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Signal transducer and activator of transcription
1 decoy oligodeoxynucleotide suppression
of contact hypersensitivity

Andreas H. Wagner, PhD,? Inka Wittjen, MD,? Tomislav Stojanovic, MD,” Peter Middel,
MD,° Josef G. Meingassner, DVM,® and Markus Hecker, PhD? Heidelberg and Géttingen,

Germany, and Vienna, Austria

Background: Cytokines play a pivotal role in allergy
development through activating signaling mechanisms, such
as the Janus kinase/signal transducer and activator of
transcription (STAT) pathway, which controls the expression
of numerous proinflammatory genes.

Objective: In comparison with 2 different corticosteroids and
a calcineurin inhibitor, the efficacy of a STAT1 decoy
oligodeoxynucleotide (dODN)—containing ointment on
hapten-induced contact hypersensitivity was examined

in 3 different animal models.

Methods: After sensitization, the test compounds were
administered before hapten challenge, after hapten challenge,
or both to different sites of the animal skin. Subsequent
erythema and edema formation was scored macroscopically,
microscopically, or by a shift in ear weight. Biopsy specimens
were taken and processed for histopathology,
immunohistochemistry, and real-time PCR analyses.

Results: Treatment with the STAT1 dODN but not the
corresponding control ODN markedly improved the clinical
signs of inflammation in all 3 animal models in a dose-related
manner. In guinea pig skin this was accompanied by a distinct
decrease in leukocyte infiltration into the dermis after 24 hours.
In addition, expression of CD40, IFN-vy, IL-1$3, IL-8, IL-12, and
TNF-o was strongly attenuated. The dODN was equally
effective in the domestic pig model when administered
therapeutically, and its preventive effect in the mouse model
lasted for more than 48 hours.

Conclusions: Altogether, treatment with the dODN proved

to be at least as effective as treatment with the reference
compounds.

Clinical implications: Topical administration of a STAT1
dODN might constitute a novel approach to the treatment
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of allergic contact dermatitis and related inflammatory skin
diseases. (J Allergy Clin Immunol NEEE;EES:ENE-EEN,)
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Contact hypersensitivity (CHS) clinically presenting
as allergic contact dermatitis (ACD) is a delayed-type
hypersensitivity (DTH) reaction in the outermost layers of
the skin that is mediated by hapten-specific T cells.! The
cutaneous proinflammatory response to the sensitizing
agent in experimental CHS depends on the haptenated
antigen and thus can be regarded as a cellular immune
response mediated either by IFN-y—producing Tyl cells
and T cytotoxic type 1 (T¢1) cells or by IL-4— and IL-10-
producing T2 cells.” As a result, animal experimental
CHS models have been applied for years in relation to
psoriasis and atopic dermatitis drug discovery.® They are
considered particularly useful when it comes to evaluating
broad-acting anti-inflammatory drugs. Most popular are
rodent CHS models because of the fact that the underlying
pathogenesis is well known; they are highly reliable and
require only minimal manipulation and treatment. Their
disadvantage is that rodent skin is built up rather differ-
ently than human skin, so that a rodent CHS model
frequently is complemented by its porcine equivalent.*

After appropriate sensitization, topical administration of
strong lipophilic haptens, such as nitrohalobenzenes, to
either species results in the presentation by skin dendritic
cells but also keratinocytes of haptenated peptides to
already primed Ty 1 and Tc1 cells that patrol in the skin.>?
These in turn produce type 1 cytokines, namely IFN-vy,
which stimulate resident skin cells, primarily keratino-
cytes, to produce various cytokines and chemokines that,
within less than 12 hours, provoke the PMN infiltrate in the
dermis and epidermis that is typical for this form of CHS.’
In the intermediate and late elicitation phases, this is fol-
lowed by a progressive accumulation of mononuclear cells.®

Apparently, it is the combined action of only a few
pivotal transcription factors, among which is signal trans-
ducer and activator of transcription (STAT) 1, that medi-
ates proinflammatory gene expression in psoriasis,” which,
just like the aforementioned CHS response, is Ty1/Tcl
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Abbreviations used
ACD: Allergic contact dermatitis
AP-1: Activator protein 1
APC: Antigen-presenting cell
CHS: Contact hypersensitivity
DNCB: 2.,4-Dinitrochlorobenzene
DNFB: 2,4-Dinitrofluorobenzene
dODN: Decoy oligodeoxynucleotide
DTH: Delayed-type hypersensitivity
EMSA: Electrophoretic mobility shift analysis
FITC: Fluorescein 5-isothiocyanate
NF-«kB: Nuclear factor kB
PAEC: Porcine aortic endothelial cell
STAT: Signal transducer and activator of transcription
Tcl: Cytotoxic type 1

cell dominated. Increased expression of STAT1 and
STAT1-dependent proinflammatory gene products also
has been documented in a Ty1/Tc1-biased rodent model
of CHS.® In the absence of long-term safety data for the
latest biologic agents, calcineurin inhibitors and synthetic
corticosteroids still represent the most commonly used
anti-inflammatory drugs in dermatology. Topical cortico-
steroids, which are widely used in the therapy of ACD,
exert their anti-inflammatory effects mainly through
inhibition of the transcription factors activator protein
1 (AP-1) and nuclear factor kB (NF-«kB).° However,
long-term treatment with these drugs might lead to skin at-
rophy,'” and it was such drawbacks that spurred the search
for alternative treatment modalities.

Cutting-edge developments focus on small-molecule
and nucleic acid—based drugs.'' Because of limited oral
bioavailability, topical administration of these drugs is pre-
ferred, even though the barrier properties of the skin might
impede intradermal delivery. Decoy oligodeoxynucleotides
(dODNSs) are short double-stranded DNA molecules that
seem to penetrate the skin rather easily, presumably because
of an active transcellular transport. They mimic the genomic
binding site of their target transcription factor so that its ac-
tivity is blocked and therewith the expression of its target
genes.12 By using such a dODN directed against STATI,
we could already verify the broad anti-inflammatory effects
of this novel drug class in different in vivo models of dis-
ease.'*'> We have now examined the efficacy of an oint-
ment containing a related dODN in 3 different models of
CHS in comparison with established reference compounds.

METHODS
Preparation of dODN ointment

Double-stranded ODNs were prepared from complementary,
single-stranded, phosphorothioate-bonded ODNs obtained from
Eurogentec (Cologne, Germany), as previously described.'® The
sequences of the single-stranded plus strands were as follows:
STAT1 consensus dODN, T*G*T*GAATTACCGGAA*G*T*G
(*denotes phosphorothioate-bonded bases); STAT1 control ODN,
T*G*T*GGACCGTAGGAA*G*T*G (underlined letters denote
substitutions in the STAT binding motif). As shown extensively in
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the past,'*'® the control ODN in which the consensus-binding

gamma-activated site element TTC(N2-4)GAA has been mutated
cannot neutralize STATI.

Between 0.13 and 8 mg of either ODN in TEN buffer (40 mmol/L
solution) or TEN buffer alone (10 mmol/L Tris, 1 mmol/L EDTA, and
150 mmol/L NaCl) was added directly to 0.4 g of ointment base
(Unguentum emulsificans DAB, obtained from a local pharmacy) in
a sterile mortar. They were properly mixed, yielding a 0.02% to 1%
ODN-containing hydrophilic cream (Unguentum emulsificans/TEN
buffer ODN solution 1:1 [wt/vol]). All solutions and the ointment
base, pestles, and mortars were prewarmed to 37°C. After stirring for
10 to 15 minutes at 37°C, the ointments were allowed to cool down
to ambient temperature and stored at 4°C until use on the same day.

Isolation and culture of porcine aortic
endothelial cells

Endothelial cells were isolated from porcine aortas, plated on
6-well plates, and cultured in Dulbecco’s modified Eagle’s medium/
Ham F12, as described previously.'” They were used as primary cul-
ture to demonstrate efficacy of the STAT1 dODN against porcine
STAT]I. For this purpose, porcine aortic endothelial cells (PAECs)
were preincubated with the STAT1 dODN (4 hours at 10 wmol/L),
stimulated with porcine IFN-vy (1000 U/mL medium) for 30 minutes,
and subsequently prepared for electrophoretic mobility shift analysis
(EMSA).

Guinea pig CHS model

Male Dunkin-Hartley guinea pigs (Charles River; body weight,
350-450 g) were sensitized with 50 pL of 10% 2,4-dinitrochlor-
obenzene (DNCB; Sigma-Aldrich, Deisenhofen, Germany) in ace-
tone/olive oil 1:1 (vol/vol) administered to the dorsal side of the right
auricle first and to the left auricle 24 hours later. On day 7, they were
boosted on the neck with 15 pL of 2% DNCB in acetone/olive oil
95:5 (vol/vol). Seven days later, 6 test sites (1 cm? each) on the shaved
backs of the animals were treated with one of the following incorpo-
rated into the standard dermal formulation (60 mg per test site):
STAT1 dODN (n = 18 per dose), control ODN (n = 18), clobetasol
propionate (0.25%,n = 6), or vehicle (n = 18). CHS was elicited with
10 pL of 0.5% DNCB in acetone/olive 0il 95:5 (vol/vol) 4 hours later.
Another 24 hours later, severity of erythema and edema formation
was evaluated on a scale of 0 to 3 (0 = no visible erythema, 3 =
severe erythema and focal edema), according to the method of
Frosch and Kligmam,'8 with the investigators blinded toward the
treatment regimen. Thereafter, the animals were killed, and skin
biopsy specimens were taken from each of the test sites. The study
protocol was designed in accordance with German law on the protec-
tion of animals and approved by local authorities.

Domestic pig CHS model

Female domestic pigs weighing 12 to 15 kg were sensitized
by means of epicutaneous administration of 500 wL of 10% 2,4-
dinitrofluorobenzene (DNFB; Sigma-Aldrich) in a 1:5:1:3 (vol/vol)
mixture of DNFB/acetone/dimethyl sulfoxide/olive oil distributed
evenly to both auricles and groins. On day 10, challenge was
performed by administering 15 wL of a 1% DNFB solution (without
dimethyl sulfoxide) to each of 24 test sites (2-cm diameter) arranged
in 4 craniocaudal lines on both sides of the back of each animal. The
test sites were treated either 6 hours before and 30 minutes after or 30
minutes before and 6 hours after the DNFB challenge with 60 mg of
ointment containing either 0.13% or 1% STAT1 dODN, 1% Elidel
(pimecrolimus, SDZ ASM 981),lg 1% hydrocortisone acetate, or the
appropriate placebo (ethanol/propylene glycol 3:7 [vol/vol] in the
case of hydrocortisone). Test sites were clinically examined 24 hours
after the DNFB challenge at the peak of the inflammatory response.
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TABLE I. Scoring of the clinical signs of CHS in the
domestic pig model 24 hours after the DNFB challenge

Score Erythema/intensity Erythema/extent Induration
0 Absent Absent Absent
1 Scarcely visible Small spotted  Scarcely palpable
2 Mild Large spotted ~ Mild hardening
3 Pronounced Confluent —
4 Severe (or livid Homogenous —
discoloring) redness of
test site

Changes were scored on a scale from 0 to 4, allowing a combined
maximal score of 10 per designated site (Table I). In total, 8 animals
were used in 2 independent series of experiments. The study protocol
was approved by the local governmental authority (Landesregierung,
Wien, Magistratsabteilung 58).

Mouse CHS model

Groups of 8 female BALB/c mice (Charles River, Sulzfeld,
Germany) were sensitized with 50 wL of 0.5% fluorescein 5-isothi-
ocyanate (FITC; Sigma-Aldrich) on the shaved ventral abdomen on
days 1 and 2 and boosted on days 21 and 22. CHS was elicited with 10
L of 0.5% FITC on the medial aspects of the right ears on day 28.
Twenty-four or 48 hours thereafter, the animals were killed, and the
individual differences in weights of the left (unchallenged) and right
(challenged) ears in test and control animals were determined. Increase
in ear weight was used as a parameter of inflammatory swelling.
Topical treatment was performed 30 minutes before and 4 hours after
challenge with 10 mg of the active (1% STAT1 dODN), control
(control ODN), or placebo (vehicle) formulation. Hydrocortisone
acetate at 1% was used as a comparator.

dODN penetration into guinea pig skin

Uptake of the nucleic acid into the guinea pig skin was verified by
using a Texas Red-labeled dODN (Eurogentec), the sequence of
which was identical to that of the unlabeled STAT1 consensus dODN.
Permeation and distribution of the dODN in the dermis and epidermis
was monitored for up to 6 hours by means of fluorescence microscopy.
To this end, guinea pig skin biopsy specimens, frozen in liquid
nitrogen and embedded in OCT Compound Tissue-Tek (Miles
Laboratories, Elkhart, Ind), were cut into 10-wm sections with a
cryostat (Leica, Wetzlar, Germany). Subsequently, fluorescence
distribution was visualized with a MicroMax CCD camera (Princeton
Instruments, Trenton, NJ) coupled to an Axiovert S100 TV micro-
scope (Zeiss, Jena, Germany).

EMSA

Preparation of nuclear extracts from the cultured PAECs and
guinea pig skin biopsy specimens followed by nondenaturing 4%
polyacrylamide gel electrophoresis was carried out as described in
detail elsewhere.'” A [y-**]Adenosine triphosphate—labeled sis-
inducible element gel shift ODN (Santa Cruz Biotechnology,
Heidelberg, Germany) was used for detection of STAT1 in nuclear ex-
tracts of the cultured PAECs. For homogenization of the skin biopsy
specimens, frozen samples were pulverized with 5 or 6 strokes of a
hammer, placed in a tube together with a stainless-steel bead, and
homogenized in the Mixer Mill MM 301 (Retsch, Haan, Germany)
for 30 seconds at 30 Hz. Labeled AP-1 and STAT1 gel shift ODNs
(Santa Cruz Biotechnology) were used for transcription factor detec-
tion in the nuclear extracts of the biopsy specimens.
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Quantitative real-time PCR

RNA isolation and reverse transcription were carried out as
described previously.'® Real-time PCR was performed in a Light-
Cycler (Roche Diagnostics, Mannheim, Germany) by using the
QuantiTect SYBR Green RT-PCR kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. Details of the PCR con-
ditions and primer sequences can be found in Table E1 in the Online
Repository at www.jacionline.org. Recombinant standards were syn-
thesized in vitro from the cloned PCR fragments in plasmid DNA
(TOPO TA Cloning kit; Invitrogen, Karlsruhe, Germany). The identity
of the amplification products was verified by means of direct sequenc-
ing with an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems,
Foster City, Calif).

Histochemistry

Tissue samples were fixed with 4% formaldehyde and embedded in
paraffin from which 5-pum-thick successive sections were cut, stained
with Giemsa reagent (Merck, Darmstadt, Germany; 1:10 dilution for
60 minutes at ambient temperature), and mounted with Entellan
(Merck). They were examined by an experienced pathologist in a
blinded fashion. Changes were scored for epidermal spongiosis (0-3),
dermal inflammatory infiltrate (0-3), and epidermal inflammatory
infiltrate (0-3), allowing a combined maximal score of 9. In addition,
the thickness of the stratum corneum and the cellular part of the
epidermis was measured with a calibrated ocular micrometer by means
of standard light microscopy.

Visualization of neutrophil infiltration was achieved by using the
naphthol AS-D chloroacetate esterase kit (Sigma-Aldrich), according
to the manufacturer’s instructions. Sections were counterstained with
acid hematoxylin and mounted with Aquamount (Gurr, Hanau,
Germany). The degree of PMN infiltration was determined in a
blinded fashion by counting naphthol AS-D chloroacetate esterase—
positive red cells in 5 random fields per slide with the aid of a SPOT RT
color CCD camera (Diagnostic Instruments, Sterling Hights, Mich)
coupled to the Axiovert S100 TV microscope and the MetaMorph
6 software package (Molecular Devices, Downingtown, Pa).

Immunohistochemistry

Immunohistochemistry was performed on the aforementioned
5-pwm-thick paraffin sections. Antigen retrieval was required for the
detection of IL-8 (10 mmol/L sodium citrate; microwave oven set to
600 W for 30 minutes) and macrophages (30 minutes at 37°C with
0.1% trypsin in Tris-buffered saline with Tween 20). The following
primary antibodies were used: rabbit anti-human IL-8 (dilution 1:10;
Research Diagnostics, Concord, Mass), rabbit anti-human CD40
(dilution 1:400, Calbiochem/Merck Biosciences, Bad Soden,
Germany), mouse anti-human monocyte/macrophages (clone
MAC387, dilution 1:400; AbD Serotec), and mouse anti-guinea pig
T-cells (clone CTS5, dilution 1:1000; AbD Serotec, Diisseldorf,
Germany). After incubation with the corresponding secondary horse-
radish peroxidase—labeled goat anti-rabbit or goat anti-mouse anti-
body (DAKO EnVision+, DAKO, Glostrup, Denmark), sections
were exposed to the chromogenic substrate (DAKO AEC). After
hematoxylin and eosin counterstaining, the sections were mounted
with Aquamount. Positive immunoreactivity was documented with
the SPOT RT color CCD camera, and the degree of macrophage and T-
cell infiltration was monitored in a blinded fashion by counting 3
random fields per slide with the aid of the MetaMorph 6 software
package.

Data analysis

Unless indicated otherwise, results are expressed as means = SEM
of n individual experiments. The Kruskal-Wallis test (nonparametric
ANOVA) followed by a Dunnett post hoc analysis or the
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FIG 1. Detection of Texas Red-labeled STAT1 dODN penetration into guinea pig skin. A, Time-dependent
uptake of the fluorescent dODN (0.2% ointment). B, Detection of the fluorescent dODN in the epidermis (7)
and a hair follicle (2) 6 hours after topical application. The right panel shows 4’-6-diamidino-2-phenylindole
dihydrochloride (DAPI)-stained nuclei. Scale bar, 100 pum.

nonparametric Wilcoxon rank sum test were used where appropriate
to determine differences between the means and the corresponding
control value, with a P value of less than .05 considered statistically
significant.

RESULTS

Time course of dODN penetration into
guinea pig skin

After administration of the ointment containing the
Texas Red-labeled STAT1 dODN (at a dose of 0.2%), a
prominent fluorescence signal was detected first in the
epidermis and then started to penetrate into the dermis
after 3 to 6 hours (Fig 1, A) and appeared to be clearly cell
associated (Fig 1, B).

Effects of the STAT1 dODN in the
guinea pig CHS model

EMSA revealed a prolonged activation of the transcrip-
tion factors AP-1 and STAT]1 in guinea pig skin over the
24-hour exposure to DNCB (see Fig El in the Online
Repository at www.jacionline.org). The macroscopic
(Fig 2, A; for exemplary data, see Fig E2, A, in the
Online Repository at www.jacionline.org) and histopath-
ologic (Fig 2, B; for exemplary data, see Fig E2, B, in
the Online Repository at www.jacionline.org) evaluation,
as well as the epidermal thickness measurements (Fig 2,
(), all show that application of the STAT1 dODN signif-
icantly attenuated the DNCB-induced inflammatory re-
sponse in a dose-related manner, with the dose of 0.13%
being as effective as 0.25% clobetasol. At the same
dose, the mutated control ODN did not reveal any inhibi-
tory effects (Fig 2). Histochemical/immunohistochemical
analyses at this time confirmed a considerable decrease in
the number of infiltrating neutrophils (Fig 3, A), T cells

(Fig 3, B), and monocytes/macrophages (Fig 3, C) in the
STAT1 dODN-treated skin sections (for exemplary data,
see Fig E3 in the Online Repository at www.jacionline.
org). Again, the dose of 0.13% proved to be as effective
as 0.25% clobetasol, and the control ODN was ineffective.
Real-time PCR analyses further corroborated the anti-
inflammatory effects of the dODN, as well as those of
the steroid, demonstrating an almost complete suppression
of the DNCB-induced increase in IL-1[3, IL-8, IFN-vy,
TNF-a, and IL-12p40 mRNA abundance (Fig 4). This
finding was confirmed on the protein level for CD40 and
IL-8 by means of immunohistochemistry (Fig 5).

Effects of the STAT1 dODN in the
domestic pig model of CHS

The efficacy of the STAT1 dODN was verified in a pig
CHS model because porcine skin resembles human skin
more closely than rodent skin.* The STAT1 dODN oint-
ment was tested both in a preventive and in a therapeutic
treatment arm against placebo and at least 1 active com-
parator. In the preventive treatment arm the STATI1
dODN was tested at a dose of 0.13% against vehicle and
1% Elidel in 3 animals (4 test sites each) and at a dose
of 1% against vehicle and 1% hydrocortisone in 3 animals
(2 test sites each). With this treatment regimen, the dODN
at a dose of 0.13% was as effective as 1% hydrocortisone
and at a dose of 1% attained more than 80% of the effect of
1% Elidel in blocking the clinical signs of cutaneous in-
flammation in this animal experimental model (Fig 6, A).

In the therapeutic treatment arm the STAT1 dODN was
tested at a dose of 1% against vehicle and 1% hydrocor-
tisone in 2 more animals (2 test sites each). Although the
inhibitory potency of the dODN appeared to be similar
under these conditions (35% *+ 15% vs 42% *= 11%
inhibition in the preventive treatment arm), the
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5 random fields of view of 18 and 6 (clobetasol) specimens, respectively, is shown. *P < .05 versus DNCB plus
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corticosteroid seemed to be less effective (16% = 11% vs
27% * 11% inhibition).

Nuclear extracts of IFN-y—stimulated cultured PAECs
were analyzed to verify that the dODN used blocks
porcine STAT1 equally well. As shown in Fig E4 in the
Online Repository at www.jacionline.org, the STAT1
dODN, but not the control ODN, significantly blunted
the nuclear translocation of STAT1 in these cells.

Effects of the STAT1 dODN in the
mouse CHS model

Finally, a third animal experimental model of CHS
was used, which, in contrast to the previous 2 models, is
driven by a Ty2-type rather than a Tyl-type immune
response’’! and thus more closely resembles ACD or
atopic dermatitis.?? To this end, BALB/c mice were sensi-
tized to and challenged with FITC, and the ensuing ear

swelling at 24 and 48 hours after the FITC challenge was

taken as a readout for the ongoing inflammatory reaction.
As shown in Fig 6, B, pretreatment with the STAT1 dODN
ata dose of 1% but not with the control ODN was similarly
effective as in the other 2 CHS models after 24 hours (51%
inhibition). This inhibitory effect was maintained after 48
hours (43% inhibition), demonstrating that this was not
due to delaying the onset of the cutaneous inflammation.
Unexpectedly, hydrocortisone at the same percentage
(but not on a molar basis) was more effective than the
dODN in this animal experimental model (79% and 89%
inhibition, respectively).

DISCUSSION

The present findings demonstrate that topical applica-
tion of a dODN directed against STAT1, with at least the
same efficacy as a mild (hydrocortisone) or an ultrapotent
topical corticosteroid (clobetasol), as well as a highly
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FIG 4. STAT1 dODN suppression of DNCB-induced mRNA expression of IL-13 (A), IL-8 (B), IFN-v (C), IL-12p40
(D), and TNF-« (E) in the guinea pig skin 24 hours after challenge. Statistical summary of real-time PCR data
obtained with 18 and 6 (clobetasol) biopsy specimens, respectively, is shown. *P < .05 versus DNCB plus
vehicle and 0.13% control ODN; P < .05 versus STAT1 dODN.
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FIG 5. STAT1 dODN-mediated decrease in IL-8 and CD40 protein abundance in guinea pig skin biopsy
specimens taken 24 hours after challenge with DNCB. Representative immunohistochemistry analyses are
shown. Scale bar, 50 p.m (IL-8) and 100 p.m (CD40), respectively.

active topical immunosuppressive (Elidel), impairs the
cutaneous inflammatory reaction in 3 different animal
experimental models of CHS. Because of its greater
molecular weight, efficacy of the dODN treatment appears
to be even more impressive on a molar basis (ranging from
1 to 2 orders of magnitude when compared with Elidel and
clobetasol or hydrocortisone, respectively). In contrast to
the rodent models, the domestic pig model of CHS used
has a high predictability for the topical activity of a test
compound in human subjects. Thus cyclosporin A, which

is highly active in rodent CHS models, is inactive in the
domestic pig model, as well as in patients with ACD,
whereas the other calcineurin inhibitors, FK 506 and
Elidel, as well as most corticosteroids, tend to be as
effective in pig models as in human subjects.'***>
Because these potent anti-inflammatory drugs are
capable of inhibiting ACD, just like psoriasis or atopic
dermatitis, the STAT1 dODN might likewise be effective
in these genuine immune-mediated skin diseases. For
atopic dermatitis, which primarily comprises a Ty2 cell but
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FIG 6. Topical STAT1 dODN treatment diminishes the clinical signs of CHS in the domestic pig model (A) and
edema formation in the mouse model (B). Statistical summary of the scoring of 6 to 12 test sites in the
preventive treatment arm 24 hours after DNFB challenge is shown in Fig 6, A. *P < .05, **P < .01, and
***P < 001 versus vehicle. Statistical summary of the changes in ear weight (difference in milligrams between
challenged and unchallenged ear) in 8 animals each 24 and 48 hours after challenge with FITC is shown in

Fig 6, B. *P < .05 and ***P < .001 versus vehicle.

alsoa Tyl cell component,22 this assumption is supported
by our findings in the mouse CHS model that also has a
Ty2 bias.?*?! For psoriasis, which mainly constitutes
a Tyl/Tc1 cell-mediated and possibly also a Ty17 cell-
mediated immune response,’ our findings in the guinea pig
and domestic pig models, which are both Ty1 biased,*?°
might be considered predictive. However, the somewhat
lower efficacy of the STAT1 dODN in the mouse model
compared with the other 2 models along with its suppos-
edly predominant interfering with IFN-y—dependent
proinflammatory gene expression suggest that dODN
blockade of this transcription factor might be best suited
for the treatment of Tyl-dominated immunologic disor-
ders. In fact, injection of 0.25 nmol of a related STATI
dODN, which on a molar basis corresponds to one thirtieth
of the effective dose (0.13%) in the nitrohalobenzene-
induced CHS models, into the knee joint of female
C57BL/6 mice significantly blocked the antigen-induced
cutaneous DTH response elicited 7 days later."*
Analogous to our findings in the Ty2-weighted mouse
model (up to 48 hours follow-up), we assume that in
both Ty1/Tc1-weighted CHS models, treatment with the
STAT1 dODN also has resulted in a genuine inhibition
of the inflammatory response rather than a delay in its
onset. Moreover, in the therapeutic treatment arm of the
domestic pig model, the dODN was first administered 30
minutes before challenge with DNFB, which initiates a
rapid activation of the complement system, as well as
mast cells.””?® This initiation step, which is clinically ap-
parent in pigs immediately after application of the hapten,*
most likely has occurred before the dODN could take
effect. Furthermore, unlike ACD, the onset and duration
of experimentally induced CHS is much shorter. In the do-
mestic pig model, for example, early signs of inflammation
can be observed within 6 hours after DNFB challenge that
culminate at 24 hours and wane rapidly, so that after
72 hours, the test sites are virtually indistinguishable from
normal skin.* Therefore the second series of experiments

in this CHS model can be regarded as a real therapeutic
treatment regimen.

As exemplified by the more detailed findings in the
guinea pig model, the STAT1 dODN presumably exerts
a rather broad anti-inflammatory effect. Thus the number
of infiltrating neutrophils, T cells, and monocytes/
macrophages into the epidermis and dermis was markedly
reduced along with a near maximum blockade of the
expression of IFN-y, IL-1(3, IL-8, IL-12p40, and TNF-a.
IFN-y can derive both from keratinocytes29 and primed
Tyl/Tcl cells already present in the skin. Particularly
IL-12p40, but also IL-1f, IL-8, and TNF-a, are likely to
be expressed by skin antigen-presenting cells (APCs),
including keratinocytes,* even though not all of these are
controlled by STAT1. There was also a marked decrease
in the abundance of the costimulatory molecule CD40,
the expression of which is STAT1 dependent'® and up-
regulated in response to IFN-y by APCs, including kerati-
nocytes,31 as well as infiltrating monocytes/macrophages.
Through receptor/ligand-mediated costimulation of CD154-
expressing Tyl cells (or T2 cells), these APCs are likely
to fuel the cutaneous inflammatory reaction in experi-
mental CHS.*? Therefore disruption of CD40/CD154
costimulation can be regarded as a promising approach
to the therapy of inflammatory skin diseases.>? However,
despite typifying one important target gene of the STAT1
dODN therapy, CD40 is only one among various adhesion
molecules, cytokines, and chemokines.'>'> This might
also explain the marked inhibitory effect of the JODN treat-
ment on leukocyte infiltration in the guinea pig CHS model.

In addition to STAT1, other transcription factor targets
have been implicated in immune-mediated inflammatory
skin diseases, such as NF-kB, STAT3, and possibly
STAT6.** Topical administration of an NF-kB dODN
has been successfully tested in a mouse model of atopic
dermatitis®®> (in comparison with betametasone®®), as
well as in the DTH response of the same species,37 but
the potentially adverse proapoptotic effects of blocking
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this transcription factor must be followed. Recently,
dODN blockade of STAT3, which together with NF-«kB
and STATI is implicated in psoriasis,” has revealed its
therapeutic potential in a genetically engineered mouse
model of the disease.”® Interestingly, the dODN used by
us blocks STAT1 as effectively as STAT3,'* so that it
might be particularly suited for the topical treatment of
patients with this inflammatory skin disease.

In summary, the aforementioned findings suggest
that dODN-mediated blockade of STATI represents
a novel option for the treatment of inflammatory skin
diseases that presumably is more effective than state-
of-the-art dermal anti-inflammatory drugs but less prone
to side effects.

We thank Felicia Grimm and Anna Reifegerst for their expert
technical assistance and Drs Wolfgang Barth and Stefan Henning,
AVONTEC GmbH, Martinsried, Germany, for providing part of the
study medication (high-dose STAT1 dODN ointment) and Chemical
Manufacturing Control support.

REFERENCES

. Ishizaki K, Yamada A, Yoh K, Nakano T, Shimohata H, Maeda A, et al.
Th1 and type 1 cytotoxic T cells dominate responses in T-bet overexpres-
sion transgenic mice that develop contact dermatitis. J Immunol 2007;
178:605-12.

2. Saint-Mezard P, Berard F, Dubois B, Kaiserlian D, Nicolas JF. The role
of CD4+ and CD8+ T cells in contact hypersensitivity and allergic con-
tact dermatitis. Eur J Dermatol 2004;14:131-8.

3. Petersen TK. In vivo pharmacological disease models for psoriasis and
atopic dermatitis in drug discovery. Basic Clin Pharmacol Toxicol
2006;99:104-15.

4. Vana G, Meingassner JG. Morphologic and immunohistochemical fea-
tures of experimentally induced allergic contact dermatitis in Géttingen
minipigs. Vet Pathol 2000;37:565-80.

5. Dilulio NA, Engeman T, Armstrong D, Tannenbaum C, Hamilton TA,
Fairchild RL. GROalpha-mediated recruitment of neutrophils is required
for elicitation of contact hypersensitivity. Eur J Immunol 1999;29:
3485-95.

6. Breuer K, Werfel T, Kapp A. Allergic manifestations of skin diseases—
atopic dermatitis. Chem Immunol Allergy 2006;91:76-86.

7. Lowes MA, Bowcock AM, Krueger JG. Pathogenesis and therapy of
psoriasis. Nature 2007;445:866-73.

8. Hartmann B, Staedtler F, Hartmann N, Meingassner J, Firat H. Gene
expression profiling of skin and draining lymph nodes of rats affected
with cutaneous contact hypersensitivity. Inflamm Res 2006;55:322-34.

9. Roumestan C, Henriquet C, Bousquet J, Mathieu M. Fluticasone propi-
onate and mometasone furoate have equivalent transcriptional potencies.
Clin Exp Allergy 2003;33:895-901.

10. Levin C, Maibach HI. An overview of the efficacy of topical corticoste-
roids in experimental human nickel contact dermatitis. Contact Dermati-
tis 2000;43:317-21.

11. Crameri R, Rhyner C. Novel vaccines and adjuvants for allergen-specific
immunotherapy. Curr Opin Immunol 2006;18:761-8.

12. Dzau VJ. Transcription factor decoy. Circ Res 2002;90:1234-6.

13. Quarcoo D, Weixler S, Groneberg D, Joachim R, Ahrens B, Wagner AH,
et al. Inhibition of signal transducer and activator of transcription 1 attenu-
ates allergen-induced airway inflammation and hyperreactivity. J Allergy
Clin Immunol 2004;114:288-95.

14. Hiickel M, Schurigt U, Wagner AH, Stockigt R, Petrow PK, Thoss K,
et al. Attenuation of murine antigen-induced arthritis by treatment with
a decoy oligodeoxynucleotide inhibiting signal transducer and activator
of transcription-1 (STAT-1). Arthritis Res Ther 2005;8:R17.

15. Holschermann H, Stadlbauer TH, Wagner AH, Fingerhuth H, Muth H,

Rong S, et al. STAT-1 and AP-1 decoy oligonucleotide therapy delays

acute rejection and prolongs cardiac allograft survival. Cardiovasc Res

2006;71:527-36.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

35.

37.

38.

J ALLERGY CLIN IMMUNOL
umm 2007

. Wagner AH, Gebauer M, Pollok-Kopp B, Hecker M. Cytokine-inducible

CD40 expression in human endothelial cells is mediated by interferon
regulatory factor-1. Blood 2002;99:520-5.

. Lauth M, Wagner AH, Cattaruzza M, Orzechowski HD, Paul M, Hecker

M. Transcriptional control of deformation-induced preproendothelin-1
gene expression in endothelial cells. J Mol Med 2000;78:441-50.

. Frosch PJ, Kligman AM. The soap chamber test. A new method for

assessing the irritancy of soaps. J Am Acad Dermatol 1979;1:35-41.

. Meingassner JG, Grassberger M, Fahrgruber H, Moore HD, Schuurman

H, Stiitz A. A potential new anti-inflammatory drug, SDZ ASM 981, for
the topical and oral treatment of skin diseases: in vivo pharmacology.
Br J Dermatol 1997;137:568-76.

Dearman RJ, Kimber I. Role of CD4(+) T helper 2-type cells in cutane-
ous inflammatory responses induced by fluorescein isothiocyanate.
Immunology 2000;101:442-51.

Takeshita K, Yamasaki T, Akira S, Gantner F, Bacon KB. Essential role
of MHC TII-independent CD4+ T cells, IL-4 and STAT6 in contact
hypersensitivity induced by fluorescein isothiocyanate in the mouse.
Int Immunol 2004;16:685-95.

Fiset PO, Leung DY, Hamid Q. Immunopathology of atopic dermatitis.
J Allergy Clin Immunol 2006;118:287-90.

Nasr IS. Topical tacrolimus in dermatology. Clin Exp Dermatol 2000;25:
250-4.

Alomar A, Berth-Jones J, Bos JD, Giannetti A, Reitamo S, Ruzicka T,
et al. The role of topical calcineurin inhibitors in atopic dermatitis. Br
J Dermatol 2004;151(suppl 70):3-27.

Stuetz A, Baumann K, Grassberger M, Wolff K, Meingassner JG.
Discovery of topical calcineurin inhibitors and pharmacological profile
of pimecrolimus. Int Arch Allergy Immunol 2006;141:199-212.

Ohtani M, Kobayashi Y, Watanabe N. Gene expression in the elicitation
phase of guinea pig DTH and CHS reactions. Cytokine 2004;25:246-53.
Tsuji RF, Kawikova I, Ramabhadran R, Akahira-Azuma M, Taub D, Hu-
gli TE, et al. Early local generation of C5a initiates the elicitation of con-
tact sensitivity by leading to early T cell recruitment. J Immunol 2000;
165:1588-98.

Natsuaki M, Yano N, Yamaya K, Kitano Y. Immediate contact hypersen-
sitivity induced by repeated hapten challenge in mice. Contact Dermatitis
2000;43:267-72.

Howie SE, Aldridge RD, McVittie E, Forsey RJ, Sands C, Hunter JA.
Epidermal keratinocyte production of interferon-y immunoreactive pro-
tein and mRNA is an early event in allergic contact dermatitis. J Invest
Dermatol 1996;106:1218-23.

Esche C, de Benedetto A, Beck LA. Keratinocytes in atopic dermatitis:
inflammatory signals. Curr Allergy Asthma Rep 2004;4:276-84.
Denfeld RW, Hollenbaugh D, Fehrenbach A, Weiss JM, von Leoprecht-
ing A, Mai B, et al. CD40 is functionally expressed on human keratino-
cytes. Eur J Immunol 1996;26:2329-34.

Gaspari AA, Sempowski GD, Chess P, Gish J, Phipps RP. Human epi-
dermal keratinocytes are induced to secrete interleukin-6 and co-stimu-
late T lymphocyte proliferation by a CD40-dependent mechanism. Eur
J Immunol 1996;26:1371-7.

Beissert S, Cavazzana I, Mascia F, Meroni P, Pastore S, Tessari G, et al.
Mechanisms of immune-mediated skin diseases: an overview. Clin Exp
Rheumatol 2006;24(suppl):S1-6.

. Sumi K, Yokozeki H, Wu MH, Satoh T, Kaneda Y, Takeda K, et al.

In vivo transfection of a cis element “decoy’ against signal transducers
and activators of transcription 6 (STAT6) binding site ameliorates the
response of contact hypersensitivity. Gene Ther 2004;11:1763-71.
Nakamura H, Aoki M, Tamai K, Oishi M, Ogihara T, Kaneda Y, et al.
Prevention and regression of atopic dermatitis by ointment containing
NF-«kB decoy oligodeoxynucleotides in NC/Nga atopic mouse model.
Gene Ther 2002;9:1221-9.

. Dajee M, Muchamuel T, Schryver B, Oo A, Alleman-Sposeto J, De Vry

CG, et al. Blockade of experimental atopic dermatitis via topical NF-kB
decoy oligonucleotide. J Invest Dermatol 2006;126:1792-803.

Isomura I, Tsujimura K, Morita A. Antigen-specific peripheral tolerance
induced by topical application of NF-kB decoy oligodeoxynucleotide.
J Invest Dermatol 2006;126:97-104.

Sano S, Chan KS, Carbajal S, Clifford J, Peavey M, Kiguchi K, et al.
STATS3 links activated keratinocytes and immunocytes required for de-
velopment of psoriasis in a novel transgenic mouse model. Nat Med
2005;11:43-9.



w1 -

« STAT1

- 4 -+ DNCB

FIG E1. Activation of AP-1 and STAT1 in guinea pig skin biopsy
specimens collected 24 hours after challenge with DNCB. Appro-
priate [y-azpladenosine triphosphate-labeled gel shift oligonucleo-
tides were used for detection of either transcription factor in
nuclear extracts of these specimens (representative EMSA).
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FIG E2. Exemplary results demonstrating the inhibitory effect of the topical STAT1 dODN formulation on the
macroscopic (A) and histopathologic (B) signs of inflammation in the guinea pig model of contact hypersen-
sitivity 24 hours after challenge with DNCB. In Fig E2, B, the comparable effect of 0.13% STAT1 dODN ointment
and 0.25% clobetasol propionate on epidermal spongiosis and leukocyte infiltration is readily apparent.



neutro-
phils

Tcells

macro-
phages

g

DNCB DNCB DNCB DNCB

+ vehicle +0.25% clobetasol + 0.13% STAT1 +0.13% control
dODN ODN

FIG E3. STAT1 dODN-mediated reduction in neutrophil (A), T-cell (B), and monocyte/macrophage (C) infiltra-
tion into guinea pig skin 24 hours after DNCB challenge. Representative images are shown. Scale bar, 100 pm.
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FIG E4. Specificity of the STAT dODN in cultured PAECs. IFN-y (1000 U/mL, 30 minutes)-induced nuclear
translocation of STAT1 is significantly reduced in cells pretreated with the consensus (cons) STAT1 dODN
(10 wmol/L, 4 hours) but not the corresponding scrambled (scr) control ODN. A sis-inducible element gel shift
oligonucleotide was used for detection of STAT1 in the nuclear extracts. Correct assignment of the STAT1-
containing DNA-protein complex was confirmed by means of gel shift supershift (SS) analysis with a specific
19G antibody.



TABLE E1. Primers and PCR conditions

Annealing

PCR product Size (bp) temperature Forward/reverse primer 5’ —3’ GenBank no. (sequence)

IL-1B 148 55°C GGGATCAAGCTGCAAATCTCC AF119622 (250-398)
AAGGGAAGCAAGGGTCTCAGG

IL-12p40 68 55°C TCAAACCAGACCCACCGAA AB025724 (686-754)
GCTGACCTCCACCTGCTGA

IL-8 (neutrophil 83 52°C GCTGCGATGCCAGTGTATTAAG LOA4986 (146-229)

attractant protein 1) GGTCCACTCTCAATCACTTTCAGT

TNF-a 132 60°C CAATCCAGACAGGCAGGTTTGGTCC U77036 (15-147)
AAGTGCAGCAGGCAGAAGAGCGTGG

IFN-y 52 58°C CTAAGTTCTTCAAAGACAACAGCAG AY151287 (376-428)
GTTTTTGAAAGCCTGCACCT

GAPDH 137 62°C GACCACAGTCCATGCCATCACTGC DQA403052 (439-576)

ATGACCTTGCCCACAGCCTTGG

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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