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Insulin secretion and glucose transport are the major mechanisms to balance glucose homeostasis.
Recently, we found that the death effector domain-containing DEDD inhibits cyclin-dependent kinase-1
(Cdk1) function, thereby preventing Cdk1-dependent inhibitory phosphorylation of S6 kinase-1 (S6K1),
downstream of phosphatidylinositol 3-kinase (PI3K), which overall results in maintenance of S6K1 activity.

Keywords: Here we newly show that DEDD forms a complex with Akt and heat-shock protein 90 (Hsp90), and supports
RE?D the stability of both proteins. Hence, in DEDD~/~ mice, Akt protein levels are diminished in skeletal muscles

and adipose tissues, which interferes with the translocation of glucose-transporter 4 (GLUT4) upon insulin
Glucose uptake . . . . . . . . . .
cdki stimulation, leading to inefficient incorporation of glucose in these organs. Interestingly, as for the activa-
tion of S6K1, suppression of Cdk1 is involved in the stabilization of Akt protein by DEDD, since diminish-
ment of Cdk1 in DEDD~/~ cells via siRNA expression or treatment with a Cdk1-inhibitor, increases both
Akt and Hsp90 protein levels. Such multifaceted involvement of DEDD in glucose homeostasis by support-
ing both insulin secretion (via maintenance of S6K1 activity) and glucose uptake (via stabilizing Akt pro-
tein), may suggest an association of DEDD-deficiency with the pathogenesis of type 2 diabetes mellitus.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The signalling cascade involving mitogen-related phosphatidyl-
inositol 3-kinase (PI3K), Akt and their downstream TOR (target of
rapamycin) is the central pathway that maintains glucose homeo-
stasis in the body [1-4]. In mammals, upon stimulation by growth
factors including insulin, the mammalian TOR (mTOR) cooperates
with PI3K-dependent effectors to activate p70 ribosomal protein
S6 kinase-1 (S6K1), thereby phosphorylating the 40S-ribosomal
protein S6, and subsequently enhances translation of the 5'-termi-
nal oligopyrimidine (5’-TOP) sequences that encode components of
the translational machinery. This reaction increases the number of
ribosomes and the efficacy of protein synthesis, thus critically pro-
moting growth of types of cells including insulin-producing B cells

Abbreviations: DEDD, death effector domain-containing DNA binding protein;
Cdk1, cyclin-dependent kinase-1; S6K1, S6 kinase-1; PI3K, phosphatidylinositol 3-
kinase; rRNA, ribosomal RNA; TOR, target of rapamycin; mTOR, mammalian TOR;
5-TOP, 5’-terminal oligopyrimidine; Thr, threonine; Ser, serine; MEF, mouse
embryonic fibroblast; PDK1, phosphoinositide-dependent protein kinase-1; Hsp90,
heat-shock protein 90; GLUT4, glucose-transporter 4.
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within the pancreatic Langerhans islet [5-8]. The insulin mass was
diminished in S6K1-deficient (S6K1~/~) mice, resulting in ineffec-
tive secretion of insulin upon glucose administration [9]. Thus,
S6K1 is involved in the machinery controlling glucose tolerance
by supporting the size of B cells [10,11]. On the other hand, activa-
tion of Akt (in particular Akt2, the primary isoform in insulin-
responsive tissues) induces translocation of glucose-transporter 4
(GLUT4) to the plasma membrane [12-15]. This response is
responsible for glucose transport into cells. Thus, dysfunction of
these elements provokes a phenotype similar to type 2 diabetes
mellitus, which is a multifactorial disease with a variety of patho-
logical defects in glucose homeostasis [16-18].

Recently, we defined the DEDD molecule as a critical element
that maintains the activity of S6K1, thereby supporting the size
of B cells and insulin mass in mice [19]. DEDD was initially
described as a member of the death effector domain (DED)-con-
taining protein family [20]. We previously found that DEDD is
associated with the Cdk1/cyclin B1 complex, and that it decreases
the kinase activity of Cdk1 [21]. This response impedes the Cdk1-
dependent mitotic program to shut off synthesis of ribosomal
RNA (rRNA) and protein, and is consequently useful in gaining
sufficient cell growth [21,22]. Interestingly, DEDD also associates
with S6K1, and interferes with the Cdkl-dependent inhibitory
phosphorylation of S6K1 at several serine/threonine (Ser/Thr)
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residues, including Ser411 and Ser424 sites within the auto-inhib-
itory tail [19,23,24]. This response maintains the activity of S6K1
preserving a high level of phosphorylation at Thr389, a hallmark
of active S6K1 [19]. Hence in DEDD~/~ mice, the activity of S6K1
was reduced in various cell types, and as observed in S6K1~/~ mice,
the insulin mass within pancreatic islets is reduced, resulting in
overt glucose intolerance [19].

Having discovered the functional association of DEDD with
S6K1, we here address a possible interaction of DEDD with Akt,
and investigate a novel involvement of DEDD in the regulation of
the insulin signaling cascade.

Material and methods

Mice. DEDD '~ mice [21] had been backcrossed to C57BL/6 (B6)
for 17 generations before used for experiments. Mice are main-
tained under a SPF condition.

Antibodies. Antibodies used are: anti-total Akt {clone 11E7),
anti-Akt phosphorylated at Thr308 (clone 244F9) (all are from Cell
Signaling Technology, Beverly, MA); anti-Hsp90 (clone SPA-830)
and anti-Cdk1 (clone A17) (from Stressgen, Victoria, BC, Canada,
and Zymed Laboratories Inc., South San Francisco, CA).

Glucose incorporation. This assay was performed as described
previously [25] with some modifications. Pieces from epididymal
white fat pads and the soleus muscles of the mice were used. To
determine 2-DG uptake, the muscles and fat pads were transferred
to buffer A containing 1mM 2-DG (0.5 pCi/ml 2-deoxy-p-
[1-"%C]glucose) and 1 mM 1i-glucose (5 pCi/ml 1-[1->H]glucose)
with or without 10 nM insulin and incubated at 30 °C for 10 min.
After the reaction is terminated, the samples were neutralized with
5 N HCl and dissolved in ACSII (Amersham Biosciences). "*C and *H
specific activities were counted by a liquid scintillation counter
(Packard Instrument Co.).

GLUT4 translocation. Primary MEF cells prepared from DEDD
or DEDD~/~ embryos were differentiated to adipocytes according
to established protocols [26]. GLUT4 translocation assay was per-
formed as previously described [26,27], using a GFP-fused GLUT4
expression vector |27]. Confluent primary MEF cells prepared from
DEDD** or DEDD~/~ mice were induced to differentiate by incu-
bating the cells with DMEM containing 10 pg/ml of insulin
(Sigma), 1 uM of dexamethasone (Sigma), and 500 uM of isobu-
tylmethylxanthine (Sigma). After 48 h, the cells were fed with
DMEM containing 10 pg/ml of insulin every 2 days prior to use.
On 8-10 days after induction of differentiation, cells were transfec-
ted with the construction cording GFP-GLUT4-myc [27]. Cells were
serum-starved for 4 hours, and then incubated with or without
200nM of insulin for 30 min. GFP-GLUT4 trafficking was followed
by a fluorescent microscope. A ratio for GFP-GLUT4 distribution
within peri-membrane areas to peri-nuclear areas was measured
using NIH-Image.

Na;VO, treatment. DEDD™* or DEDD~/~ MEF cells were enriched
in metaphase by a treatment with 500 nM nocodazole (Sigma) for
24 h. Cells were further incubated with 10 mM NasVO, for an addi-
tional 6 h, and lysed in SDS sample buffer. The cell extracts were
subjected to Western blotting using anti-Akt or anti-Hsp90
antibodies.

Protein degradation and phosphorylation assay. Subconfluent
DEDD"* or DEDD~/~ MEF cells were cultured accordingly and har-
vested at indicated time points after treatment with 100 pg/ml
cyclohexamide with or without 10 pM MG-132 and 0.4 mM chlo-
roquine, lysed with Briji 97 lysis buffer supplemented with 5 mM
iodoacetamide, 5 pg/ml leupeptin, 0.2 mM AEBSF, 1 mM Na3VO,,
and 10 mM NaF. Lysates were resolved onto SDS-PAGE, and immu-
noblotted anti-Akt antibody.

+/+

siRNA transfection. Double strands siRNA targeting DEDD or
Cdk1 were purchased from Applied Biosystems or SIGMA, respec-
tively. Wild-type MEF cells at 50% confluency were transfected
with 10 pM siRNA using Lipofectamine 2000 (Invitrogen Inc.).
Forty-eight hours after the transfection, the cells were harvested
and analyzed by Western blotting or RT-PCR. Sequences of the
oligonucleotides were as follows: DEDD siRNA#1: 5'-GCCCTGATC
TTGTAGACAATT-3’, DEDD siRNA#2: 5'-AAATGGACGTGACTTCTTA
TT-3', Cdk1 siRNA#1: 5-CTATGATCCTGCCAAACGATT-3’, Cdk1 siR-
NA#2: 5'-GTTGTTTACCGTTGGCTCTTT-3', Cdk1 siRNA#3: 5'-CAATC
AAACTGGCTGATTTTT-3'. For a control, an oligonucleotide targeting
GFP sequence (Sigma) was used.

Primers for RT-PCR. Primers used are as follows: for, forward pri-
mer; rev, reverse primer. Hsp90a. for: 5'-GCGGCAAAGACAAGAAA
AAG-3’; Hsp90o rev: 5'-CAAGTGGTCCTCCCAGTCAT-3’; Hsp90p
for: 5'-CTGGGTCAAGCAGAAAGGAG-3’; Hsp90p rev: 5'-TCTCTGTTG
CTTCCCGACTT-3"; Akt1 for: 5-CCACGCTACTTCCTCCTC-3'; Aktl
rev: 5-TGCCCTTGCCAACAGTCIGAAGCA-3'; Akt2 for: 5-GTCGCC
AACAGTCTGAAGCA-3'; Akt2 rev: 5-GAGAGAGGTGGAAAAACAG
C-3’; G3PDH for: 5'-ACCACAGTCCATGCCATCAC-3'; G3PDH rev:
5'-TCCACCACCCTGTTGCTGTA-3'; B-actin for: 5'-GTGGCTACAGCTTC
ACCACCACAG-3'; B-actin rev: 5'-GCATCCTGTCAGCAATGCCTGGG
T-3’; DEDD for: 5'-GCGGGATCCGCGGGCCTAAAGAGGC-3'; DEDD
rev: 5'-GCGTCTAGAGTCTACAAGATCAGGGC-3'.

Quantification of immuno-blots. Quantification of the immuno-
blots was performed using the NIH-Image. Relative phosphoryla-
tion levels to those in control (shown as 1.0 + SEM) are presented.
For all immuno-blotting experiments, at least three independent
blotting were performed.

Statistical analysis. A two-tailed Mann-Whitney test was used
to calculate P-values. (**): P<0.01, (*): P<0.05. Error bars: SEM.

Results

Lack of DEDD decreases the amount of Akt protein

Having observed reduced activity of S6K1 in the absence of
DEDD [19], we wondered whether upstream of S6K1 in the insulin
signalling pathway might also be influenced by the lack of DEDD,
and thus assessed the situation of Akt protein in DEDD~/~ mouse
embryonic fibroblast (MEF) cells by Western blotting. To our sur-
prise, the amount of Akt was also greatly decreased in DEDD /-
MEF cells compared with DEDD™* MEF cells, when tested by using
an antibody that detects all isotypes of Akt (Fig. 1A, total Akt). Sig-
nals for activated Akt phosphorylated at Thr308 residue were also
reduced, along with the diminished amounts of total Akt protein
(Fig. 1A, p-Akt). A reduction in the amount of Akt as well as in
the Thr308 phosphorylation level, was also clear in DEDD~/~ skel-
etal muscles and adipose tissues, where Akt plays an important
role in the regulation of glucose homeostasis [12,13] (Fig. 1B).
The effect of an acute loss of DEDD on Akt was also assessed by
knocking down DEDD in cells. As presented in Fig. 1C, downregu-
lation of DEDD expression by introducing a double-stranded siRNA
for DEDD into wild-type MEF cells significantly reduced the
amount of Akt. Consistent with these observations, the activating
phosphorylation (at Ser2448) of mTOR, downstream of Akt, was
decreased in DEDD~/~ compared with DEDD™" cells (Fig. 1D, left).
In contrast, phosphorylation levels of 3-phosphoinositide-depen-
dent protein kinase-1 (PDK1), which phosphorylates Akt, were
comparable in the presence or absence of DEDD, suggesting that
the less phosphorylation of Akt in the absence of DEDD is mainly
caused by a reduction in the total amount of Akt protein
(Fig. 1E). Together, the lack of DEDD decreases the amount of all
types of Akt protein both in MEF cells and in tissues from
DEDD ™/~ mice, which is accompanied with lower Akt activity. This
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Fig. 1. Reduced Akt protein amounts in the absence of DEDD. (A) Total Akt or phosphorylated (activated) Akt analyzed in DEDD** and DEDD~/~ MEF cells, and (B) in tissues
from DEDD"/* and DEDD~/~ mice. The representative immuno-blots and the averages of relative intensities (+/+ as 1.0) from all experiments are presented. Error bar: SEM. (C)
Increase of Akt levels by diminishment of DEDD using siRNA in DEDD~/~ MEF cells. DEDD mRNA and Akt protein levels relative to those in control (shown as 1.0) are also
presented. (D) Activative phosphorylation of mTOR (at Ser2448 site) and (E) PDK1 (at Ser241 site) in DEDD"/* or DEDD~/~ MEF cells was analyzed by Western blotting. For
PDK1, two bands appear when this polyclonal antibody (Cell signalling; #3061} is used as described in its data sheet provided from the company. The upper band is the
phosphorylated PDK1. Three independent experiments (for both D and E) were performed.

result also indicates that in the absence of DEDD, the reduction in
Akt activity may partly be responsible for the decreased S6K1
activity, in addition to the increased phosphorylation levels at
the inhibitory residues of S6K1 brought about by the hyper activity
of Cdk1 [19].

DEDD forms a complex with Akt and Hsp90, and stabilizes these
proteins

Although the amount of Akt protein is markedly reduced, mRNA
for both Akt1 and Akt2 were expressed at similar levels in DEDD /-
and DEDD™* tissues and cells (Fig. 2A). This result suggests that
DEDD may be necessary for the maintenance of Akt protein. To test
this possibility, we measured the half-life of Akt protein in DEDD
~ and DEDD*"* MEF cells. Importantly, the amount of Akt protein
was decreased in 10 hours in DEDD~/~ cells, but not in DEDD*/*
cells (Fig. 2B). The presence of MG-132, a proteasome inhibitor,
tempered the reduction observed in DEDD '~ cells (Fig. 2B). Thus,
the lack of DEDD results in instability of Akt protein.

Several groups reported that heat-shock protein 90 (Hsp90), a
chaperone required for the conformational maturation of certain
signalling proteins, forms a complex with Akt and is involved in
its stabilization [28,29]. Thus, we assessed the protein levels of
Hsp90 in DEDD** and DEDD~/~ MEF and tissues. As depicted in
Fig. 2C, the amount of Hsp90 protein also decreased in skeletal
muscle, adipose tissue, as well as in MEF cells from DEDD~/~ mice
compared with those from DEDD™* mice, whereas the transcripts
of Hsp90 (both o and B) genes were at an equivalent level in both
types of mice (Fig. 2D). Furthermore, as depicted in Fig. 2E, immu-
noprecipitation assays revealed that DEDD associates with Akt

{both 1 and 2) and Hsp90. Together, DEDD appears to facilitate a
stable complex with Akt and Hsp90, supporting the levels of these
proteins.

Suppression of Cdk1 increases Akt protein levels in DEDD ™~ cells

As we demonstrated in a previous report, DEDD modulates the
activity of S6K1 partly via suppressing Cdk1 activity [19]. To assess
whether the inhibitory effect of DEDD on Cdk1 is also involved in
stabilizing Akt protein, we knocked down Cdk1 in DEDD~/~ MEF
cells by introducing double-stranded siRNA for Cdk1, and analyzed
the Akt and Hsp90 protein levels. As demonstrated in Fig. 3A, the
levels of both proteins increased in DEDD /'~ cells when Cdk1 pro-
tein was diminished. In addition, treatment of DEDD~/~ MEF cells
with sodium orthovanadate (VO,), which is commonly used to
inactivate Cdk1 [24], significantly increased the levels of both Akt
and Hsp90 (Fig. 3B). These data suggest that in DEDD '~ cells,
the increase in Cdk1 activity appeared to be responsible to the
instability of Akt protein.

Attenuated glucose incorporation in DEDD ™~ skeletal muscles and
adipose tissues

One of a variety of functions for Akt is the regulation of incorpo-
ration of glucose into cells in response to insulin [30-32]. It is well
known that translocation of GLUT4 to the plasma membrane upon
insulin stimulation is a key mechanism of glucose transport into
cells [12,13], and that this translocation of GLUT4 is dependent
on activation of Akt, in particular Akt2 [33-35]. Therefore, we as-
sessed how the reduction of the amount of Akt caused by the ab-
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sence of DEDD affects glucose uptake in mice. As shown in Fig. 4A,
the uptake of glucose by skeletal muscle (soleus muscles) and adi-
pose tissue in response to insulin was significantly damaged in

DEDD~/~ mice. We also tested GLUT4 translocation in response
to insulin, using DEDD ™/~ and DEDD™'" adipocytes differentiated
from MEF cells. The increase of GLUT4 on the cell membrane after
an insulin challenge was significantly less in DEDD ™/~ compared to
DEDD™* cells (Fig. 4B). Hence, diminished levels of Akt correlated
with inefficient induction of GLUT4 translocation, resulting in defi-
cient glucose transport into cells in DEDD~/~ skeletal muscle and
adipose tissue.

Interestingly, however, Akt levels were almost comparable in
the liver in DEDD '~ and DEDD"/* mice, in contrast to levels in skel-
etal muscle and adipose tissue (Fig. 4C). As the endogenous DEDD
expression level was lower in the liver compared with that in the
skeletal muscle (Fig. 4D), the loss of DEDD might not strongly influ-
ence Akt stability in the liver as it did in the skeletal muscle or adi-
pose tissue.

Discussion

In addition to our previous report in which DEDD maintains the
activity of S6K1 supporting the insulin mass within pancreatic is-
lets, our current study has demonstrated that DEDD stabilizes
Akt protein, leading to efficient glucose transport into skeletal
muscles and adipose tissues. Thus, DEDD is involved in the insulin
signalling pathway at diverse levels (summarized in Fig. 4E). As
type 2 diabetes mellitus is a multifactorial disease [17], our find-
ings suggest that DEDD-deficiency might play a certain role in
the pathology of type 2 diabetes mellitus. Indeed, the defect in
glucose transport observed in DEDD ™/~ mice is one of the essential
pathogenic features in type 2 diabetes mellitus. Evidence has also
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shown that a decrease in insulin secretion and reduced B cell mass
do contribute to development of the disease [16,18].

It is interesting that the decrease in Akt protein levels was var-
iable in different DEDD~/~ tissues important for glucose homeosta-
sis; i.e. it was prominent in the skeletal muscles and adipose
tissues, but was not very significant in the liver. This might cause
a variable aberrancy in glucose transport in different organs in
DEDD '~ mice. Additional experiments such as to test the insulin
sensitivity in each tissue, will test this possibility. It may be
noteworthy that such a variation in insulin sensitivity in different
tissues is often seen in human patients [16-18]. It will also be
important to address whether any dysfunction of DEDD is present,
either in the whole body or in specific tissues, in a subset of type 2
diabetes patients.

The precise mechanism of how the association of DEDD with
Akt and Hsp90 supports the stability of these proteins is still
unclear. The DEDD's effect on Akt stability appears to be achieved

through Cdk1. As we previously demonstrated, increased Cdk1
activity in the absence of DEDD accelerates the phosphorylation
levels at the inhibitory residues of S6K1, resulting in a reduction
of S6K1 activity [19]. A similar scenario might also be true for
Akt (and/or Hsp90), although so far, inhibitory phosphorylation
sites are not known either in Akt or Hsp90. Otherwise, Cdk1 might
phosphorylate and activate some ubiquitin ligase(s) that degener-
ate Akt. As reviewed by Hunter |36], multiple crosstalks between
phosphorylation and ubiquitination occur differentially during
the protein degradation. Phosphorylation can regulate ubiquitina-
tion of a protein in different manners. Firstly, phosphorylation pos-
itively or negatively regulates the activity of the E3 ligase
responsible for ubiquitine transfer. It is possible that Cdk1 may
phosphorylate some E3 ligase(s) responsible for ubiquitination
and degradation of Akt. Indeed, some E3 ligases involved in degra-
dation of Akt, including recently identified TTC3 [37], require phos-
phorylation for their activation. Whilst, activity of CHIP, a major E3
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ligase responsible for ubiquitination of Akt [38,39], might be
modified directly or indirectly by Cdk1-depedent phosphorylative
events, though the direct phosphorylation of CHIP has not been
reported. On the other hand, it is also known that phosphorylation
also promotes recognition of substrates by an E3 ligase [40]. How-
ever, phosphorylation events of Akt promoted by Cdk1 have not
yet demonstrated. Alternatively, the possibility that formation of
DEDD/Akt/Hsp90 might structurally stabilize these participant
proteins is not mutually excluded. Thus, the molecular linkage
among DEDD, Cdk1 and Akt-degradation still remains to be further
addressed.

Conclusions

In summary, we newly demonstrated that DEDD plays an
important role in maintenance of the Akt protein level, which in
consequence supports the efficient incorporation of glucose into
skeletal muscles and adipose tissues. Further investigations might
find an unknown relevance of DEDD to the insulin signalling path-
way, and thus, with a novel pathogenesis of type 2 diabetes
mellitus.
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ORIGINAL ARTICLE

Intravital Imaging of IL-1p Production in Skin

Hironori Matsushima'?, Yasushi Ogawaz, Toru Miyazaki3, Hiroaki Tanaka?, Akiko Nishibu? and
Akira Takashima'?

IL-1 is a prototypic inflammatory cytokine that has pathogenic roles in various skin disorders. Although
Langerhans cells (LCs) have been reported to express IL-13 mRNA upon application of contact sensitizers, it
remains unclear whether other cell types produce IL-1B in skin. Thus, we sought to directly identify I1L-1B-
producing cells in living animals by construction of transgenic mice expressing DsRed fluorescence protein
gene under the control of IL-1B promoter. Little DsRed fluorescence signal was detected in skin under steady-
state conditions. Striking increases in DsRed signal were observed after topical application of a contact
sensitizer, oxazolone, which also induced markedly elevated IL-1p mRNA and protein expression. DsRed signal
was expressed primarily by CD45"/CD11b ™ myeloid leukocytes in both epidermal and dermal compartments
and was detected only in small fractions of epidermal LCs. Interestingly, DsRed ™ cells emerged preferentially as
clusters around hair follicles. Intravital confocal imaging experiments revealed highly motile potentials of
DsRed * cells—they constantly crawled around hair follicles via amoeba-like movements with a mean velocity of
1.0+04ummin™ (epidermis) or 2.7+1.4ummin~ (dermis). The newly developed in vivo imaging system

represents a useful tool for studying spatial regulation of IL-18 production in skin.

Journal of Investigative Dermatology (2010) 130, 1571-1580; doi:10.1038/jid.2010.11; published online 11 February 2010

INTRODUCTION

Cytokines of the IL-1 family function as potent mediators and
regulators of host inflammatory responses to infection and
tissue injury. Of the 11 members of this family, IL-18 is the
best-studied cytokine, with diverse phenotypes reported for
IL-1B-deficient mice (Dinarello, 2009). On exposure to
pathological stimuli, 1L-1B is produced by activated leuko-
cytes such as neutrophils, monocytes, macrophages, and
dendritic cells (DCs) (O'Neill, 2008), leading to induction
and enhancement of inflammatory responses. Bioactive IL-1f
(18kDa) is generated by caspase-1-dependent cleavage of an
inactive precursor (31kDa), pro-IL-1p (Cerretti et al., 1992;
Thornberry et al.,, 1992). Recent studies have revealed that
the inflammasome, the intracellular caspase-1-activating
complex, serves as a key intracellular compartment for
processing and secretion of bioactive IL-18 (Dinarello,
2009; Martinon et al., 2009). Under inflammatory conditions,
activation of the P2X7 receptor with extracellular ATP triggers
the assembly of inflammasome components, resulting in the
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formation of active caspase-1 from procaspase-1. It should
be stated, however, that pro-IL-1B may be processed in a
caspase-1-independent manner by several proteases, such as
neutrophil proteinase-3, elastase, matrix metalloprotease 9,
and granzyme A, illustrating highly complex regulatory
mechanisms (Fantuzzi et al, 1997; Coeshott et al., 1999;
Sugawara et al., 2001).

As an outermost tissue, the skin is constantly exposed to a
variety of environmental insults, such as harmful chemicals,
physical stimuli, and infectious microbes. It is well known
that IL-1 functions as a key regulator of local host responses to
such pathological stimuli. As early as in the early 1980s, an
IL-1-like activity, termed the “‘epidermal cell-derived thymo-
cyte-activating factor,” was found to be produced in the skin
(Luger et al., 1982; Kupper et al, 1986; Kupper, 1990).
Primary cultures and cell lines derived from keratinocytes
and Langerhans cells (LCs) in the epidermis, as well as from
fibroblasts, endothelial cells, and DCs in the dermis, have
been reported to produce IL-1o0 and/or IL-1B upon in vitro
exposure to various stimuli (Enk and Katz, 1992; Takashima
and Bergstresser, 1996). With regard to biological activities of
IL-1 in skin, IL-1B-deficient mice were reported to manifest
impaired contact hypersensitivity responses to trinitrochlor-
obenzene, which was applied topically for sensitization and
injected into the footpad for elicitation (Shornick et al., 1996;
Nakae et al., 2001; Nambu et al, 2006). In a standard
contact hypersensitivity model (in which trinitrochloroben-
zene was applied topically for both sensitization and
elicitation), however, reduced ear swelling responses were
observed in 1L-1a-deficient mice, but not in 1L-1B-deficient
mice (Shornick et al., 1996; Nakae et al., 2001; Nambu et al.,
2006). Conversely, the same group subsequently reported
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significantly impaired delayed-type hypersensitivity res-
ponses to foreign protein antigens in IL-1B-deficient mice
(Shornick et al., 1996; Nakae et al., 2001; Nambu et al.,
2006). Interestingly, severely attenuated contact hypersensi-
tivity responses were also observed in caspase-1-deficient
mice (Antonopoulos et al., 2001; Watanabe et al., 2007) and
in wild-type (WT) mice after administration of neutralizing
antibodies against IL-1B, but not against IL-1ec (Enk et al.,
1993). Although relative contributions between IL-1o and
IL-1B8 remain somewhat controversial, it is reasonable to
state that IL-1 being produced in the skin serves as an
indispensable proinflammatory mediator. Nevertheless, little
information has been available with regard to spatiotemporal
regulation of IL-1 production in living animals.

We recently found rapid and profound IL-1B promoter
activation in DCs upon in vitro exposure to a variety of
chemical and biological agents. In those studies, we used a
4.1kb 5'-flanking fragment isolated from the murine IL-1B
gene to drive the expression of the yellow fluorescence
protein gene in a stably transduced DC clone. The resulting
DC biosensor clone has enabled us to perform unbiased
screening of a wide variety of natural and synthetic
compounds for their potential to trigger IL-1B production
(Mizumoto et al., 2005). In this study, we sought to construct
an in vivo reporter system by using the same IL-1 promoter
to drive the expression of a fluorescence marker gene. The
resulting transgenic mice, in combination with advanced
intravital optical imaging technologies, have indeed allowed

us to directly visualize IL-1B promoter activation in living
animals. In this study, we report spatial regulation of IL-1p
promoter activation, as well as the cellular identities and
motile activities of I1L-1B-producing cells in inflamed skin in
an animal model.

RESULTS AND DISCUSSION

Detection of IL-1p promoter activation in hapten-painted skin
We generated a transgenic mouse line expressing the red
fluorescent protein DsRed gene under the control of the
4.1 kb mouse IL-1B promoter. The plL1-DsRed transgenic
mice showed no apparent developmental abnormality.
Topical application of a skin sensitizer, oxazolone (OX), a
standard protocol widely used to trigger IL-1-dependent
activation of epidermal-resident LCs (Cumberbatch et al.,
1997), triggered time-dependent IL-13 mRNA expression in
the pIL1-DsRed transgenic mice (Figure 1a). The magnitude
of IL-18 mRNA induction in these mice was comparable to
that observed in WT mice (Figure 1b). Tissue extracts
prepared from OX-painted ear skin showed large amounts
of IL-1f proteins as measured by ELISA (Figure 1c). Time-
course experiments showed rapid (6 hours) and robust 1L-1
protein production in OX-painted skin with peak responses
observed at 24 hours. Once again, plL1-DsRed transgenic
mice were indistinguishable from WT mice in the magnitude
or kinetics of OX-induced IL-1p protein expression. No IL-18
mRNA or protein induction was detected after topical
application of vehicle alone.
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Figure 1. Correlation between DsRed fluorescence signals and IL-1§ production. (a) pIL1-DsRed transgenic mice were treated by topical application of
OX (closed symbols) or vehicle alone (open symbols). At the indicated time points, the ear skin samples were examined for IL-1B mRNA expression by
real-time PCR. (b) Ear skin samples were isolated from WT mice or plL1-DsRed transgenic mice 6 hours after topical application of OX or vehicle alone.
The samples were then examined for IL-13 mRNA expression by real-time PCR. (c) WT mice (triangles) or pIL1-DsRed transgenic mice (circles) received
topical application of OX (closed symbols) or vehicle alone (open symbols). At the indicated time points, the ear skin samples were examined for IL-18
protein levels by ELISA. {d) The same ear extract samples analyzed in panel b were tested for DsRed fluorescence signals by spectrophotometric analyses.
(e) BM-DCs propagated from plL1-DsRed transgenic mice were pulsed with LPS (circles) or vehicle alone (triangles) for 1 hour. After extensive washing,

the cells were cultured for the indicated periods in the absence of LPS to measure [L-1f release into the culture supernatants by ELISA (closed symbols) and
DsRed expression (mean fluorescence intensity, open symbols) by flow cytometry. Data shown are the means + SD from three mice per group (**P<0.01).
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To determine whether OX treatment also triggered 1L-1B
promoter-driven DsRed expression, we measured DsRed
fluorescence signals in the same ear skin extracts by a
spectrophotometer (Figure 1d). Minimal fluorescence signals
were detected in ear skin samples treated with vehicle alone.
OX treatment markedly increased DsRed signals in
1224 hours, with peak responses observed at 48 hours. No
significant increase in DsRed signals was detected in WT mice
even after OX application, indicating specificity. Although the
time kinetics for DsRed induction in skin showed a lag time of
6-12 hours behind IL-1p protein expression, which presumably
represents the interval required for polymerization of newly
synthesized DsRed proteins, our findings validated the
subsequent use of the newly generated transgenic mice for
studying IL-1B promoter activation in living animals.

The discordance of time kinetics observed between 1L-18
protein production and DsRed expression might prevent us
from studying the resolution phase of inflammatory res-
ponses. To test this, we compared time kinetics of 1L-1B
protein production versus DsRed signals in bone marrow—
derived DCs (BM-DCs) propagated from plL1-DsRed trans-
genic mice (Figure 1e). Short-term pulsing with LPS induced
rapid IL-1B protein production within 3 hours; IL-1f levels
reached a peak at 6-24 hours and then declined sharply at
48hours, with a relatively short half-life of 24 hours. By
contrast, DsRed signals became detectable only at 6 hours,
reached a plateau at 12-24 hours, and then declined more
slowly, with an estimated half-life of 24-48hours. These
observations imply a major limitation of our experimental
system; i.e., one can assess IL-1B protein production by
measuring DsRed fluorescence signals only in the induction
phase of inflammation.

Surface phenotypes of DsRed ™ cells emerging in inflammatory
skin lesions

Enk and Katz (1992) reported almost two decades ago that
topical application of contact sensitizers triggered rapid and
abundant IL-18 mRNA expression in the epidermal compart-
ment and that IL-13 mRNA was expressed predominantly by
an MHC class ll-positive epidermal cell fraction, i.e., LCs.
The latter observation was made by measuring 1L-13 mRNA
expression by semiquantitative RT-PCR in epidermal cell
suspensions after complement-mediated deletion of MHC
class Il-positive cells. To directly examine cell-surface
phenotypes of cells expressing DsRed fluorescence signals,
we harvested ear skin samples at different time points after
OX painting, separated the epidermis from underlying dermis
by enzymatic treatment, and then prepared single-cell
suspensions from the two compartments independently. Flow
cytometric analyses of the resulting epidermal cell suspen-
sions revealed a time-dependent increase in the number of
DsRed ™ cells, with a sharp peak observed at 48 hours after
OX treatment (Figure 2a). Most (> 85%) of the DsRed * cells
isolated from the epidermis were found to express a common
leukocyte marker, CD45, although a small fraction of CD45~
epidermal cells (i.e., keratinocytes) showed DsRed signals at
modest levels (Figure 2b). The CD45 * cells recovered before
OX treatment, which represent two epidermal resident
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leukocyte populations (LCs and epidermal v& T cells),
expressed no detectable DsRed signals constitutively. The
number of CD457" cells markedly increased after OX
treatment, perhaps reflecting immigration of inflammatory
leukocytes into the epidermal compartment. Importantly,
DsRed signals were clearly detected in large fractions
(53-61%) of the CD45™ cells recovered after OX painting.
Virtually all DsRed */CD45 ™" cells expressed CD11b, which
is displayed by many leukocyte subsets of the myeloid
lineage (Figure 2¢). More than 75% of the DsRed "/CD45 "
cells also displayed high levels of Gr-1, a conventional
marker of neutrophils. Although the overall phenotype of the
CD45*/CD11b " /Gr-1"#" cells instantaneously suggested
their identity as granulocytes, some of them may represent
“myeloid suppressors’”’ (which inhibit DC-induced T-cell
activation) (Gabrilovich and Nagaraj, 2009) and/or “inflam-
matory monocytes’ (which give rise to DCs) (Auffray et al.,
2009). The remaining DsRed */CD45 */Gr-17"°% cells prob-
ably included monocytes/macrophages and certain DC
subsets. In fact, F4/80 and MHC class 11 molecules were
detected on relatively small fractions of the CD45 ™ /DsRed ™
cells (Figure 2c). These results implied that DsRed signals’
were produced by selected subsets of myeloid inflammatory
leukocytes infiltrating the epidermis after OX painting.

Dermal cell suspensions prepared in parallel also showed
time-dependent increases in the number of DsRed" cells
with a sharp peak at 48 hours (Figure 3a). Virtually all of the
DsRed ™ cells recovered from the dermal compartment also
expressed CD45 (Figure 3b). Moreover, the CD45 */DsRed *
cells uniformly displayed CD11b, indicating their myeloid
origin (Figure 3c). Interestingly, only small fractions (18-20%)
of the DsRed "/CD45 " cells expressed Gr-1 at high levels, in
contrast to our observations of the epidermal cell suspen-
sions. Instead, Gr-1 was detected at low levels in a majority
(65-75%) of the DsRed */CD45 ™ cells. Similarly, F4/80 and
MHC class Il were detected in 36-46% and 10-12% of the
DsRed "/CD45 " cells, respectively. Thus, it seems that
DsRed signals were expressed by relatively heterogeneous
leukocyte subsets of myeloid origin (i.e., granulocytes,
monocytes/macrophages, and DCs) in the dermal compart-
ment after OX painting.

Detection of DsRed * cells in fixed skin samples

In the next set of experiments, we sought to directly visualize
the cells expressing DsRed fluorescence signals in the tissue.
For this purpose, we harvested ear skin at different time points
after OX application, fixed the samples with paraformalde-
hyde, and then examined the whole-ear specimens under a
macro-zoom fluorescence microscope. Consistent with our
findings from spectrophotometric and flow cytometric
analyses, very few DsRed ™ cells were found in skin samples
harvested before OX painting from plL1-DsRed transgenic
mice. DsRed ™ cells became clearly detectable 12 hours after
OX treatment (Figure 4a). Interestingly, most DsRed ™ cells
emerged as clusters around hair follicles. The number of
DsRed™ cells increased thereafter, reaching a peak at
48 hours. Consistent with our observations in spectrophoto-
metry and flow cytometry analyses, the DsRed signals
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Figure 2. Surface phenotype of DsRed * cells emerging in the epidermal compartment. (a) Epidermal cell suspensions were prepared from the ear skin

of plL1-DsRed transgenic mice at the indicated time points after topical application of OX and examined for DsRed expression. (b) Epidermal cell suspensions
from WT mice or pIL1-DsRed transgenic mice were also stained with anti-CD45 mAb or isotype-matched control IgG and then examined for expression of
CD45 (y axis) and DsRed (x axis). (¢) The CD45* populations in the above experiments were examined for the expression of the indicated surface markers
(y axis) and DsRed (x axis).

declined sharply at 72hours. No DsRed™ cells were were also observed after topical application of a second
observed in WT mice even after OX painting, again contact sensitizer, 2,4-dinitrofluorobenzene (Figure 4c).
indicating specificity (Figure 4b). Clusters of DsRed ™ cells  Moreover, inflammatory skin lesions induced by application
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Figure 3. Surface phenolype of DsRed ™ cells emerging in the dermal compartment. (a) Dermal cell suspensions were prepared from the ear skin of plL1-DsRed
transgenic mice at the indicated time points after topical application of OX and examined for DsRed expression. (b) Dermal cell suspensions from WT mice or

plL.1-DsRed transgenic mice were also stained with anti-CD45 mAb or isotype-matched control 1gG and then examined for expression of CD45 (y axis) and DsRed
(x axis). (¢c) The CD45* populations in the above experiments were examined for the expression of the indicated surface markers (y-axis) and for DsRed (x axis).

of a skin irritant, lactic acid, or by repeated tape stripping To record images of DsRed™* cells with higher resolution
were also characterized by the emergence of large numbers  and to determine their z-axis locations, we next examined
of DsRed ™ cells. paraformaldehyde-fixed ear specimens under a confocal
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Figure 4. Emergence and distribution of DsRed * cells in skin under inflammatory conditions. (a) At the indicated time points after OX treatment of plL1-DsRed
transgenic mice, ear skin samples were harvested. Data shown are images acquired with a macro-zoom fluorescence microscope. (b) WT mice were treated
with OX, and the ear skin samples harvested at 24 hours were examined under a macro-zoom fluorescence microscope. (c) pIL1-DsRed transgenic mice
were treated with topical application of 2,4-dinitrofluorobenzene or lactic acid, or with repeated tape stripping. The ear skin samples harvested at 24 hours
were examined under a macro-zoom fluorescence microscope. Bar (a—c) = 1,000 pm. (d) At 24 hours after OX treatment of plL1-DsRed transgenic mice, the ear
skin samples were harvested, fixed with 2% paraformaldehyde, and then examined under a confocal microscope. Data shown are compiled x— plane images
of DsRed * cells in the indicated 5 pm z-axis depth range from the skin surface. (e) Hematoxylin and eosin histology of ear skin samples harvested 24 hours
after OX painting. Asterisks indicate hair follicles. Bar =100 um.
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microscope (Figure 4d). Sequential x-y plane images scanned
at different z-axis levels revealed that some keratinocytes
showed DsRed fluorescence signals at marginal levels,
producing cobblestone-like patterns in the epidermal com-
partment (up to ~20pm in depth from the skin surface).
Within the epidermis, DsRed* signals appeared as small
aggregates associated with hair shafts, which were readily
identifiable with autofluorescence signals. Interestingly, a
small number of dendritic-shaped epidermal cells character-
ized by extension of several elongated processes exhibited
strong DsRed signals. In the dermal compartment, most
DsRed ™ cells were preferentially found around hair follicles
at the z-axis depth range from ~20 to ~50 upm. Hematoxylin
and eosin staining of vertical sections revealed multiple
foci of dense infiltration by mononuclear and polymorpho-
nuclear leukocytes around hair follicles in OX-treated ear
skin (Figure 4e).

Real-time visualization of motile behaviors of DsRed ™ cells in
living animals

To visualize IL-1B-producing cells in living tissue, we
anesthetized plL1-DsRed transgenic mice and recorded static
3D images of DsRed ™ cells in the OX-painted ear skin under a
confocal microscope. Once again, compiled x-y plane images
showed clusters of DsRed™ cells preferentially around hair
follicles (Figure 5a), and z-axis scanning and 360° rotation of
the images further revealed that most of the DsRed ™ cells were
located in the dermal compartment (see Supplementary Movies
S$1-S3 online). Once again, relatively small numbers of
DsRed ™ cells showing a characteristic morphology of LCs
were observed in the epidermal compartment (Supplementary
Movie S2). Thus, we concluded that inflammatory leukocytes
account for a majority of DsRed ™ cells emerging in the
inflamed skin of living animals.

A key question was whether the observed clusters of
DsRed ™ cells around hair follicles might be caused simply by
particularly ““leaky”” blood vessels in those anatomical sites.
To test this, we intravenously injected FITC-dextran (DX) into

>

Figure 5. Location and movement of DsRed * cells emerging in
inflammatory skin lesions. (a) At 24 hours after OX treatment, plL1-DsRed
transgenic mice were anesthetized and examined under a confocal
microscope. Data shown are compiled x-y plane images of DsRed * cells in
the indicated 5 pm z-axis depth range from the skin surface. Bar =100 pm.
(b) At 24 hours after topical application of OX or vehicle alone, FITC-DX was
intravenously injected into plL1-DsRed transgenic mice to visualize blood
vessels. The images were recorded 5 minutes after FITC-DX injection.

Bar =100 um. (c) At 24 hours after 30-minute-long confocal imaging sessions
or OX treatment, ear skin extracts were examined for [L-18 protein and DsRed
signals. Data shown are the means * SD from three mice per group
(**P<0.01). (d) At 24 hours after OX treatment, plIL1-DsRed transgenic mice
were anesthetized to record confocal fluorescence images every 2 minutes for
60minutes. The images represent the locations of DsRed ™ cells at the
indicated time points (left and right panels) with migratory paths of individual
DsRed * cells (middle panel). Bar =100 pm. (e) The velocity of each DsRed *
cell was calculated from the above tracking experiments. Velocity values
were then compared between the epidermal compartment (up to 18 pm from
the skin surface) and the dermal compartment (18-35 pm from the skin
surface). Bars indicate mean velocity values (**P<0.01).
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pIL1-DsRed transgenic mice 24 hours after OX painting on
the ear. As shown in Figure 5b, significantly dilated blood
vessels were readily observed in OX-treated skin, whereas
leakage of FITC-DX was noticed only occasionally. Another
concern was whether the experimental procedures used for
confocal imaging (i.e., laser excitation, tissue handling, and
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administration of anesthetics) would deliver pathogenic
signals to the imaging site, thereby causing artificial
inflammatory responses. To test this possibility, we recorded
3D images in the ear of a plL1-DsRed transgenic mouse and
determined whether such procedures would cause immedi-
ate or delayed skin inflammation. in the absence of OX
application or other proinflammatory stimuli, very few motile
DsRed ™ cells were observed at the end of continuous time-
lapse imaging up to 60 minutes {data not shown). Moreover,
we failed to detect significant IL-1B protein production or
DsRed expression even 24 hours after 30-minute imaging
sessions (Figure 5c). These observations imply that our
confocal imaging protocol enables intravital visualization of
IL-1B production under relatively physiological conditions.

To assess motile activities of IL-1B-producing cells, we
next recorded 3D images of DsRed * cells every 2 minutes for
60 minutes. Time-lapse videos generated from these data sets
showed that DsRed™ cells constantly displaced the cell
bodies via amoeba-like motile behavior (Supplementary
Movie S4). By tracking x- locations of individual DsRed ™
cells, we followed the migratory paths of DsRed™ cells
within the 60-minute period {Figure 5d). Interestingly,
DsRed* cells seemed to be more motile in the dermis than
in the epidermis (Supplementary Movies 55 and 56). In fact,
the mean velocity among DsRed™ cells was significantly
higher in the dermal compartment (2.7 £ 1.4pmmin~', n=60)
than in the epidermal compartment (1.0%0.4pmmin™",
n=25) (Figure 5e). Our intravital time-lapse imaging experi-
ments have demonstrated that myeloid leukocytes, which
presumably produce IL-1B, craw! through the extracellular
matrix around hair follicles in inflamed skin.

Concluding remarks
In this study, we developed a simple experimental system to
directly visualize IL-1B promoter activation in living animals.
Abundant production of IL-1B mRNA and protein, as well as
robust DsRed expression, became detectable in the skin after
topical application of contact sensitizers. Flow cytometric
and confocal imaging experiments revealed that DsRed
fluorescence signals were mostly associated with CD45%/
CD11b* myeloid leukocytes crawling around hair follicles.
Our findings may first seem to be contradictory to the
previous report that an MHC class ll-positive epidermal cell
fraction (i.e., LCs) accounted for a majority of IL-1B mRNA
detected by RT-PCR after application of contact sensitizers
(Enk and Katz, 1992). It should be stated here that they
examined IL-1B mRNA expression only in the epidermal
compartment. Moreover, we also observed that some
DsRed™ epidermal cells exhibited the characteristic pheno-
type and morphology of LCs. Thus, it seems reasonable to
conclude that LCs represent one, but not the only, 1L-1pB-
producing epidermal cell population in inflamed skin.
Somewhat unexpected was our finding of profound entry
of DsRed */CD11b */Gr-1"#" leukocytes into both epidermal
and dermal compartments. In this regard, Peters et al. (2008),
using transgenic mice expressing the enhanced green
fluorescence protein gene under the control of the lysozyme
M promoter, recently demonstrated a rapid and sustained
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accumulation of CD11b*/Gr-1"8" neutrophils (expressing
no detectable MHC class 11 or F4/80) at the bite sites of
Leishmania-infected sand flies. We now show that DsRed */
CD11b " /Gr-1"8" Jeukocytes emerge and crawl around hair
follicles in inflamed skin. It remains to be determined whether
those leukocytes are derived from progenitors residing in
hair follicles, which serve as a reservoir for various stem cell
populations (Moore and Lemischka, 2006; Fuchs, 2007), or
whether they simply exit the circulation preferentially through
hair follicle-associated blood vessels. Nevertheless, this study
now provides an important piece of information with regard to
leukocyte trafficking to and within inflamed skin.

It is equally important to point out the major weaknesses
of our study. First, cells expressing DsRed fluorescence
signals do not necessarily represent cells producing biclogi-
cally active 18kDa IL-1f protein, because 31 kDa pro-IL-1B
protein requires caspase-1-dependent cleavage. In this
regard, our approach resembles the recent use of human
IL-18 promoter for driving luciferase gene expression
{Li et al, 2008). The resulting transgenic mice were then
monitored for luciferase expression by intravital biolumines-
cent imaging in a zymosan-induced arthritis model, an
LPS-induced acute peritonitis model, and an OX-induced
contact dermatitis model. Although their experimental system
enabled real-time monitoring of luciferase activities in affected
organs, its spatial resolution was far below the level that we
achieved with confocal microscopy. Second, IL-1p mRNA
and protein expression was readily detected within 6hours
after OX application, whereas DsRed fluorescent signals
became detectable 12-24 hours after the same treatment. This
apparent time lag probably represents the time interval
required for tetramerization of newly synthesized DsRed
molecules. One should be able to overcome this technical
limitation by using different fluorescence proteins that emit
fluorescence signals in monomeric forms. Likewise, DsRed
signals remained at measurable levels even after IL-1p protein
became almost undetectable—this discordance in time
kinetics, which probably reflects the 24-48 hour difference
observed in the half-life between IL-18 and DsRed, represents
a limitation of our assay system, especially for studying IL-1-
producing cells in the resolution phase of skin inflammation.

In conclusion, the experimental system developed in this
study has allowed us to directly monitor the number,
phenotype, location, and movement of IL-1B-producing cells
in inflamed skin in living animals with relatively high spatial
resolution. Recent advances in confocal microscopy, multi-
photon laser scanning microscopy, and green fluorescence
protein transgenic and knock-in animals have made it
possible to visualize the motile behavior of different
leukocyte subsets in lymphoid and epithelial tissues (Germain
et al., 2006). Our approach now adds another dimension to
such intravital imaging studies by providing key information
on cellular function.

MATERIALS AND METHODS

Construction of plL1-DsRed transgenic mice

A 1.2kb rabbit B-globin gene containing a noncoding intron/exon
was obtained by digesting the pSG-1 expression vector with BamHI



and Xhol (Toyonaga et al, 1994; Miyazaki et al, 2001). The
fragment was subcloned into the BamHI/Xhol site of pBK-CMV
(Stratagene, La Jolla, CA) to produce the plasmid pBK-CMV-5G.
To generate a red fluorescent protein-expressing vector, a PCR
fragment was amplified from pDsRed-Express-DR plasmid (Clon-
tech, Palo Alto, CA) using the primer set 5-GGGAATTCCGG
TCGCCACCATGGCCTC-3' and 5-GGAGATCTACACATTGATCC
TAGCAGAAG-3' and was subsequently ligated into a TA-cloning
vector, pCR4-TOPO (Invitrogen, Carlsbad, CA), and then subcloned
between the EcoRI and the Bglll sites of pBK-CMV-SG. The resulting
vector, pBK-CMV-SG-Red, carried a CMV immediate early promoter
upstream of the B-globin intron/exon-RFP fusion gene. The CMV
promoter region was removed by digestion with Vspl and Nhel,
followed by blunting of both ends with Klenow fragment and
self-ligation. The 4,138-bp BamHI fragment of the murine IL-1p
promoter was inserted into the BamHl site to generate the
plasmid pBK-SG-IL-1B-Red (Godambe et al, 1995). Plasmid
pBK-SG-IL-1B-Red was digested with Sall and Notl to clear the
vector sequences, and the transgene fragment was purified by
Elutip-D (Schleicher and Schuell, Keene, NH). The resulting
DNA was microinjected into fertilized eggs of C57BL/6 mice.
Transgene expression was determined by genomic PCR for DNA
isolated from tail biopsies with specific primers, 5-TGCTGG
TTGTTGTGCTGTCTCATC-3' and 5-CACGTACACCTTGGAGCCG
TACTG-3'. The screening results were subsequently confirmed at the
protein level by testing the expression of DsRed fluorescence signals
by peripheral blood mononuclear cells after in vitro stimulation with
LPS. Transgene-positive mice were bred with WT C57BL/6 mice,
and heterozygous offspring were used in this study.

Measurement of IL-1 mRNA and protein expression in skin
samples

To measure 1L-18 mRNA expression, total RNA was isolated from
freshly procured ear skin samples using TRizol reagent (Invitrogen)
and the RNeasy Plus Mini Kit (Qiagen, Valencia, CA). Correspond-
ing ¢DNA was prepared using the SuperScript Wl First-Strand
System Kit (Invitrogen), and real-time PCR was performed using
a LightCycler instrument (Roche Applied Science, Indianapolis, IN)
with QuantiTect SYBR Green PCR Master Mix (Qiagen) and
specific primers for IL-1B (SA Biosciences, Frederick, MD). The
amount of IL-18 mRNA was determined relative to glyceraldehyde-
3-phosphate dehydrogenase mRNA using the comparative cycle
thresheld numbers method. Tissue extracts were prepared from
ear skin samples using the T-PER Tissue Protein Extraction
Reagent supplemented with Halt Protease Inhibitor Cocktail
(Thermo Scientific, Rockford, IN). Protein concentration was
determined using the BCA assay kit (Thermo Scientific). IL-1p
protein levels were examined using an ELISA kit (R&D Systems,
Minneapolis, MN), and DsRed fluorescence intensities were
measured using the FLUOstar Omega microplate reader (BMG
Labtech, Chicago, IL).

Skin inflammation models

Mice received topical application of 1.25% OX (Sigma-Aldrich,
St Louis, MQ), 0.5% 2,4-dinitroflucrobenzene (MP Biomedicals,
Solon, OH), or 90% lactic acid (Sigma-Aldrich) on their right
ears using our standard protocol (Nishibu et al., 2006). The treated
ears showed statistically significant (P<0.01) swelling compared
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with the left ears of the same animals painted with vehicle alone.
Skin inflammation was also induced mechanically by repeated (10
times) tape stripping (Holzmann et al., 2004).

Measurement of IL-1§ release and DsRed expression in BM-DCs
BM-DC cultures were generated from plL1-DsRed transgenic mice in
complete RPMI 1640 supplemented with 10ngml™ murine granu-
locyte-macrophage colony-stimulating factor (Matsushima et al,
2009). BM-DCs were pulsed for 1 hour with 300 ng ml™ LPS, washed
extensively, and then cultured for various periods in the absence of
added LPS. The cells and culture supernatants were examined for
DsRed expression and IL-1f protein, respectively.

Optical imaging of DsRed fluorescence signals

For conventional imaging experiments, freshly procured ear skin
specimens were fixed with 2% paraformaldehyde for 30 minutes
at room temperature and then examined for DsRed fluorescence
signals under an MVX10 MacroView system (Olympus, Melville,
NY) or a TCS SP5 confocal microscope (Leica Microsystems,
Bannockburn, IL). For intravital imaging experiments, the mice
were anesthetized with intraperitoneal injection of an anesthetic
cocktail (ketamine, xylaxine, and acepromazine) and placed on an
imaging stage to mount the tip of the ear, with the ventral side down,
to record images of DsRed" cells under a TCS SP5 confocal
microscope controlled by LAS AF Lite software (Leica Microsystems)
as described previously (Nishibu et al, 2006). We typically
scanned tissues with x, y, z volumes (387.5x387.5x60 or
775 %775 x80pum) at 1pum zsteps to create 3D image sets.
Stratum corneum-associated autofluorescence signals were used
as a marker to define the epidermal compartment, i.e., 20um
from the outermost surface of the stratum corneum. Blood vessels
were visualized by intravenous injection of 20mgml™ of FITC-DX
(70 kDa, Sigma-Aldrich). In time-lapse imaging experiments,
3D images were recorded every 2minutes for 60minutes and
then analyzed using Image) (National Institutes of Health)
and Photoshop software (Adobe, San Jose, CA). Tracking of
DsRed™ cells in living anirals was performed with MetaMorph
software (Molecular Devices, Sunnyvale, CA). Construction of the
pIL1-DeRed transgenic mouse line and its use in imaging experi-
ments were approved by the institutional review boards at the
University of Texas Southwestern Medical Center and the University
of Toledo College of Medicine, respectively, and all animal
experiments were conducted according te guidelines of the National
Institutes of Health.

Flow cytometric analyses

Epidermis was separated from ear skin with 0.5% dispase Il
(Roche Diagnostics, Indianapolis, IN) for 45minutes at 37°C.
The epidermis was further treated with 0.3% trypsin (Worthington,
Lakewood, NJ) in the presence of 0.1% DNase | (Roche Diaghos-
tics) for 10minutes at 37°C to prepare single cell suspension.
The dermis was minced and incubated for 1h at 37°C with
1,000Uml™" collagenase XI (Worthington), 1,000Uml™" hyal-
uronidase IV (Sigma-Aldrich), and 0.1% DNase I. The obtained
single-cell suspensions were pretreated for 15minutes on ice
with 5ugml™" anti-CD16/CD32 (2.4G2) mAb, and subsequently
stained with fluorescence-conjugated mAb for 30 minutes on ice.
In addition to isotype-matched controls, the following mAbs were
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used: CD11b (M1/70), CD45 (30-F11), IA-IE (2G9), and Gr-1 (RB6-
8C5, all purchased from BD Biosciences, Palo Alto, CA), and F4/80
(BM8; eBioscience, San Diego, CA). After the addition of propidium
iodide, samples were analyzed with FACSCalibur (BD Biosciences).

Statistical analyses

Differences in measured variables between the experimental and the
control groups were assessed with two-tailed Student’s t-test. Data
from time-course experiments were analyzed by analysis of variance
and Dunnett’s test. All experiments were repeated more than twice
to assess reproducibility.
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