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Background: Receptors for vasoactive intestinal polypeptide
(VIP) have recently been suggested to play a key role in
immunomodulation with genetically modified mice. However,
it is not known whether changes in receptor gene regulation
are involved in the pathogenesis of human immune disorders.
Objective: We studied the expression of VPAC, in acute
lesions of the human immune disease atopic dermatitis.
Methods: By using nonradioactive in situ hybridization, quan-
titative immunohistochemistry, RT-PCR, and gene array stud-
ies, the expression status of VPAC, was assessed in atopic der-
matitis and control tissues and in the human mast cell line
HMC-1.

Results: In situ hybridization and immunohistochemistry
demonstrated VPAC, mRNA and protein expression in human
mast cells surrounded by VIP positive nerve fibers. Gene
array experiments and RT-PCR studies showed high levels of
YPAC, mRNA expression in mast cells that were increased
compared to other receptors such as VPAC, or VIP in the
human mast cell line HMC-1. Stimulation of HMC-1 cells led
to a downregulation of VPAC,. Similarly, quantitative
immunehistochemistry for VPAC, in acute atopic dermatitis
lesions showed a significantly decreased VPAC, immunoreac-
tivity in mast cells.

Conclusion: The downregulation of VPAC, in human mast
cells in acute lesions of atopic dermatitis suggests a role of this
G-protein—coupled receptor in the pathophysiology of the dis-
ease, (J Allergy Clin Immunol 2003;111:1099-105.)
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cytokine receptors

The function of most, if not all, cells in the mam-
malian organism is regulated by plasma membrane
receptors of which the vast majority belong to the fami-
ly of G-protein—coupled receptors, which are estimated
to account for ~1% of all genes of the mammalian
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genome. Recently, the G-protein—coupled receptor
VPAC, has been suggested to play a key role in
immunomodulation with genetically modified mice.!-2
VPAC, recognizes the 28-amino acid protein vasoactive
intestinal polypeptide (VIP) as specific ligand? that has
been demonstrated to act as neuromodulator with protec-
tive effects in a murine model of rheumatoid arthritis.4

To assess the pathophysiologic role of VPAC, in
human immune disease, we addressed the regulation of
VIP receptors in atopic dermatitis (AD), a common
inflammatory skin disease with an onset mainly in early
childhood, often representing the initial clinical manifes-
tation of allergic disease and preceding allergic rhinitis,
asthma, or food allergies, which we have recently charac-
terized to be associated to heterogeneous genetic factors.>

In the human skin, mast cells are found particularly in
association with structures such as blood vessels and
nerves. They are bone marrow—derived, tissue resident
cells, whose numbers are known to increase in a variety
of inflammatory and neoplastic conditions. They also
play a central role in the pathogenesis of AD and can be
activated by a number of stimuli that are FceRI dependent
or independent. After activation, mast cells can immedi-
ately liberate mediators that induce immediate allergic
inflammation. Activation may also be followed by the
synthesis of chemokines and cytokines, and secretion of
these mediators can contribute to chronic inflammation.®

Because it has previously been suggested that the
interaction between mast cells and nerves in patients
with AD is mediated by neuropeptides such as VIP,? the
present study was carried out to assess the role of the
inducible VIP receptor VPAC, in human AD by using
biopsies of acute AD lesions and cell cultures.

METHODS
Tissues and cells

In total, sections from 23 normal skin biopsies and 37 patients
with AD were examined. AD diagnosis was based on the criteria of
Rudzki et al,8 and routine histopathologic examination showed

characteristic inflamed eczematous acute AD lesions. The human
mast cell line HMC-19 was provided by Dr J. H. Butterfield,
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Rochester, Minn, and the basophilic KU-812 cells!? were from the
Borstel Research Institute, Borstel, Germany. Human skin mast
cells were obtained from breast skin of patients (n = 5) undergoing
cosmetic surgery or from noninflamed foreskin obtained from
infants (age, 3 to 12 months; n = 12) by using a c-Kit antibody
(YBS5.B8, donated by L. Ashman, Adelaide, Australia) and magnet-
ic cell sorting, as described,!! resulting in 95% + 4% purity. All
studies were performed according to the Declaration of Helsinki,
after patients had given their informed consent.

Nonisotopic mRNA in situ hybridization

Sense and antisense digoxigenin-labeled VPAC, receptor specif-
ic cCRNA probes (construct: pGEM-T vector) were generated as
described previously,!2 and localization of cellular VPAC, receptor
mRNA expression was examined by nonisotopic mRNA in situ
hybridization by using a standardized protocol.12 After permeabi-
lization (0.1 mol/L. HCI for 10 minutes), acetylization (0.1 mol/L
triethanolamine [pH 8.0] containing 0.25% acetic anhydride for 10
minutes), dehydration, and incubation with prehybridization buffer
{5 mmol/L. EDTA, 10 mmol/L triethanolamine, 6.25% dextransul-
fate, 0.3 mol/L. NaCl, 1x Denhardt’s, 1 mg/mL tRNA, 50% for-
mamide), the sections were hybridized (temperature, 40°C) with
hybridization buffer (containing 10 ng/pl. VPAC, specific digoxi-
genin labeled sense or antisense probe in 50% formamide, 5
mmol/L EDTA, 1x Denhardt’s, 10 mmol/L triethanolamine, 0.3
mol/L NaCl, 6.25% dextransulfate, | mg/mL tRNA) for 14 hours.
Hybridization was followed by RNase treatment, washing steps (2X
SSC for 20 minutes at room temperature followed by 1x SSC for 20
minutes at room temperature, 0.5x SSC for 20 minutes at room tem-
perature, 0.2x SSC for 20 minutes at room temperature, 0.2x SSC
for 1 hour at 50°C, and finally 0.2x SSC for 15 minutes at room
temperature) and detection with a digoxigenin detection kit
(Boehringer Mannheim, Mannheim, Germany).

Cell cultures

HMC-1 cells were kept in Iscove’s medium (GIBCO, Berlin,
Germany), with 10% FCS (Seromed, Berlin, Germany) and 10-3
mol/L monothioglycerol (Sigma, Deisenhofen, Germany) added;
KU-812 cells were kept in RPMI medium, with 20% FCS and 200
umol/L mercaptoethanol. Cells were seeded into the different cul-
ture media at 1 X 105 cells/mL and fed every other day.

For mild stimulation to simulate the pathophysiologic situation,
B HMC-1 cells were treated for 4 hours with phorbol myristate
: acetate (PMA, Sigma) at a concentration of 1 ng/mL. RNA isolation
for microarray analysis and RT-PCR were performed as described
§ previously.!!

RT-PCR

f  The following sets of oligonucleotide primers were used to
i amplify cDNA: GAPDH: 5-GATGACATCAAGAAGGTGGTG-3*
and 5-GCTGTAGCCAAATTCGTTGTC-3" (197 bp)!? and
VPAC,: 5°-CTGCACGGTGCCCTGCCCAAAAGT-3" and 5°-
GCCCCTCCACCAGCAGCCAGAAGA-3” (466 bp).14 Amplifica-
tion was performed by using taq polymerase (GIBCO) over 24 to 38
cycles with an automated thermal cycler (Perkin Elmer, Ueberlin-
gen, Germany). Each cycle consisted of the following steps: denat-
uration at 94°C, annealing at 58°C (reduced glyceraldehyde-phos-
phate dehydrogenase) and 67°C (VPAC,), and extension at 72°C for
1 minute each. PCR products were analyzed by agarose gel elec-
trophoresis and enzymatic digestion, with standard techniques.

Gene expression microarray analysis

After the demonstration of VPAC, mRNA and protein expression
in situ, exploratory gene array studies were used to assess a possible
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receptor regulation. The microarrays with stimulated and unstimu-
lated HMC-1 cells were performed by Incyte Genomics and BioCat
GmbH (Heidelberg, Germany). One hundred micrograms total RNA
per sample was fluorescent labeled without any amplification of the
RNA and hybridized on double spotted glass slides (Human
UniGEM V 2.0 Microarray, BioCat). The chips were scanned with
a 2 laser scanner, and the image was generated. The results were ana-
lyzed by the GEMtools analysis software (BioCat). The microarrays
with RNA of stimulated and unstimulated cells were repeated once,
and only values identical on both spots in both experiments were
evaluated. Expression levels were measured as signal/background
ratio with a cutoff value of 2.5 as described previously. !5

Immunohistochemistry

Immunohistochemical assays were carried out as described pre-
viouslyl6 by using cryostat or paraffin-embedded sections. After
preincubations to reduce unspecific background signaling by using
4% bovine serum albumin in Tris-buffered saline, the sections were
incubated with primary antibodies. For detection either the APAAP
technique or fluorescent techmiques with anti-mouse or anti-rabbit
fluorescein-5-isocyanate antiserum (1:400; Amersham, Braun-
schweig, Germany) were carried out.!7 For control, incubations
without the primary antibodies or incubation with the VPAC,
preimmune serum were carried out on parallel sections and did not
lead to specific staining. The following antibodies were used: anti-
mast cell tryptase (AA1; provided by A. Walls, Southampton, UK),
anti-mast cell chymase (CC1; DAKO, Hamburg, Germany), anti-
VPAC, antiserum (donated by E. J. Goetzl, San Francisco, Calif),
and anti-VIP (Charles River, Southbridge, Mass, and Biogenesis,
Poole, UK). For quantification of mast cell numbers, a standard pro-
tocol was used.!8 In brief, randomized sections were evaluated by 2
independent investigators counting nucleated stained cells by using
a raster covering 1/16 mm?2 at 1:400 magnification in at least 5
microscopic fields. Counts were expressed as stained cells per mm?Z.

For quantification of VPAC, staining intensity in mast cells, a
previously established protocol with an image analysis system
(Optimas 6.5; Media Cybernetics, Bothell, Wash) was applied.
Pseudo-color images of the stained cells were digitalized under con-
stant staining and microscope settings, resulting in an intensity
ranging from O to 255. Then, measurement of each mast cell stain-
ing intensity was performed for at least 4 slides of each patient and
control subject.!? In addition, the staining intensity was scored man-
ually by using a grade from 0 to 3 (absent, weak, moderate, strong)
by 2 blinded observers.

Statistics
Results of the different parameters and groups are expressed as

mean = SEM. Statistical significance was assessed with the
unpaired 2-tailed Student ¢ test.

RESULTS
VPAC, expression in skin mast cells

Routine pathohistologic examination of skin biopsy
specimens of 37 patients with AD showed characteristic
inflamed eczematous acute lesions if compared to a con-
trol group (n = 20). Toluidine blue staining resuited in
staining of mast cells in normal human skin, with a score
of 35 + 4 toluidine blue—positive mast cells per mm? and
increased numbers of toluidine blue—positive mast cells
(90 + 8 per mm?) in AD sections (Fig 1). Incubation of
serial sections with mast cell tryptase and chymase con-
firmed the increase of mast cells in AD tissues.
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FIG 1. Mast cell numbers and VPAC, expression in AD. Sections of normal (A} and AD (B) human skin were
evaluated for mast cell numbers, and toluidine blue staining showed an increased number of toluidine biue
mast cells (arrows, 90 + 8 per mm?2) in AD tissues (C). VPAC, staining was found in mast cells (arrows in D),
and signals for the ligand VIP were present in cutaneous nerve fibers (arrows in E). VPAC, mRNA in situ
hybridization confirmed staining of mast cells (arrows in F). No specific staining was found when the sense
probes were used (D). Scale bar represents 120 um (E = 60 um).

The expression of VPAC, in skin of AD patients and
normal subjects was then examined by immunohisto-
chemical analysis and nonradioactive in situ hybridiza-
tion. Abundant staining of different cutaneous cell types
was present in all areas of the biopsy specimens. Strong-
ly positive VPAC, immunoreactivity and mRNA was
found in the cytoplasm of mast cells (Fig 1), indicating a
constitutive expression of VPAC, under basal conditions
in human skin mast cells. VIP-immunoreactive nerve
fibers were abundantly present in the papillary dermis
(Fig 1) where they were associated with blood vessels
and in close contact with infiltrating mononuclear cells.
VPAC, mRNA hybridization signals were also present in
hair follicle cells and sweat glands. Sense probe incuba-
tions did not lead to specific signaling (Fig 1).

Receptor expression in mast cells

After the demonstration of increased mast cell num-
bers in AD biopsy specimens and positive signals for
VPAC, protein and mRNA in these cells, RT-PCR stud-
ies were carried out by using cutaneous mast cell prepa-
rations from mammary gland skin tissues or foreskin and
HMC-1 and basophilic KU-812 cell lines to assess
VPAC, mRNA expression under in vitro conditions.
Repeated (n = 4) experiments showed abundant signaling
in the different cell types; VPAC, was detected in breast
skin and foreskin mast cells and in HMC-1 cells, but not
in KU-812 cells (Fig 2).

HMC-1 gene array

After the demonstration of VPAC, mRNA and protein
expression in situ, gene array studies were used as an
exploratory approach to assess a possible regulation of
the receptor by noxious stimulation in comparison to
other receptors. Therefore, VIP receptor and VIP gene
expression were examined in HMC-1 cells under basal
and stimulated conditions. In comparison to genes of
other receptors such as the gamma-aminobutyric acid A
receptor with an expression factor value quantified as
signal/background ratio of 2.5, VPAC, gene expression
was markedly higher (56.3). Under stimulated condi-
tions, the expression of VPAC, was downregulated from
56.3 to 30.4 (Fig 2).

Quantification of VPAC, protein expression in
AD tissues

After the demonstration of VPAC, protein and mRNA
expression in cutaneous mast cells and the finding of
VPAC, mRNA downregulation in stimulated HMC-1
cells by using gene array studies, quantitative immuno-
histochemistry for VPAC, protein was applied to assess
possible changes of mast cell-specific VPAC, expression
on a translational level in situ in AD tissue (Fig 3). Scor-
ing of intracellular staining intensity demonstrated a
decrease of VPAC, protein in mast cells of the AD group
(60.7 £ 14.0 SEM) when compared to normal subjects
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FIG 2. RT-PCR and gene array studies. Amplification products of the VPAC, gene were found in extracts of
mammary gland skin {(mamma) and foreskin {preputium} mast cell preparations and HMC-1 cells. There
was no signal in KU-812 cells (A). The control gene was present in every preparation {reduced glyceralde-
hyde-phosphate dehydrogenase). HMC-1 cells were then examined for VPAC, gene expression under basal
and stimulated conditions and showed high basal expression and a significant downreguilation of VPAC,
under stimulation in contrast to other receptors such as VPAC,, GABA-A, or the ligand VIP (B).

(130.7 = 18.7, P < .001) (Fig 4). In addition, manual
scoring confirmed (AD, 1.3 + 0.3; normal, 2.8 + 0.4; P <
.01) these results.

DISCUSSION

The present studies addressed the issue of a possible
regulation of G-protein—coupled VIP receptors in human
immune disease by using AD as a model disease because
VIP is widely expressed in the skin.20.21 Here it serves as
mediator of a multitude of biologic functions inciuding
neurotransmission, control of regional blood flow, and
immune response.?2

Two molecularly distinct VIP receptors have been
cloned and characterized in past years. In addition to
the VPAC, receptor, which was identified in central ner-
vous system, lung, and other tissues,23-25 a second
receptor that responds to VIP and PACAP with compa-
rable affinity was characterized in rat,2526 mouse,2? and
human tissues.28.29 Among cutaneous cells, messenger
RNA of VPAC, was found in extracts of HaCaT cells!4
and localized to immune cells, keratinocytes, and
endothelial cells.20

Recently, a crucial role of the VPAC, receptor in
immunomodulation was demonstrated in genetically
modified murine models. It was shown that transgenic
mice with constitutive T-cell expression of VPAC, have
significant elevations of blood IgE, IgGl, and
eosinophils. These mice also displayed a depressed
delayed-type hypersensitivity.? Parallel studies with a
model of mice lacking the inducible VPAC, receptor
demonstrated an enhanced delayed-type hypersensitivity
and diminished immediate-type hypersensitivity, indicat-
ing a potential role of VPAC, in human immune dis-
eases.! The present study was carried out to assess the
role of VPAC, in a human immune disease by using skin
biopsy specimens of acute AD lesions and control biop-
sy specimens and led to the demonstration of an inverse
correlation between receptor expression and immune dis-
ease in mast cells, which have previously been shown to
play a major role in AD and are increased in AD skin
lesions as shown here and previously.30

Histopathologically, acute eczematous skin lesions as
examined here are characterized by an epidermal inter-
cellular edema and the presence of antigen-presenting
cells such as Langerhans’ cells and macrophages with
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FIG 3. Mast cell VPCAC, protein levels in situ. Staining intensity of VPAC, protein was analyzed in mast cells
of normal subjects (A and B) and AD patients (C and D) by using image quantification methods, constant
staining and microscope settings, and pseudo-color imaging (B and D). Staining intensity that was mea-
sured in single mast cells (MC) was decreased in AD if compared to normal individuals (E). Scale bar rep-

resents 100 um.

IgE molecules. Also, mast cell and CD4-activated T-cell
numbers are elevated. In the present study, acute lesions
were examined because these lesions displayed the clos-
est proximity to the previously used animal model of
cutaneous hypersensitivity, which suggested a participa-
tion for VPAC,.!2

The precise mast cells mediators involved in AD have
not been determined so far. Although histamine is the
crucial mediator of pruritus in type I allergic reactions
such as urticaria, it does not play a major role in the
pathogenesis of AD; thus, other mediators must be
involved.3! The present finding of an impaired VIP
receptor expression in mast cells of AD patients, as quan-
tified in situ and validated by in vitro studies with a low
concentration of PMA to mildly stimulate the mast cells
and microarray techniques, suggests that an imbalance of
neuroimmune interactions may partly account for the
development of the disease.

The use of PMA in a low concentration to stimulate
the cell line was presently used to validate the in situ
data. Whereas it is clear that there could be more physi-
ologic stimuli such as cytokines or other mediators, this
tumor promoter was presently chosen as classic stimuli
to mimic a noxious background as found in acute
lesions. Future studies with a variety of different media-
tors such as cytokines or chemokines could show the
effect of each of these mediators on HMC-1 cell func-
tion and gene expression.

A link between the nervous system and the inflamma-
tory cutaneous processes occurring in AD has been postu-
lated before because erythema and pruritus can be induced
by several neuropeptides. Furthermore, decreased reac-

tions in AD to some neuropeptides including VIP have
been suggested to be due to an increased local availability
of the substances. In fact, elevated skin levels of VIP have
been reported,32 although others have failed to demon-
strate this mediator in suction blister fluid.33 A further
finding that may speak against an upregulation of the li-
gand VIP is the absence of increased VIP-immunoreactive
nerve fibers in AD skin.34

The present data show that VIP effects in immunolog-
ic diseases may not only be modulated by the amount of
secreted VIP but also by the regulation of VIP receptor
expression, because mast cell-specific expression of
VPAC, is downregulated in AD.

A direct modulatory effect of VIP on mast cells has
previously been suggested,3> but distinct mast cell recep-
tors for VIP have not been found in situ. VIP has been
shown to act predominantly via stimulation of adenyl
cyclase and cyclic adenosine monophosphate (cAMP)
production, and studies on VIP gene expression have
demonstrated a 2-way relationship between stimulation
of VIP synthesis and high levels of cAMP.36 When
cAMP levels decrease in mast cells, degranulation
increases.3” An elevated cAMP production activates
cAMP- and cyclic guanosine monophosphate—dependent
protein kinases,3® and VIP might thus lead via this
VPAC,-related cascade to an inhibition of cutaneous
mast cell secretion. In this respect, the presently demon-
strated downregulation of VPAC, in mast cells of AD
patients may account for reduced protective and stabiliz-
ing effects of VIP, which are found under normal condi-
tions and therefore may promote accelerated mast cell
degranulation in AD.
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An important issue to address the role of VPAC, in AD
arises from the question whether the downregulation of
VPAC, is an epiphenomenon resulting from the effects
of other mediators such as cytokines. So far, the only pre-
vious indication on the possible involvement of the
receptor was found by using 2 animal models with trans-
genic VPAC, overexpression and VPAC, gene depletion.
These studies reported a state of enhanced hapten-evoked
cutaneous delayed-type hypersensitivity and depressed
immediate-type hypersensitivity after VPAC, gene
depletion. These data indicate that the loss of function of
VPAC, could be by itself related to an allergic diathesis
of animals unaffected by other mediators. However, in
the present studies, it could not be distinguished whether
the downregulation of VPAC, in acute AD lesions is due
to the effects of other mediators (ie, IgE cross-linking),
and future functional studies may address this question.
In this respect, the only available data on VIP receptor
downregulation by mediators have been reported for in
vitro stimulation of T-helper cells with soluble anti-CD3
plus PMA, which induced a T-cell activation—dependent
downregulation of VPAC,. It was also shown that VPAC,
mRNA content decreased in granuloma cells from IL-4
mutant mice infected with Schistosoma mansoni, when
cultured with rIL-4.

We have previously demonstrated that VPAC,
mRNA is localized not only to inflammatory cells such
as mast cells but also to a variety of other cells includ-
ing keratinocytes with a signal intensity that was max-
imal at the basal zone and decreasing to superficial lay-
ers, endothelial cells, or to cells of eccrine sweat
glands and to cells of the germinative epithelium,
medulla, and matrix of the hair follicle.20-2! In view of
recent data on the relevance of keratinocytes in inflam-
matory changes in AD,39 it could be speculated that
VPAC, may also be regulated in these cells. However,
a recent report on the regulation of VPAC receptors in
human keratinocytes demonstrated that the predomi-
nant keratinocyte receptor regulating VIP effects
appears to be VPAC, but not VPAC,.40

In addition to AD, there are other immune diseases in
which this neuropeptide might play a major role. In this
respect, a recent study has assessed the role of VIP in a
mouse model of theumatoid arthritis. It was demonstrat-
ed that VIP significantly reduced the incidence and
severity of arthritis in an experimental model, complete-
ly abrogating the destruction of joint and bone struc-
tures.* In contrast to the present study, in the animal
model of rheumatoid arthritis the effects of VIP were
pharmacologically mediated via the VPAC, receptor
because a VPAC,, but not a VPAC,, agonist was able to
mimic the protective effects of VIP.

In conclusion, the transcriptional and translational
mast cell-specific downregulation of VPAC,, as shown
here in vitro and in vivo, adds an important dimension to
the understanding of cellular pathophysiology underly-
ing immune diseases and suggests that the downregula-
tion of VPAC, in patients with AD may contribute to the
pathophysiology of the disease.

J ALLERGY CLIN IMMUNOL
MAY 2003

We thank E. J. Goetzl, San Francisco, for support with VPAC,
antisera and plasmids; L. Ashman, Adelaide, Australia for YBS5.B8
antisera; A. Walls, Southampton, UK, for AA1 antibodies; and J. H.
Butterfield, Rochester, Minn, for HMC-1 cells. We also gratefully
acknowledge the help of E. Mingomataj with tissue morphology, R.
Strozynski for processing the in situ sections, and F. Serowka for
excellent technical assistance.

REFERENCES

1. Goetzl EJ, Voice JK, Shen S, Dorsam G, Kong Y, West KM, et al.
Enhanced delayed-type hypersensitivity and diminished immediate-type
hypersensitivity in mice lacking the inducible VPAC2 receptor for vasoac-
tive intestinal peptide. Proc Natl Acad Sci U S A 2001;98:13854-9.

2. Voice JK, Dorsam G, Lee H, Kong Y, Goetzl EJ. Allergic diathesis in
transgenic mice with constitutive T cell expression of inducible vasoac-
tive intestinal peptide receptor. FASEB J 2001;15:2489-96.

3. Said SI, Mutt V. Potent peripheral and splanchnic vasodilator peptide
from normal gut. Nature 1970;225:863-4,

4. Delgado M, Abad C, Martinez C, Leceta J, Gomariz RP. Vasoactive
intestinal peptide prevents experimental arthritis by downregulating both -
autoimmune and inflammatory components of the disease. Nat Med
2001;7:563-8.

5. Lee YA, Wahn U, Kehrt R, Tarani L, Businco L, Gustafsson D, et al. A
major susceptibility locus for atopic dermatitis maps to chromosome
3q21. Nat Genet 2000;26:470-3.

6. Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev 1997;
77:1033-79.

7. Bauer O, Razin E. Mast cell-nerve interactions. News Physiol Sci
2000;15:213-8.

8. Rudzki E, Samochocki Z, Litewska D, Rebandel P, Saciuk E, Raczka A.
Clinical features of atopic dermatitis and a family history of atopy. Aller-
gy 1991;46:125-8.

9. Butterfield JH, Weiler D, Dewald G, Gleich GJ. Establishment of an
immature mast cell line from a patient with mast cell leukemia. Leuk Res
1988;12:345-55.

10. Nakazawa M, Mitjavila MT, Debili N, Casadevall N, Mayeux P, Rouyer-
Fessard P, et al. KU 812: a pluripotent human cell line with spontaneous
erythroid terminal maturation. Blood 1989;73:2003-13.

11. Grutzkau A, Henz BM, Kirchhof L, Luger T, Artuc M. alpha-Melanocyte
stimulating hormone acts as a selective inducer of secretory functions in
human mast cells. Biochem Biophys Res Commun 2000;278:14-9.

12. Groneberg DA, Hartmann P, Dinh QT, Fischer A. Expression and distri-
bution of vasoactive intestinal polypeptide receptor VPAC(2) mRNA in
human airways. Lab Invest 2001;81:749-55.

13. Welker P, Grabbe J, Gibbs B, Zuberbier T, Henz BM. Nerve growth fac-
tor-beta induces mast-cell marker expression during in vitro culture of
human umbilical cord blood cells. Immunology 2000;99:418-26.

14. Granoth R, Fridkin M, Rubinraut S, Gozes I. VIP-derived sequences
modified by N-terminal stearyl moiety induce cell death: the human ke-
ratinocyte as a model. FEBS Lett 2000;475:71-7.

15. Raouf A, Seth A. Discovery of osteoblast-associated genes using cDNA
microarrays. Bone 2002;30:463-71.

16. Groneberg DA, Nickolaus M, Springer I, Doring F, Daniel H, Fischer A.
Localization of the peptide transporter PEPT2 in the lung: implications
for pulmonary oligopeptide uptake. Am J Pathol 2001;158:707-14.

17. Fischer A, McGregor GP, Saria A, Philippin B, Kummer W. Induction of
tachykinin gene and peptide expression in guinea pig nodose primary
afferent neurons by allergic airway inflammation. J Clin Invest
1996;98:2284-91.

18. Grabbe J, Welker P, Humke S, Grewe M, Schopf E, Henz BM, et al.
High-dose uitraviolet Al (UVA1), but not UVA/UVB therapy, decreases
IgE-binding cells in lesional skin of patients with atopic eczema. J Invest
Dermatol 1996;107:419-22.

19. Ermert L, Ermert M, Merkle M, Goppelt-Struebe M, Duncker HR, Grim-
minger F, et al. Rat pulmonary cyclooxygenase-2 expression in response
to endotoxin challenge: differential regulation in the various types of
cells in the lung. Am J Pathol 2000;156:1275-87.

20. Fischer TC, Hartmann P, Loser C, Springer J, Peiser C, Dinh QT, et al.
Abundant expression of vasoactive intestinal polypeptide receptor
VPAC2 mRNA in human skin. J Invest Dermatol 2001;117:754-6.



J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 5

21

22,

23.

24.

25.

26.

27.

28.

29.

30.

Fischer TC, Dinh QT, Peiser C, Loser C, Fischer A, Groneberg DA.
Simultaneous detection of receptor mRNA and ligand protein in human
skin tissues. I Cutan Pathol 2002;29:65-71.

Dickinson T, Fleetwood-Walker SM. VIP and PACAP: very important in
pain. Trends Pharmacol Sci 1999;20:324-9.

Ishihara T, Shigemoto R, Mori K, Takahashi K, Nagata S. Functional
expression and tissue distribution of a novel receptor for vasoactive
intestinal polypeptide. Neuron 1992;8:811-9.

Sreedharan SP, Huang JX, Cheung MC, Goetzl EJ. Structure, expression,
and chromosomal localization of the type I human vasoactive intestinal
peptide receptor gene. Proc Natl Acad Sci U S A 1995;92:2939-43.
Usdin TB, Bonner T, Mezey E. Two receptors for vasoactive intestinal
polypeptide with similar specificity and complementary distributions.
Endocrinology 1994;135:2662-80.

Lutz EM, Sheward WJ, West KM, Morrow JA, Fink G, Harmar AJ. The
VIP2 receptor: molecular characterisation of a cDNA encoding a novel
receptor for vasoactive intestinal peptide. FEBS Lett 1993;334:3-8.
Inagaki N, Yoshida H, Mizuta M, Mizuno N, Fujii Y, Gonoi T, et al.
Cloning and functional characterization of a third pituitary adenylate
cyclase-activating polypeptide receptor subtype expressed in insulin-
secreting cells. Proc Natl Acad Sci U S A 1994;91:2679-83.

Wei Y, Mojsov S. Tissue specific expression of different human receptor
types for pituitary adenylate cyclase activating polypeptide and vasoac-
tive intestinal polypeptide: implications for their role in human physiolo-
gy. J Neuroendocrinol 1996;8:811-7.

Svoboda M, Tastenoy M, Van Rampelbergh J, Goossens JF, De Neef P,
Waelbroeck M, et al. Molecular cloning and functional characterization
of a human VIP receptor from SUP-T1 lymphoblasts. Biochem Biophys
Res Commun 1994;205:1617-24.

Damsgaard TE, Olesen AB, Sorensen FB, Thestrup-Pedersen K, Schiotz
PO. Mast cells and atopic dermatitis: stereological quantification of mast
cells in atopic dermatitis and normal human skin. Arch Dermatol Res
1997,289:256-60.

31

32,

34.

35.

36.

37.

38.

39.

40.

Groneberg et al 1105

Rukwied R, Lischetzki G, McGlone F, Heyer G, Schmelz M. Mast cell
mediators other than histamine induce pruritus in atopic dermatitis
patients: a dermal microdialysis study. Br J Dermatol 2000;142:1114-20.
Pincelli C, Fantini F, Romualdi P, Lesa G, Giannetti A. Skin levels of
vasoactive intestinal polypeptide in atopic dermatitis. Arch Dermatol Res
1991;283:230-2.

. Wallengren J, Ekman R, Moller H. Substance P and vasoactive intestinal

pepiide in bullous and inflammatory skin disease. Acta Derm Venereol
1986,66:23-8.

Pincelli C, Fantini F, Massimi P, Girolomoni G, Seidenari S, Giannetti A.
Neuropeptides in skin from patients with atopic dermatitis: an immuno-
histochemical study. Br J Dermatol 1990;122:745-50.

Cutz E, Chan W, Track NS, Goth A, Said SI. Release of vasoactive
intestinal polypeptide in mast cells by histamine liberators. Nature
1978;275:661-2.

Gozes I, Brenneman DE. VIP: molecular biology and neurobiological
function. Mol Neurobiol 1989;3:201-36.

Lewis RA, Austen KF. Mediation of local homeostasis and inflammation
by leukotrienes and other mast cell-dependent compounds. Nature
1981;293:103-8.

Francis SH, Noblett BD, Todd BW, Wells JN, Corbin JD. Relaxation of
vascular and tracheal smooth muscle by cyclic nucleotide analogs that
preferentially activate purified cGMP-dependent protein kinase. Mol
Pharmacol 1988;34:506-17.

Trautmann A, Akdis M, Schmid-Grendelmeier P, Disch R, Brocker EB,
Blaser K, et al. Targeting keratinocyte apoptosis in the treatment of atopic
dermatitis and allergic contact dermatitis. J Allergy Clin Immunol
2001;108:839-46.

Kakurai M, Fujita N, Muorata S, Furukawa Y, Demitsu T, Nakagawa H.
Vasoactive intestinal peptide regulates its receptor expression and func-
tions of human keratinocytes via type I vasoactive intestinal peptide
receptors. J Invest Dermatol 2001;116:743-9.

1
-]
-2
?
%
E
&

n
§
5
1
2
2
8




