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Background: 1L-17-producing CD4* T (Th17) cells and their cytokines, IL-17A and 1L-22, are deeply
involved in the pathogenesis of psoriasis by stimulating epidermal keratinocytes to proliferate and to
produce cytokines/chemokines and vascular endothelial growth factor (VEGF)-A. Plasmacytoid dendritic
cells (pDCs), infiltrating in psoriatic lesions, are known to exacerbate the Th17-mediated pathogenesis of

psoriasis.
Keywords: Objective: To address the initiative role of VEGF-A in the development of psoriasis and the pDC
VEGF lati
1L-17 accumulation. _ '
v8 T cell Methods: Numerical changes and VEGF receptor 1 (VEGFR1) and VEGFR2 expressions were investigated
Plasmacytoid dendritic cell in skin-infiltrating T cells and pDCs of K14-VEGF-A transgenic (Tg) and wild type (WT) mice. The
Chemotaxis chemotactic properties of VEGF-A for purified splenic pDCs were also evaluated by real-time chemotaxis
Psoriasis assay.

Results: By flow cytometry and immunohistochemistry, we observed that the number of dermal IL-17A*
v3 T cells, but not CD4" T cells, was increased in VEGF-A Tg mice, suggesting that the main source of IL-
17A was y3 T cells. Moreover, we identified pDCs as 440c* cells by immunohistochemistry and as PDCA-
17B220" cells by flow cytometry, and found that pDCs infiltrated at a higher frequency in VEGF-A Tg than
WT mice. pDCs, but not y3 T cells, isolated from the skin expressed VEGFR1 and VEGFR2. Freshly isolated
splenic pDCs expressed both receptors after 48-h cultivation. pDCs did not produce cytokines in response
to VEGF-A, however, they had a strong velocity of chemotaxis toward VEGF-A at a comparable level to
chemerin.
Conclusions: These findings suggest that VEGF-A functions as not only a downstream enhancer but also
an upstream initiator by chemoattracting pDCs in psoriatic lesions.
© 2014 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Recent accumulating evidence has demonstrated that psoriasis is
mediated by interleukin (IL)-17-producing T helper (Th17) cells and
their released IL-17 and IL-22 [ 1]. For maintenance of Th17 cells, IL-
23 is essential and released from tumor necrosis factor-o (TNF-ot)
and inducible nitric oxide synthetase-producing inflammatory
dendritic cells (DCs) [2]. The inflammatory DCs are activated via
autocrine mechanism by virtue of TNF-c. Thus, the expression of IL-

* Corresponding author at: Department of Dermatology, Hamamatsu University
School of Medicine, 1-20-1 Handayama, Higashi-ku, Hamamatsu 431-3192, Japan.
Tel.: +81 53 435 2303; fax: +81 53 435 2368.

E-mail addresses: tokura@hama-med.ac.jp, tamaeo@hama-med.ac.jp
(Y. Tokura).

17,1L-22, IL-23, and TNF-« is elevated in psoriatic skin compared to
normal skin [1,3]. This cytokine network has been proven by the
therapeutic effectiveness of cytokine blocking biologics [4], includ-
ing antibody therapies to TNF-«, IL-23/IL-12p40, and IL-17 or its
receptors. It is noted that IL-17 and IL-22 are mainly produced by
Th17 cells in human, but they may be derived from 8 T cells in
mouse psoriatic or other inflammatory models [5-7].

IL-22 is the most effective cytokine for keratinocyte prolifera-
tion [8].IL-17 and/or IL-22 are capable of stimulating keratinocytes
to produce cytokines/chemokines and antimicrobial peptides [9].
Vascular endothelial growth factor (VEGF) is also produced by
epidermal keratinocytes in synergistic stimulation with IL-17 and
IL-22 [10]. Thus, proliferative keratinocytes in psoriatic skin are a
major source of VEGFs [11], and VEGFs induce microvascular
alterations in the dermal papillae essential for the development
and persistence of the psoriatic lesions. Vasculature provides
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cellular and tissue nutrition to hyperplastic keratinocytes and
promotes inflammatory cell migration [12].

VEGFs constitute a family of six polypeptides, VEGF-A, -B, -C, -
D, -E and PIGF, which regulate blood and lymphatic vessel
development. VEGFs specifically bind to VEGFR1, 2 and 3, and to
coreceptor neuropilins (Nrps) [ 13]. VEGF-A, a major regulator for
angiogenesis, binds and activates two tyrosine kinase receptors,
VEGFR1 and VEGFR2. While VEGFR2 has strong tyrosine kinase
activity and transduces the major signals for angiogenesis,
VEGFR1 plays dual roles, a negative role in embryonic angiogene-
sis and a positive role in adulthood in a tyrosine kinase-dependent
manner [14]. VEGFR1 is expressed not only in endothelial cells but
also in macrophage/monocyte-lineage cells [15] and even
leukemic cells [16], and promotes tumor growth, metastasis,
and inflammation [15]. Therefore, VEGFR1 is also a therapeutic
target for human diseases.

In addition to Th17 cells, inflammatory DCs, and their
cytokines, plasmacytoid DCs (pDC) are deeply involved in the
pathogenesis of psoriasis [17,18]. pDCs are maturated from
hematopoietic progenitor cells and migrate to the skin in various
pathological conditions [19]. Upon stimulation with toll-like
receptor ligands [20] and antimicrobial peptide-self DNA complex
[21], pDCs produce type 1 interferon (IFN) such as IFN-«. Although
the target cells of [FN-o remain to be elucidated, pDC-derived IFN-
« is thought to promote the Th17- or Thil-based cascade of
psoriasis.

Considering that VEGF is not only an angiogenetic factor but
also an inflammatory promotor, it is possible that keratinocyte-
derived VEGF stimulates pDCs that infiltrate in the upper dermis.
The aforementioned finding that monocyte/macrophage-lineage
cells express VEGFR1 further supports this possibility. We
therefore sought to investigate the role of VEGF-A for the activation
of pDCs. We used K14-VEGF-A transgenic mice (Tg) [22,23], which
exhibit spontaneous skin lesions resembling psoriasis [24,25].
Moreover, we studied in vitro the ability of VEGF-A to chemoattract
freshly isolated pDCs.

2. Materials and methods
2.1. Mice

The K14-VEGF transgenic mice over-expressing VEGF-A164 in
the epidermal basal layer were generated on FVB background by
inserting an expression cassette containing the human K14
promoter and the gene encoding murine VEGF-A164 using the
pronuclear microinjection technique [22]. The K14 promoter is
expressed specifically in the basal layer of stratified squamous
epithelium and controls expression of VEGF in the transgene
construct {26,27]. Homozygous K14-VEGF mice were used in this
study and wild type (WT) FVB mice were included as control
groups. Female FVB/N JCL mice, 8 weeks of age, were purchased
from CLEA Japan Inc. (Tokyo, Japan) and were maintained in
specific pathogen-free conditions according to the guidelines of the
Institute of Laboratory Animal Resources of Hamamatsu University
School of Medicine. All animal experiments were approved by the
Institution Animal Care and Using Committee.

2.2. Western blot analysis

We used skin samples from 8-week-old female mice for
Western blotting. We pulverized skin in protein extraction buffer
(100 mM phenylmethylsulfonyl fluoride, complete mini EDTA-free
protease inhibitor cocktail 1 tablet) with Ultra-Turrax (IKA-Werke
GmbH & Co. KG, Staufen, Germany). The homogenized tissues were
disrupted by sonication. Cell lysates were centrifuged at
15,000 x g, and the supernatants were collected into fresh tubes.
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Then, 4x SDS buffer with 0.1 mol/L 2-mercaptoethanol was added
to samples, which were boiled for 5 min at 95 °C. The extracts
(30 pg) were separated by 20% SDS-PAGE and electroblotted onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laborato-
ries, Hercules, CA), After electroblotting, PVDF membranes were
incubated with rabbit polyclonal antibodies to anti-mouse IL-17
(1:2000; Abcam, Cambridge, MA), goat polyclonal antibodies to
anti-mouse I1L-23p19 (1:1000; R&D, Minneapolis, MN), or B-actin
(1:1000; Cell Signaling Technology, Danvers, MA), and the reaction
was detected with horseradish peroxidase-conjugated goat anti-
rabbit 1gG (1:3000; Bio-Rad) or horseradish peroxidase-conjugat-
ed rabbit anti-goat IgG (1:1000; R&D). The signal was detected
using an ECL Plus Western blot detection system (GE Healthcare,
Piscataway, NJ).

2.3. Immunohistochemistry

Abdominal skin of mice was fixed in 4% paraformaldehyde for
10 min. Five pwm paraffin-embedded tissue sections were first
deparaffinized and dehydrated. Endogenous peroxidase activity
was quenched by incubating the slides in a solution of 700 w1 H,0,
(30%). The sections were incubated with primary antibody against
mouse IL-17 (1:100; Abcam) and antibody against CCL20 (1:30,
Abcam) at room temperature for 60 min. The slides were washed in
Tris-buffered saline (TBS) and incubated with the peroxidase-
conjugated affinipure goat anti-rabbit IgG (Jackson ImmunoR-
esearch, West Grove, PA) at room temperature for 30 min. The
slides were washed with TBS three times and incubated with
diamino-benzidine-tetrahydrochloride (DAB) as substrate and
counterstained with hematoxylin.

2.4. Immunofluorescence microscopy

Abdominal skin was embedded in OCT compound and snap-
frozen. Cryostat sections were immunostained with anti-IL-17
(Abcam), anti-CCR6 (R&D), anti- SIGLEC H mAb (440c; Abcam),
and anti-mouse CD11c¢ mAb (Biolegend, San Diego, CA). The
respective secondary antibodies were labeled with Alexa 488 or
594 (Molecular Probes, Eugene, OR). Nuclei were counterstained
with 4/,6’-diamidino-2-phenylindole (DAPI) (Molecular Probes).
Sections were examined, and digital images were captured
using the Olympus FluoView™ FV1000 confocal laser scanning
microscope (Tokyo, Japan). For pDCs, an immunohistochemical
staining for 440c, known as a pDC marker [28], was performed
in sections.

2.5. Flow cytometry

The following monoclonal antibodies (mAbs) were employed:
phycoerythrin (PE)-labeled anti-mouse IL-17A, CD4, TCRy/d and
B220 mAbs (all from Biolegend), Alexa Fluor 488-conjugated anti-
mouse VEGFR1 mAb (Flt-1; R&D), FITC (fluorescein isothiocya-
nate)-labeled anti-mouse VEGFR2 mAb (Flk-1; BD PharMingen,
San Jose, CA), and anti-neuropilin 1 (R&D), allophycocyanin (APC)-
labeled anti-mouse PDCA-1 mAb (CD317; Biolegend), and PE-
Cyanin7 (PE-Cy7)-labeled anti-mouse CD11c mAb (BD PharMin-
gen). All mAbs were used at 1-5 g/10° cells, and incubation was
performed for 30min at 4°C, followed by two washes in
phosphate-buffered saline (PBS, pH 7.4) supplemented with 5%
fetal calf serum (FCS) and 0.02% sodium azide. Non-specific stains
were performed with the adequate same-class immunoglobulin
for specific mAb. Fluorescent profiles were generated using
FACSCanto II (BD). Cells were first incubated with anti-mouse
Fcy II/III receptor mAb for 10 min to prevent non-specific binding
of the subsequent reagents to Fc receptors. 7-Amino-actinomycin
D (7-AAD) was added to exclude dead cells.
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2.6. Isolation of skin-infiltrating cells, lymph node cells, and peripheral
blood mononuclear cells

Skin sheets from mouse ears were separated from cartilage with
forceps and incubated in PBS with 1% bovine serum albumin (BSA)
containing collagenase I and collagenase II (Liberase TL Research
Grade; Roche, Indianapolis, IN) for 10 min at 37 °C with dermal
side down to separate epidermal sheets from dermal sheets. After
both epidermis and dermis were minced, cells were then filtered
through a 70-pm nylon mesh and washed before use. Fresh lymph
nodes obtained from mice were minced with a scalpel, pipetted
repeatedly in PBS, and strained through a 40-pm mesh to obtain a
single-cell suspension. For peripheral blood cells, erythrocytes
were lysed by incubating in lysis buffer (BD PharMingen) for 3 min
and washed.

2.7. Isolation and culture of splenic pDCs and CD11c¢* DCs

Spleens freshly taken from mice were minced with a scalpel,
pipetted repeatedly in PBS, and strained through a 40-p.m mesh to
obtain a single cell suspension. Erythrocytes were lysed by
incubating in lysis buffer for 3 min and washed. Splenic pDCs
were purified by negative selection using a MACS Plasmacytoid
Dendritic Cell Isolation Kit IL. Splenic CD11c" cells were purified by
positive selection using a Magnetic Activated Cell Sorter with anti-
mouse CD11c mAb (MACS; Miltenyi Biotec K.K. Tokyo, Japan).
Splenic DCs were cultured at 1 x 10° cells/ml in 96-well plates. For
the receptor expression study, they were cultured for 48 h in
200 !l complete RPMI 1640 (Sigma-Aldrich, St Louis, MO)
containing 10% heat-inactivated FCS, 5 x 10~> M 2-mercaptoetha-
nol, 2 mM r-glutamine, 25 mM HEPES, 1 mM non-essential amino
acids, 1 mM sodium pyruvate, 100 units/ml penicillin and 100 g/
ml streptomycin.

2.8. ELISAs for IFN-a and TNF-a

pDCs were cultured at 1 x 10° cells/ml in complete RPMI
1640 for 48 h with the following maintenance factors: 5 p.g/ml
CD40L trimer (R&D), 2.5 pg/ml recombinant murine GM-CSF
(R&D), 200 ng/ml recombinant human Flt-3 Ligand (R&D), and
20 ng/ml murine IL-3. Cultures were incubated at 37°C in a
humidified atmosphere and 0.1-100 ng/ml of recombinant
mouse VEGF 164 (R&D) were added at the beginning of culture.
As positive control, 10 p.g/ml phosphorothioate-modified oligo-
deoxynucleotides (ODN) CpG motifs 1826 (InvivoGen, San
Diego, CA) was used.

2.9. Chemotaxis assay

The chemotaxis of DCs was measured using an EZ-TAXIScan
system according to the manufacturer’s protocol (Effector Cell
Institute, Kanagawa, Japan), an optically accessible horizontal
chemotaxis apparatus, via a charge-coupled device camera (GE
Healthcare, Tokyo, Japan) [29]. As chemotactic factors, the assay
included 100 ng/ml (optimal for pDCs) or 250 ng/ml (CD11c* DCs)
of recombinant mouse VEGF 164 (R&D, MN) and 500 pg/ml
recombinant chemerin (R&D, MN). All cell suspensions and
chemokine dilutions were made in complete RPMI 1640. After
60 min, the number of sorted cells that migrated toward VEGF
front chamber in a straightforward manner was counted using an
Image ]. The cells that reached the upper chamber were
preferentially considered. For blockade of interaction between
VEGF-A and VEGF receptors, VEGFR1, VEGFR2 and Nrp1 neutrali-
zation was performed. pDCs isolated from splenocytes were
preincubated with 10 pg/ml of antibodies to VEGFR1 [30], VEGFR2
[30], or Nrp1{31] (R&D) for 60 min at 37 °C.

2.10. Statistical analysis

Student’s t test (two groups) or Kruskal-Wallis nonparametric
test (more than three groups) was employed to determine
statistical differences among means. Post hoc comparisons used
Bonferroni-corrected Mann-Whitney U tests.

3. Results
3.1. Skin infiltration of IL-17-producing yd T cells in VEGF-A Tg mice

We first characterized skin-infiltrating cells in VEGF-A Tg mice
whose keratinocytes produce a high amount of VEGF-A. In
accordance with the previous observation [25], skin samples from
abdominal skin of 8-week-old VEGF Tg mice exhibited higher
expressions of IL-17A and IL-23p19 than those of WT mice by
Western blot analysis (Fig. 1A). This indicates that IL-23, a crucial
cytokine for maintenance of Th17 cells, is elevated as well as IL-17A
in this mouse model of psoriasis. Next, abdominal skin specimens
were immunohistochemically stained with anti-IL-17A antibodies.
The number of positive cells was expressed as cell number/high
power field (HPF). The IL-17* lymphocyte frequency was enhanced
by tape-stripping. A significantly higher number of [L-17* lympho-
cytes infiltrated in VEGF-A Tg mice than in WT mice (Fig. 1B).

In human psoriasis, the main producer of IL-17 is CD4™ T cell,
namely Th17 cell. However, several murine experimental systems
for inflammatory conditions have disclosed that IL-17 is substan-
tially released by v T cells [5-7]. We isolated skin-infiltrating cells
from inflamed earlobes of 16-week VEGF-A Tg mice and performed
flow cytometric analysis by intracellular IL-17A staining and
surface y3TCR or CD4 staining. In a representative experiment (10
mice collectively analyzed), 25.3% of the gated fraction of y8 TCR* T
cells had IL-17A in the cytoplasm, while a minimal percentage
(0.5%) of CD4"* T cells bore IL-17A (Fig. 2A). yd TCR™ T cells were
double negative for CD4 and CD8 (data not shown). When 31 Tg
mice and 19 WT mice were collectively analyzed, the percentage of
IL-17A" y3 T cells in VEGF-A Tg mice was twice or more higher than
that in WT mice, but IL-17* CD4" T cells were not increased
compared to WT mice (Fig. 2B). Thus, yd T cells were the major
source of IL-17A in VEGF-A Tg mice.

We also compared IL-17" yd T cell frequencies in the lymph
nodes and peripheral blood of VEGF-A Tg mice. The percentages of
IL-17" cells in y3 T cells were 26.8% in the skin, 2.0% in the lymph
nodes, and 0.002% in the peripheral blood, suggesting preferential
infiltration of IL-17* y& T cells in the skin.

To address the mechanism underlying yd T cell accumulation,
the abdominal skin sections from 8-week VEGF-A Tg and WT mice
were stained for chemokine receptor CCR6 and its ligand CCL20,
which regulate migration of Th17 and yd T cells. CCL20 was
expressed in dermal fibroblasts, and its expression was increased
in the tape-stripped VEGF-A Tg mice (Fig. 3A). By double-staining
for CCR6 and vd TCR, dermal-infiltrating yd T cells bore its
receptor CCR6, and their number was high in VEGF-A Tg mice
(Fig. 3B). It is possible that VEGF-A mediates CCL20 expression via
as yet unknown mechanism in fibroblasts and leads to y3T cell
accumulation.

3.2. Skin infiltration of pDCs in VEGF-A Tg mice

The infiltrate of pDCs, as assessed by 440c immunoreactivity,
was examined along with CD11c¢* DCs in the abdominal skin of 8-
week VEGF-A Tg mice. 440c” cells infiltrated in the upper dermis at
a higher frequency in VEGF Tg mice than in WT mice (Fig. 4A). The
number of 440c¢* pDCs in VEGF-A Tg mice was three times of that in
WT mice (Fig. 4B). CD11c* DCs were also increased in VEGF-A Tg
mice more than twice of that in WT mice.
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Fig. 1.1L-17A and 1L-23p19 protein expressions and IL-17A" cell infiltration in abdominal skin of VEGF-A Tg mice. (A) Western blot analysis of abdominal skin specimens taken
from 8-week-old VEGF-A Tg mice and WT mice. The expression levels of IL-17A and IL-23p19 were examined in parallel with that of B-actin. Parentheses indicate the
molecular weight and the dilution of primary antibody. (B) Immunochistochemical study of IL-17A" cells in abdominal skin of VEGF-A Tg and WT mice tape-stripped or non-
treated. The number indicates the mean & SD (n = 10) of IL-17" cells/HPF. *P < 0,001, compared with the corresponding WT mice. **P < 0.001, compared with the corresponding
non-tape-stripped mice.

VEGF-A Tg WT

_6 5 TR EFCE) L REEY — ey Foes
*E o 3.9% L 13.2% o 7.1%
8 xe“ '<E 56t S :
(8]
® L
% 1 i’ 1’ 8
9 g
- [Z]
- G 0L% . ‘;“2%
yo TCR
[ Qso/oosm-;% g inws 2'4%13
: =
< 1 8w 9]
~ @ o
- QL [
= > Lo
B z
o
P2 )
[E ! -
D‘cﬁ'ﬁ
TS
“» 0 19 mice 31 mice 8 19 mice 31 mice
32 33
ST ® — S G2
~ O ~
ooom M S
= o ; ) SR N
S Y Q : i
o ™~ CINg
= WT Tg ® WT Tg

Fig. 2.1L-17"y3 T cellsand CD4" T cells isolated frominflamed ear skin of VEGF-A Tg mice and normal-appearing ear skin of WT mice. (A) Flow cytometric analysis of skin-infiltrating
cells from ears of 16-week-old VEGF-A Tg mice (10 mice collectively analyzed) and WT mice (10 mice collectively analyzed). Skin-infiltrating cells were isolated by collagenase
treatment and were subjected tointracellularIL-17A staining and surface yd TCR or CD4 staining. Representative flow cytometric data are shown. (B) Percentage of IL-17" cellsiny3 T
cellsand IL-17" cells in CD4" T cells. The experiments were performed twice independently with totally 19 WT mice and 31 VEGF-A Tg mice. Bars represent the mean of each group.
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A. CCL20 WT VEGE-AT,

No Tx Tape-stripping No Tx Tape-stripping

B. CCR6 WT VEGF-ATg
No Tx

CCR6 (red), YO T cells (green), merge (yellow, arrowheads
Fig. 3. CCL20" fibroblasts and CCR6™ lymphocytes in abdominal skin of VEGF-A Tg and WT mice. (A) Immunohistochemical staining for CCL20. The number of CCL20*
fibroblasts was increased in the tape-stripped 8-week-old VEGF-A-Tg mice. (B) Double-immunofluorescence staining for CCR6 (red) and y8 TCR (green). Arrowheads indicate
merge (yellow) of both CCR6 and 8 TCR. The number of CCR6" lymphocytes was increased in the tape-stripped 8-week-old VEGF-A-Tg mice. (For interpretation of the

references to color in figure legend, the reader is referred to the web version of the article.)
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Fig. 4. pDCs and CD11c¢" DCs infiltrating in abdominal skin of 8-week VEGF-A Tg and WT mice. (A) Immunofluorescence staining of pDCs and CD11c¢* DCs. pDCs and CD11¢*
DCs were identified as 440c* cells and CD11c" cells, respectively. Arrowheads indicate positive cells or clusters of positive cells. (B) The mean numbers =+ SD of positive cells/
HPF (n = 3) are shown. *P = 0.003, **P = 0.08, compared with WT mice.
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Skin-infiltrating cells were isolated from the inflamed ears of
VEGF-A Tg mice and analyzed for pDCs by flow cytometry with
anti-PDCA-1 and anti-B220 mAbs. pDCs were present in the high
forward scatter and side scatter fraction and identified as PDCA-1*
B220" cells (Fig. 5A). This PDCA-1" B220" cell population was
CD11c low-positive. The isolated cells (10 mice collectively
analyzed) contained a higher percentage of PDCA-1* B220" cells
in VEGF-A Tg mice (~3 x 1073%) than in WT mice (~1 x 1073%).
The pDC number in another organ was also examined. In single cell
suspensions of spleen cells, the percentages of PDCA-1" B220" cells
were comparable between VEGF-A Tg (~134 x 1073%) and WT
mice (~124 x 1073%), indicating preferential infiltration of pDCs in
the skin of VEGF-A Tg mice.

Thus, pDCs infiltrate at a high frequency in VEGF-A Tg mice as
well as IL-17A" v T cells.

3.3. Expressions of VEGFR1, VEGFR2, and Npr1 in skin-infiltrating
pDCs and CD11c” cells, but not y& T cells

To address the potencies of pDCs, CD11c¢” DCs, and IL-17" yd T
cells to respond to VEGF-A, we examined the expressions of
VEGFR1, VEGFR2, and Npr1 on the cells isolated from ears. PDCA-1*
B220" pDCs in WT mice expressed VEGFR1 and VEGFR2 remark-
ably and Npr1 weakly (Fig. 5A). CD11c" DCs also expressed these
receptors, but to lesser degrees than pDCs (Fig. 5B). The skin-
infiltrating pDCs and CD11c¢" DCs from the inflamed ears of VEGF-A
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Tg mice showed undetectable expression levels of these receptors,
suggesting its expression was decreased in activated pDCs. On the
other hand, skin-infiltrating yd T cells did not bear any of these
receptors (Fig. 5C).

3.4. Expressions of VEGFRT and VEGFR2 by cultivation of splenic pDCs
from WT mice

To test resting pDCs have an ability to express VEGFR1 and
VEGFR2 upon stimulation, spleen cells from WT mice were
cultured in complete RPMI, and the expression levels of the
receptors were monitored in PDCA-1* B220* pDCs. Freshly isolated
splenic pDCs did not substantially express VEGFR1 or VEGFRZ,
although Nrp1 expression was high (Fig. 6A). However, when
spleen cells were cultured for 48 h, their VEGFR1 expression was
markedly and VEGFR2 was moderately elevated, and the Nrp1
expression was reduced but still retained (Fig. 6B). Thus, isolation
and cultivation of pDCs augmented the receptor expression. The
addition of Toll-like receptor ligand poly(I:C) to the pDC culture in
complete RPMI did not further enhance VEGFR1, VEGFR2 or Nrp1
expression (data not shown).

3.5. No ability of pDCs to produce cytokines in response to VEGF-A

To evaluate whether VEGF-A functionally stimulates pDCs, we
investigated the effects of VEGF-A on cytokine production and
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chemotaxis in both cells. pDC were isolated from WT mouse spleen
cells by MACS by negative selection and cultured in the
maintenance medium, containing CD40L trimer, GM-CSF, Flt-3
ligand and IL-3, with recombinant VEGF-A for 48 h. The
concentrations of IFN-a and TNF-o. were measured in the culture
supernatants. CpG-ODN, as positive control, stimulated pDCs to
produce IFN-a and TNF-a, but VEGF-A was not stimulatory for the
production of the two cytokines (Fig. 7).
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Fig. 7. No ability of VEGF-A to stimulate pDCs for cytokine production. pDCs were
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concentration. The concentrations of IFN-a and TNF-o were measured by ELISA.
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3.6. Chemotactic activity of pDCs toward VEGF-A

The effects of VEGF-A on the migration of pDCs and CD11c¢" DCs
were assessed by a chemotaxis assay that allows direct visualiza-
tion of cell migration. pDCs and CD11c¢* DCs were isolated by
negative and positive selections, respectively, from WT mouse
spleen cells, and time-lapse images of cell migration during
chemotaxis were photo-documented by EZ-TAXIScan, plotted, and
analyzed by Image ] software. The migration traces of pDCs and
CD11c" cells were plotted against time and distance, and velocity
was calculated. As shown in representative cells, pDCs migrated
toward VEGF-A in a straightforward manner as compared to
control (Fig. 8A). The addition of antagonist to VEGFR1, VEGFR2, or
Nrp1 yielded random movement, and the addition of both VEGFR1
and VEGFR2 antagonists resulted in velocity reduction. When the
mean velocity levels of pDCs toward VEGF-A were calculated,
VEGFR1, VEGFR2, Nrpl, and both VEGFR1 and 2 antagonists
significantly suppressed the velocity of pDCs toward VEGF-A
(Fig. 8B). The chemoattracting ability of VEGF-A was comparable to
chemerin, a well-known chemokine for pDCs (Fig. 8B). In contrast,
CD11c" cells showed no chemotaxis toward VEGF-A (Fig. 8C).

4. Discussion

Our study showed that v T cells, instead of Th17 cells, are the
major IL-17-producing T cells in VEGF-A Tg mice. IL-17* y3 T cells
preferentially infiltrated in the skin as compared to the lymph
nodes and peripheral blood, suggesting the association of locally
released VEGF-A and IL-17" T cell infiltration. Such an immuno-
logical replacement of Th17 cells with y3 T cells has been observed
in several murine experimental systems. Dermal y8 T cells in mice
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constitutively express the IL-23 receptor and transcriptional factor
RORvt, and yd T cell IL-17 production is independent of a3 T cells
[5]. Th17 cells are not the primary source of IL-17A, IL-17F, and IL-
22 in mice, and they are produced by a skin-invading population of
v38 T cells and RORyt" innate T cells [7]. In human psoriasis, the
importance of IL-17-producing yd T cells is also suggested [5], but
its significance remains to be clarified in a comparison with Th17
cells.

More importantly, we found that a high number of pDCs
infiltrated in the dermis of VEGF-A Tg mice. The number of DCs and
the tissue VEGF amount may be positively or inversely correlated,
depending on DC subsets [32]. It is known that activation of dermal
pDCs and their IFN-o exacerbate psoriasis in humans [17] and a
xenograft model of human psoriasis [18]. In imiquimod-induced
psoriasis-like skin inflammation, the numbers of skin-infiltrating
pDCs and CD11c¢* DCs and the expression levels of 1L-23, IL-17A,
and IL-17F were increased [33]. Toll-like receptor 7 ligation on DCs
induced IL-36-mediated crosstalk with keratinocytes and dermal
mesenchymal cells that was crucial for control of the pathological
IL-23/IL-17/IL-22 axis and disease development [34]. However, the
interaction of IFN-a with the Th17-mediated pathogenesis of
psoriasis remains poorly understood.
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We found that pDCs have receptors for VEGF-A and migrate
toward VEGF-A. While skin-infiltrating pDCs expressed VEGFR1
and VEGFR2, splenic pDCs expressed neither VEGFR1 nor VEGFR2.
However, when splenic pDCs were cultured for 48h, they
expressed VEGFR1 and VEGFR2, suggesting upregulation of the
receptors upon stimulation. It is considered that VEGFR was
expressed from an undetectable level to a low but presumably
effective level during the chemotaxis assay. Although VEGFR1 was
expressed at a higher level than VEGFR2 in cultured splenic pDCs,
both VEGFR1 and VEGFR2 antagonists suppressed the pDC
chemotaxis toward VEGF-A.

VEGF-A has two tyrosine kinase receptors, VEGFR1 and VEGFR2.
VEGFR2 transduces the major signals for angiogenesis with its
strong tyrosine kinase activity, and VEGFR1 plays a negative role in
embryonic angiogenesis [14]. In macrophage/monocyte-lineage
cells, however, VEGFR1 oppositely has a positive role in a tyrosine
kinase-dependent manner and promotes inflammation [15]. While
macrophages and monocytes produce VEGF [35], they can also
respond to VEGF [36]. VEGF is able to elicit a migratory response in
monocyte-derived THP-1 cells via VEGFR1 [37], and VEGF-A
induces chemotaxis of monocytes presumably via VEGFR1 [38,39].
These findings are in agreement with our present finding that pDCs
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express VEGFR1 and VEGFR2 and have a chemotactic activity
toward VEGF-A.

Similarly to pDCs, CD11c" DCs infiltrated at a higher number in
VEGF-A Tg mice than in WT mice. By chemotaxis assay, splenic
CD11c” DCs exhibited no chemotaxis toward VEGF-A. IL-23-
producing inflammatory DCs [2] may be contained by the CD11¢*
DC fraction and are essential for IL-17 production by Th17 cells or
IL-177 y8 T cells. Our results suggest that VEGF-A contributes to the
accumulation of pDCs, but not inflammatory DCs, in the lesional
skin. Since IL-17* y3 T cells did not express VEGFR1 or VEGFR2,
VEGF-A is unable to directly stimulate IL-17" y3 T cells. One
possible mechanism underlying the VEGF-A-induced 1L-17* v3 T
cell activation is that pDCs interact directly or indirectly with
inflammatory DCs to produce IL-23. This issue should be clarified
in a future study.

In the pathogenesis of psoriasis, VEGF-A1 is produced from
epidermal keratinocytes as a result of stimulation with IL-17 and
IL-22 derived from Th17 cells or yd T cells. In this context, VEGF-A
is a downstream factor that induces vascular proliferation in the
dermal papillae. However, our study suggests that VEGF-A initiates
the psoriatic inflammatory cascade by stimulating pDCs. The tight
interaction between VEGF and pDCs may contribute to under-
standing of the pathogenesis [40], and blocking of the VEGF-
induced pDC stimulation is a potential therapeutic target for
psoriasis.
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ABSTRACT

Background: Malignant melanoma (MM) often shows multiple chemo-resistance, leading to poor
prognosis of the patients. Therapeutic anti-cancer vaccination may be a feasible way to prolong the
survival of patients. We have demonstrated that application of antigenic peptides via the tape-stripped,
horny layer-removed skin, known as percutaneous peptide immunization (PPl), induces tumor cell-
specific cytotoxic T lymphocytes (CTLs) in rodents and humans.
Objective: To evaluate clinical significance of PPI in advanced MM patients.
Methods: We performed PPl in 59 patients undergoing advanced MM with Melan-A, tyrosinase, MAGE-
2, MAGE-3 and gp-100 peptides based on HLA typing in individuals. The induction of CTLs was assessed
by the tetramer or pentamer flow cytometry in 35 patients. Patients showing positive CTL responses to
all antigens were defined as complete responder (n = 18), and those showing negative responses to at
least one applied antigen were classified as incomplete responder (n = 17). The primary endpoint of the
study was overall survival (OS). For statistical analysis, log-rank test, univariate and multivariate Cox
proportional hazard model were used.
Results: OS of the complete responders was longer than that of the incomplete responders (median
survival time: 55.8 vs 20.3 months, log rank P=0.089). A hazard ratio for the complete responders
relative to the incomplete responders was 0.23 (95% confidence interval: 0.06-0.93, P=0.039) in a
multivariate Cox proportional hazard model.
Conclusion: The induction of CTLs was a novel independent survival factor, and the induction of peptide-
specific CTLs by PPI contributes to the prolonged survival and represents an impact on therapeutic
approaches in MM.
Unique trial number: UMINOO0005706.
© 2014 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Malignant melanoma (MM) represents an aggressive skin

Abbreviations: APC, antigen-presenting cells; CTLs, cytotoxic T lymphocytes; DC,
dendritic cells; MM, malignant melanoma; OS, overall survival; PBMCs, peripheral
blood mononuclear cells.
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neoplasm and shows rapid tumor progression and metastasis,
leading to a reduced patient survival. Metastatic cutaneous MM is
often resistant to conventional therapies, such as chemotherapy,
radiation, and surgical resection. On the other hand, MM has a
highly immunogenic property, as represented by spontaneous
regression occasionally seen in primary tumors [1]. Therefore,
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immunotherapy was initially applied to MM, and there have been a
considerable number of clinical studies on the immunological
treatment modalities for MM [2-4]. Effective presentation of the
defined tumor antigens is one of the key factors to develop a
durable immunotherapy for advanced MM. Furthermore, the
antigen recognition and subsequent antigen-mediated cytotoxici-
ty by T cells infiltrating in tumor microenvironment are essential
for efficient promotion of tumor elimination. Clinically, it remains
to be elucidated whether the occurrence of antigen-specific T cell
responses can be an indicator for prolongation of the patients’
survival,

Depletion of T cell-mediated immune responses results in a
rapid tumor growth in experimental animal models [5]. Cytotoxic
CD8" T lymphocytes (CTLs) recognize tumor-associated antigens
[6-8]. Adoptive transfer of tumor-specific CTLs is capable of
eradicating certain types of tumors [9,10}, suggesting that CTLs are
crucial for tumor-specific adaptive immunity. CTLs attack tumor
cells expressing tumor-associated antigenic peptides with major
histocompatibility complex (MHC) class I on the cell surface. When
CD8" T cells recognize the tumor-specific antigen, they produce
interferon-y (IFN-y) and mediate cytostasis and cell death.
Furthermore, CD8" T cells promote cell cycle inhibition, apoptosis
and angiostasis, and induce the tumoricidial activity of macro-
phages in tumor microenvironment [11,12].

Antigen-presenting dendritic cells (DCs) play an important role
in mediating antigen-specific T-cell responses [9]. Immunothera-
pies have been improved with the knowledge that T cell antitumor
activity can be enhanced with antibodies against immunoregula-
tory molecules (checkpoint blockade). Current immunotherapy
strategies include monoclonal antibodies against tumor cells or
immunoregulatory molecules, cell-based therapies such as adop-
tive transfer of ex vivo-activated T cells and natural killer cells, and
cancer vaccines. It is an issue how the current understanding of DC
and T cell biology might enable the development of next-
generation cancer vaccine therapies [13]. Emerging evidence has
shown that DC-based vaccination may be potent, while the
corresponding method requires a particular technique. Thus, a
simple and efficacious procedure is desired for the efficient antigen
vaccination and presentation.

We have previously established the simple method by
attaching peptide vaccines on the barrier-disrupted skin so that
MM-specific CTLs can be induced in a mouse model and a small
number of patients [14,15]. This study shows the advantage of
novel percutaneous peptide immunization (PPI) for advanced
melanoma patients. Based on this finding, we subjected the simple
technique to 59 advanced MM patients in multi-institutional joint
research. We identified, for the first time, that the induction of CTLs
reveals an independent prognostic factor for MM patients.

2. Materials and methods
2.1. Eligibility and study design

Patients were eligible those who were histologically confirmed
as MM, aged 20 years or older, compatible with HLA-A0201 or HLA-
A2402. Patients were ineligible with the history of previous
chemotherapy, vaccination within 4 weeks, or macroscopic
metastatic lesions in the liver or brain. The other ineligible factors
included present pregnancy, immunosuppressant administration,
and coexistence of eczematous lesions, hepatitis or collagen
diseases. All patients provided a written informed consent. The
present study was approved by the ethics committee of
Hamamatsu University School of Medicine. The study design
was an open labeled, single arm, prospective and interventional
trial.

2.2. Synthetic peptides

Four custom-synthesized peptides including tyrosinase
(AFLPWHRLF), MAGE-2 (EYLQLVFGI), MAGE-3 (IMPKAGLLI) and
gp-100 (VWKTWGQYW,; all from Peptide Institute, Inc., Osaka,
Japan) were used as HLA-A2402-restricted epitopes. Modified
Melan-A immunodominant cells (ELAGIGLTV; Peptide Institute)
were used as HLA-A0201-restricted epitopes [16]. Respective
purity was >95% as confirmed by high-pressure liquid chroma-
tography.

2.3. Epidermal barrier disruption

To remove stratum corneum, 5 cm x 5 cm square plastic plates
were evenly painted with 100 mg/plate of cyanoacrylate (Aron
alpha A Sankyo, Tokyo, Japan) or PPT3 tape (LINTEC, Tokyo, japan),
which were attached to the skin for 3 min and removed gently. This
procedure was repeated three times at a single spot.

2.4. Percutaneous peptide immunization (PP])

Respective solution of immunization peptides was made prior
to topical application. HLA-A0201 subjects received 3 mg of
Melan-A peptide in 3 ml of 5% DMSO in phosphate buffered saline
(PBS). A cocktail of 3 mg each of tyrosinase, MAGE-2, MAGE-3, and
gp-100 peptide in 3 ml of 5% DMSO in PBS was used for HLA-A2402
subjects. In patients who had both HLA-A0201 and HLA-A2402, we
used 3 mg of all peptides in 3 ml of 5% DMSO in PBS. Right after the
removal of stratum corneum (Fig. 1A, top, middle), respective
peptide solution was soaked up by the gauze pads (each
5cm x 5 cm), which were then applied to each of six barrier-
disrupted areas (total area 150 cm?) and immediately covered with
adressing film (Fig. 1A, bottom). The pads were removed 24 h later.
We avoided the area close to the lymph nodes surgically resected.
PPl was repeated ten times at monthly intervals by placing the
patches at different areas of the skin. Stable and responding
patients were followed up, and when the frequencies of all CTLs
became lower than 50% of their maximum points, the patients
were eligible for the second cycle of vaccination.

2.5. Measurement of immune responses by flow cytometry

Peripheral blood was collected from the patients just before and
3-6 months after the PPl Peripheral blood mononuclear cells
(PBMCs) were purified by standard Ficoll density centrifugation
and subjected to flow cytometric analysis. Blood samples were run
on a FACS Calibur flow cytometer (BD Bioscience, San Jose, CA)
using Cell Quest Software. Phycoerythrin (PE)-labeled MHC
pentamers specific for tyrosinase, MAGE-2 and MAGE-3, were
custom-synthesized by Prolmmune Limited (Littlemore, UK). PE-
labeled tetramer for Melan-A was purchased from Beckman
Coulter (Villepinte, France). PE-labeled tetramers specific for HIV
gag (SLYNTVATL) for HLA-A0201 and tetramers specific for
Cytomegalovirus pp65 (QYDPVAALF) or tetramers specific for
Epstain-Barr virus BMLF-1 (DYNFVKQLF) for HLA-A2402 were
used as controls. PBMCs were stained with PE-labeled HLA-A0201
tetramers or PE-labeled HLA-A2402 pentamers and T-Select
Antibodies Gating Kit according to the manufacture’s direction
(Medical & Biological Laboratories Co.) including FITC-labeled anti-
CD8, PC5-labeled anti-CD4, anti-CD19, and anti-CD13 monoclonal
antibodies (mAbs). We analyzed 1.0 x 10° PBMCs for CTLs specific
to each antigen. Because no HLA-A2402 pentamer or tetramer for
gp-100 was available, patients with HLA-A2402 were evaluated
with for only tyrosinase, MAGE-2 and MAGE-3-specific CTLs. The
frequencies of antigen-specific CTLs from HLA-matched healthy
donors were used as control (n =6 for both types of HLA).
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Fig. 1. Demonstration of PPl and representative data of flowcytometric analysis of tetramer/pentamer-positive CD8 cells. (A) To remove the stratum corneum, PPT3 tape is
attached to the skin for 3 min (top) and removed gently (middle). This procedure was repeated three times. The treated skin becomes slightly reddish. Then, the peptide-
containing pad is topically applied and covered with a film (bottom). The exposure of the peptides to the skin is performed for 24 h. (B) CD8" cells are on the x-axis and

tetramer/pentamer-positive cells are on the y-axis.
2.6. CTL response evaluation

When the frequency of the antigen-specific CTLs was equal or
greater than mean + 2SD of the control, we considered the value as
positive. When it was lower than mean + 2SD of the control, it was
considered negative. Patients showing positive responses to all
applied antigens were defined as complete responder, and those
showing negative responses to at least one applied antigen were
classified as incomplete responder. Therefore, the incomplete
responder also included the complete non-responder.

2.7. Clinical response evaluation

Tumor evaluation included physical examination and axial
computed tomography (CT) scans before treatment. Stable and
responding patients were evaluated every 6 months by physical
examination, blood tests and CT scan. Overall response was
evaluated by modification of Response Evaluation Criteria in Solid
Tumors (RECIST 1.1).

2.8. Statistical analysis

The analysis aimed at determining whether high responders to
PPI have a better prognosis than do the low or non-responders. The
primary endpoint of the study was overall survival (OS), which was
defined as the interval between the date of PPI initiation and the
date of death or last follow-up. The survival curve was calculated
by Kaplan-Meier product limit method. The association between
OS and prognostic factors were assessed by HR and 95% CI used
multivariate Cox proportional hazard model using Landmark
method [17]. As the study did not employ randomization because
of the properties of the study, we defined multivariate analysis
adjusted for established prognostic factors as a primary analysis.
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Potential confounding factors considered in the multivariate
analysis were age as a continuous variable, sex (male or female),
primary site (limbs, mucosa, or others), LDH (<400IU/L or
>400IU/L), PS (0, 1, or 2-4), history of chemotherapy (never or
ever), and disease stage (I-IIl or IV). For reference, univariate
analysis was done by the log-rank test and univariate Cox
proportional hazard models. Statistical analyses were performed
using STATA version 10 (Stata Corporation, College Station, TX).
The frequencies of specific CTLs were compared by Wilcoxon T test.
We defined a priori P-value less than 0.05 in a primary analysis as
threshold to indicate significant impact of induction of CTLs by PPI.
For other analyses, we conventionally applied P-value less than
0.05 as statistically significant.

3. Results

In April 2003 to March 2011, 59 patients with advanced MM
were subjected to PPl by using the stratum corneum-removal tape-
stripping technique (Fig. 1A). No hematologic abnormality was
observed after PPL. The most frequent adverse events were
generalized progressive vitiligo (12 out of 59 patients) after
several months of immunization. Four patients had irritant
dermatitis at the treated sites.

CTLs were evaluated in 35 patients before and after PPI, and 24
patients were excluded in the following analysis, because CTLs
were not examined either pre- or post-PPI or both. Among the 35
patients, 27 and 15 patients were positive for HLA-A2402 and
A0201, respectively. Seven patients were positive for both HLA
types. As represented by a patient responding well to PPI (Fig. 1B),
the dot-plot flow cytometry revealed the frequencies of CD8* CTLs
specific to tyrosinase, MAGE-2, MAGE-3, and Melan-A were all
increased after 3 to 6-time PPI treatments as compared to the pre-
PPI values.
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Fig. 2. Percentage of each tetramer/pentamer-positive cells in CD8* T cells. (A) The frequencies of CD8" CTLs specific to tyrosinase, MAGE-2, MAGE-3, and Melan-A were
monitored before and after 3 to 6-time PPl treatments. The control represents the data from healthy subjects. (B) Three-year follow up of the frequencies of the applied

antigen-specific CLTs (n = 3 for Melan-A, n =6 for tyrosinase, MAGE-2 and MAGE-3).

Even before PPI treatment, the frequencies of peptide-specific
CTLs in MM patients were largely higher than those of the healthy
control subjects. The pre-therapy CTL frequencies to Melan-A were
significantly higher, and those to the other three antigens tended to
be higher than the controls (Fig. 2A). More importantly, the CTL
frequencies further increased significantly after PPL. The P-values
for tyrosinase-, MAGE-2-, MAGE-3- and Melan-A-specific CTLs
were 0.006, 0.001, 0.001 and 0.001, respectively (Wilcoxon t-test),
We examined the degree of patients’ responsiveness to PPl by
monitoring the CTL frequencies. Among the patients with HLA
A2402, 19 of 27, 19 of 27 and 23 of 27 patients developed positive
responses to tyrosinase, MAGE-2 and MAGE-3, respectively
(Fig. 2A). We monitored the frequencies of CTL for 3 years in
several complete responders. The frequencies of the antigen-
specific CTL remained or slightly increased in the patients who
survived and showed positive responses to tyrosinase, MAGE-2,
and MAGE-3 (Fig. 2B), presumable by the repeated course of
immunization. In addition, among the patients with HLA A0201, 12
of 15 patients developed positive responses to Melan-A. Eighteen

patients showed positive responses to all applied peptide antigens,
and we defined them as complete responders. The rest of the
patients (n = 17) were negative for at least one applied antigen, and
we defined them as incomplete responders. Among the incomplete
responders, 2 patients were negative to all applied antigens. There
was no significant difference in the patients’ characteristics
between the complete and incomplete responders (Table 1).

The overall survival time in the complete and incomplete
responders were investigated by Kaplan-Meier method (Fig. 3). At
a median follow-up time of 16.2 months, the complete responder
group had a longer survival than the incomplete responder group
(MST; 55.8 vs 20.3 months, P = 0.089). Univariate and multivariate
analyses were performed to examine the relationship between OS
and CTL induction (Table 2). The multivariate analysis was
adjusted for age, sex, primary site, LDH, PS, history of chemothera-
py, and disease stage. The complete responder group had a
significantly higher survival than did the incomplete responder
group (HR=0.23, 95% CI: 0.06-0.93, P=0.039). This association
was consistently observed when we exclude primary site from the
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Table 1
Patient characteristics.

CTL induction p

Complete responder Incomplete-responder

Age (mean, SD) 0.687
54.9+16.9 57.3+18.1

Sex 0.631
Male 12 10
Female 6 7

Primary site 0.128
Limb 9 5
Mucosa 0 3
Other 9 9

LDH 0.714
<4001U/L 15 14
>4001U/L 1 2

PS 0.803
0,1 16 14
>2 1 2

History of chemotherapy 0.113
Never 2 6
Ever 16 10

Disease stage 0.369
I-111 3 5
v 15 12

model (data not shown). Univariate analysis showed consistent
association between OS and CTL response after PPL Since we used a
cocktail of the peptides, we were unable to directly compare the
efficacy of each peptide. Among the incomplete responders,
however, we observed no significant correlation between the
overall survival and the antigen incapable of inducing positive
responses. Moreover, there was no significant difference in the
overall survival between HLA-A0201 and A2402 (log-rank
P=0.213), suggesting that there was no priority in the efficacy
of A0201 or A2402-related peptides.

4. Discussion

It was reported that the objective response (PR + CR) in the DC
vaccination therapies with peptides was 7.8% [18]. In the present
study, at least 3-month period was required for the induction of
CTLs. Since 50 of 59 patients showed PD, we were able to monitor
the frequencies of CTLs after PPI in only 35 patients. Nevertheless,
we showed that the superior survival of advanced MM patients
significantly correlated with the complete induction of peptide-
specific CTLs by PPI. Multivariate analyses further revealed that the
complete responder is an independent survival factor in the MM
patients who received PPI. Thus, the vaccination has a clinical
impact on therapeutic approaches in metastatic MM. Even before
the PPI treatment, the frequencies of specific CTLs in the blood
were higher than the controls, and they further increased after the
treatment, suggesting the contribution of CTLs to the therapeutic

Table 2
The association between CTL induction and overall survival.

1.00
L

—~— CTL complete responders
— CTLincomplete responders

0.75

Qverall survival
0.50

0.25

T T ;) T

24 48 72 96
Survival time (month)

o

Fig. 3. Overall survival time in association with CTL induction. Patients showing
positive responses to all four antigens were defined as complete responder, and
those showing negative responses to at least one applied antigen were classified as
incomplete responder. The complete responders show a superior survival as
compared with the incomplete responders by Kaplan-Meier method.

effect. We have previously shown that peptide-specific CTLs are
successfully induced by PPI and infiltrate in the tumor lesions, and
can reduce the tumor size [14]. In agreement with our finding, it
was reported that the presence of tumor-infiltrating lymphocytes
in the primary sites or in the metastatic foci of lymph nodes is an
independent prognostic factor for cutaneous MM [19,20]. Since
Melan A and tyrosinase are expressed not only in melanoma cells
but also by normal melanocytes, autoimmune reactions possibly
occur against normal melanocytes, as the development of ocular
and systemic autoimmunity following the immunotherapy has
been documented. All of our patients were screened for uveitis
before and after the PPl and none showed positive findings. The
common adverse events were systemic progressive vitiligo, seen in
12 patients, but no life threatening side effect was observed.

On the other hand, recent studies have suggested that MM is
resistant to the CD8* T cell-based vaccination therapy. A number of
mechanisms have been put forward to explain the resistance [21].
The tumor induces peripheral tolerance of tumor-specific CD8* T
cells by their clonal deletion [22] or peripheral anergy [23,24], or
induction of regulatory T cells [25]. The tumor cell per se develops
immune evasion mechanisms to prevent recognition and killing by
CTLs [26]. More recently, promotion of PD-1/PD-L1 engagement
[27] and suppression of Th17-derived cytokines [28] have been
shown to down-modulate the CTL-mediated melanoma immunity.
The MM-specific CD8* T cell was detected in peripheral blood of
68% of advanced stage MM patients, but the induction of these cells
was not accompanied by clinically significant antitumor effect
[29]. For efficacious control of the disease, antigen-specific CTLs
should be functionally active, capable of homing to the tumor sites,
and resistant to the tumor microenvironment.

We used cutaneous DCs as APCs. Recently, the classical
paradigm for LCs has been revised. LCs migrate to draining lymph
nodes and initiate T cell priming. However, LCs may not be
indispensable for contact hypersensitivity, but even serve as a

Univariate analysis

Multivariate analysis

HR 95% Cl P HR 95% CI P

CTL induction Incomplete vs complete 0.43 (0.16-1.17) 0.098 0.23 (0.06-0.93) 0.039
Age 0.97 (0.94-1.00) 0.076 0.97 (0.92-1.01) 0.141
Sex Male vs female 1.01 (0.37-2.76) 0.979 0.83 (0.18-3.90) 0.815
Primary site Limb 1.00 Ref. 1.00 Ref.

Mucosa 1.02 (0.20-5.11) 0.985 037 (0.06-2.47) 0.306

Other 1.61 (0.57-4.59) 0.373 0.46 (0.05-3.86) 0472
LDH <400 vs >4001U/L 3.14 (0.68-14.50) 0.143 1.05 (0.10-10.96) 0.969
PS 0,1 vs 2-4 19.91 (1.11-358.25) 0.042 25.31 (0.85-756.82) 0.062
Chemotherapy Never vs ever 0.86 (0.27-2.72) 0.803 0.53 (0.09-3.04) 0.476
Disease stage -1 vs IV 1.50 (0.49-4.66) 0.479 3.32 (0.62-17.78) 0.162
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regulator for the sensitivity in mice {30,31]. In the tumor
immunity, however, the depletion of LCs at the time of skin
immunization dramatically reduced the tumor-protective effect
[32], suggesting the importance of LCs for percutaneous immuni-
zation. LCs can clearly fulfill an immunogenic role during
vaccination against cancer in vivo [33]. Although the role of LCs
in the induction of skin immune responses remains to be
constitutively demonstrated, immunization strategies of antigen
application to the skin have been proven to be feasible and to elicit
systemic immunity [ 34,35]. Accordingly, several challenges for the
induction of anti-tumor immune responses using LCs or cutaneous
DCs have been reported [9,14,32,36].

To our knowledge, this is the first report demonstrating the
effective induction of the tumor specific CTLs in MM patients who
received PPI treatment. Our study suggests that PPI is simple and
safe and relatively effective treatment for MM, and thus, it can be one
of the therapeutic options. To improve the response rate and overall
survival, selection of antigenic peptides, addition of helper epitope
peptides, and usage of adjuvants should be considered in future.
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Abstract

The pathogenesis of abdominal aortic aneurysm (AAA) is characterized to be inflammation-associated degeneration of
vascular wall. Neovascularization is regularly found in human AAA and considered to play critical roles in the development
and rupture of AAA. However, little is known about lymphangiogenesis in  AAA. The purpose of this study was to
demonstrate both angiogenesis and lymphangiogenesis in AAA. Abdominal aortic tissue was harvested either from autopsy.
(control group) and during open-repair surgery for AAA (AAA group). Adventitial lymphatic vasa vasorum was observed in
both groups, but seemed to be no significant morphological changes in AAA. Immunohistochemical studies identified
infiltration of lymphatic vessel endothelial hyaluronan receptor (LYVE) —1, vascular endothelial growth factor (VEGF)-C, and
matrix metalloproteinase (MMP)-9-positive macrophages and podoplanin and Prox-1-positive microvessels in the intima/
media in AAA wall, where hypoxia-inducible factors (HIF)-1a was expressed. VEGF-C and MMP-9 were not expressed in
macrophages infiltrating in the adventitia. Intraoperative indocyanine green fluorescence lymphography revealed lymph
stasis in intima/medial in AAA. Fluorescence microscopy of the collected samples also confirmed the accumulation of lymph
in the intima/media but not in adventitia. These results demonstrate that infiltration of macrophages in intima/media is
associated with lymphangiogenesis and angiogenesis in AAA. Lymph-drainage appeared to be insufficient in the AAA wall.
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Introduction demonstrated the arteriosclerotic degeneration of VV and tissue
ischemia in AAA wall [5]. These inflammatory and hypoxic
environment are potential stimuli for angiogenesis as previously
reported [6]. Angiogenesis is thought to contribute to destructive
processes within the AAA wall and plays a key role in aortic
aneurysm development and rupture [7]. In various chronic
inflammatory situations such as asthma, atopic dermatitis,
rheumatoid arthritis, and inflammatory bowel diseases, both
angiogenesis and lymphangiogenesis occur simultaneously to glow
neovessels to remodel vascular structure [8-10]. However, little is
known about lymphangiogenesis in AAA. Here, we investigated
the presence of lymphanagiogenesis and major drivers of
angiogenesis and lymphangiogenesis such as VEGF-A and

[2,3]. These inflammatory cells are considered to contribute to the VEGF-C in AAA wall using AAA samples which were obtained
pathogenesis of AAA through the secretion of inflammatory during open repair of AAA surgery.

mediators, including cytokines, chemokines, and MMPs [4]. In
AAA, an intraluminal thrombus prevents luminal perfusion of
oxygen, allowing only the adventitial vasa vasorum (VV) to deliver
oxygen and nutroents to the aortic wall. We have recently

Abdominal aortic aneurysm (AAA) is a common disease among
elderly people. AAA affects 5-10% of men over 65 years and is the
tenth leading cause of death in men over the age of 55 years in the
United States [1]. When surgical treatment is inapplicable, AAA
progress to rupture with a high mortality (30-50%). An effective
nonsurgical therapy is currently not available, because the precise
mechanisms of AAA pathogenesis is yet to be identified. The
degeneration of vascular wall has been considered as one of the
main causes of AAA onset and rupture. Previous studies have
demonstrated infiltration of inflammatory cells, such as macro-
phages, T cells, neutrophils and dendric cells, into the aortic wall
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Materials and Methods

Sample collection

All procedures used in this study and the use of samples
obtained at autopsy were approved by the Ethics Committee of
Clinical Resecarch of the Hamamatsu University School of
Medicine. We enrolled 20 consecutive patients who underwent
clective open surgery to repair infrarenal AAAs at the Division of
Vascular Surgery, Hamamatsu University School of Medicine,
between May 2010 and August 2013 and obtained written
informed consent for use of the sample from each patient. The
aortic tissue was dissected during surgery. Longitudinal tissue strips
were resected from the infrarenal aortic neck to the bifurcation.

Twenty aorta obtained at autopsy were used as controls.
Written informed consent was also obtained from the donor-family
for use of the sample with approval of the Ethics Committee of
Clinical Research of the Hamamatsu University School of
Medicine. The mid-portion of the abdominal aorta between the
renal artery and the bifurcation was resected and collected from
routine autopsics between October 2011 and February 2013 in the
Department of Pathology, Hamamatsu University Hospital.
Autopsy specimens from patients with collagen disease, aortic
ancurysm/dissection, or under the age of 18 years were excluded.

Atherosclerotic risk factors (hypertension, hypercholesterolemia,
hypertriglyceridemia, diabetes, and smoking) were investigated in
AAA patients and autopsy cases. The definition of each item was
as follows: hypertension (medication for hypertension or a systolic
blood pressure =140 mmHg and/or a diastolic blood pressure
=90 mmHg), hypercholesterolemia (medication for hypercholes-
terolemia or total cholesterol concentration in the serum of
>220 mg/dL), hypertriglyceridemia (medication for hypertriglyc-
eridemia or total triglyceride in the serum of =150 mg/dL),
diabetes (present or past medication for diabetes), smoking (present
or past smoking history).

Resected aortic tissues were immersed in 10% neutral buffered
formalin for at least 24 h for histological and immunohistochem-
ical staining. These samples were embedded in paraffin; 4 um
sections were cut and mounted onto MAS-coated slides (Matsu-
nami, Osaka, Japan). The aortic tissue was frozen in liquid
nitrogen, and fresh frozen tissuc was stored at —80°C for
quantitative real-time polymerase chain reaction analysis and
near-infrared fluorescence microscopy, and immunohistochemical
staining.

Histological and immunohistochemical staining

Paraffin sections were deparaffinized in xylene, rehydrated in
solutions of decreasing alcohol concentration, and stained
routinely with elastica van Gieson (EVG) staining. Immunohisto-
chemical staining for podoplanin, CD31, vascular endothelial
growth factor (VEGF)-A, VEGF-C, vascular endothelial growth
factor receptor (VEGFR)-1, VEGFR-2, VEGFR-3, Ki-67, human
hypoxia-inducible factor 1 alpha (HIF-la), macrophages, CD3,
CD19, and myeloperoxidase (MPO) were performed. The
following primary antibodies were used: mouse monoclonal
antibody clone D2-40 (1:200, DakoCytomation, Glostrup, Den-
mark) to identify podoplanin in lymphatic endothelial cells, rabbit
polyclonal antibody against a synthetic peptide corresponding to
the C-terminus of CD31 (1:100, AnaSpec, CA, USA) to identify
vascular endothelial cells, mouse monoclonal antibody against
human VEGF-A (1:50, Abcam, Tokyo, Japan), rabbit polyclonal
antibody against human VEGF-C (1:50, Abcam, Tokyo, Japan),
rabbit monoclonal antibody against human VEGFR-1 (1:100,
Epitomics, CA, USA), rabbit polyclonal antibody against human
VEGFR-2 (1:200, Abcam, Tokyo, Japan), rabbit polyclonal
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antibody against human VEGFR-3 (1:400, Santa Cruz Biotech-
nology, CA, USAj, rabbit polyclonal antibody against Ki-67
(1:500, Novus Biologicals, GO, USA), mouse monoclonal antibody
against human HIF-la (1:100, Novus Biologicals, CO, USA),
mouse monoclonal antibody against human macrophages (1:100,
AbD Serotee, Oxford, UK), mouse monoclonal antibody against
human CD3 (1:100, LifeSpan Biosciences, Seatle, WA), mouse
monoclonal against human CD19 (1:50, Santa Cruz Biotechnol-
ogy, CA, USA), and mouse monoclonal antibody against human
myeloperoxidase (MPO) (1:50, Santa Cruz Biotechnology, CA,
USA). The sections were deparaffinized, dehydrated, and boiled in
a pressure cooker in 0.01 M citric acid buffer (pH 6.0) for 20 min.
The sections were washed with phosphate-buffered saline and
incubated with 3% HyO, in absolute methanol for 5 min to inhibit
any endogenous peroxidase activity. Sections were preincubated
with 3% normal goat serum for 20 min to minimize nonspecific
binding to the primary antibody, and incubated with the primary
antibodies at 4°C overnight in a moist chamber. The sections were
washed with phosphate-buffered saline and then incubated with
the appropriate sccondary antibody for 30 min at room temper-
ature. Staining was visualized with Vector DAB (3,3'-diamino-
benzidine, Vector Laboratories, CA, USA), and sections were then
counterstained with hematoxylin,

Immunohistochemical staining was also performed on frozen
sections. Aortic tissues were embedded in Tissue-Tek OCT
compound (Miles Inc., Elkhart, IN, USA), frozen in liquid
nitrogen, and stored at —80°C.. Frozen sections of 5-um thickness
were prepared using a cryostat (Microm HMS560 cryostat, Thermo
Scientific, Bremen, Germany), and mounted onto MAS-coated
slides (Matsunami, Osaka, Japan). The sections were fixed for
10 min with 4% paraformaldehyde phosphate buffer solution
(Wako, Osaka, Japan) and washed with phosphate-buffered saline.
The sections were incubated with 3% HoOy in absolute methanol
for 5 min to inhibit any endogenous peroxidase activity, preincu-
bated with 3% normal goat serum for 20 min to minimize
nonspecific binding to the primary antibody, and incubated with
the primary antibodies at 4°C overnight in a moist chamber. The
sections were washed with phosphate-buffered saline and then
incubated with the appropriate secondary antibody for 30 min at
room temperature. Staining was visualized with Vector DAB (3,3'-
diaminobenzidine, Vector Laboratories, CA, USA), and sections
were then counterstained with hematoxylin.

Double immunofluorescence staining

Colocalization studies were performed with double immunoflu-
orescence staining methods. The following primary antibodies
were used: mouse monoclonal antibody against podoplanin (1:200,
DakoCytomation, Glostrup, Denmark), rabbit polyclonal antibody
against Prox-1 (1:2000, Millipore, MA, USA), rabbit polyclonal
antibody against the N-terminus of human alpha smooth muscle
isoform of actin (1:25, Thermo Scientific Japan, Tokyo, Japan),
mouse monoclonal antibody against human HIF-1a (1:100, Novus
Biologicals, CO, USA), rabbit monoclonal antibody against
human CD11b (1:250, Millipore, MA, USA), mouse monoclonal
antibody against human macrophages (1:100, AbD Serotec,
Oxford, UK), rabbit polyclonal antibody against human LYVE-
1 (1:100, Relia Tech, Braunschweig, Germany), rabbit polyclonal
antibody against human VEGF-C (1:50, Abcam, Tokyo, Japan),
rabbit polyclonal antibody against human matrix metalloprotei-
nase (MMP)-9 (1:100, Abnova, Taipei, Taiwan), mouse monoclo-
nal antibody against human CD3 (1:100, LifeSpan Biosciences,
Seattle, WA), mouse monoclonal antibody against human CD19
(1:50, Santa Cruz Biotechnology, CA, USA), mouse monoclonal
antibody against human myeloperoxidase (MPO) (1:50, Santa
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Cruz Biotechnology, CA, USA), rabbit polyclonal antibody
against transforming growth factor beta-1 (TGF-Bl) (1:50,
Abbiotec, CA, USA), rabbit polyclonal antibody against human
interleukin-4 (IL-4) (1:50, Biozol, Munich, Germany), rabbit
polyclonal antibody against human interleukin-8 (IL-8) (1:50,
Abnova, Taipei, Taiwan), rabbit polyclonal antibody against
human macrophage inflammatory protein-lo. (MIP-1o) (1:50,
Spring bioscience, CA, USA), rabbit polyclonal antibody against
human interferon-y (IFN-v) (1:50, Santa Cruz Biotechnology, CA,
USA), and rabbit polyclonal antibody against human monocyte
chemotactic protein-1 (MCP-1) (1:50, Abnova, Taipei, Taiwan).
The sections were deparaffinized, dehydrated, and boiled in a
pressure cooker in 0.01 M citric acid buffer (pH 6.0) for 20 min.
The sections were washed with phosphate-buffered saline and
incubated with 3% HyO5 in absolute methanol for 5 min to inhibit
any endogenous peroxidase activity, preincubated with 3% normal
chicken serum for 20 min to minimize nonspecific binding to the
primary antibody, and incubated with the primary antibodies at
4°C overnight in a moist chamber. Immunoreactivity was
visualized using Alexa Fluor 488-conjugated anti-mouse IgG,
Alexa Fluor 594-conjugated anti-mouse IgG, Alexa Fluor 488-
conjugated anti-rabbit IgG, and Alexa Fluor 594-conjugated anti-
rabbit IgG (Life Technologies, CA, USA). All Alexa Fluor-
conjugated secondary antibodies were diluted 200-fold for use.
The slides were mounted in glycerol-based Vectashield medium
containing the nucleus stain DAPI (Vector Laboratories, CA,
USA).

Morphometric analysis

Immunohistochemical staining for podoplanin was performed
to detect lymphatic vessels. Podoplanin was expressed in aortic
intima and some podoplanin-positive cells formed microvessels.
Lymphatic microvessel (LMV) density and lymphatic microvessel
area in the intima were counted per microscopic field [11,12]. The
10 areas with the highest podoplanin-positive areas within the
intima (‘hot spots’) were selected at low magnification (x40) [13].
Lymphatic microvessel density was then determined by counting
all immunostained microvessels per x200 microscopic field using a
computerized image analysis system (Lumina Vision version 3.0,
Mitani Corp. Tokyo, Japan). The percentage of lymphatic
microvessel area, consisting of the podoplanin-positive cells plus
the vessel lumen, per x200 microscopic field (corresponding to an
examination area of 0.136 mm?) was also measured using the
computerized image analysis system [11,12,14,15].

Near-infrared fluorescence lymphography and

microscopy of aneurysmal walls

In AAA patients, near-infrared fluorescence lymphography of
the AAA wall was performed intraoperatively. The method was
performed as previously described [16].Before open surgical
aneurysm repair, 0.3 mL of indocyanine green (ICG; Daiichi
Pharmaceutical, Tokyo, Japan; 5 mg/mlL saline solution) was
subcutaneously injected into the dorsum of each foot. Laparotomy
was performed, and the AAA wall was observed with Photody-
namic Eye near-infrared camera system (PDE-neo, Hamamatsu
Photonics, Hamamatsu, Japan) 2 h after ICG injection. Portions
of AAA walls were resected and frozen in liquid nitrogen, and
10 um frozen sections were cut. The following near-infrared
fluorescence microscopy procedure was performed with the use of
an upright epifluorescence microscope (Eclipse 80i, Nikon
Instruments Inc., NY, USA) with a microscopic near-infrared
camera system (Photometrics Evolve 512, Nippon Roper, Tokyo,
Japan) to evaluate lymphatic fluid in AAA walls. Fluorescence
images were obtained with the ICG fluorescence filter (ICG-B-
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000, excitation wavelength 769+20.5 nm, emission wavelength
832+18.5 nm, Opto-Line, Tokyo, Japan), antifade reagent
(ProLong Gold antifade reagent with DAPI, Life Technologies
Japan, Tokyo, Japan), and exposure time 200 pseconds. Pseudo-
color images were generated using a computerized image analysis
system (Lumina Vision version 3.0, Mitani Corp. Tokyo, Japan).
Serial frozen sections of 5 um thickness were prepared using a
cryostat. EVG staining and immunohistochemical staining for
podoplanin and macrophages were also performed.

Quantitative real-time polymerase chain reaction analysis
for VEGF and VEGFR gene products

Aortic walls were frozen in liquid nitrogen and stored at —80°C.
Fresh frozen aortic tissues were placed into TRIzol reagent (Life
Technologies, CA, USA), and homogenized with a mechanical
rotor for 1 min. Total mRNA was isolated and purified using the
PureLink RNA Mini Kit (Life technologies, CA, USA) according
to the protocol for using TRIzol with the PureLink RNA Mini Kit
as recommended by the manufacturer. The total RNA concen-
tration of individual sample was determined by spectrophotometer
analysis (Nano-drop Technologies, DE, USA) at 260 nm. Reverse
transcription was performed using TagMan Reverse Transcription
Reagents (Life Technologies Japan, Tokyo, Japan), and cDNA
was prepared from 1000 pg total RNA. Real-time quantitative
polymerase chain reaction (PCR) of each sample was carried
out with TagMan Gene Expression Assays and an ABI Prism
7700 Sequence Detection System (Applied Biosystems, CA,
USA), based on methods described previously [17]. The Tagman
assays used were VEGF-A (Hs00900055_ml), VEGF-C
(Hs00153458_m1), c-fos induced growth factor (VEGF-D,
Hs01128657_m1l), fms-related tyrosine kinase 1 (VEGFR-1,
Hs01052961_m1l), kinase insert domain receptor (a type III
receptor tyrosine kinase, VEGFR-2, Hs00911700_m1), and fms-
related tyrosine kinase 4 (VEGF-3, Hs01047677_ml) from
Applied Biosystems. Data were analyzed by comparative Ct
method [18]. For each sample, the Ct value was divided by that of
the housekeeping gene, actin beta (Hs01060665_gl), to generate
the standardized Ct value.

Statistical analysis

Lymphatic microvessel density and the percentage of lymphatic
microvessel area in the intima are expressed as means * SE.
Differences between normal aorta and AAA were analyzed by
Student’s t-test.

Categorical variables were reported as frequencies with
percentages, and compared between control and AAA groups
using Fisher’s exact test to obtain P-values. All continuous data
were expressed as mean value = SE, and compared between
control and AAA groups using Student’s t-test. Statistical
significance of differences was defined as a P-value of <0.05. All
statistical analyses were performed using SPSS 17.0 for Windows
(SPSS Inc., IL, USA).

Results

Patient characteristics

Twenty AAA cases (16 male, 4 female; age 68.7%=1.5 y) and 20
autopsy specimens (11 male, 9 female; age 66.5%3.0y) were
included in this study (Table 1). Male sex was more common
among AAA patients compared with controls, but this difference
was not statistically significant. Neither age nor BMI significantly
differed between the AAA and control groups. The diameter of the
abdominal aorta was larger in the AAA group than in the control
group. The prevalence of hypertension, hypercholesterolemia, and
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Table 1. Baseline characteristics of the AAA group and
control group.

Aneurysm
Category (n=20) Control (n=20) Pvalue
wman e T e
Age ' 68.7:51.5 66;5&3.0 0.528
BMIL 21.8+07 212407 0619
Diameter of abdominal aorta 49.8::2.7 18,0:+0.7 <0.001

Hypertension (+/-) 15 (75%)/5 (25%) 11 (S5%)/9 (45%) 0320
Hypercholesteralemia (+/~) 9 (45%)/11 (55%) 5 (25%)/15 (75%) 0.320
Hypertriglyceridemia (+/=) 7 (35%)/13 (65%) 8 (40%)/12 (60%) 1.000
Diabetes (+/—) 3 (15%)/17 (85%) 4 (20%)/16 (80%) 1.000
Smoking (+/-) 15.(75%)/5 (25%) 11 (55%)/9 (45%) 0320

The definition of each item: hypertension (medication for hypertension or a
systolic blood pressure 140 mmHg and/or a diastolic blood pressure

=90 mmHg), hypercholesterolemia (medication for hypercholesterolemia or
total cholesterol concentration in the serum of =220 mg/dL),
hypertriglyceridemia (medication for hypertriglyceridemia or total triglyceride
in the serum of =150 mg/dL), diabetes {present or past medication for
diabetes), smoking (present or past smoking history).
doi:10.1371/journal.pone.0089830.t001

cigarette smoking were more common in AAA group compared
with the control group, but these differences were not statistically
significant. The prevalence of hypertriglyceridemia, and diabetes
mellitus were not statistically different between the AAA and
control groups.

Lymphatic microvessels in the intima of abdominal aortic
aneurysm

Elastica van Gicson (EVG) staining of AAA walls revealed
intimal thickening and degradation of the wavy structure of elastin
fibers in media compared with normal aorta (Iig. 1A, B).
Immunohistochemical staining indicated that podoplanin was
rarely expressed in the intima of normal aorta and frequently
expressed in that of AAA (Fig. 1C, D). Additionally, some
podoplanin-positive cells in the intima of AAA formed vessels
(Fig. 1E).

Double immunofluorescence staining revealed that the nuclei of
vessel-forming, podoplanin-positive cells in the intima of AAA
expressed Prox-1 (Fig. 1F-I). Colocalization of podoplanin and the
alpha smooth muscle isoform of actin was not detected in the
intima of AAA (Fig. 1]-M).

Immunohistochemical staining indicated that podoplanin was
expressed in the adventitia of normal aorta and AAA. Immuno-
histochemical staining of adventitial lymphatic vessels seemed
indicate no morphological changes between the walls of normal
aorta and AAA (Fig. 1N, O).

Lymphatic microvessel density in the intima was 243.0%£59.3
(vessels/ 10 fields) in the control group and 938.4+85.7 (vessels/ 10
fields) in AAA group (P<0.001; Fig. 1P). The percentage of
lymphatic microvessel area was 1.3£0.4% in the control group
and 4.5+0.4% in the AAA group (P<0.001; Fig. 1Q)).

Lymphangiogenesis and angiogenesis in AAA

EVG staining of AAA walls showed degradation of the wavy
structure of elastin fibers in the media, where numerous
microvessels were distributed from intima to media (Fig. 2A, B).
Podoplanin-positive microvessels and CD31-positive microvessels
were present (Fig. 2C, D). Furthermore, expressions of vascular
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endothelial growth factor receptor (VEGEFR)-1, VEGFR-2, and
VEGFR-3 increased in the microvessels (Fig. 2E-G). VEGIF-A or
VEGEF-C- positive cells were also scen within and around the
microvessels  (Fig. 2H, 1), The nuclei of microvessel cells
demonstrated  strong  expression  of Ki-67  (Fig. 2]). These
microvessels were not secen in adventitia of AAA. Real-time
quantitative PCR analysis indicated that mRNA expression of
VEGF-A, VEGF-C, and VEGFR-1, VEGFR-2, and VEGFR-3
was upregulated in AAA tissue, while that of VEGF-D was not
significantly different, in comparison with expression levels in
normal aortic tissues (Fig. 2K).

Infiltration of inflammatory cells into AAA walls

Comparison between normal aorta and AAA walls revealed
marked degradation of elastin fibers in the media (Fig. 3A, C).
Immunohistochemical staining showed both nuclear and cytoplas-
mic expression of hypoxia-inducible factor (HIF)-1o in the intima/
media of AAA walls (Fig. 3D), while HIF-1a expression was not
detected in that of normal aorta (Fig. 3B). Double immunofluo-
rescence staining  demonstrated infiltration of CD11b-positive
macrophages with strong nuclear/cytoplasmic expression of HIF-
lo into the intima/media of AAA(Fig. 3E). Those macrophages
with strong nuclear/cytoplasmic  expression of HIF-lo also
expressed VEGEF-C and MMP-9 (Fig. 3F,G)

Using EVG and immunohistochemical staining of AAA walls,
lymphatic microvessels were observed in the intima/media with
degradation of elastin fibers (Fig. 4A,B). Inflammatory cells, such
as macrophages, CD3-positive T lymphocytes, CD19-positive B
lymphocytes, and neutrophils infiltrated in the surrounding
intima/media andadventitia (Fig. 4C-F). Infiltration of these
inflammatory cells was more prominent in the surrounding
intima/media microvessels. Large macrophages were observed
in the surrounding intima/media microvessels, while small
macrophages were observed in the adventitia of AAA (Fig. 4G—
M). Double immunofluorescence staining indicated that both types
of macrophages (large macrophages in intima/media and small
macrophages in adventitia) were positive for CD11b (Fig. 4G).
However, only the large macrophages observed in the intima/
media were positive for LYVE-1 (Fig. 4H). Similarly, large
macrophages in the intima/media but not small macrophages in
adventitia expressed VEGF-C, MMP-9, TGF-f1, IL-4, IL-8,
MIP-1a, and MCP-1 (Fig. 41, J, K, L, M, N, P). IFN-y was not
expressed either large macrophages in the intima/media or small
macrophages in adventitia (Fig. 4P). CD3-positive T lymphocytes
in the intima/media did not express either VEGF-C, MMP-9, IL-
8, or MIP-1a, but expressed TGF-B1, IL-4, IFN-y(Fig. 40Q).CD19-
positive B lymphocytes and MPO-positive neutrophils in the
intima/media did not express either VEGF-C, MMP-9, TGF-§1,
114, IL-8, MIP-1o, IFN-v, and MCP-1(Fig. 4R,S).

Lymph stasis in AAA walls

During open surgical repair of infra-renal AAA, ICG fluores-
cence lymphography was observed intraoperatively with a near-
infrared camera after exposure of the retroperitoneal space to
investigate lymph stasis, and strong ICG fluorescence signals were
observed in the aneurysmal wall (Fig. 5 A-C). The pattern of the
fluorescence-signal distribution was heterogeneous. ICG fluores-
cence lymphography was performed in all 17 patients with AAA.
ICG fluorescence signals were identified in the AAA wall of all
patients. Fluorescence lymphography of cross-sections of the
aneurysmal wall in resected samples macroscopically localized
the fluorescence signals to the intima/media area of the AAA wall
(Fig. 5D-F). Near-infrared fluorescence microscopy also localized
ICG fluorescence in the intima/media but not in adventitia,
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Figure 1. Lymphatic microvessels in intima of abdominal aortic aneurysm. EVG staining of normal aorta (A) and abdominal aortic aneurysm
(AAA) wall (B). Immunohistochemistry for podoplanin corresponding to the areas outlined with a solid line in A and B (C, normal aorta; D, AAA).
Podoplanin-positive microvessels were markedly increased in the intima in AAA wall. E, Higher magnification of the outlined area in D. Double
immunofluorescence staining of lymphatic vessels in intima of AAA (F-1). F, Podoplanin (red); G, Prox-1 (green); H, DAPI (blue); I, merge of
podoplanin, Prox-1, and DAPI. Double immunofluorescence staining of smooth muscle cells in intima of AAA (J-M). J, podoplanin (red); K, alpha
smooth muscle isoform of actin (green), L, DAPI (blue); M, merge of podoplanin, alpha smooth muscle isoform of actin, and DAPI.
Immunohistochemistry for podoplanin corresponding to the areas outlined with a dotted line in A and B (N; normal aorta, O; AAA). Lymphatic vasa
vasorum was observed in adventitia in both normal aorta (N) and AAA (O) (black arrow: LVV). Scale bars indicate 100 um (A, B), 50 um (C, D, J-M, N,
0), and 10 um (E-I). Lymphatic microvessel density; the mean number of lymphatic microvessel (LMVs) in 10 microscopic fields at high magnification
(x200) (P). Percentage of lymphatic microvessel area in 10 microscopic fields at high magnification (x200) (Q). Lymphatic microvessel density and

percentage of lymphatic microvessel area were compared between normal aorta and AAA. (*P<0.001).

doi:10.1371/journal.pone.0089830.g001

suggesting that lymph stasis occurred in the intima/media (Fig. 5G,
H). Immunohistochemical staining revealed both extensive infil-
tration of macrophages and the presence of lymphatic microvessels
in the intima/media of the AAA wall with lymph stasis (Fig. 5I-L).

Discussion

Lymph transportation network in aortic wall tissue is largely
unknown. Recently, Drozdz et al. first reported the presence of
adventitial LVV in human aorta with an immunohistological
technique [19]. In the present study, we also demonstrated the
presence of adventitial LVV in both autopsied normal aorta and
AAA. There seemed to be no morphological differences in
adventitial LVV in AAA. The LVV is an innate vascular structure
for lymph transportation, although the detailed role of LVV in
aortic tissue is yet to be identified. Immunohistological examina-
tion also revealed intimal/medial lymphangiogenesis in the AAA
wall, particularly in the area where medial elastin was marketly
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degraded. While lymphatic vessels are usually absent from normal
aortic intima and media, podoplanin-positive microvessels signif-
icantly increased in AAA intima/media. Podoplanin is specifically
expressed by lymphatic endothelial cells but not blood vascular
endothelial cells [20]. Podoplanin has also been reported in
normal cells other than lymphatic endothelial cells, such as
peritoneal mesothelial cells, osteocytes, glandular myoepithelial
cells, ependymal cells, stromal reticular cells and follicular
dendritic cells [21], and was observed in intimal smooth muscle
cells in atherosclerotic aorta [22]. In the present study, podoplanin
expression was seen in the intima/media of AAA, but not co-
localized with smooth muscle cells. The nuclei of podoplanin-
positive cells that formed vessels expressed Prox-1. Therefore, we
speculated that the podoplanin-positive microvessels were lym-
phatic microvessels arising from lymphangiogenesis.
Lymphangiogenic factors such as VEGF-C and VEGFR-3 were
also present in the areas in which podoplanin-positive microvessels
were observed. CDIl1b-positive macrophages were observed

March 2014 | Volume 9 | Issue 3 | e89830

135



