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ABSTRACT

The role angiogenesis plays in atopic dermatitis is not well understood. The authors previously demon-
strated ultrastructurally dermal microvascular angiogenesis in the 1L-4-transgenic mouse model of
atopic dermatitis. Here, they determine the angiogenic factors involved in dermal microvascular angio-
genesis, regulatory function of inflammatory cytokines on the VEGF-A production, and microvascular
permeability in this model. Computer-assisted photometric analyses for immunofluorescence-labeled
CD31 demonstrated a progressive increase in blood vessel number, diameter, and percent dermal areas
occupied by CD317F vessels as the disease evolves in transgenic mice from before disease onset through
early and late skin lesions. Similar findings were documented for VEGR2% vessels. Quantification of
skin angiogenic factor mRNAs showed progressive increase of transeripts of VEGE-A, butnot VEGF-B,

VEGEF- C or VEGF-D. ELISA showed a similar increase of VEGF-A in the serum and skin of transgenic
mice. 1L- () and IFN-y stimulated VEGF-A mRNA production in the skin and in primary keratinocytes
of transgenic mice. Other skin angiogenic factors that increased included Ang-1, Ang-2, GBP-1, and
VE- Cadherm, Microvascular leakage began in the transgenic mouse skin be]‘ore dlsease onset and
peaked in the late stage. In conclusion, 1L-6 and IIF'N-y may play imporlanl roles in llplPUlllaliOIl of

VEGF-A, along with othel pro- angiogenic factors, to induce dermal microvascular angiogenesis.
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Angiogenesis has been substantially studied in can-
cer, as it is necessary for invasive tumor prolifer-
ation and metastasis (1). The anti-VEGF mono-
clonal antibody Bevacizumab, when combined with
standard Lherrlotherd})v regimens, has been asso-
ciated with significant improvements in patients
with metastatic colorectal cancer, compared with
chemotherapy alone. Bevacizumab also has promis-
ing effects as a single agent or as part of combina-
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tion regimens for breast cancer, non-small-cell lung
cancer, renal cell carcinoma, and other solid malig-
nancies (2). Multitargeted kinase inhibitors sorafenib
and sunitinib, which inhibit VEGI receptors 1,-2,
and -3 and platelet-derived growth factor receptor,
have shown promising clinical effect in treating re-
nal cell carcinoma (3-5). Recently, angiogenesis was
found to be essential in the pathophvsiologv of many
inflammatory diseases, such as psoriasis, asthma, in-
flammatory bowel dlsedae and rheumatoid d]ﬂlr‘]tlb
(6). In fact, anti- -angiogenic treatments by various
reagents, including anti-vascular endothelial growth
factor (VEGF) agents, cyclooxygenase (COX-2) in-
hibitors, thalidomide, and anti-TNF-« (infliximab)
have resulted in outstanding clinical improvement
of rheumatoid arthritis, psoriasis, and inflammatory
bowel disease (7-14).

One of the most common inflammatory skin dis-
eases, atopic dermatitis (AD), is characterized by
chronic itchy skin rashes and dermal and epidermal
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infiltration of inflammatory cells, including T cells,
mast cells, eosinophils, and macrophages (15). Cur-
rent treatments for AD focus on anti-inflammatory
methodology, with topical steroids and other anti-
mﬂdmmdtorv drugs being the mainstay of therapy
(16). The role of dumal blood vessels, which are
the conduit in which the mﬂammatory cells mi-
grate from peripheral blood to the sites of inflam-
mation in the skin, has not been explored. The
epidermal mter]eukm 4-transgenic (I1L-4-Tg) mouse
model of AD has been a Valuablc model to investigate
how inflammation and angiogenesis are intertwined
(17). We have previously established this animal
model, which closely resembles human AD clini-
cally, hlblOpdlhOlOUI( dll\ serologically, bacteriologi-
(,d”yv and lmmunologu,dﬂ_v and fu]ﬁ”b the (]ldgnobtm
criteria for human AD (18). Further studies on this
model documented the progressive increase of T-
cell infiltration to the skin, T-cell surface activation
molecules, T-cell proliferation in response to mito-
gens or superantigens (19), B-cell surface activation
molecules, B-cell proliferation in response to LPS,
B-cell surface Igk. total serum Igk (20). and early
upregulation of Th2 type skin cytokines followed the
late surge of Th1 type skin cytokines (21). Interest-
ingly the cytokine mRNAs including IL.-4, IL.-5, 1L-6,
[L-13, IFN-y, 1L-18, and TNF-a were significantly
upregulated in the Tg mice before disease onset (21).

The ultrastructure of the dermal blood vessels in the
IL-4-Tg mouse model of AD showed changes consis-
tent with angiogenesis. Using transmission electron
microscopy, we showed that the tight junctions in the
newly formed (angiogenic) blood vessels were sig-
Illfl(’&IlﬂV elongated. a characteristic resulting fmm
the way that endothelial cells adhere to each other in
newly formed blood vessels. In addition, transmission
electron microscopy showed that newly formed blood
vessels were characterized by thick endothelial cells
with prominent nuclei and nucleoli, as well as abun-
dant free ribosomes and rough endoplasmic reticu-
lum, a finding consistent with a high metabolic state,
w hldl is consistent with d‘rlﬂlOUeTllb ac thltV SCdTlTl]]’IU
electron 1111(105(‘0pv also (‘()IlflI'lIlCd our fmdmgs of
angmgenesm. Furthermore, sproutmg and intussus-
ception, two well-recognized surface morphological
changes observed in angiogenic blood vessels, were
visualized throughout the microscopic field. (17).
Thus, this study strongly suggests that angiogene-
sis is a major change in the dermal vasculature in
the inflammatory skin of 11-4 Tg mice. In addition,
one study in human AD patients showed that VEGF-
A protein was significantly increased in the stratum

corneum of the lesional skin (22), which further sup-
ports that angiogenesis may play an important role

in the pathophysiology of AD.

In this paper we extend our study on angiogenesis
in our IL-4-Tg mouse model of AD by conducting a
quanntdnw analV@lb of dermal blood vessels and by
investigating posmble molecular mechanisms under-
lying the angiogenesis process. We performed quan-
titative analysis of angiogenic factor mRNAs to gain
insight into the under]\ ing molecular medldmbm
spomfl( ally to evaluate for the presence or upregu-
lation of certain angiogenic factors such as VEGE, its
receptor VEGFR2, angiopoietin-1 and -2 (Ang 1 and
2), guanylate- binding g protein (GBP-1), and endothe-
lial cell adhesion moleculeb vascular/endothelial-
cadherin (VE-cad) and platelet/endothelial cell ad-
hesion molecule (PECAM-1, CD31). Results showed
that there was a significant and progressive increase
of dermal vasculature (CD317) and angiogenic fac-
tors as the disease evolved. ]nﬂdrmndtorv (wokmeb
including IL-6 and IFN-y that were upregulated in
the Tg mouse skin before disease onset significantly
increased the production of VEGF-A by primary cul-
tured keratinocytes, the major skin cell type produe-
ing VEGF-A. In dddmon in vivo study by Evans
blue injection demonstrated a microvascular leak-
age in the skin lesions of Tg mice, a hallmark of
angiogenesis. Therefore, the data from the present
study indicate that there is a strong correlation of the
inflammatory skin disease progression with dermal
microvascular angiogenesis and upregulation of pro-
angiogenic factors and suggest an initiating role of
IL-6 and IFN-y in the dermal angiogenesis.

MATERIALS AND METHODS

The Animals

The animals used in this study are keratin-14 1L.-4
Tg mice and their nontransgenic littermates, as re-
ported in previous publications (17-21). The study
complied with the Animal Care Policies and Proce-
dures of the University of Illinois at Chicago.

Genotyping

Mice born from heterozygous 1L.-4-Tg mouse par-
ents were genotyped for conhnnatlon of their pos-
itive transgenic status as described previously (17—
21). We have previously determined that clinical

disease developed in all (100%) Tg mice (21).



Disease Phenotype Classification

Skin lesions from IL.-4 Tg mice developed for the du-
ration of 1 week or shorter are defined as early lesions
(Tg-EL). Skin lesions developed for the duration of 3
weeks or longer are defined as late lesions (Tg-LL).

IL.-4-Tg mice from birth until any sign of clinical
dlsease were defined as before disease onset (Tg-BO)

(17,19-21).

Immunofluorescence Microscopy and
Computer-Assisted Photometric Analysis

Tissue samples were collected exclusively from the
mouse ears to reduce regional blood vessel vari-
ability. Samples collected were immediately fixed in
0.2% paraformaldehyde, followed by incubation in
a 30% sucrose solution in PBS, and then embed-
ded at —20°C in Tissue-Tek OCT compound (Fin-
tek, Torrance, CA) and 8-um sections of the tissue
were prepared in a LLeica CM1850 cryostat (Bannock-
barn, IL). Each slide was sequentially incubated with
monoclonal rat anti-mouse CD31 (BD Biosciences,)
or rat anti-mouse VEGFR2 (eBiosciences, San Diego,
CA). Slides were incubated with Alexa Fluor488 goat
anti-rat [gG (Invitrogen, Carlsbad, CA) for 30 min.
Slides were then washed and sections were mounted
with glycerol mounting medium (glycerol:PBS; 1:1;
vol:vol). All procedures were performed at room
temperature.

Slides were examined with a 20x objective lens us-
ing a Zeiss Axiovert 100 fluorescence microscope
and 5 areas in each slide were identified and pho-
tographed with a SensiCam CCD camera (Cooke Cor-
poration, Orlando, FL). Samples were oriented in a
consistent fashion, horizontally across field, captur-
ing dermis and epidermis of one side of the mouse
ear. Slides were analyzed using a computer- assisted
photometric analvqs program written in house by
Tiaquin Jin, which used an ob]e(’nve micrometer
as the scale standard. For measuring the diameter
of blood vessels, the shorter of the two outside di-
mensions of the center of stained vessels (usually
elongated) were determined manually by two point
clicking, followed by computerized calculation. Ves-
sel number was recorded simultaneously and later
reported as number per linear width of the field. The
areas of blood vessels were automatically determined
by the program after recognition of fluorescence. Flu-
orescent contaminants were removed manually be-
fore final area was calculated. The program then gave
total area of the positive staining vessels per photo,
which was later divided by the total area of the skin
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sample in the photo to a percent area occupied by
vessels.

Primary Keratinocyte Cell Culture

For primary keratinocyte cell culture, neonatal
mouse pups of both 1L.-4-Tg mice and non-Tg mice
between 3 and 4 days postpartum were used. After
the mice were sacrificed, the pelts from the pups were
placed dermis-side down into a 60-mm tissue culture
dish containing 3 mL of dispase (Roche, Indianapo-
lis, IN. 10 mg/mL in keratinocyte culture medium)
and incubated overnight at 4°C. The epidermis was
separated from the dermis and transferred to an-
other tissue culture dish containing trypsin versene
and incubated for 15 min at 37°C. The trypsinized
epidermal sheets were then transferred to a pre-
scratched dish (to provide rougher surface optimal
for cell release) containing 2 mL FBS and rubbed
back and forth for 30 s. The released keratinocytes
were then collected and washed with PBS. Iinally, the
cells were resuspended in KGM-2 kcrdtmowtc me-
dia (Cambrex Bio Science, Walkersville, MD) with
50 mM CaCly, and placed onto rat taﬂ collagen
I-coated 75 cm? flasks. When cells were 70-80% con-
fluent they were subcultured into 24-well collagen
[-coated plates. When cells had again reached 70-
80% confluence, cytokines, including 1L.1-8 (20 ng/
mL), [L-6 (20 ng/mL), IFN-y (30 ng/mL), and
TNF-a (20 ng/mL), were added. Then cells were
collected 8 h after culture for total RNA extraction
and culture media were collected at 48 and 72 h for
VEGF ELISA. The tails from pups were genotyped
as described above.

Western Blot Analysis

Mouse ears were collected and ear samples from 5
mice in each group (NT, BO, EL, and LL) were pooled
together for protein extraction. The ears were then
cut into small pieces in tissue lysis buffer contain-
ing 20 mM Tris, 150 mM NaCl, 1% Nonidet P-40.
0. ,)% sodium deoxwho]dte 1 mM EDTA, and 0. 1%
SDS (pH 7.5) with a protease inhibitor cocktail for
mammalian cells (Sigma, St. Louis, MO). Tissues
were then homogenized and centrifuged for 20 min
at 13,000 rpm at 4°C. Supernatants were collected
and concentrations of proteins were quantified us-
ing protein microassay (Bio-Rad, Hercules, CA). The
protein concentrations in all bamples were diluted to
5 mg/mL. Skin protein extracts were mixed with the
same volume of 2x SDS loading buffer (Invitrogen),
then 2-mercaptoethanol (5% of final concentration)
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was added. The samples were boiled for 5 min be-
fore loading. Then 125-ug proteins from each sam-
ple group and molecular weight marker (Invitro-
gen) were loaded in a 4-20% Tris—glycine acrylamide
gel (Invitrogen). Separated proteins by SDS-PAGE
were then transferred to nitrocellulose membrane.
Membrane was immunoreacted using Odyssey (Li-
Cor Biosciences, Lincoln, NE) Western blot detec-
tion protocol. Brleﬂ\ the membrane was first blocked
with a blocking buffer (Li-Cor). A polyclonal goat
anti-mouse GBP (2 pg/ml, Santa Cruz, CA) or
a polyclonal rabbit anti-mouse Ang-1 (170 pg/ml.
Abcam, Cambridge, UK) was applied to the mem-
brane for 1 h at room temperature followed by in-
cubation of a 1:5000 dilution of Alexa Fluor 680-
labeled goat anti-rabbit IgG, or rabbit anti-goat lgG
secondar\ antibodies (Invnrooen) Images were ac-
quired and analyzed using an Odyssey 1nf1 ared scan-
ner and its software (Li- ( or). The band intensities
(pixels/mm?) in the NT group were used as back-
ground. The intensities of other groups (BO, EL, and
LL) were obtained by subtracting the bd(koround
pixel from the pixel values of these groups.

ELISA

The concentrations of VEGF protein in undiluted pri-
mary IL-4 Tg mice keratinocyte culture medium,
10-fold dlluted mouse sera, and skin protein ex-
tracts (200 pg/sample) from different groups of mice
prepared above were determined using Quantikine
mouse VEGF kit (R&D Systems, Minneapolis, MN),
which detects mouse VEGF-A isoforms 120 and 164.
All standards. controls, and samples were done in du-
plicate and the assay was performed according to the

Table 1. Primer sequences and references

manufacturer’s directions. The plates were read by a
Bio-Tek pQuant ELISA reader (Winooski, VT'). The
lower detection limit was 6.3 pg/mL. [L-6 and IFN-y
concentrations in the skin protein extracts prepared
in the section of Western blot analysis were deter-
mined by commercially available ELISA kits (eBio-
science) according to manufacturer’s instructions
and 100 pLL (500-pg proteins) of each diluted sample
was used in the assay. These ELISA kits have a lowest
detection limit of 4 pg/mL (for both IL.-6 and IFN-y).

Quantification of Angiogenic Factor mRNAs
by Real-Time PCR

Skin samples taken from mouse ears were immedi-
ately placed in a RNA-preserving medium RNAlater
(Amblen Austin, TX) and kept at —20°C before they
were used to d[ldl} ze the mRNA levels of VEGF-
A120,164, and 188, VEGF-B, VEGF-C, VEGF-D,
VEGFR1, VEGFR2, VEGFR3, CD31, VE-cadherin,
angipoietin-1. angiopoietin-2, Tie-2, and GBP-1.
Skin samples for total RNA extraction were obtained
from NT, Tg-BO, Tg-EL, and Tg-LL mice (n =
8 in each group). Total RNA was extracted using
TRIzol (Invitrogen) and treated with DNAse (Invit-
rogen). One microgram total RNA of each sample
was reverse transcribed to cDNA using a Retroscript
Kit (Ambion). The sequences of primers for am-
plifying these factors are listed in Table 1. Specifi-
cally, the sequences for CD31, VE-Cad, angipoietin-
1, angiopoietin-2. and Tie-2 were obtained from a
previous report (23). Sequences for VEGF-A (in-
cluding isoforms 120, 164, and 188 were obtained
from another reference (24). Sequences for VEGFR1
(fle-1) and VEGFR2 (flk-1) were obtained from

Forward (5'—3') Reverse (5'—3") Reference

VEGF-A121 TGCAGGCTGCTGTAACGATG CCTCGGCTTGTCACATTTTTCT 24
VEGF-A165 TGCAGGCTGCTGTAACGATG GAACAAGGCTCACAGTGATTTTCT 24
VEGF-A189 TGCAGGCTGCTGTAACGATG CTCCAGGATTTAAACCGGGATT 24
VEGF-B TGCCATGGATAGACGTTTATGC TCCTCAGAGGCACCACCAC 24
VEGF-C AAGACCGTGTGCGGAATCGA ACACAGCGGCATACTTCTTCAC 24
VEGF-D GGTGCTGAATGAGATCTCCC GCAAGACGGAGACTCCACTGC 26
VEGF-R1 GAGGAGGATGAGGGTGTCTATAGGT  GTGATCAGCTCCAGGTTTGACTT 25
VEGF-R2 GCCCTGCCTGTGGTCTCACTAC CAAAGCATTGCCCATTCGAT 25
VEGF-R3 GGTTCCTGATGGGCAAAGG TCAGTGGGCTCAGCCATAGG 24
PECAM (CD31) GAGCCCAATCACGTTTCAGTTT TCCTTCCTGCTTCTTGCTAGCT 23
Angiopoietin-1 CATTCTTCGCTGCCATTCTG GCACATTGCCCATGTTGAATC 23
Angiopoietin-2 TTAGCACAAAGGATTCGGACAAT TTTTGTGGGTAGTACTGTCCATTC 23
Tie-2 ATGTGGAAGTCGAGAGGCGAT CGAATAGCCATCCACTATTGTCC 23
VE-cadherin TCCTCTGCATCCTCACTATCACA GTAAGTGACCAACTGCTCGTGAAT 23
GBP-1 ATATGCCTCGCCTGTGTA TCAGCTGGTCCTCCTGTA

GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA 27




reference (25). Sequences for VEGF-B, VEGF-C,
and VEGFR3 (flt-4) were obtained from reference
(24), and those for VEGF-D were cited from (26),
GAPDH primers were published in reference (27).
For real-time PCR, we used SYBR green supermix
(Bio-Rad) with target gene specific primers and 25-
ng cDNA templates of individual sample. Total re-
action volume was 25 pl.. For all targets, identical
thermal cycling conditions were used: 15 s at 95°C
and 30 s at 60°C with a total of 40 cycles followed
by a melting curve data collection set up to identify
the nonspecific products or primer-dimers. Real-time
PCR was performed in an MX3000P real-time ma-
chine (Stratagene, La Jolla, CA) in duplicate wells.
Relative quantification of these molecules was ob-
tained by the PCR values of the targets calculated by
a factor normalized to the values of the respective NT
mice GAPDH using MX3000p software, expressing in
folds of increase over that of the NT mouse samples.
VEGF-A120 mRNA expression in keratinocytes iso-
lated from NT and I1.-4 Tg mice 8 h after cytokine
stimulation as described above was also examined by
real-time PCR

In Vivo Pro-Angiogenic Function of IL-6 and IFN-~

To examine if administration of 11.-6 and IFN-y to
the skin can induce VEGF-A production, we intra-
dermally injected recombinant mouse 1L.-6 (150 ng)
and I[FN-y (150 ng) in PBS on the shaved abdomen
of 4- to 5-week-old 11.-4 Tg-BO mice. Control mice
received PBS in the same volume. Twelve hours later,
the skin of the injected site was collected and the total
RNA was extracted Afrer reverse tranq(‘ription semi-

mRNA of VECF A 120 as descrlbed above.

In Vivo Blood Vessel Leakage Study

To study the permeability of dermavasculatures to
Evans blue, we used a protocol published by Hulthen
et al. (28) with some modifications. Briefly, NT, Tg-
BO. Tg-EL, and Tg-LL mice (N =5 in each ﬂroup)
were dH(‘bTh(‘HZbd bV 1ntrap(‘11tonoal injection of ke-
tamine 100 mg/kg. After the mice were fully anes-
thetized, an incision over the left thigh was made
to expose the left saphenous vein. Then 0.3-mL 1%
Evans blue (Sigma, St. Louis, MO) in normal saline
was injected slowly in the saphenous vein. Five min-
utes postinjection, images of ears were taken. The an-
imals were then sacrificed and the ears were excised.
Identical weights (51 mg) of lesional or nonlesional
ears from each mouse were placed in pure formamide,
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dissected, and homogenized. The supernatants were
collected after a 5-min centrifugation at 5000 rpm.
The ODs at 620 nm were read using the same plate
reader mentioned above.

Statistical Analysis

Statistical analyses were performed using the Student
¢ test with (rraphPad InStat (GraphPad softw rare, San
Diego, CA). All experimental data were explessed as
means & SD. p value <.05 was considered to be sig-
nificantly different.

RESULTS

The Number of Vessels, Average Vessel Diameter, and
Percent Dermis Occupied by Vessels Increased in Tg
Mice Dermis with Skin Disease

To investigate whether there is an increase of mi-
crovasculature in this AD model, ear skin samples
were taken from IL-4 Tg mice, which were subse-
quently immunostained th anti-CD31 to identify
endothelial cells of blood vessels. Microvascular ar-
chitecture and number differed significantly among
the four groups. The vessels in the Tg mouse groups
(BO, before disease onset; EL, early lesion; and LL,
late lesion) appeared to be larger, more numerous,
and more dilated, when compared to those of the NT
(non-Tg) group (Figure 1a). Statistical analyses of
data obtained from computer-assisted photometric
analysis showed significant increases in vessel num-
ber per mm skin length (Figure 1b.1), average diam-
eter of blood vessels (FlO"uI e 1b.2), and total percent-
age of dermal areas occupied by blood vessels in both
the EL and LI groups (Figure 1b.3) compared to the
NT group. In addition, the average vessel diameter in
the BO group is also significantly larger than that of
the NT group (Figure 1b.2). The percentage of der-
mal areas occupied by vessels in the LL group was
significantly higher than that of the EL group (Fig-
ure 1b.3), whﬂe the average diameter of vessels in
the LL group showed bwmﬁcdmlv greater reduction
than that of the EL group (Figure 1b 2). Consistent
with the above result, the mRNA expression of CD31
in the skin examined by RT real-time PCR (Figure
1c¢) increased as the disease progressed.

Endothelial cells possess VEGIE receptors on their
surfaces and they function to receive signals from
VEGF and thr ouﬂh signal transduction initiate cell
migration, spec 1ahzat10n and proliferation of en-

dothelial cells (29). The influence of VEGFEF on en-

dothelial cells via VEGF receptors has been shown
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Figure 1. The increases of CD31 and VEGFR2 expressions parallel the progression of skin inflammation. (a) The
dermis of Tg mouse skin showed increased microvasculatures. Frozen sections stained with rat anti-mouse CD31,
followed by Alexa I'luor 488-labeled goat anti-rat IgG. (b) Quantification of vessel parameters using immunofluorescence
microscopy and computer-assisted photometric analysis reveal a progressively increased number of vessels/mm skin
length (b.1), increased average diameter of vessels (b.2), and percentage of skin area occupied by vessels (b.3) as the
disease evolves. [*p < .001, statistical significance vs. N'T, #p < .05, statistical significance vs. NT, other statistical
significances include increase in number of vessels (b.1): LL vs. BO p < .001, EL vs. BO p < .05; increase in diameter
of vessels (b.2): EL vs. BO p < .001, LL vs. EL. p < .01; increase in area of vessels (b.3): EL vs. BO p < .05, LL
vs. EL p < .05, LL vs. BO p < .001.] (¢) CD31 mRNA expressed as fold of increase compared to NT group (with
value of 1) examined by a semi-quantitative RT real-time PCR in the skin. NV = 8 in each group. [*p < .001, statistical
significance vs. NT]. (d) Increased dermal blood vessel expression of VEGFR2 in dermis of Tg mouse skin. Frozen
sections of mouse ear samples were stained with rat anti-mouse VEGFR2, followed by Alexa Fluor 488-labeled goat
anti-rat IgG. (e) Quantification of VEGFR2 expression using immunofluorescence microscopy and computer-assisted
photometric analysis reveals increased number of VEGFR2 positive vessels/mm skin (e.1) and increased percent area
of VEGI'R2 expression (e.2). [*p < .001, #p < .05, statistical significance vs. NT; other statistical significances include
increase in VEGFR2 positive vessels (e.1): LL vs. BO p < .001, LL vs. EL. p < .05, EL vs. BO p < .05; increase in
percent area of VEGFR2 (e.2): EL vs. BO p < .01, LL vs. EL p < .01]. (f). VEGFR2 mRNA expressed as fold of
increase compared to N'T group (with value of 1) examined by a semi-quantitative RT real-time PCR in the skin. V=8
in each group. [*p < .001, #p < .05, statistical significance vs. N'T.] (Continued)
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Figure 1. Continued

to cause blood vessel leakiness, enlargement, and
sprouting (30). We therefore next asked whether the
expression of such receptor was also upregulated in
the inflamed skin. As depicted in Figure 1d, the
alteration of microvascular architecture as identi-
fied by anti-VEGFR2 antibodies and the increase
of VEGFR2* blood vessels appear to be similar to
that identified by anti-CD31 antibodies (Figure 1d).
Analyses of data obtained from computer-assisted
photometrlc analysis revealed that the number of
VEGFR2* blood vessels per millimeter skin (Figure
le.1) and the total percentage of dermal area occu-

pied by VEGFR2 expression (Figure le.2) were sig-
nificantly increased in the EL. and LL groups, when
compared to that of the NT group. Furthermore, the
percent dermis occupied by VEGFR2 expression was
also significantly increased in the BO group com-
pared to the NT group (Figure 1e.2). Correlated with
the blood vessel VEGFR2 expression, the mRNA ex-
pression of VEGFR2 in the skin determined by RT
real-time PCR began to increase in BO stage and
continued to increase and peak at EL, and then
slightly decreased at LL stage compared to EL stage

(quu‘ 11).
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Figure 2. Progressive elevation of VEGI'-A as the disease evolves in 1L.-4 Tg mice and the upregulation of VEGI-A
in keratinocytes by cytokine stimulation. (a) Skin mRNA levels of VEGF-A isoforms 120, 164, and 188 analyzed by
semi-quantitative RT real-time PCR (N = 8 in each group). (b) VEGF-A protein in the skin protein extracts pooled from
5 mice for each group analyzed by ELISA. *p < .001, #p < 0.05, statistical significance vs. NT. (¢) Serum VEGF-A
protein levels quantified by ELISA. N = 15 in each group. *p < .001, #p < .05, statistical significance vs. N'T. (d)
IFN-y and IL-6 in the skin protein extracts pooled from 5 mice for each group. The concentrations of IFN-y and IL-6
in the skin extracts of NT, BO, EL., and LL mice were determined by ELISA. *p < .01, #p < .05, statistical significance
vs. NT. (¢) NT and IL-4-Tg mouse cultured primary keratinocyte VEGF-A 120 isoform mRNA expression examined
by semi-quantitative RT real-time PCR 8 h after IFN-y, IL-6, TNF-«, and 1L-18 stimulation. *p < .01, #p < .05
(()lIlde'("d to keratinocytes of Tg mice treated with medium only. I1.-4- TG mouse (f) and NT mouse (g) primary cultured
keratinocyte VEGF-A protein secretion in the culture media examined bV ELISA 48 and 72 h after IFN-y, IL.-6, TNF-«,
and IL-18 stimulation. (h) Intradermal administration of IL-4 Tg mice with 1L-6 and IFN-y induces upregulation of
VEGF-A 120 mRNA. The values for Figure 2e~h were the averages of duplicate wells. Results with similar trends were
obtained in another experiment.

VEGF-A in Tg Mice with Skin Disease Increases as
the Disease Progresses and Is Upregulated by
Inflammatory Cytokines

of alternative splicing (24). As shown in Figure 2a,
mRNAs of VEGF-A120 and 188 in the IL.-4 Tg mice

especially in EL and LL stages significantly increased

VEGF-A is a major pro-angiogenic factor that stim-
ulates proliferation and migration of endothelial cells
(31) and serum VEGF-(A) elevation has been associ-
ated with angiogenesis (32, 33). In addition, it is now
known that skin epidermal cells are the major pro-
ducers of VEGF-A (34, 35). Therefore, it would be
logical to examine its presence in our modd system.
Using RT real-time PCR, we first examined mRNA
levels of three isoforms of VEGF-A (VEGF-A120,
VEGF-A164, and VEGF-A188) in the skin as a result

in the skin as compared with NT mice. However, there
was no increase of VEGF-A164 isoform mRNA ex-
pression. Then we further asked whether VEGF-A
protein level was also upregulated in the skin. ELISA
analysis on whole skin protein extracts demonstrated
that the concentrations of VEGF-A in the lesional
skin (EL and LL stages) significantly increased com-
pared to those in NT and BO skin. Such increase was
not observed in the BO and NT groups (Figure 2b).
Similar results were obtained in the serum levels of



VEGF-A (Figure 2¢). Therefore, the levels of VEGF-
A in the skin and serum were correlated as the skin
inflammation progressed.

A better way to understand the possible initiation role
of 111fldmmat01V cytokines in upregulation of VEGF
in keratinocytes in our mouse model would be to ex-
amine VEGF pmducnon by primary keratinocytes
of NT and IL.-4 Tg mice co-cultured in the presence
of these inflammatory cytokines. Therefore, the pri-
mary candidate (Vtokmes would include IL-18, IL-

6, TNF-a, and IFN-y, since the mRNAs of these four
cytokines were significantly increased in the BO skin
documented by our previous studies (21). Further-
more, we demonstrated that the proteins of 11.-18
and TNF-a were upregulated in the BO skin (306). Ti

further confirm the elevation of 1L.-6 and [FN-y in
the skin of [1.-4 Tg mice at protein level. their concen-
trations in the skin protein extracts were determined

by ELISA. Results showed that the protein levels of

IL.-6 in BO, EL, and LL skin extracts were elevated,
especially in ELL and LL skin lesions, which had sig-
nificantly higher IL.-6 concentrations than that of NT
skin (Figure 2d). Similar results were obtained in the
IFN-y experiment (Figure 2d). When primary ker-
atinocytes were co-cultured with these cytokines, we
found that IL-6 and IFN-y, but not IL.-18 or TNF-a,
induced the increase of mRNA expression of V EGF-
A120 after 8 h culture in Tg mice, but not in NT
mice (Figure 2¢). The protein secretion of VEGF-
A in the culture media was also increased after 48
h culture and further increased at 72 h (Figure 2f)
after 1L-6 and IFN-y stimulation in Tg mice. Ker-
atinocytes from N'T mice produced a smaller amount
of VEGF-A after 72 h stimulation by IFN-y and IL-
0 than that of Tg mice (Figure 2 C) The VEGF-A
production by NT keratinocytes at 48 h was not de-
tectable (Figure 2¢g). To further confirm that 1L-6
and IFN-y indeed induce VEGF-A in [L.-4 Tg mice
in vivo, we administered recombinant murine 1L-6
and TFN- y to the Tg mice intradermally for 12 h and
found that VEGI- A 120 mRNA was upreﬂuldled by
the treatment, compared to the PBS control group

(Figure 2h).

Marked Elevation of Angiogenic Factors
VE-Cadherin, Ang-1, Ang-2, and GBP-1 in Lesional
Skin

Besides VEGF, other pro-angiogenic factors, includ-
ing VE-Cad, Ang-1, and Tie-2, have been recently
defined and their functional roles identified (23). Us-
ing the RT real-time PCR semi-quantitative method,
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we found that there were significantly increased
mRNA expressions of VE-Cad and Ang-1 in diseased
mice especially in LL stage (Figure 3a). The signif-
icantly increased levels of Ang-1 were (onhrmed by
Western blot (Figure 4b). lhere was a slight increase
of VEGFRT mRNA in Tg-EL and Tg- LL mice, but
statistical significance as compared to N'T was not ob-
served (Figure 3a). Similarly, there was a small but
not swmhcant increase of Tie-2 in Tg-BO and Tg-
EL mice as compared to NT mice (l*wme 3a). No
increase of mRNA expression was noted in VEGF-B,
VEGF-D, and VEGFR3 in 1L-4 Tg mice, as com-
pared to NT mice (Figure 3a). VEGF-C mRNA was
not detected in N'T, BO, EL, or LL mice skin (data

not shown).

We further investigated the presence of possible
anti-angiogenic molecules including Ang-2 (37) and
GBP-1 (38, 39) in our mouse model system to
see if there was a negative feedback against the
strong pro-angiogenic Idctms in the l[lﬂdIIlIIlle['\
skin. Hl real-time PCR demonstrated that the GBP-
1 mRNA expression in the skin was slightly in-
creased in the EL group and highly elevated in
the LL group when compared to NT mice (Fig-
ure 3a). Increased protein levels of GBP-1 detected
by Western blot in the skin extracts of EL and LL
stages of AD in IL.-4 Tg mice confirmed the re-
sult of PCR (Figure 3(,). Ang-2 mRNA was also
found significantly increased in LL skin lesions

(Figure 3a).

Dermal Vascular Permeability Increased in IL-4
Tg Mice

To examine if there was an alteration of dermavas-
cular peuneolblht\7 a marker of angiogenesis, in the
diseased IL.-4 Tg mice, Evans blue was intravenously
injected into mice. As shown in Figure 4a. blue was
only seen in the blood vessels of ears of NT mice 5
min after injection. However, there was a striking in-
crease in the intensity of blue color in the ears of

2-BO mice, as compared to NT mice, even though
visible inflammatory lesions were not yet observed in
the BO mice. As the disease progressed in the EL and
LL stage blue color in the ears became darker (Fig-
ure 4a). The relative concentrations of Evans blue in
lesional skin tissues (Tg-BO, EL, and LL) all had a
significantly higher amount of Evans blue than those
of NT'mice (p <.001to p <.05, Figure 4b), strongly
suggesting that dermal vasculatures have dramati-
cally increased permeability in Tg mice particularly
in diseased mice.
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Figure 3. Upregulation of mRNA expressions of other angiogenic factors in inflamed mouse skin. (a) Total RNA
extracted from skin was reverse transcribed followed by a semi-quantitative real-time RT-PCR analysis for VEGI-B,
VEGF-D, VEGFR1, VEGFR3, VE-cadherin, Ang-1, Ang-2, Tie-2, and GBP-1. The increased factors in diseased mice
represented here as fold increases compared to NT (with value of 1). N = 8 in each group. Dotted line indicates the level of
target mRNA in NT mice. (b) Western blot analysis of Ang-1 in the skin extracts (left) and band intensities (pixels/mm?)
of Ang-1 (right). (¢) Western blot analysis of GBP-1 in the skin extracts (left) and band intensities (pixels/mm?) of
GBP-1 (right). Similar results were obtained in a second experiment.

DISCUSSION

Our study demonstrates a link between angiogenesis
and AD. and the molecular mechanism leading to the
angiogenesis that has not been previously described
in AD. Our study demonstrates an increase in ves-
sel number, vessel diameter, and percent area occu-
pied by vessels, as disease progresses from no visible
lesions to late lesions. Interestingly, the diameter of
vessels decreases in late lesions, while total number
and area occupied increases. On examination of the
vessel architecture it is noted that the early lesions
demonstrate larger but fewer vessels as compared to
late lesions. These findings lend strong support for
a microvascular angiogenesis process taking place in
this inflammatory skin disease. We next sought to
uncover the factors that might have contributed to

this angiogenesis process in this model, among them
VEGF-A120, VEGF-A164, VEGF-A188, VEGF-B,
VEGF-C, VEGF-D, VEGFR1, VEGFR2, VEGFR3,
VE-cadherin, Ang-1, and Tie-2 (23, 30, 40).

We have indeed found an increase of VEGF-A in
the skin of Tg mice, with the most prominent in-
crease in mice with late skin lesions. The corre-
lation of serum and skin VEGF-A concentrations
with the degrees of angiogenesis and the progression
of skin inflammation in our mouse model strongly
suggest a positive influence of VEGF-A in angiogen-
esis and inflammation. This notion is further sup-
ported by the finding that VEGF-A itself has a pro-
inflammatory property (41). Another support for the
influence of VEGF-A on skin angiogenesis comes
from the generation of an animal model of psoriasis.
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Figure 4. Dermal vasculature leakage increases as the
disease progresses. Evans blue was intravenously injected
into NT, Tg-BO, Tg-EL, and Tg-LL mice (N =5 in each
group). (a) Photographs of ears taken 5 min later after
injection. (b) Relative concentrations (OD at 620) of Evans
blue by unit weight of lesional or non-lesional skin were

determined. *p < .01, #p < .05 compared to NT.

a typical inflammatory skin disease characterized by
prominent angiogenesis, by transgenic expression of
VEGF-A into the mouse epidermis (42). By con-
trast, we did not detect any mRNA upregulation of
VEGF-B or VEGF-D in Tg mouse skin and were
not able to detect any mRNAs for VEGF-C in NT
or Tg mouse skin. Thus, VEGF-A seems to be the
major factor, among the VEGF family proteins, that
plays a significant role in the angiogenesis of our
model. VEGF-A120 and -A164 are two predominant
forms of VEGF-A. They induce proliferation of en-
dothelial cells and in vivo angiogenesis (43). How-
ever, the significance of upregulation of VEGF-A120
but not VEGF-A164 in our model is not clear. Cur-
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rent literature has not yet reported on functional dif-
ferentials between these two isoforms of VEGF-A,
with respect to angiogenesis. This point needs further
investigation.

Having demonstrated the upregulation of VEGF-A
in our mouse model of AD, the natural question that
follows is what induced this upregulation? It has been
determined that IL-4 and IFN-y differentially regu-
late the VEGF expressions in normal skin epidermal
cells and fibroblasts, with the epidermal cells being
the major producers (35). While 1L.-4 upregulates
and downregulates VEGF-A in human fibroblasts
and keratinocytes, respectively, IFN-y has the op-
posite effect (35). We have previously reported that
both 1L.-4 and IFN-y mRNAs were significantly in-
creased in Tg-BO mouse skin as compared to NT
mouse skin (21). Put all these data together and it is
possible to reason that upregulation of IFN-y might
have been responsible for the initial upregulation of
skin VEGI-A, due to its ability to enhance VEGF'-A
production by keratinocytes, a major VEGF producer
in the skin. However, the effects of different cytokines
on the induction/production of VEGF-A are still con-
troversial. One previous study reported that inflam-
matory cytokine TNF-o and IL.-18 induced VEGF-
A mRNA expression in the human keratinocyte cell
line HaCat. But 1L.-6 had no effect on VEGF-A ex-
pression in these cells (44). Another report showed
that 1L-18, 1L-6, 1L-8, TNF-«, IFN-y and TGF-
B had no effect on VEGF secretion in human pri-
mary keratinocytes (34). A third study demonstrated
that [IFN-y but not IL.-4, enhanced the secretion of
VEGF-A by human primary keratinocytes (35). Our
investigation demonstrated that [L-6 and IFN-y both
increased the expression and production of VEGF-
A by IL-4 Tg mouse keratinocytes at both mRNA
(8 h) and protein levels (48 and 72 h) (Figure 2e, f).
These two cytokines also induced VEGF-A protein
production by keratinocytes from NT mice (72 h)
(Figure 2g).

These results may indicate an initiating role of
these two cytokines in angiogenesis by upregulating
VEGF-A in our animal model and 1L.-4 transgene
in Tg keratinocytes may play some roles in inducing
VEGF-A expression. The reasons for why 1L-6 and
IFN-y upregulated VEGF-A and other inflammatory
cytokines active in this model did not yet delineated
by current literature, and therefore this mechanism
needs further investigation. It is worth noting that the
controversial data in the literature with regard to the
activities of IL-6 and IFN-y on keratinocyte-derived
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VEGF-A are derived from human keratinocytes (34,
35, 44), not from the mouse keratinocytes that we
used. The lesson we learned from this skin inflam-
mation model is that pro-inflammatory cytokines of
both Th1 (IFN-gamma) and Th2 (IL.-6) types have
the potential to upregulate pro-angiogenesis factor

VEGF-A.

VEGF-A has been shown to support cell growth
and is known to form chemotactic gradients and re-
lease proteases, which facilitate migration of certain
inflammatory cell types into tissues (45). Our AD
model, as well as human AD, is known to be an in-
flammamrv disease characterized by prominent in-
ﬂammatorv cell infiltration in the dermis of the skin
(19). Re(,ently VEGF-A has been shown to be re-
leased by T cells in response to specific antigen, 11.-2,
or hypoxia. These activated T cells, themselves ex-
pressed VEGRF2, in turn could respond to VEGF
by reverting to the Th1 phenotype (46). However, in
the present study, we focused on the role of VEGF-A
in neovascularization, not its role in facilitating the
transport of inflammatory cells to the tissue. There-
fore, the involvement of VEGF-A in inflammatory
cell recruitment and VEGF-A production by inflam-
matory cells in this model remains unclear.

Microvascular leakage is a hallmark of angiogene-
sis. The increased permeability of microvascules is
closely related to VEGF-A (47, 48). The functional
integrity of the dermal blood vessels in vivo in our
animal model was assessed by intravenous injection
of Evans blue dye. We found that there is a strong
correlation of the inflammatory skin disease progres-
sion with dermal microvascular permeability (Figure
4). The increased permeability could in turn further
enhance the angiogenesis process by allowing more
inflammatory cells and serum pro-angiogenic fac‘ror
to reach the inflamed site.

Two additional factors, Ang-1 and Ang-2. are known
to be increased in conjunction with VEGF-A dur-
ing angiogenesis. (30, 49-51). Both of these ligands
have been shown to bind to Tie-2, a receptor ty-
rosine kinase, expressed almost exclusively on en-
dothelial cells (50, 52). Deletion of Tie-2 causes early
death from immature blood vessels (52). However,
the binding of Tie-2 by Ang-1, but not Ang-2. causes
phosphory latlon of Tie-2 1ecopt0r (37). %n(,c Ang-2
does not actually transduce a signal, it is proposed
that it acts as an antagonist to Ang-1 (37). However,
recent findings showed Ang-2 can act as Tie-2 ag-
onist or antagonist (53-55). At high concentration,
Ang-2 activated the Tie-2 receptor (54). Ang-1 ap-

pears to be involved in vessel remodeling and matu-
ration (30, 50), while Ang-2 is able to promote new
vessel sprouting by inhibition of Ang-1 (37). The
skin of K-14 VEGF-A-transgenic mice had numerous
twisted capillary-sized vessels with higher permeabil-
ity. In contrast, the skin of K-14 Ang-1-transgenic
mice had enlarged dermal vessels without a signif-
icant increase in vessel number and leakage. How-
ever, in the K-14 VEGIF and Ang-1 double trans-
genic mice, both the number and size of the skin
vessels were increased (57), indicating that the com-
bined functions of VEGF-A and Ang- 1 are responel—
ble for the increases of vessel number and size. The
findings in our model that both vessel size and num-
ber are increased in EL disease stage, corresponding
to combined VEGF-A and Ang-1 upregulation, are
consistent with the implicated combined functions
of VEGF-A and Ang-1 as illustrated by the double
transgenic model (57). Similarly, in our model, vessel
number was increased, but vessel size was decreased
in LL disease stage as compared to that of EL stage.
This could reflect the effect of VEGF-A, while Ang-1
is inhibited by Ang-2, which showed increase only
at the LL disease stage. However, the actual roles
of Ang-1, Ang-2. and Tie-2 in the dermal angio-
genesis of this animal model are in need of further
mvestigation.

VE-Cad, an adhesion molecule of intracellular junc-
tions, is required for angiogenesis. Monoclonal anti-
body dlrectlv against V E Cad inhibited the formation
of Ldpllldl y lubeb and disrupted the capillary network
when added to form capillary tubes (58). VE-Cad-
deficient embryos and yolk sacs showed arrested vas-
cularization process at a very primitive stage with no
sign of angiogenic sprouting (59). Recently VE-Cad
has been ShO\\[l to be associated with VEGFR2 dur-
ing signal transduction from VEGF-A binding (60).
VE-Cad phosphorylation in response to VEGF bind-
ing has been proposed as a mechanism to loosen cell-
cell contacts, allowing for vessel sprouting and cell
migration associated with VEGF-induced angiogen-
esis .(01). The increased transcription of VE-Cad in
early and late atopic lesions in our model may indi-
cate a positive role of VE-Cad in angiogenesis by way
of VEGF. However, the elevation of mRNA explesslon
of VE-Cad most hkely resulted from the increase in
numbers of endothelial cells in the skin lesions as they
became more vascularized as established in Figure 1,
not due to a change in level of expression by mleld—
ual endothelial cells.

GBP-1 is a member of the large GTPase protein
family (62). It is a cytoplasmic protein expressed



in endothelial cells. It is selectively induced by in-
flammatory cytokines, including IFN-y. [L-1a, IL-
18, and TNF-¢ (63). In humans, endothelial cells
of normal skin do not express GBP-1. The expres-
sion of GBP-1 was highly detected in the endothelial
cells in inflammatory skin diseases with angiogenesis,
such as psoriasis, adverse drug reaction, and Kaposi’s
sarcoma (63). However, GBP-1 was found to be in-
versely related to endothelial cell proliferation in both
in vitro and in vivo studies without affecting endothe-
lial cell adhesiveness for monocytes (38). In addition,
5BP-1 mediates the inhibition of endothelial cell in-
vasiveness by inflammatory cytokines via downreg-
ulation of matrix metalloproteinase-1 (MMP-1) ex-
pression (39), an important proteolytic enzyme in
tissue remodeling (39). The anti-angiogenic effect
of GBP-1 was determined to be through its G'TPase
activity that inhibits of MMP-1 expression, rather
than its anti-proliferative function (39). The elevated
GBP-1 in the skin lesions is likely induced by in-
creased inflammatory cytokines (IFN-y, [L-18, and
TNF-« ) in the skin of our Tg mice (21), as in the case
for VEGF-A. It is interesting that inflammatory cy-
tokines simultaneously induce both pro-angiogenic
factor VEGF-A and angiogenic inhibitor GBP-1.
The upregulation of GBP-1 in skin lesions proba-
bly serves as a negative feedback signal, attempt-
ing to terminate excessive angiogenesis induced by

VEGF-A.

The angiogenesis process is thought to depend on
a balance between endogenous positive and nega-
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tive regulatory molecules (pro-angiogenic and anti-
angiogenic factors, respectively) (64). This is most
likely what happens in our animal model, in light
of the significantly increased expression of pro-
angiogenic molecules, including VEGF-A, Ang-1,
and VE-cadherin, in the [1.-4 Tg mice. In the LL
stage of the skin lesion, anti-angiogenic factors Ang-
2 and GBP-1 are significantly augmented, suggest-
ing that these upregulated anti-angiogenic factors at-
tempt to control the strongly developed angiogenesis
as a negative back mechanism. However, the role of
these factors in the angiogenesis remains undefined
and merits further investigation.

Taken together, an angiogenesis process has occurred
in the atopic lesions in our mouse model as demon-
strated by the increased number and density of CD31
positive vessels, the upregulation of pro-angiogenic
factors VEGF-A, VEGFR2, VE-cadherin, and Ang-
1, as well as significant dermal microvascular leak-
age. Inflammatory cytokines IL.-6 and IFN-y seem to
play an initiating role of angiogenesis by upregulating
epidermal VEGF-A. In addition, our results provided
a strong correlation of the progression of inflamma-
tory disease with that of dermal angiogenesis. These
data together thus depict a picture of skin immuno-
logical microenvironment that promotes dermal mi-
crovascular angiogenesis in our keratin 14-11.-4-Tg
mouse model of AD (Figure 5). Future studies may
elucidate the detailed mechanism of angiogenesis in
the pathogenesis of AD, leading possibly to develop-
ment of target-specific therapies for AD.
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Figure 5. Skin immunological microenvironment that may promote or inhibit angiogenesis, vascular leakage, and
inflammation as presented in the keratin 14-11.-4-Tg mouse model of AD. Solid one-sided arrows indicate upregulation;
dotted one-sided and curve arrows indicate direction of influence or direction of process. Double-sided arrow indicates

co-dependency.
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