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ABSTRACT

Background: IgE/allergen-dependent activation of skin
mast cells is involved in acute urticaria and leads to their
IL-4 release. Previously we have demonstrated in vitro
the induction of the low-affinity receptor for IgE (CD23/
FceRI) in human keratinocytes (HK) upon stimulation
with IL-4. In addition, we have observed that ligation of
CD23 on keratinocytes induced type II nitric oxide syn-
thase (iINOS), leading to the release of nitric oxide (NO)
and proinflammatory cytokines (TNF-c, IL-6). Accord-
ing to these in vitro data, we explored whether kerati-
nocytes could also express iNOS, TNF-a, IL-6, and CD23
in acute urticaria, an in vivo model in which activation of
mast cells by IgE/allergen immune complexes is in-
volved.

Materials and Methods: INOS, TNF-¢, IL-6, and CD23
expression by keratinocytes was studied in acute urti-
caria (n = 11) in biopsies from lesional and autologous
normal skin by immunohistochemistry, in situ hybrid-
ization, or RT-PCR. Nitrites and TNF-a synthesis were
assayed in supernatants of cultured lesional keratino-
cytes.

Results: INOS mRNA expression was demonstrated
with RT-PCR in 10 biopsies out of 11 sections of acute
urticaria lesional skin. Immunohistochemistry showed
that this iNOS positivity originated from keratinocytes
located close to the dermoepidermal junction; TNF-a
and IL-6 mRNA transcription was observed in all but one
iNOS™ biopsy. Immunostaining and in situ hybridization
with CD23-specific probes were strong in all but one
iNOS™ skin biopsy. Noninflamed autologous skin was
negative for iNOS (except for a weak positivity in one
case), cytokines, and CD23.

Conclusion: The colocalization of iNOS, proinflamma-
tory cytokines, and CD23 within keratinocytes in acute
urticaria demonstrates that these cells play an important
role in the initiation and maintenance of the inflamma-
tory reaction during this disease in humans through
activation of the iNOS pathway by CD23 ligation with
IgE/allergen immune complexes.

INTRODUCTION

Urticaria is a common disorder characterized by
eruption of more or less transitory itchy skin
swellings in an acute context or which recurs
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over a period of weeks to years (1). The larger
swellings of angioedema originate subcutane-
ously or submucosally and may last longer than
the wheals. On histopathological examination,
the affected skin contains an increased number
of mast cells (2). While it is well-established that
degranulation of skin mast cells after allergen/
IgE-dependent cross-linking of high-affinity
IgE receptors (FceRI) is involved in acute aller-
gic urticaria, the pathophysiologic features op-
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erative in chronic urticaria are less well under-
stood (3). Recently, serum IgG anti-FceRI
autoantibodies with mast cell-activating prop-
erties have been described (4-6). Neverthe-
less, in acute or chronic urticaria, the symp-
toms are thought to be the consequence of the
release of vasoactive mediators from skin mast
cells, the most important of which is histamine
(7). Urticaria is therefore both an inflamma-
tory and vascular disorder.

Nitric oxide (NO) synthesized from L-argi-
nine by inducible nitric oxide synthase (iNOS) is
a multifunctional mediator involved in the vaso-
dilatation observed during inflammatory re-
sponses and in the inflammatory reaction itself
(8-11). Indeed, we and others have recently
demonstrated that the release of proinflamma-
tory cytokines (TNF-e, IL-18, IL-6) from differ-
ent human cell types (monocytes, eosinophils,
hepatocytes, normal epidermal keratinocytes) is
in part dependent upon the nitric oxide pathway
(12,13). In vivo, iNOS is involved in many in-
flammatory diseases, including skin affections
such as psoriasis (14,15). The design of NOS in-
hibitors is now considered of therapeutic interest
in the treatment of diseases in which iNOS is
overexpressed (16). Here we have tested
whether iNOS is expressed in urticaria, account-
ing for the inflammatory reaction and for the
vasodilatation observed. In skin, iNOS induction
has been demonstrated in keratinocytes (12).
Keratinocytes, the major cellular component of
the epidermis, play a pivotal role in the skin
immune system in addition to their well-known
function as a physical barrier (17,18). We previ-
ously showed that iNOS was induced in these
cells either after a nonspecific immune stimula-
tion with LPS/IFN-vy (19) or after a specific im-
mune stimulation through engagement of sur-
face CD23 (12). CD23, which is mainly defined
as the low-affinity receptor for IgE (FceRIl), is
functionally induced at the surface of keratino-
cytes upon IL-4 stimulation (12). Because IL-4 is
released by activated skin mast cells, (20,21) we
investigated whether epidermal keratinocytes
expressed not only iNOS and proinflammatory
cytokines but also CD23 in urticaria skin lesions.

MATERIALS AND METHODS

All patients included in this study gave their
informed consent before the biopsies. The eleven
patients had pink and itchy wheals typical of
acute urticaria (Patients 1 to 11), lasting less than

24 hr. No etiology was found, except in one
patient in whom a penicillin infusion was sus-
pected. In each patient, a typical wheal and
healthy skin were biopsied (4-mm punches).

Keratinocyte Isolation and
Short-term Culture

For keratinocyte culture, we used a special se-
rum-free culture medium for human keratino-
cyte (SFM medium, Gibco-BRL, Cergy-Pontoise,
France) supplemented with epidermal growth
factor (EGF) and bovine pituitary extracts (both
from Gibco-BRL). To extract keratinocytes from
skin biopsies (healthy skin and urticaria lesions),
the epidermal layer was first separated from the
dermis and epidermal pieces were incubated
with collagenase (Sigma, St Louis, MO) and tryp-
sin (Biosys, Compiégne, France) (12). When the
cells were isolated, they were transferred in plas-
tic dishes coated with collagen type 1 and incu-
bated with the SFM medium devoid of hydrocor-
tisone. Culture supernatants were collected after
48 hr. Other cells were immediately lysed in
RNA-plus (Bioprobe, Montreuil, France) for RNA
extraction.

Inducible NOS mRNA Analysis

Keratinocytes extracted from healthy skin and
urticaria lesions were analyzed for iNOS mRNA
transcription. For mRNA isolation, the epidermal
sheet was first separated from the dermis as de-
scribed in the previous section and the cells were
then lyzed in RNAplus (Bioprobe, Montreuil
sous Bois, France) for 6 hr. Total RNA was then
extracted as previously described (18). Reverse
transcription, semiquantitative mRNA amplifica-
tion, and visualization of the PCR products were
performed exactly as previously described using
the following specific primers: iNOS sense (5'
ATGCCAGATGGCAGCATCAGA 3’, exon 3§,
bases 1020-1040), iNOS antisense (5' ACTTC
CTCCAGGATGTTGTA 3’, exon 11, bases 1371-
1390); HPRT mRNA sense (5 TATGGACAGGA
CTGAACGTCTTGC 3’) and HPRT (hydroxy phos-
phoribosyl transferase) mRNA antisense (5’ GA
CACAAACATGATTCAAATCCCTGA 3') (19,22).
The expected reverse transcription—polymerase
chain reaction (RT-PCR) product was 371 bp long
for iNOS message and 496 bp long for HPRT mes-
sage. The molecular weight marker VI (Bgll-
digested pBR328 DNA + Hinf-1-digested pBR328
DNA; Boehringer-Mannheim) was used.
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Immunostaining

Frozen skin biopsies (from healthy skin and ur-
ticaria lesions) were treated with immunoperox-
idase staining LSAB kit (Dako, Levallois-Perret,
France). The anti-CD23 monoclonal antibody
(MADb) was purified in our laboratory from ascitic
fluid of BALB/c mice injected with the hybrid-
oma 135 (23). The anti-iNOS rabbit polyclonal
antibody was a kind gift from Dr. Moncada and
Dr. Riveros Moreno (Glaxo-Welcome, Becken-
ham, U.K.). The substrate used for peroxidase
was diaminobenzidine. The slides were counter-
stained with Mayer’s hemalun. Positive control
and negative control were anti-pancytokeratin
mAb and isotype-matched anti-CD3 mAb, re-
spectively.

In Situ Hybridization

Probes used were specific for CD23 (700-bp
RamH1-Pstl cDNA fragment) (24), TNF-a
(430-bp BamH1-EcoR1 cDNA fragment) (25),
and IL-6 (517-bp Xbal-EcoR1 ¢cDNA fragment)
(26).

Tissue blocks were cut at —20°C with a mi-
crotome knife (Surgipath Medical Industries,
Northbrook, IL) in RNAse-free conditions. Tissue
sections were dried on the slides and then fixed
with 4% paraformaldehyde. The slides were
treated with a detergent (Decon 90, Sigma) and
triethoxysilane-3-aminopropyl (Fluka, Paris,
France) to decrease nonspecific adherence of
probe DNA to the glass. >°S-labeled probes were
prepared with 50 ng DNA in 100 pl random
priming reaction mixture using the Megaprime
kit for DNA labeling (Amersham, Amersham
Place, England) according to the manufacturer’s
recommendations. After a 1-hr incubation at
37°C, the reaction was stopped by adding 20 mM
ethylenediaminetetraacetic acid (EDTA). The
3>g-labeled DNA was separated from unbound
nucleotides by ethanol precipitation. The mate-
rial was stored at —20°C until needed.

The sections were rehydrated in phosphate
buffer saline (PBS) and digested with 1 ug/ml of
proteinase K in a solution of 2 mM CacCl,, 10 mM
Tris, and 5 mM EDTA for 15 min at 37°C. Slides
were postfixed in 4% paraformaldehyde for 5
min, rinsed in glycine (2 mg/ml) for 10 min, and
then dehydrated in graded ethanols. Sections
were hybridized for 16 hr at room temperature

with 15 ul of probe mixture per slide. The mix-
ture contained approximately 1-2 10° cpm of
denatured *>°S-labeled DNA in 10 mM Tris, 1 mM
EDTA, 50% deionized formamide, 10% dextran
sulfate, 0.6 M NaCl, 1X Denhardt, 20 mM dithio-
threitol (DTT), 0.5 mg/ml tRNA, and 0.25 mg/ml
salmon sperm DNA. Coverslips were rimmed
with rubber cement to prevent evaporation. Af-
ter 16 hr of hybridization, the sealed coverslips
were removed and the slides were washed in
large volumes of 2X SSC, followed by a solution
containing 10 mM Tris, pH 7.4, 1 mM EDTA,
600 mM NaCl, 10 mM DTT, and 50% deionized
formamide. Sections were then washed twice in
2X SSC/10 mM DTT, first at 55°C, then at room
temperature, and overnight in a solution of
0.1 M NaCl, 10 mM Tris, 1 mM EDTA. Slides
were then dehydrated in graded ethanols.

For autoradiography, slides were coated with
Kodak NTB-2 emulsion diluted 1:1 in 0.6 M am-
monium acetate. After exposure in complete
darkness for 7 to 14 days at 4°C, they were
developed in D-19 (Eastman Kodak, Rochester,
NY) and fixed in Kodak fixer. The slides were
then washed in water and stained with hema-
toxylin eosin or Mayer’s hemalun, and finally
mounted with Eukitt (Labonord, Villeneuve
d’Ascq, France). For all in situ hybridizations
performed in this study, we used a probe specific
for actin mRNA as positive control. As a negative
control, we applied a probe for mouse IL-3
mRNA on the same biopsies.

Nitrite and TNF-a Assay

The amount of stable nitrite, the endproduct of
NO generated by human keratinocytes, was de-
termined in culture supernatants by the Griess
reaction as described elsewhere (27). Briefly,
50 ul of culture supernatant from healthy skin or
lesional skin was mixed with 150 ul of Griess
reagent (1% sulfanilamide/0.1% naphtylethyl-
enediamine dihydrochloride) at room tempera-
ture for 30 sec. Absorbance at 543 nm was im-
mediately determined on a V., microplate
reader. Nitrite in each tested sample was deter-
mined by extrapolation from a sodium nitrite
standard curve (uM). TNF-a levels were assayed
in the same cell supernatants by a specific ELISA
(Medgenix, Fleurus, Belgium), the sensibility of
which was 13 pg/ml.
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FIG. 1. iNOS expression in healthy and pathological skin

(A) PCR showing HPRT (upper lanes) and iNOS bands (lower bands) in 11 patients with acute urticaria (for each
patient: healthy skin followed by lesional skin; Patient 4 is negative for iNOs mRNA). (B) iNOS immunoreactivity
in pathological skin, showing staining all along the basal layer of keratinocytes. (C) Negative (anti-CD3 moAb) and
(D) positive control (anticytokeratin Ab) from the same biopsy. Magnification: X240 (B), X60 (C, D).

RESULTS

Expression of iNOS mRNA and Protein in
Keratinocytes During Urticaria

RT-PCR analysis of skin biopsies showed a clear
expression of iNOS mRNA in 10 out of the 11
patients (Fig. 1A). Patient 4 was iNOS negative.
INOS mRNA was not detected in healthy skins,
with the exception of that of Patient 1, which
presented a weak positivity. Immunohistochem-
istry with anti-iNOS antibody further indicated
that iNOS was expressed by basal keratinocytes
(Fig. 1B). INOS protein was detected in all iNOS-
mRNA™* biopsies in inflamed skin, whereas it was
negative in healthy skin, even for that of Patient
1, whose RT-PCR was positive. Figure 1C and 1D
show negative (anti CD3 moAb) and positive
(anticytokeratin Ab) control in involved skin bi-
opsies. iNOS expression in urticaria keratino-
cytes led to the release of significant amounts of
nitrites from cells isolated from these skin tissues
and short-term cultured (48 hr) keratinocytes
(Table 1). Indeed, in all iNOS-mRNA™ biopsies,

TABLE 1. Nitrites and TNF-a levels in culture
supernatants of keratinocytes extracted from
pathological skin

Patient Nitrites (uM) TNF-a (pg/ml)
1 67 427
2 8 54
3 8.5 80
4 <1 <13
5 7.5 75
6 10 95
7 4.5 40
8 9 162
9 5.5 85

10 7 35
11 6 48

“Levels in culture supernatants of keratinocytes from nor-
mal skin were <1 uM and <13 pg/ml for nitrites and
TNF-a, respectively.
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FIG. 2. TNF-a and IL-6 expression in pathological skin

TNF-a (A) and IL-6 (B) mRNA expression demonstrated by in situ hybridization in lesional skin, in the lower lay-
ers of the epidermis; (C) negative (mouse IL-3 probe) and (D) positive control (human B-actin probe) from the

same biopsy. Magnification: X240.

keratinocytes synthesized nitrites that ranged
from 3 to 10 uM. There were no nitrites in
iNOS-negative biopsies nor in noninflamed ones,
even for Patient 1.

Expression of TNF-a and IL-6 mRNAs in
iNOS-positive Keratinocytes

TNF-a and IL-6 mRNAs were present in all but
one of the pathological skin biopsies of iNOS*
patients (in situ hybridization, Fig. 2A and B)
and were located in the basal layers of the .epi-
dermis. Healthy skins and iNOS-negative skins
were negative. Figure 2C and D shows a negative
(mouse IL-3 probe) and a positive (human b-
actin probe) control from lesional skin. As shown
in Table 1, TNF-a protein was detected in all
supernatants but one of 48-hr cultured lesional

keratinocytes that were positive for TNF-a mRNA.
TNF-« levels ranged from 28 to 162 pg/ml.

Expression of CD23 mRNA and Protein in
Keratinocytes during Urticaria

Nine out of 11 patients were positive for CD23
mRNA expression (with a similar distribution to
that of iNOS™ patients). There was therefore a
concomitant expression of CD23 and iNOS in
nine patients. Messenger RNA positivity was re-
stricted to the first layers of the epidermis, i.e.,
the basal keratinocytes (Fig. 3A). There was no
CD23 mRNA in skin biopsies from healthy skins
and positive and negative controls (actin and
mouse IL-3 probes) confirmed the specificity of
the hybridization (data not shown). Immunohis-
tochemistry with the anti-CD23 mAb confirmed
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FIG. 3. CD23 expression in normal and
pathological skin

(A) CD23 is expressed at the mRNA level in patho-
logical skin as shown by in situ hybridization with a
specific probe for human CD23. (B) Immunohisto-

chemistry with anti-CD23 moAb confirms CD23 ex-
pression in pathological skin of a patient with acute
urticaria. (C) Negativity of the healthy skin of the

same patient. Magnification: X60 (B), X240 (A, C).

the results at the protein level, showing staining
mainly on the two first layers of the epidermis
(Fig. 3B). Because most of the epidermal cells
are keratinocytes, and because our staining
was continuous, it is likely that CD23" popu-
lation is mainly constituted of keratinocytes.
Healthy skin from the same subjects was neg-
ative (Fig. 3C). Positive and negative controls

confirmed the specificity of the results (data
not shown).

DISCUSSION

The finding of strong immunoreactivity for iNOS
and its colocalization with TNF-a, IL-6, and
CD23 in keratinocytes from patients with urti-
caria, may be relevant to the pathogenesis of this
disease.

Activation of dermal resident mast cells
through high-affinity receptor for IgE (FceRI) is
widely implicated in the pathogenesis of urticaria
(1). Indeed, many allergens can form immune
complexes with IgE in acute urticaria—as infec-
tious agents (bacteria, fungus, parasites), food
additives, and antibiotics. In chronic forms, the
cause cannot be determined in most cases and it
is considered idiopathic. Recently, the presence
of autoantibodies against the a-chain of FceRI
have been identified in up to 25% of patients
suffering from chronic urticaria (6). Whatever
the triggering element, the release of vasoactive
mediators from activated mast cells, histamine
being the most important one, is responsible for
the vasodilatation and the dermal edema (7).

Urticaria is actually both an inflammatory
and a vascular disease. Nitric oxide is known to
have both properties, and among cutaneous
cells, keratinocytes seem to be the main target for
iNOS induction (12). In this study, we tested the
in vivo expression of the NO-synthase pathway
in skin during acute urticaria. RT-PCR clearly
showed iNOS mRNA expression in lesional skin
from 10 out of 11 patients. Furthermore, immu-
nostaining with anti-iNOS antibody was positive
in all skin biopsies for which RT-PCR was already
positive. It further confirmed that iNOS was
mainly expressed in keratinocytes, but not in
endothelial cells. INOS mRNA was absent in all
healthy skin biopsies except one, which pre-
sented a weak positivity. We think that the prox-
imity of the two biopsies in that case (healthy
and lesional skin) might explain this paradoxical
positivity.

Proinflammatory cytokine (TNF-a and IL-6)
synthesis in keratinocytes is partly under the
control of the NO pathway (12). We thus inves-
tigated whether iNOS* keratinocytes could syn-
thesize these cytokines. In almost all pathological
skin of iNOS* patients, TNF-a and IL-6 mRNAs
were present and also localized in basal kerati-
nocytes.

It is well established that in many different
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IL-4 is synthesized and re-
leased from dermal mast
cells and induces expression
of CD23 (FceRII) at the
surface of keratinocytes.
IgE/allergen immune com-
plexes can trigger FceRI on
mast cells, leading to the
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cells a combination of bacterial lipopolysaccha-
ride and cytokines (IFN-y and/or TNF-a and/or
IL-1B) can induce iNOS expression. In a previous
study, we demonstrated that ligation of the low-
affinity receptor for IgE (FceRII/CD23) at the
surface of keratinocytes was also able to induce
the iNOS pathway and subsequently, the release
of proinflammatory cytokines from these cells
(12). This antigen is induced at the surface of
keratinocytes upon incubation with IL-4 (12).
IL-4 appears then to be a key cytokine, as it
promotes the switch for IgE gene rearrangement
in B cells (20) and induces CD23 in human ke-
ratinocytes. Activated mast cells also release pre-
formed and newly synthesized IL-4 when stim-
ulated (20). Coexpression of iNOS, TNF-a, IL-6,
and CD23 in basal keratinocytes during urticaria
has led us to propose that IL-4 released after
dermal mast cell activation is responsible for the
induction of the CD23 antigen at the surface of
very close basal keratinocytes. Ligation of CD23
by IgE/allergen immune complexes may then
promote iNOS expression and the production of
various cytokines that could act on different skin
cell populations (Fig. 4). Further studies should
be designed to investigate the expression of iNOS
in cases of chronic urticaria due to autoantibod-
ies directed against the a-chain of the FceRI. Up
until now, FceRI activation by itself has not been
shown to induce iNOS expression.

KERATINOCYTES

CD23 on keratinocytes,
leading to the release of
proinflammatory cytokines
(TNF-a, IL-6). This process
takes place in part because
of nitric oxide metabolism.
Along with histamine and
other vasoactive mediators,
NO can also contribute to-
ward the vasodilatation of
dermal microvasculature
(+, stimulatory signals).

Mast cell

The physiopathological importance of iNOS
expression and its role in inflammatory diseases
is not limited to keratinocytes. Indeed, induction
of the NO pathway contributes to other acute or
chronic inflammations. Enhanced production of
NO has been demonstrated in patients with
asthma (28), ulcerative colitis (29), and arthritis
(30). More recently, evidence of iNOS and TNF-«
expression in dilated cardiomyopathy has been
provided (31). Furthermore, treatment with in-
hibitors of NO synthase reduces the degree of
inflammation and tissue damage in animal mod-
els of acute inflammation (32).

The study presented here provides the first
evidence of the induction of iNOS in keratino-
cytes during urticaria, and it further confirms the
importance of this enzyme in inflammatory sit-
uations. Corticosteroids are used as treatment for
severe acute urticarias (33), and these com-
pounds inhibit both iNOS and CD23 expression
(12). Other therapeutic agents, such as retinoids,
decrease iNOS expression and inflammatory cy-
tokine production in keratinocytes (34). In light
of the present data, the design and use of selec-
tive inhibitors of the inducible isoform of the
nitric oxide synthase enzyme, delivered either
through a topical or systemic form, could repre-
sent an alternative way of managing patients
suffering from severe acute urticaria or resistant
chronic forms.
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