR7/8 vaccine showed particularly a gene
upregulation in the pro-inflammatory immune response cluster
(TP53, GZMB and SAA) in both age-groups. The upregulation of
gene expression in the APC activation and migration cluster (e.g.
CCR7, CCL19 and MMP9) was comparable for all the skin vaccines
in both age-groups, including the Ag-only vaccine. Overall, the
neonatal LNs contained a higher number of regulated genes com-
pared to the adult LNs after skin vaccination, especially for the
TLR9a vaccine (7 of 74 genes neonate versus 1 of 74 genes adult)
and for the TLR1/2a vaccine (10 of 74 genes neonate versus 3 of
74 genes adult). The fold-changes of all significantly regulated
genes in the vaccinated skin and draining LN are presented in
Table 3a and Table 3b, respectively. In Supplementary Fig. S 2-7
the p-value threshold corrected for multiple testing (MTC) is
shown for all analysed genes.

4. Discussion

In this study, neonatal and adult pigs were vaccinated with
DMN-patches containing different TLRa in combination with
iPRRSV-antigen to investigate the immune-stimulatory potential

<
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of the TLRa and whether or not these immune responses were
age-dependent. We compared the NV neonatal skin to the NV
adult skin to investigate if differences in skin thickness, location
and quantity of APC subsets or TLR expression were associated
with the higher number of up-or downregulated genes in vacci-
nated neonatal skin compared to adult skin. The significantly
thinner skin of the neonate, mainly caused by the thinner dermis,
was also observed in other porcine [44] and human studies [45].
We consider it unlikely that the thinner skin had an impact on
skin vaccination in our study, because the length of the micronee-
dles of the DMN patch (500 um) did not exceed the thickness of
the skin. We showed that the neonatal skin contained an equiva-
lent number of DCs compared to the adult skin as was also
observed in human studies [29,46]. However, the gene expression
profile of the NV neonatal skin compared to the NV adult skin
showed a lower basal expression of cell-surface markers for anti-
gen presentation (e.g. CD86, SLA-DRB1 (MHCII)) and for DC mark-
ers (CD101 and FLT3). On the other hand, the neonatal skin
contained a higher number of macrophages, which was supported
by the enhanced neonatal basal gene expression of CD163 com-
pared to adults. Finally, we showed that there was no difference
in basal TLR gene expression within the neonatal and adult skin.
Therefore, we consider it likely that the significantly larger num-
ber of dermal macrophages and differences in basal immune gene
expression contributed to the age-dependent differences after
skin vaccination.

In both the adult and neonatal pigs, the TLR7/8a skin-vaccine
induced the most prominent histopathological skin changes and
skin immune response at the vaccination site. This was illustrated
by the highest number of differentially expressed genes in the skin
and draining LN. We observed not only the expected upregulation
of pro-inflammatory genes, which is in accordance with the leuco-
cyte influx in the dermis, but also a higher expression of genes reg-
ulating APC activation and migration (CD86, CCR7 and CD69).
However, in this study potential activation of LCs did not lead to
migration of LCs to the dermis. This absence of DC migration to
the dermis was also observed in human ex vivo skin studies
[11,47,48] with TLRa as immune-stimulator.

For the TLR1/2a and TLR9a vaccines the local skin responses
were less evident than for the TLR7/8a vaccine. The limited local
skin response and number of regulated genes after TLR1/2a vacci-
nation showed that the potential of Pam3Cys as adjuvant for skin
vaccination in this study was limited. However, with a different
delivery route this potential could be different as shown in a mur-
ine study [49]. Interestingly, TLR9a containing vaccine resulted in
more downregulated than upregulated immune response genes
in the skin of both age-groups, compared to the TLR1/2a and
TLR7/8 vaccines. The gene expression by the TLR9a vaccine was
more comparable to the Ag-only vaccine (without TLRa). We could
therefore speculate that TLR9 stimulation with the CpG type A we
used was limited. Other CpG types could be more appropriate for
skin application [50] as shown by a porcine study with CpG type
C [35]. They showed that TLR9a (CpG) induced an upregulation
of several IFN inducing genes (MX1, IRF7), chemokines (CCL5,
CXCL10) and IL10 at 24 h after skin vaccination in pigs. These genes

Fig. 4. Antigen presenting cells (APCs) in adult and neonatal skin measured with immunofluorescence microscopy (IF). (A) APCs were localized with surface-markers CD1a
(red, first column), with CD163 (green/yellow, second column) or CD1a with MHCII (results not shown). In non-vaccinated (NV) normal skin (control) and 24 h after
vaccination with different Toll-like receptor agonists (TLRa), antigen only or with placebo patches, the skin was evaluated for number of APCs in the skin: CD1a* Langerhans
cells (LCs) in the epidermis (A, arrowhead), dermal DCs (dDc) in the dermis (A, arrow) and CD163"* macrophages (M) (A, asterisk) in the dermis. There was no clear difference
in number of staining cells and staining intensity between control and vaccinated animals for both age-groups. Individual variation between animals was observed as shown
in (A). Objective used 20x, scale bars = 100 um; The number of APCs was counted in adult and neonatal skin within three different 20x objective fields: LCs (CD1a*/MHCII* (B)
or CD1a*CD163~ (C)) in the epidermis. dDCs (CD1a*/ MHCII* (D) in the dermis and M$ (CD1a*/~/CD163") in the dermis (E). Each symbol represents one animal (adult = red
square and neonate = blue circle). The line indicates the mean with the 95%CI. Statistical significance was calculated for the different vaccines compared to NV animals for
every age-group or for NV neonatal samples compared to NV adult samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Table 3a
Heat map of relative gene expression in skin after skin vaccination.

TLR1/2a TLR7/8a
neonate adult neonate

TLR9a Antigen (Ag) Placebo
adult neonate adult neonate adult neonate
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For each vaccine, only the significant relative fold-changes are presented for immune response genes 24 h after skin vaccination. The relative fold-change of the individual
genes in the vaccinated skin (n = 4) compared to the non-vaccinated skin (n = 4) is expressed in adult and neonatal pigs. The colour scheme for the relative gene expression is
as follows: the yellow results are not significantly changed after vaccination and fold-change is not indicated or have a significant fold-change between 0.5 and 2; <0.5 is dark
green (i.e. the respective gene is down regulated); between 2 and 10 is red (i.e. the gene is moderately upregulated) or >10 is dark red (i.e. the gene is strongly upregulated).
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Table 3b

Heat map of relative gene expression in draining lymph node after skin vaccination.

TLR1/2a TLR7/8a TLR9a Antigen (Ag)
gene cluster gene adult | neonate adult [ neonate adult [ neonate adult | neonate
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For each vaccine, only the significant relative fold-changes are presented for immune response genes 24 h after skin vaccination. The relative fold-change of the vaccinated
draining lymph node (LN) (n = 4) compared to the non-vaccinated LN (n = 4) is expressed in adult and neonatal pigs. The colour scheme for the relative gene expression is as
follows: The colour scheme for the relative gene expression is as follows: the yellow results are not significantly changed after vaccination and fold-change is not indicated or
have a significant fold-change between 0.5 and 2; <0.5 is dark green (i.e. the respective gene is down regulated); between 2 and 10 is red (i.e. the gene is moderately
upregulated) or >10 is dark red (i.e. the gene is strongly upregulated).
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were not significantly differentially regulated in our study, except
for CXCL10.

The early immune response in the draining LN, is essential to
induce and modulate the subsequent adaptive immune response.
In all draining LNs, except for the LNs of adult pigs vaccinated with
TLR9a, the gene expression of CCR7 was significantly upregulated,
which could be related to an increased expression on single DCs
and DC maturation [51]. On the other hand, the fold-change in
gene induction in the draining LN was clearly lower compared to
the genes that were induced in the skin after vaccination. The dura-
tion needed for LN activation after skin vaccination could be the
cause of this lower gene induction in the draining LNs. Significant
gene activation in the draining LN with CpG vaccination in goats
[52] required 72 h. On the other hand, several studies with pigs
[53-55] and neonatal primates [56] reported significant gene
upregulation in the draining LN already within 24 h following skin
and i.m. vaccination. The overall lower gene induction of the drain-
ing LNs in our study could also be related to the poor immunogenic
properties of the used vaccines, which was shown in a PRRSV vac-
cine study with similar skin vaccines [38].

Differences in basal gene expression in the neonatal control
LN compared to adult control LNs could indicate a difference
in immune development between adult and neonatal LNs con-
tributing to age-dependent differences in gene induction after
skin vaccination. Genes involved in B-cell activation (CD40/
CD69) showed a lower basal expression in the neonatal LN com-
pared to the adults, which is consistent with the limited protec-
tive B-cell responses described for neonates [25,57]. Additionally,
lower gene expression of Th1l cytokines IFNy and IL12 [58] in
the neonatal LN support the limited neonatal cellular immune
responses. These differences could limit the development of a
specific protective immune response in neonatal pigs after
vaccination.

The placebo patch was used to investigate the effects of
mechanical stimulation and induced predominantly downregula-
tion of pro-inflammatory genes in both adult and neonatal pigs
compared to the NV pigs. Another porcine study showed also that
placebo intradermal injection did not induce genes at 24 h after
vaccination, although at 2 h after vaccination upregulation of
pro-inflammatory genes (IL8, IL1B) and chemokines (CCL2, CCL3
and CCL20) was found [59]. Therefore, it is possible that the down-
regulation of e.g. CCL3 and DEFB1 observed in our study could have
been preceded by an upregulation of these genes. Interestingly,
more genes (e.g. chemokines CCL20 and CXCL10 in the APC cluster)
were upregulated in the neonatal pigs compared to the adult pigs
after placebo patch vaccination, indicating that the neonatal skin
was more responsive to the mechanical stimulation than the adult
skin.

The antigen-only (Ag) vaccination, which was administered in
neonates only, induced minimal changes in gene expression in
the vaccinated skin when compared to the vaccines in conjunction
with the different TLRa. However, the changes in gene expression
induced by the Ag-vaccine in the draining LN were comparable
to the vaccines containing TLRa. This suggests that the TLRa were
especially important for the local skin immune responses and that
the Ag had a limited contribution to the local immune response in
the skin.

This study investigated the skin as vaccine administration route
in neonatal and adult pigs. We showed induction of significant
immune responses in both neonatal and adult skin after applica-
tion of DMN-patches loaded with iPRRSV and different TLRa. In
both age-groups, skin vaccination with TLR7/8a induced the most
prominent early immune responses compared to other TLRa vacci-
nes, especially in the skin. However, age-dependent differences in
immune responses should be considered when developing skin
vaccines for pigs in different age-groups.
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