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Psoriasis is an inflammatory skin disease character-
ized by hyperproliferation of keratinocytes, impaired
barrier function, and pronounced infiltration of in-
flammatory cells. Tight junctions (IJs) are cell-cell
junctions that form paracellular barriers for solutes
and inflammatory cells. Altered localization of TJ pro-
teins in the epidermis was described in plaque-type
psoriasis. Here we show that localization of TJ pro-
teins is already altered in early-stage psoriasis. Occlu-
din, ZO-1, and claudin-4 are found in more layers
than in normal epidermis, and claudin-1 and -7 are
down-regulated in the basal and in the uppermost
layers. In plaque-type psoriasis, the staining patterns
of occludin and ZO-1 do not change, whereas the
claudins are further down-regulated. Near transmi-
grating granulocytes, all TJ proteins except for
junctional adhesion molecule-A are down-regu-
lated. Treatment of cultured keratinocytes with inter-
leukin-18 and tumor necrosis factor-a, which are
present at elevated levels in psoriatic skin, results in
an increase of transepithelial resistance at early time
points and a decrease at later time points. Injection of
interleukin-1f into an ex vivo skin model leads to an
up-regulation of occludin and ZO-1, resembling TJ
protein alteration in early psoriasis. Our results show
for the first time that alteration of TJ proteins is an
early event in psoriasis and is not the consequence of
the more profound changes found in plaque-type pso-
riasis. Our data indicate that cytokines are involved in
alterations of TJ proteins observed in psoriasis. (4m J
Patbol 2009, 175:1095-1106; DOI: 10.2353/ajpath.2009.080973)

Tight junctions (TJs) are cell-cell junctions that seal the
intercellular space between neighboring cells. They con-
sist of a variety of TJ transmembrane proteins, eg, clau-
dins (Cldns), occludin (Occl), and junctional adhesion
molecules (JAMs) as well as of TJ-plaque proteins, eg,
Z0-1to -3, symplekin, and cingulin (reviewed in Refs."?). In
simple epithelia and endothelia it was shown that Tds are
important for the establishment and maintenance of a
barrier to the paracellular passage of molecules and
inflammatory cells. In addition, TJ-associated proteins
were demonstrated to be involved, eg, in cell proliferation
and differentiation as well as in vesicle transport (re-
viewed in Refs.?3). In mammalian epidermis, typical TJ
structures are localized in the stratum granulosum,
whereas the distribution patterns of TJ proteins are more
widespread (reviewed in Ref.*). For instance, Occl is
restricted to the stratum granulosum, ZO-1 and Cldn-4
are found in the upper layers of the epidermis, and
Cldn-1, Cldn-7, and JAM-A are found in all layers. TJ
proteins are involved in (murine) inside-out barrier func-
tion of the epidermis, which was shown in several knock-
out mouse models, especially Cldn-1-deficient mice,
which die shortly after birth because of a tremendous
transepidermal water loss and which are characterized
by leaky TJs® (reviewed in Refs.*®).

Psoriasis is an inflammatory skin disease affecting ap-
proximately 2% of the Western population. It is charac-
terized by hyperproliferation of keratinocytes, impaired
barrier function, and pronounced infiltration of inflammatory
cells into dermis and epidermis (reviewed in Refs.”®). His-
topathologically, psoriasis is a dynamic process. Early
psoriasis is characterized by dilation of vessels and im-
migration of mononuclear cells and granulocytes into the
dermis and shortly thereafter into the epidermis as well as
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by spongiosis of the epithelium. Later stages show vari-
able parakeratosis, epidermotropic neutrophil immigra-
tion forming subcorneal pustules, acanthosis, and dilated
vessels in the papillary dermis with a moderate mononu-
clear infiltrate.

Altered localization of TJ proteins in the epidermis has
been described in plaque-type psoriasis. TJ proteins that
are normally restricted to the stratum granulosum (Occl)
or stratum granulosum and upper stratum spinosum
(ZO-1 and Cldn-4) exhibit a broader localization pat-
tern.°~"" This broader expression is not found in nonle-
sional skin and is reversed in healed psoriatic plaques
except for Cldn-4."2 In contrast, TJ proteins that are
normally localized in all layers of the epidermis, ie,
Cldn-1, are down-regulated.®'® Watson et al’® sug-
gested that interleukin (IL)-18, which is produced by
keratinocytes and monocytes/macrophages, plays a role
in down-regulation of Cldns.

To further elucidate the molecular causes for alter-
ations of TJ proteins observed in psoriasis we investi-
gated early-stage in comparison with plaque-type psori-
asis. In addition, we analyzed the influence of IL-18 and
tumor necrosis factor (TNF)-«, two important cytokines
involved in the pathogenesis of psoriasis, on TJ function-
ality in keratinocytes.

Here we demonstrate for the first time that alteration of
TJ proteins is already found in early-stage psoriasis and
is therefore not (only) a consequence of epidermal
changes manifested in plaque-type psoriasis. TJ local-
ization is affected by inflammatory cells, and IL-18 is able
to influence TJ expression and functionality in a time- and
dose-dependent manner. In addition, we show that TNF«
also alters TJ functionality in keratinocytes.

Materials and Methods

Tissues, Antibodies, Cytokines, and Primers

The samples we chose as representative for early-stage
psoriasis (n = 5) were characterized by a discrete spon-
giosis of epidermal keratinocytes and immigration of
mononuclear cells and granulocytes into the dermis and
epidermis. Fully developed plaque-type psoriasis (n = 5)
was characterized by parakeratosis, acanthosis with
elongated rete ridges, and the presence of epidermo-
tropic neutrophils and dermal lymphocytes. The samples
were used after diagnostic procedures had been com-
pleted and in agreement with the local medical ethics
committee of Hamburg (WF08/08). All patients gave their
informed consent.

Antibodies specific for Cldn-1 (MH25), Cldn-4 (ZMD.306),
Cldn-7 (ZMD.241), ZO-1 (Z-R1), and Occl (Z-T22) were
purchased from Zymed Laboratories (San Francisco,
CA). Antibodies directed to JAM-A (AF1103) were pur-
chased from R&D Systems (Minneapolis, MN). Antibod-
ies specific for CD1a (010), CD15 (C3D-1), CD68 (PG-
M1), and Ki-67 (7240) were purchased from DAKO
(Hamburg, Germany), antibodies specific for involucrin
(MS-126-P0) were from Lab Vision Products (Fremont,
CA), and antibodies specific for filaggrin (060600302)

were from Quartett (Berlin, Germany). TNFa and IL-18
were purchased from PeproTech (Rocky Hill, NJ). FAM
dye-labeled real-time (rt)-PCR TagMan MGB probes
for Cldn-1 (Hs01076359_m1), Cldn-4 (Hs00533616_s1),
Cldn-7 (Hs00600772_m1), ZO-1 (Hs01551876_m1), Occl
(Hs00170162_m1), JAM-A (Hs00170991_m1), and 18S
RNA (Hs99999901_s1) were purchased from Applied
Biosystems (Carlsbad, CA).

Treatment of Ex Vivo Skin Organ Models with
Cytokines

Ex vivo skin organ models were obtained from porcine
ears. Directly after cleaning and disinfection of the pig
ears (approximately 1 hour after slaughtering), 6-mm
punch biopsies were taken and placed dermis down on
sterile gauze in culture dishes and immersed in medium
in such a way that the dermis only was in contact with the
medium, whereas the epidermis remained exposed to air
(“air-liquid-interphase”). The medium consisted of Dul-
becco’s modified Eagle’s medium supplemented with
hydrocortisone, 2% fetal calf serum, penicillin, and strep-
tomycin. Next 50 ul of cytokines (100 ng/ml and 1 pwg/ml,
diluted in PBS) was directly injected into the dermis, and
the ex vivo skin organ model was incubated in ambient air
with 10% CO, at 37°C for 30 minutes, 60 minutes, 6
hours, and 24 hours. For controls the same amount of
PBS was injected.

Human skin samples were obtained as surgical mar-
gins during routine clinical procedures; the samples were
localized at least 2 cm from the suspect lesions. Subse-
quently human skin organ models were produced in the
same way as porcine models.

Cell Culture

Primary human keratinocytes were isolated from foreskin
and cultured in serum-free keratinocyte growth medium
(medium 154 containing 70 umol/L Ca®*; Cascade Bio-
logics, Portland, OR) as described.' For calcium switch
experiments confluent cells were transferred to high-cal-
cium medium containing 1.8 mmol/L Ca®*.

Immunofluorescence Microscopy

Cryosections (6 um) of skin organ models were fixed in
acetone at —20°C for 10 minutes. Primary antibodies
were diluted in PBS (Cldn-1, 1:150; ZO-1, 1:100; Occl,
1:100, Ki-67, 1:50; involucrin, 1:200; and filaggrin, 1:300)
and applied to the sections for 30 minutes at room tem-
perature. For ZO-1, Occl, and involucrin a blocking step
(2% normal goat serum and 0.1% Triton X-100; 15 min-
utes at room temperature) preceded the antibody incu-
bation. The samples were subsequently washed for 2 X
10 minutes in PBS.

Paraffin sections (5 wm) of formaldehyde-fixed tissues
were deparaffinated and rehydrated. Antigen retrieval
was performed by microwave oven heating (4 X 5 min-
utes, 600 W) in Tris-EDTA-citrate buffer (pH 7.8), followed



by 0.001% trypsin for 10 minutes at 37°C. Unspecific-
binding sites of the tissues were blocked with a Protein
Block (DAKO). Primary antibodies were diluted in PBS
(Cldn-1, 1:150; Cldn-4, 1:50; Cldn-7, 1:10; ZO-1, 1:80;
Occl, 1:20; JAM-A, 1:30; CD1a, 1:400; CD15, 1.75;
CD68, 1:100, Ki-67, 1:50; involucrin, 1:100; and filaggrin,
1:200) and applied to the sections overnight at 4°C,
followed by washing of the samples for 3 X 3 minutes in
Tris-buffered saline and Tween 20 (TBST).

Cultured cells grown on coverslips were fixed in cold
methanol (—20°C, 5 minutes) and acetone (—20°C, 15
seconds). Primary antibodies were diluted in PBS
(Cldn-1, 1:100; Cldn-4, 1:100; ZO-1, 1:100; and Occl,
1:100) and applied to the coverslips for 30 minutes at
room temperature. A blocking step (2% normal goat se-
rum and 0.1% Triton X-100; 15 minutes at room temper-
ature) preceded the antibody incubation. The samples
were subsequently washed for 2 X 10 minutes in PBS.

Then Alexa 488- and Alexa 594- or Cy3-labeled sec-
ondary antibodies (Jackson ImmunoResearch, Suffolk,
UK) were applied for 30 minutes at room temperature,
followed by washing in PBS and a subsequent incubation
with 4,6-diamidino-2-phenylindole (1:5000 in PBS). Fi-
nally, the slides or coverslips were washed again with
PBS followed by aquadest and mounted with Fluoro-
mount (Southern Biotechnology Associates, Inc. Birming-
ham, AL). Isotype-matched antibodies were used for
negative controls. An Axiophot Il microscope (Zeiss, Got-
tingen, Germany) and the software Openlab 2.0.4 (Im-
provision, Coventry, UK) were used for the evaluation of
stainings. All images of stainings from a series of exper-
iments were acquired and processed at the same set-
tings, and representative areas were photographed.

Measurement of Transepithelial Resistance

For transepithelial resistance (TER) experiments, keratin-
ocytes were trypsinized and plated onto Transwells of
0.4-um pore size (Millipore, Bedford, MA) with a cell
density of 100,000 cells/well. When cells reached conflu-
ence they were transferred to high-calcium medium con-
taining 1.8 mmol/L Ca®* and 1 or 100 ng/ml cytokines,
respectively. TER was measured at different time points
(0, 24, 48, 72, and 96 hours) after the calcium switch (t =
0 hours) by using a Millicell-ERS epithelial voltohmmeter
(Millipore). Cytokines were applied at t = 0 hours and
every 48 hours. In a further approach cytokines were
applied 48 hours after the calcium switch, when TER was
already present (>350 Q - cm?). TER values were cor-
rected by subtracting the blank value (no cells) and are
expressed in Q - cm?.

Western Blot Analysis

Ex vivo skin organ models were frozen in liquid nitrogen
and lysed in RIPA buffer (1% Nonidet P-40, 0.5% deoxy-
cholate, 0.1% SDS, 5 mmol/L EDTA, 150 mmol/L NaCl,
and 50 mmol/L Tris, pH 8.0) and a cocktail of protease
inhibitors (Sigma, Munich, Germany). The same lysis
buffer was applied to the primary keratinocytes. Total
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protein (80 wg) was separated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose. After
blocking for 1 hour with 5% dry milk powder in TBST,
membranes were probed with the appropriate antibodies
also used in immunofluorescence microscopy overnight
at 4°C. Subsequently membranes were washed for 3 X 5
minutes with TBST and incubated for 30 minutes with the
appropriate secondary antibodies coupled with horse-
radish peroxidase (Jackson ImmunoResearch). After an-
other washing for 2 X 5 minutes with TBST immunoreac-
tions were visualized by the ECL system (Amersham,
Buckinghamshire, UK).

Real-Time-PCR Analysis

Total MRNA was isolated from 3-mm punch biopsies from
three patients with psoriasis and three samples of healthy
skin as well as from cultured keratinocytes by using an
RNeasy mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Three micrograms of to-
tal RNA was used for first-strand cDNA synthesis with the
iScript cDNA synthesis kit (Bio-Rad, Munich, Germany)
as suggested by the manufacturer. Two microliters of the
cDNA was used as a template in real-time-PCR analysis
with the FAM dye-labeled TagMan MGB probes for
Cldn-1, Cldn-4, Cldn-7, ZO-1, Occl, JAM-A, and 18S RNA
in an iCycler iQ thermal cycler (Bio-Rad) under the con-
ditions recommended by Applied Biosystems. All real-
time-PCR analyses were performed in triplicate for three
independent experiments. Relative transcriptional lev-
els within distinct experiments were determined by
using the 2~ 22C method.™®

Cell Proliferation Assay

Cell proliferation of keratinocytes with and without IL-13
or TNFa was investigated by using the Quick Cell Prolif-
eration Assay Kit Il (Biocat, Heidelberg, Germany). Ker-
atinocytes were incubated for 5, 24, 48, 72, and 96 hours
in high-calcium medium with cytokines (100 ng/ml) or
PBS. Subsequently the tetrazolium salt, WST-1, was
added and the cells were further incubated for 4 hours at
37°C. The assay is based on the cleavage of the tetra-
zolium salt to formazan by cellular mitochondrial dehy-
drogenase. The amount of the dye generated by activity
of dehydrogenase is directly proportional to the number
of living cells. The absorbance was measured at 440 nm
by using a microplate autoreader.

Evaluation of the Proliferative Index (Ki-67-
Positive Cells) in Skin Organ Models

Ki-67-positive cells in skin organ models were detected
and counted by using the above-mentioned immunoflu-
orescence microscope. The cells highlighted by Ki-67
were correlated to the total amount of cells in the basal
cell layer (4,6-diamidino-2-phenylindole-positive cells).
Three visual fields were evaluated per sample.
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Statistics

Statistical analysis was performed with Student’s t-test.
Values are shown as mean = SEM.

Results

Localization of TJ Proteins in Early-Stage and
Plaque-Type Psoriasis

To clarify whether the broadened expression of distinct
TJ proteins as well as the down-regulation of other TJ
proteins observed in plaque-type psoriasis are early or
late events we investigated the distribution of TJ proteins
in early-stage compared with plaque-type psoriasis.
From the variety of Cldns we chose two different Cldns
that are localized in all layers of normal epidermis (Cldn-1
and Cldn-7) to investigate whether these proteins show
similar alterations. Further, we studied Cldn-4, which is
restricted to the upper layers of the epidermis to eluci-

Figure 1. Localization and expression of Occl,
Z0O-1, and Cldn-4. Immunofluorescence local-
ization of Occl (A, D, and G), ZO-1 (B, E, and
H), and Cldn-4 (C, F, and D) in normal skin (A, B,
and ©) and in early-stage (D, E, and F) and
plaque-type (G, H, and D) psoriasis. Epifluores-
cence pictures. Note the broadened localization
of Occl and ZO-1 in psoriasis. Arrows denote
blood vessels positive for TJ proteins. Scale bars:
20 um (A-C); 50 um (D-D). J: Real-time PCR
analysis of Occl, ZO-1, and Cldn-4 expression
levels. Values are denoted as fold changes in
psoriatic skin compared with normal skin
(means * SEM; n = 3). *P < 0.05.
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date whether this Cldn shows changes comparable to
those of the other Cldns or whether its fate resembles that
of other TJ proteins that are restricted to the upper layers
of the epidermis, ie, Occl and ZO-1.

Occludin in normal skin is mainly restricted to the
lateral plasma membranes of the granular cells. Occa-
sionally, a faint staining is also seen at the entire plasma
membrane (Figure 1A). ZO-1 and Cldn-4 are enriched at
the lateral plasma membranes but are also observed at
the entire membranes of the upper layers of the epider-
mis (Figure 1, B and C). In early-stage as well as plaque-
type psoriasis we observed expression of Occl, ZO-1,
and Cldn-4 in more epidermal layers compared with
those for normal skin (Figure 1; Table 1; Supplemental
Figure S1, see http.//ajp.amjpathol.org). Occl and ZO-1
are concentrated at the lateral plasma membranes but
can also be seen at the entire plasma membrane and,
especially in plaque-type psoriasis, in the cytoplasm (Fig-
ure 1, D, E, G, and H). Cldn-4 is mainly found in the
cytoplasm (Figure 1, F and 1). Real-time PCR revealed



increased levels of Occl and ZO-1 mRNAs, whereas
there was no change for Cldn-4 mRNA in psoriatic skin
compared with normal skin (Figure 1J).

Cldn-1 and Cldn-7, which are normally found in all
layers of the epidermis (for Cldn-7 with a more intensive
staining in the upper layers), were observed at de-
creased levels, especially in the lowermost but also in the
uppermost layers of the epidermis in early-stage pso-
riasis (Figure 2, A and C, for Cldn-1, Cldn-7 data not
shown; Table 1; Supplemental Figure S2, see http://
ajp.amjpathol.org). In plaque-type psoriasis, an overall
down-regulation was found in many cases (Figure
2E; Table 1; Supplemental Figure S2, see http.//ajp.
amjpathol.org), whereas in other cases Cldn-1 staining
was still quite intense except for the uppermost and
lowermost layers.

Of note, there was no alteration of JAM-A, a TJ protein
also normally localized in all layers of the epidermis (Fig-
ure 2B), aside from a slight down-regulation in the upper-
most layers (Figure 2, D and F; Table 1; Supplemental
Figure S2, see http.//ajp.amjpathol.org). Cldn-1, Cldn-7,
and JAM-A were uniformly distributed at the plasma
membranes in healthy as well as in psoriatic skin; an
increase of staining intensity at the lateral plasma mem-
branes was rarely observed except for JAM-A in the
upper layers (Figure 2 for Cldn-1 and JAM-A; data not
shown for Cldn-7). Real-time PCR revealed a decreased
level of Cldn-1 mRNA in psoriatic skin compared with that
in normal skin, whereas there was no change in the levels
of Cldn-7 and JAM-A (Figure 2G).

Down-Regulation of TJ Proteins near
Inflammatory Cells

Because psoriasis is also characterized by epithelial
transmigration of granulocytes forming subsequently dis-
crete subcorneal pustules, we also examined the expres-
sion of TJ proteins near these leukocytes. We observed a
down-regulation of most TJ proteins near granulocytes,
which were detected by CD15, particularly near pustules
(Figure 3, A-F, for Cldn-1, ZO-1, and Occl). However,
there also existed a colocalization of CD15-positive cells
and TJ proteins. Again, JAM-A was not down-regulated
(data not shown). We did not observe a down-regulation
of TJ proteins in the proximity of CD68-positive macro-
phages in the epidermis even though a down-regulation
of Cldn-1 was sometimes observed in epidermis adjacent
to dermal CD68-positive cells (data not shown). There
was no down-regulation of TJ proteins near or at Lang-
erhans cells. On the contrary, Langerhans cells were, as
was shown before in normal epidermis,'® positive for
Cldn-1 (Figure 4, A-F). Interestingly, Langerhans cells
were also positive for Cldn-1 in epidermal areas in which
keratinocytes were negative for Cldn-1 (Figure 4, A-F). In
addition, dermal CD1a-positive cells were also positive
for Cldn-1 (Figure 4B, arrow). Of note, we also observed
JAM-A staining in epidermal and dermal CD1a-positive
cells (Figure 4, G-I).
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Figure 2. Expression and localization of Cldn-1, Cldn-7, and JAM-A. Immu-
nofluorescence localization of Cldn-1 (A, C, and E) and JAM-A (B, D, and F)
in normal skin (A and B), early-stage (C and D), and plaque-type (E and F)
psoriasis. Epifluorescence pictures. Note the down-regulation of Cldn-1 in
the lower and uppermost layers in early-stage psoriasis and a further down-
regulation in plaque-type psoriasis. Scale bars: 20 um (A and B); 50 um
(C-F). G: Real-time PCR analysis of Cldn-1, Cldn-7, and JAM-A expression
levels. Values are denoted as fold changes in psoriatic skin compared with
normal skin (means = SEM; n = 3). *P < 0.05.
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Table 1. Comparison of the Staining Patterns of the Various TJ Proteins in Psoriatic Skin and Skin Models and Keratinocytes
Treated with IL-1B
Cultured keratinocytes
IL-1B injection in ex vivo skin organ models Psoriasis with IL-18
TJ protein 30 minutes 60 minutes 6 hours 24 hours Early-stage  Plaque-type 24 hours 96 hours
Occl () 1 1 (1) () T (" L
Z0-1 M 1 1 T () T (M \
Cldn-4 — — — — 1+ T T T
Cldn-1 (L) (L) (L)F (L)forl L* For || 1 W
Cldn-7 nt nt nt nt R L¥or || nt nt
JAM-A nt nt nt nt ()8 ()8 nt nt

1, broadened expression/increased staining intensity; |, down-regulation; (1) to 1 1 reflect different degrees of changes; —, no changes; nt, not

tested.
*Cell-cell borders and cytoplasm.
Mainly cytoplasm and plasma membrane.
*Uppermost and lowermost layers.
SUppermost layers.

Influence of IL-1B and TNF« on Td Protein
Expression and Function in Keratinocytes

It is known that in psoriatic skin keratinocytes as well as
infiltrating inflammatory cells produce elevated levels of

Figure 3. Colocalization by double-staining of granulocytes and TJ proteins.
Localization of Cldn-1 (red; A and B), ZO-1 (red; C and D), and Occl (red; E
and F) as well as CD15 (green; A, C and E) in psoriasis. A, C, and E: overlay
of red and green epifluorescence pictures. B, D, and F: overlay of red
epifluorescence and phase-contrast pictures. Note the down-regulation of TJ
proteins near granulocytes as well as colocalization with granulocytes. Scale
bar = 50 wm.

IL-18.17 In addition, results obtained by Watson et al'®
hinted that IL-18 may have a putative role in the regula-
tion of Cldns in plaque-type psoriasis. Therefore, we ex-
amined whether broadened expression as well as down-
regulation of distinct TJ proteins might be influenced by
this cytokine. Injection of 50 ul of 100 ng/ml and 1 ug/ml
IL-1B into ex vivo porcine (Figure 5; Table 1) and human
(data not shown) skin organ models for 24 hours resulted
in a broadened localization of Occl as well as of ZO-1
(Figure 5, A-F). Injection of 100 ng/ml IL-1B did not
change Cldn-1 staining intensity (Figure 5, G and H),
whereas 1 ug/ml resulted in a down-regulation in some
sections (Figure 51) and in other sections staining inten-
sity remained unaltered (data not shown). Western blot
analysis of porcine and human models confirmed the
up-regulation of ZO-1; but levels of Cldn-1 remained
unchanged (Figure 5, J and K). The broadened localiza-
tion of Occl and ZO-1 was already observed 30 minutes
(faintly) and 60 minutes (more intense then after 30 min-
utes but less intensive than after 24 hours) after injection
of 100 ng/ml and 1 pg/ml IL-1B (Table 1; Supplemental
Figure S3, see http://ajp.amjpathol.org).

To investigate the influence of IL-18 on TJ functionality
we incubated primary human keratinocytes with IL-18
and observed a dose- and time-dependent up- and
down-regulation of transepithelial resistance (Figure 6,
A-C). Twenty-four hours after the calcium switch and
application of IL-18 an up-regulation of TER was ob-
served that was more pronounced with 100 ng/ml IL-13
than with 1 ng/ml. At later time points (72 and 96 hours)
TER was significantly reduced by the influence of IL-1.
Again, this result was more obvious with 100 than with 1
ng/ml. There was no difference between the applications
of IL-18 to the apical or basal part of the cells (Figure 6,
B and C).

Immunofluorescence staining of the keratinocytes re-
vealed an increased staining intensity for Cldn-1 and
Cldn-4 in the cytoplasm and increased and more contin-
uous staining at the cell-cell borders 24 hours after the
calcium switch and application of IL-13. A slight increase
at the cell-cell borders and more continuous staining was
also observed for ZO-1 and Occl (Figure 7A; Table 1).
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Figure 4. Colocalization of Cldn-1 as well as JAM-A and Langerhans cells. Immunofluorescence localization of Cldn-1 (red; A, C, D, and F), JAM-A (red; G, and
D, and CD1a (green; B, C, E, F, H, and D in early-stage (A—C and G-I and plaque-type (D-F) psoriasis. Note the colocalization of CD1a with Cldn-1 and JAM-A.

Arrow, dermal CD1a positive cell. Scale bar = 50 um.

Therefore, increased TER goes along with increased
staining intensity for Cldns, ZO-1, and Occl. The increase
in staining intensity was not reflected by a change in
protein amount (Figure 7B). Decreased staining intensity
compared with the control was observed 72 hours after
the calcium switch and application of IL-18 for Occl and
96 hours for Occl, ZO-1, and Cldn-1 (Figure 7A; Table 1).
For Occl and Cldn-1 a decrease in the protein amount
was observed at 72 and 96 hours (Figure 7B). Therefore,
decreased TER goes along with decreased staining in-
tensity and protein amounts for Cldn-1 and Occl and, in
some respects, for ZO-1.

Regarding RNA level we observed a significant in-
crease of Cldn-4 mRNA 24 hours after IL-18 applica-

tion, whereas there were minor changes for the other
proteins. At 72 hours after application there was a
significant increase of Cldn-4, Occl, and ZO-1, but a
significant decrease for Cldn-1. At 96 hours after ap-
plication, there was only a significant decrease for
Cldn-1 (Figure 7, C-F).

Because it is also known that TNFa plays an important
role in psoriasis'® and it is found in elevated levels in
psoriatic plaques,’® we applied TNFa to cultured human
keratinocytes. Application of 100 ng/ml of TNFa showed
results analogous to those for IL-1B3 concerning the up-
and down-regulation of TER (Figure 6D).

When adding IL-1B8 to fully developed tight junctions
48 hours after the calcium switch (characterized by a TER
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>350 Q) - cm?), we observed no increase in TER. How-
ever, there was a significant increase in TER after appli-
cation of TNFa (Figure 6, E and F).

Correlation of TJ Alteration with Keratinocyte
Differentiation and Proliferation

Psoriatic plaques are characterized by alteration of dif-
ferentiation markers as well as increased proliferative
index of keratinocytes. The question arises, whether al-
teration of TJ protein expression and localization ob-
served in psoriasis and after application of IL-18 might be
a consequence of alteration of differentiation and prolif-
eration. Therefore, we studied the localization of the
differentiation markers involucrin and filaggrin as well
as cell proliferation in psoriasis and in skin models
injected with IL-1B. We observed an alteration of ex-
pression of involucrin and filaggrin in early-stage pso-
riasis (Supplemental Figure S4, D and E, see http://
ajp.amjpathol.org) that was even more pronounced in
plague-type psoriasis (Supplemental Figure S4, G and
H, see http.//ajp.amjpathol.org), compared with normal

Figure 5. Influence of IL-1B on localization and
protein amount of TJ proteins 24 hours after
injection in ex vivo skin organ models. Same
amounts of PBS (A, D, and G), 0.1 png/ml IL-18
(B, E, and H), and 1 pg/ml IL-1B (C, F, and D
were injected into porcine ex vivo skin organ
models (12 = 9). A-I: Immunofluorescence stain-
ing of the models after 24 hours of cytokine
treatment (A—C: Occl; D-F: ZO-1; G-I: Cldn-1)
and Western blot analysis (J: porcine samples;
K: human samples). Scale bar = 50 uwm.
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et e s o ot gy )|

L e e s e R e 70 1
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skin (Supplemental Figure S4, A and B, see http://
ajp.amjpathol.org). The proliferative index was in-
creased in both stages of psoriasis (Supplemental Fig-
ure S5, C, F, and |, see http.//ajp.amjpathol.org).
Therefore, early-stage psoriasis shows an alteration of
TJ protein expression, epidermal differentiation, and
the proliferative index. However, immunohistological
stainings of ex vivo skin models 30 minutes, 60 minutes,
6 hours, and 24 hours after injection of IL-18 did not
show alterations of involucrin and filaggrin localization
and staining intensity or of the proliferative index (Sup-
plemental Figure S5, A-G, see http://ajp.amjpathol.org)
even though we observed an alteration of TJ protein expres-
sion (Supplemental Figure S3, see http.//ajp.amjpathol.org).
In addition, in cultured keratinocytes we did not observe
an alteration in the proliferative index after application of
IL-18 nor TNFa (Supplemental Figure 5H, see http://ajp.
amjpathol.org) even though an alterations in TJ protein
expression, localization, and function were observed
(Figure 7). Therefore, alterations in TJ expression and
localization do not seem to depend on changes of differ-
entiation and proliferation.



A ——IL1B (1ng/mi)

a0 | —= control

——IL1B (100ngim1)
—»— control

@ I
g H
g g

TER (ohm * cm?)
8
H

TER (ohm * m?)
8
g

100

TJ Proteins in Psoriatic Skin 1103
AJP September 2009, Vol. 175, No. 3

- C ——IL1B (100ng/mi) basal T

o A

H
8

TER (ohm * cm’)

o 24 48 72 % 0 24
Time (hours)

D E

——TNFa (100ngiml) sss

——IL1B (100ng/mi) after 48h
—=— control

H

TER (ohm * em?)
g
TER (ohm * cm?)

Time (hours) Time (hours)

——TNFa (100ngiml) after 48h -
—— control

TER (ohm * ¢m?)
g %

8

Time (hours)

72 9 0 24 a8 72 9

Time (hours) Time (hours)

Figure 6. Influence of IL-18 and TNFa on TJ functionality. Transepithelial resistance of cultured keratinocytes after the calcium switch and incubation with 1
ng/ml IL-1B (A), 100 ng/ml IL-1B applied to the apical side of the membrane (B), 100 ng/ml IL-1B applied to the basal side (C), and 100 ng/ml TNFa (D). E and
F: IL-1B (E) and TNFa (F) were applied 48 hours after the calcium switch when TER was fully established. Note the time-dependent influence of IL-18 and TNFa
and the dose-dependent influence of IL-18 in cells directly after calcium switch whereas only TNF« is effective in cells 48 hours after calcium switch. **P < 0.05

between control and IL-1B- or TNFa-treated cells (1 = 9).

Discussion

Plaque-type psoriasis was described as being associ-
ated with an alteration in TJ proteins, ie, a broadened
expression of normally restricted TJ proteins as well as a
down-regulation of Cldns.®~'® We demonstrate here for
the first time that altered localization of TJ proteins can
already be seen in the early stages of psoriasis. Our data
strongly suggest that broadened expression of Occl and
ZO-1 is an early event in psoriasis that continues as
psoriasis progresses. It is thus not (only) a consequence
of the more profound changes found in plaque-type pso-
riasis such as acanthosis of the epithelium. Down-regu-
lation of Cldns is also already seen in early-stage psori-
asis but is much more restricted than in plaque-type
psoriasis.

Of note, localization of ZO-1 and Occl as well as of
Cldns and JAM-A was found in addition to the lateral
plasma membranes in the basal and apical plasma mem-
branes and in the cytoplasm. This means that the local-
ization of these proteins is not restricted to TJs. Therefore,
the alterations of TJ proteins seen in psoriatic skin might
have many different consequences, including some that
are independent of TJ structures.

It is known that ZO-1 plays a role in the formation of
adherens junctions and gap junctions as well as in cell
proliferation and differentiation.” Because an increase
in the proliferative index as well as an alteration of differ-
entiation markers is already seen in early-stage psoriasis,
the question arises whether ZO-1 alteration precedes
these events. IL-1B8, which is produced by keratinocytes
and macrophages/monocytes, was demonstrated at ele-
vated levels in psoriatic skin'®2° and might thus be a
possible cause for the observed alterations of TJ pro-
teins. To mimic this situation we injected human and
porcine ex vivo skin organ models with IL-18. Twenty-four
hours after injection of various concentrations of IL-18 we
observed a broadened localization of Occl and ZO-1.

This localization pattern in our experiments resembles
that of early-stage psoriasis, indicating that IL-18 is in-
volved in the altered expression of ZO-1 and Occl in
psoriasis, at least in early stages. Detailed investigation
of our skin models at various time points (30 minutes, 60
minutes, 6 hours, and 24 hours) revealed that the broad-
ened expression of Occl and ZO-1 was already seen at
early time points, whereas the differentiation and prolifer-
ative index remained unaltered. This finding suggests
that changes of Occl and ZO-1 precede alterations of
differentiation and proliferation.

Occludin has been shown to be involved in the barrier
as well as in the fence function of TJs.??' Increased
expression of Occl in epithelial cells was shown to be
associated with increased functionality of TJs, ie, trans-
epithelial resistance.?® Occl hallmarks the areas in the
epidermis where dermally injected extracellular tracer
stops and TJ structures can be seen in electron micros-
copy.® Whether the up-regulation of Occl in the epidermis
is accompanied by an increase in barrier function is not
clear as yet. Broadened expression of Occl leads to more
cell layers with co-expression of Cldn-1, Occl, ZO-1, and
Cldn-7, at least in early-stage psoriasis. As was shown in
healthy murine skin, functional TJs are only found in the
stratum granulosum where all these proteins colocalize;
thus, it is tempting to speculate that a broadened lo-
calization might result in more epidermal layers with
functional TJs. This suggests that the broadened ex-
pression of TJ proteins in early-stage psoriasis might
be an attempt to keep up the barrier function of the
epidermis. However, this hypothesis has to be proven
in future experiments.

In contrast with the broadened localization of Occl and
Z0-,1 a down-regulation of claudins at the plasma mem-
branes was observed, which was restricted to the upper-
most and lower layers in early-stage psoriasis and, in
many cases, was more prominent in plaque-type psoria-
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Figure 7. Influence of IL-18 on TJ protein localization and expression in cultured keratinocytes. A: Immunofluorescence localization of TJ proteins in cultured
keratinocytes at the indicated time points after the calcium switch and application of IL-1B. Scale bar = 20 um. B: Western blot analysis of keratinocytes that were
harvested 24, 72, and 96 hours after the calcium switch without (left, control) and with (right) application of 100 ng/ml IL-18. Equal amounts of proteins were
separated by SDS-polyacrylamide gel electrophoresis and immunoblotted with antibodies specific for the proteins indicated. Actin was used as gel loading control.
C-F: Transcriptional differences of Cldn-1 (C), Cldn-4 (D), Occl (E), and ZO-1 (F) between cells with and without treatment with IL-1f3 at the indicated time points.
Values denote fold changes compared with 0 hours and are shown as mean * SEM. *P < 0.05 (comparison between IL-1B-treated and nontreated cells).



sis. Comparable to the results described here a down-
regulation of Cldn-1 in lower layers of the epidermis was
also observed in a mouse skin tumorigenesis model char-
acterized by hyperplasia, T-cell infiltration, and finally the
formation of squamous cell carcinoma.?® As psoriasis
and the tumorigenesis model are characterized by hy-
perproliferation and infiltration of inflammatory cells, both
might be linked to alterations in Cldn expression. On the
other hand, Cldn-1 has been shown to be important for
inside-out barrier function in murine newborn skin (re-
viewed in Refs.*®). The loss of Cldns in all layers of
plaque-type psoriasis might therefore reflect an impair-
ment of TJ barrier function at this stage.

In our ex vivo experiments we observed a down-regu-
lation of Cldn-1 in the uppermost layers after injection of
100 ng/ml and 1 ug/ml IL-18. An overall down-regulation
was not observed with 100 ng/ml but occasionally was
seen in stainings of models with 1 ug/ml, putatively at
injection sites with locally very high concentrations. Nor-
mal human skin contains 175 pg/ml IL-18, and psoriatic
skin contains 600 pg/ml.2° Because this is an overall
value for skin biopsy specimens that might not reflect the
value at special areas of the skin, we chose for our ex vivo
experiments approximately 200-fold (100 ng/ml) and ap-
proximately 2000-fold (1 wg/ml) higher concentrations.
However, the correct concentrations that might resemble
the in vivo situation can only be estimated and will also be
inhomogeneous in the tissue as there may be, eg, con-
centration gradients near cytokine-producing cells.
These gradients might explain why we observe an overall
down-regulation of Cldn-1 in plaque-type psoriasis in
many but not all sections. Interestingly, Watson et al’®
showed a down-regulation of Cldn-1 after injection of 50
ul of >107 1U/mg IL-18 into healthy volunteers and unin-
volved skin of patients with psoriasis.

Investigation of TJ functionality in cell culture experi-
ments revealed that the application of IL-18 influences
the TER in keratinocytes in a dose- and time-dependent
manner. Whereas the up-regulation of TER at early time
points seems to be associated with an increased staining
intensity of TJ proteins at the cell-cell borders but not an
increase in the amount of protein, the down-regulation of
TER at later time points seems to correlate with a de-
crease in staining intensity as well as a decrease in
protein amount at least for some TJ proteins. Therefore,
up-regulation of TER may be a consequence of relocal-
ization of TJ proteins and other changes at the TJs, eg,
phosphorylation, whereas the down-regulation is a con-
sequence of loss of the proteins from the cell borders and
degradation. A redistribution of TJ proteins has already
been described to be a consequence of various stimuli,
for instance, bacterial infection.®* Interestingly, there is
an increase of MRNA for Occl and ZO-1 at 72 hours that
might be a compensatory effect, whereas there is a de-
crease for Cldn-1 mRNA.

TNFea, which is known to play an important role in
psoriasis'® and which was shown to be present at ele-
vated levels in psoriatic plaques,’® is also able to influ-
ence TJ functionality in a time-dependent manner. This is
a hint for a role of both IL-18 and TNFea in alteration of TJs
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in psoriasis. However, this theory has to be confirmed in
further experiments.

Interestingly, TNFa also increased TER when the cyto-
kine was applied to fully developed TJs (characterized by
a TER >350 Q - cm?), whereas IL-18 only changed TER
when it was directly applied after the calcium switch to
induce formation of TJs. It is tempting to speculate that
IL-1B is (only) effective on TJ functionality in skin with an
active turnover, which might be the case for psoriasis,
whereas TNF« influences also skin in normal conditions.
On the other hand, the effects observed could also reflect
different levels of TJ remodeling.

A down-regulation of all TJ proteins except for JAM-A
was observed near transmigrating granulocytes. This
might be necessary for granulocytes to migrate through
the epidermis. It is not clear as yet which factors result in
the down-regulation of TJ proteins. Candidate molecules
are proteases and cytokines produced by granulocytes,
eg, IL-8.2527 JAM-A was shown before to be important
for leukocyte migration through blood vessels.?®

Interestingly, we found a colocalization of antibodies
recognizing JAM-A with antibodies specific for CD1a
(Langerhans cells) in the epidermis. JAM-A-deficient
mice show increased dendritic cell trafficking to lymph
nodes and contact hypersensitivity.2® Therefore, JAM-A
could be involved in the anchorage of Langerhans cells
in the epidermis.

To summarize our results, we showed that alteration of
TJ proteins is an early event in psoriasis. Further we
demonstrated that expression and localization of TJ pro-
teins as well as TJ functionality in keratinocytes are influ-
enced by IL-1B8. In addition, TJ functionality is also influ-
enced by TNFa. Because these cytokines are important
in psoriasis and because we observed similar changes in
early psoriatic lesions and in skin injected with IL-1p,
these cytokines might play a central role in the regulation
of TJs in psoriasis.
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