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Allergic contact dermatitis affects about 5% of men and 11% of women in industrialized countries
and is one of the leading causes for occupational diseases. In an animal model for cutaneous
contact hypersensitivity, we show that mice lacking both known cannabinoid receptors display
exacerbated allergic inflammation. In contrast, fatty acid amide hydrolase—deficient mice, which
have increased levels of the endocannabinoid anandamide, displayed reduced allergic responses in
the skin. Cannabinoid receptor antagonists exacerbated allergic inflammation, whereas receptor
agonists attenuated inflammation. These results demonstrate a protective role of the
endocannabinoid system in contact allergy in the skin and suggest a target for therapeutic

intervention.

llergic contact dermatitis is characterized
Aby a loss of immunological tolerance
toward small allergenic molecules (hap-
tens). The allergen or hapten first penetrates the
epidermis and is taken up by skin dendritic cells,
which migrate to the draining lymph nodes and
present haptenated peptide or major histocom-
patibility complexes (MHC) to naive antigen-
specific T lymphocytes. Upon repeated allergen
contact, an inflammatory response is elicited by
the recruitment of antigen-specific effector T cells
to the skin and the subsequent production of
inflammatory cytokines and chemokines (7).
Cannabinoid receptors CB1 and CB2 are hetero-
trimeric GTP-binding protein (G protein)—
coupled receptors, which are activated by the
cannabinoid A’-tetrahydrocannabinol (A°-THC),
as well as by endocannabinoids such as arachi-
donoylethanolamide (anandamide or AEA) or
2-arachidonoylglycerol (2-AG) (2). Both can-
nabinoid receptors are present on keratinocytes
in the epidermis, which also express enzymes
involved in the synthesis and degradation of
endocannabinoids (3, 4).
Although nickel-containing ear tags are gen-
erally well tolerated by individuals in our mouse
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colony (5), we observed that mice lacking both
cannabinoid CB1 and CB2 receptors [CBI
receptor—deficient (Cnrl™") and CB2 receptor—
deficient (Cnr2 ") mice] (6, 7) frequently scratch
their ear tags, leading to severe ulcerations in
the head and neck regions (Fig. 1, A and B, and
fig. S1). Because localized necrotic lesions ini-
tially developed around the ear tag, we first
considered that impaired wound healing might be
the potential primary cause for the skin lesions.

Fig. 1. Histological views of Cnr1~~/
Cnr2™"~ mouse ears. Clips with high nickel
content cause chronic ear ulceration in
Cnr1™=/Cnr2™~ mice (fig. S1). (A) Hematox-
ylin and eosin (H&E)—stained sections of ear
tissue from healthy Cnrl™/Cnr2™~ mice
with normal size and histology. Ct, cartilage;
D, dermis; E, epidermis; HF, hair follicle. (B)
H&E—stained sections of ulcerated ear tissue
from Cnrl™”~/Cnr2”~ mice carrying nickel
ear tags. Arrowheads point to keratinocytes
on the re-epithelized body of the wound. The
eschar (Es), the strong hyperproliferative
epithelium (H), and the granulation tissue
(G) are indicated. (C) Toluidine blue—stained
sections of ear tissue from healthy Cnr1™~/
Cnr2™~ mice showing few metachromatic
mast cells (@rrowheads). (D) Toluidine blue—
stained sections of ulcerated ear tissue from
Cnrl”~/Cnr2”~ mice carrying nickel tags
with intense infiltration of mast cells (@rrow-
heads). (E) H&E—stained sections of lymph
nodes from healthy Cnr1™~/Cnr2~~ mice. n,
lymph node; sg, salivary gland. (F) H&E—
stained sections of lymph nodes from Cnr1™~/
Cnr2™~ mice carrying nickel ear tags with
reactive enlargement and lymphadenitis of
preauricular lymph nodes. The preauricular
salivary glands located next to the lymph
nodes are the same size in Cnr1™~/Cnr2 ™"~

However, experiments to test the wound healing
ability revealed no measurable difference be-
tween wild-type (WT) and Cnrl” /Cnr2 "~
double-knockout (DKO) mice (5, §) (fig. S2).
We also noted that skin ulcerations appeared to
be particularly prominent in mice with tags con-
taining high nickel content (65 to 70%). In these
cases, skin ulcerations were observed in 88 out of
304 Cnrl/Cnr2”~ DKO mice (29%), but were
not observed in single Cnrl "~ or Cnr2 "~ knock-
outs or in any other mouse strain. Furthermore, no
ulcerations were noted in mice with pure brass
tags (fig. S1). Subsequent histopathological analy-
ses of ulcerated ear tissue revealed intense
infiltration of mast cells in close proximity to the
ulcers (Fig. 1, C and D), suggesting that an allergic
reaction might be involved in the pathology seen
in Cnrl”/Cnr2”~ DKO mice. Consistently, the
regional preauricular and submental lymph nodes
(Fig. 1, E and F) were swollen, reaching a diam-
eter of 51 + 2.4 mm in comparison with 20.5 +
1.9 mm in healthy Cnrl ™ /Cnr2 ' mice, as a re-
sult of mixed follicular and interfollicular lym-
phatic hyperplasia.

We therefore considered the possibility that
an increase in allergic responses might exist in
knockout (KO) mice. To test this hypothesis, we
evaluated cutaneous contact hypersensitivity
(CHS) in Cnrl ™ /Cnr2 ™" animals using the ob-
ligate contact allergen 2,4-dinitrofluorobenzene
(DNFB), which generates a specific cutaneous T
cell-mediated allergic response upon repeated
allergen contact (9). A marked increase in allergic

mice without (E) and with (F) ear ulceration and serve as an internal standard.
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responses was apparent in Cnrl ™~ /Cnr2”~ mice
as compared with WT controls (Fig. 2A). The
difference was particularly prominent 48 hours
after the second and the third DNFB challenge.
Infiltration of the skin with Gr-1" granulocytes
was increased in the ears of DNFB-exposed
Cnrl ™ /Cnr2™" mice, as compared with WT ani-
mals (fig. S3), and correlated with a higher myelo-
peroxidase activity, which is indicative of enhanced
neutrophil recruitment (10, /1). Furthermore, we
found an increased number of MHC 11" antigen-
presenting cells in Cnrl ™ /Cnr2” mice. Upon
examination of mice with a single deletion of either
CBI1 or CB2 receptors, we observed a similarly
pronounced increase of allergic ear swelling (Fig.
2B), suggesting a nonredundant role for each
cannabinoid receptor in the allergic response to
DNFB. This finding would also suggest that the

response to the milder stimulus originating from
the nickel ear tag was only detectable in mice
lacking both receptors.

In order to obtain independent evidence for a
role of the CB1 and CB2 receptors in the reg-
ulation of CHS, we examined WT mice after
administration of the CB1 receptor antagonist
SR141716A (Rimonabant) and the CB2 receptor
antagonist SR144528, respectively. After the in-
duction of CHS, animals received three injections
of the corresponding antagonist 30 min before
and after each challenge. In these cases, ear swell-
ing was significantly increased in treated mice as
compared with control mice (Fig. 2C), further
supporting the role of both receptors in CHS. In
contrast, however, acute oral or topical adminis-
tration of the CB2 receptor antagonists appeared to
ameliorate inflammatory skin responses (12, 13),

REPO

thus suggesting that CB2 antagonism may be
initially beneficial but detrimental upon chronic
blockade.

To explore this issue more carefully, we inves-
tigated the synthesis of endogenous cannabinoids
and the expression of cannabinoid receptors
during experimental contact allergy studies. After
DNEFB treatment, the levels of 2-AG increased in
the DNFB-treated ears of WT controls and to an
even larger extent in the ears of Cnrl ™ /Cnr2 ™~
mice (Fig. 3A), whereas AEA production was
strongly induced in both genotypes. Endocanna-
binoids may have been overproduced in KO
animals as a result of the lack of communication
between receptors and ligands (/4) or as a further
consequence of the exacerbated allergic response.
Keratinocytes are known to express CB1 recep-
tors (4), although the expression of CB2 on these
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cells has been debated (3, 72, 15). We could
identify both receptor mRNAs in human HaCat
keratinocytes (fig. S4). CB1 receptor mRNA
was down-regulated in HaCat cells that had
been stimulated for 24 hours with polyinosinic-
polycytidylic acid and also in DNFB-exposed
ears, whereas CB2 mRNA and protein expres-
sion was up-regulated in both cases (Fig. 3B and
fig. S4). Taken together, these findings indicate
that DNFB-induced CHS caused an activation of
the endocannabinoid system in the skin and im-
balanced expression of both receptors.

Because our data indicate that activation of
the endocannabinoid system may function to
dampen the CHS response, we considered the
possibility that administration of cannabinoids
such as A>-THC might attenuate CHS in WT
animals. Therefore, after CHS was induced, we
injected mice with A>-THC (5 mg per kilogram
of body weight, administered subcutaneously)
30 min before, as well as 24 and 48 hours after,
DNFB challenge. Indeed, A>-THC significantly
decreased ear swelling (Fig. 3C) and reduced the
recruitment of Gr-1" granulocytes in comparison
with swelling and granulocyte recruitment in
untreated mice [vehicle: 483 + 62 Gr-1" cells per
high power field (HPF) versus 200 + 50 Gr-1"
cells per HPF in subcutaneous THC treatment].
A similar therapeutic effect of A’-THC was
observed after topical application of 30 pg of
A°-THC 30 min before, as well as 24 and 48
hours after, DNFB administration (Fig. 3D). In
contrast, the CB2-specific agonist HU-308 either
showed no efficacy or even increased the allergic
response after subcutaneous or topical applica-
tion (Fig. 3, C and D) (/3). It has recently been
shown that leukocyte chemotaxis is inhibited by
the CB2 receptor inverse agonist N-[1(S)-[4-[[4-

methoxy-2-[(4-methoxyphenyl)sulfonyl]phenyl]-
sulfonyl]phenyl]ethyl]methanesulfonamide
(Sch. 336) and, thus, HU-308 administration to
the inflamed ear may have further increased
leukocyte infiltration (/6).

Because endocannabinoid levels were reg-
ulated in DNFB-treated ears and A°-THC had a
beneficial effect on CHS, we asked whether mice
having higher endocannabinoid levels would
show altered allergic responses after DNFB treat-
ment. Therefore, we analyzed the allergic reac-
tion in mice lacking the enzyme fatty acid amide
hydrolase (FAAH), which have augmented anan-
damide levels (/7). As shown in Fig. 3E, we
found a significantly decreased allergic response
in FAAH KO mice after the second and third
DNFB challenge when compared with the re-
sponse in WT mice. Similar to our results, mice
with only peripherally elevated fatty acid amides
showed a reduced inflammation in the carra-
geenan foot-pad model (18). All data indicate that
the anti-inflammatory responses were periph-
eral, rather than central, and that FAAH inhib-
itors are a potential therapeutic approach for
inflammation (and a potentially useful alterna-
tive to direct CB1/CB2 agonists).

In order to gain insight into the molecular
mechanism that may contribute to the increased
magnitude of CHS in cannabinoid receptor—
deficient mice, we performed a series of microarray
experiments with RNA isolated from DNFB-
treated ears of Cnrl ™ /Cnr2”~ and Cnrl™/Cnr2 ™"
mice, as well as from the untreated ears of control
mice. In all, 830 probe sets were differentially
expressed between control and DNFB-treated
ears, of which 674 were up-regulated and only
156 were down-regulated. We grouped the probe
sets by using gene ontology (GO) annotation

(19, 20) (Fig. 4A). Immune-related probe sets
represented the largest group of differentially
expressed genes (40 down-regulated and 117
up-regulated probe sets). Notably, large num-
bers of chemokine C-C and C-X-C motif ligands
(21) and receptors were found in the up-regulated
group (table S1) and represented 22% of the
immune-related probe sets (table S2). Fifty-four
genes were differentially expressed in DNFB-
treated whole-ear specimens of Cnrl™*/Cnr2**
mice versus those of Cnrl ™ /Cnr2”" mice (fig.
S5). The only chemokine gene transcript in this
group was monocyte chemotactic protein 2
(MCP-2)/chemokine (C-C motif) ligand 8
(CCLB). Using real-time reverse transcription
polymerase chain reaction (RT-PCR) and in situ
hybridization, we confirmed the differential
expression of MCP-2/CCL8 mRNA in keratino-
cytes (Fig. 4, B and C). Further in vitro
experiments showed dynamic regulation of
MCP-2/CCLS8 production in activated keratino-
cytes through cannabinoid agonists (fig. S6).
MCP-2/CCLR is a member of the MCP family,
which has been shown to play a major role in the
recruitment of macrophages, activated lympho-
cytes, and mast cells into inflammatory sites
(22, 23). Taken together, our results suggest that
the endocannabinoid system regulates allergic
inflammation through a modulation of the chemo-
kine system.

The observation that the endocannabinoid
system is activated in a model of CHS, together
with the fact that genetic deletion or pharmaco-
logic blockade of CB receptors enhanced con-
tact allergic inflammation, whereas stimulation
of CB receptors reduced such inflammation,
strongly suggests that the endocannabinoid sys-
tem serves to attenuate the inflammatory re-
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Fig. 4. Gene expression analysis. (A) Microarray analysis of ear samples of
Cnr1**/Cnr2** and Cnri™7/Cnr2™~ mice treated with DNFB 48 hours
after the second challenge (“D") in comparison with the control sides of
the same animals (“C") revealed 674 up-requlated and 156 down-
regulated probe sets in response to the treatment. Grouping was performed
by GO annotation. Chemokine C-C motif and C-X-C motif ligands and
receptors in the up-regulated group are presented in light gray in the
column of immune-related genes. (B) Transcripts for the chemokine MCP-

2/CCL8 in DNFB-treated ears of Cnr1**/Cnr2** and Cnr1™~/Cnr2™" mice
resulting from microarray expression study (left panel) and real-time RT-
PCR quantification (right panel). Shown are representative results of three
independent experiments (**P < 0.01, ##P < 0.01, ***P < 0.001). Error
bars indicate SEM. (C) In situ hybridization with the use of a
digoxigenin-labeled probe for MCP-2/CCL8 in ear tissue of DNFB-treated
and control ears from Cnr1**/Cnr2** and Cnrl™/Cnr2™~ mice. The sense
probe showed no staining.
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sponse in cutaneous CHS. The finding that
topical application of A>-THC reduced allergic
inflammation points to the promising potential of
developing pharmacological treatments (24) with
the use of selective CB receptor agonists or
FAAH inhibitors.
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Genome-Wide Mapping of in Vivo
Protein-DNA Interactions

David S. Johnson,** Ali Mortazavi,?* Richard M. Myers,’t Barbara Wold*>t

In vivo protein-DNA interactions connect each transcription factor with its direct targets to form a
gene network scaffold. To map these protein-DNA interactions comprehensively across entire
mammalian genomes, we developed a large-scale chromatin immunoprecipitation assay (ChIPSeq)
based on direct ultrahigh-throughput DNA sequencing. This sequence census method was then
used to map in vivo binding of the neuron-restrictive silencer factor (NRSF; also known as REST, for
repressor element—1 silencing transcription factor) to 1946 locations in the human genome. The
data display sharp resolution of binding position [+50 base pairs (bp)], which facilitated our
finding motifs and allowed us to identify noncanonical NRSF-binding motifs. These ChIPSeq

data also have high sensitivity and specificity [ROC (receiver operator characteristic)

area > 0.96] and statistical confidence (P < 10™), properties that were important for inferring new
candidate interactions. These include key transcription factors in the gene network that regulates

pancreatic islet cell development.

Ithough much is known about transcrip-
Ation factor binding and action at specific

genes, far less is known about the com-
position and function of entire factor-DNA
interactomes, especially for organisms with large
genomes. Now that human, mouse, and other
large genomes have been sequenced, it is
possible, in principle, to measure how any
transcription factor is deployed across the entire
genome for a given cell type and physiological
condition. Such measurements are important for
systems-level studies because they provide a
global map of candidate gene network input
connections. These direct physical interactions
between transcription factors or cofactors and the
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chromosome can be detected by chromatin
immunoprecipitation (ChIP) (/). In ChIP ex-
periments, an immune reagent specific for a
DNA binding factor is used to enrich target DNA
sites to which the factor was bound in the living
cell. The enriched DNA sites are then identified
and quantified.

For the gigabase-size genomes of vertebrates,
it has been difficult to make ChIP measurements
that combine high accuracy, whole-genome com-
pleteness, and high binding-site resolution. These
data-quality and depth issues dictate whether pri-
mary gene network structure can be inferred with
reasonable certainty and comprehensiveness, and
how effectively the data can be used to discover
binding-site motifs by computational methods.
For these purposes, statistical robustness, sam-
pling depth across the genome, absolute signal
and signal-to-noise ratio must be good enough
to detect nearly all in vivo binding locations for
a regulator with minimal inclusion of false-
positives. A further challenge in genomes large
or small is to map factor-binding sites with high
positional resolution. In addition to making com-

putational discovery of binding motifs feasible,
this dictates the quality of regulatory site anno-
tation relative to other gene anatomy landmarks,
such as transcription start sites, enhancers, introns
and exons, and conserved noncoding features
(2). Finally, if high-quality protein-DNA inter-
actome measurements can be performed rou-
tinely and at reasonable cost, it will open the
way to detailed studies of interactome dynam-
ics in response to specific signaling stimuli or
genetic mutations. To address these issues, we
turned to ultrahigh-throughput DNA sequenc-
ing to gain sampling power and applied size
selection on immuno-enriched DNA to enhance
positional resolution.

The ChIPSeq assay shown here differs
from other large-scale ChIP methods such as
ChIPArray, also called ChIPchip (/); ChIPSAGE
(SACO) (3); or ChIPPet (4) in design, data
produced, and cost. The design is simple (Fig.
1A) and, unlike SACO or ChIPPet, it involves no
plasmid library construction. Unlike microarray
assays, the vast majority of single-copy sites in
the genome is accessible for ChIPSeq assay (3),
rather than a subset selected to be array features.
For example, to sample with similar complete-
ness by an Affymetrix-style microarray design, a
nucleotide-by-nucleotide sliding window design
of roughly 1 billion features per array would be
needed for the nonrepeat portion of the human
genome. In addition, ChIPSeq counts sequences
and so avoids constraints imposed by array
hybridization chemistry, such as base composition
constraints related to 7, the temperature at which
50% of double-stranded DNA or DNA-RNA
hybrids is denatured; cross-hybridization; and
secondary structure interference. Finally, ChIPSeq
is feasible for any sequenced genome, rather than
being restricted to species for which whole-
genome tiling arrays have been produced.

ChIPSeq illustrates the power of new se-
quencing platforms, such as those from Solexa/
[llumina and 454, to perform sequence census
counting assays. The generic task in these appli-
cations is to identify and quantify the molecular
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