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Keratinocyte expression of the type 2 interleukin 1 receptor
mediates local and specific inhibition of interleukin 1-
mediated inflammation
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ABSTRACT Epidermal keratinocytes can express two
types of interleukin 1 (IL-1) receptors: IL-1R1, which is active
in signal transduction, and the less well characterized IL-1R2,
which is incapable of transducing a signal and can be shed
from cells. The binding of IL-1 in solution by IL-1R2 has been
demonstrated, and it has been proposed to inhibit IL-1-
mediated responses through this mechanism. We and others
have reported that keratinocytes can be induced to express
IL-1R2 both in vitro and in vivo, often under conditions that
also favor IL-1 gene expression. We hypothesized that pro-
duction of IL-1R2 by keratinocytes would be an efficient
means to achieve local inhibition of IL-1-mediated responses
without systemic consequences. To test this hypothesis, we
have generated transgenic mice that constitutively express
IL-1R2 on basal keratinocytes. Keratinocytes cultured from
these animals shed the soluble form of the receptor into
culture supernatants, and IL-1-inducible production of gran-
ulocyteymacrophage colony-stimulating factor was markedly
inhibited. In vivo, acute cutaneous vascular leakage, as well as
chronic inf lammation induced by a well characterized IL-1-
dependent stimulus, was significantly inhibited in IL-1R2
transgenic animals. In contrast, contact hypersensitivity was
unaffected, suggesting that overexpression of IL-1R2 did not
inhibit all types of inf lammation globally. Finally, systemic
injection of IL-1 induced equivalent levels of plasma IL-6 in
IL-1R2 transgenic and nontransgenic mice, suggesting that
the activity of the transgenic IL-1R2 remained predominantly
local and did not inf luence systemic IL-1 responses. We
conclude that tissue-specific production of IL-1R2 can medi-
ate IL-1 antagonism in tissue microenvironments without
systemic consequences. Our transgenic mice may be a useful
tool for determining the degree to which different types of
cutaneous inf lammation depend on the IL-1 system.

Epidermal keratinocytes provide a useful model for studying
the kinetics and regulation of interleukin 1 (IL-1)-mediated
processes in a tissue accessible to visual andmolecular analysis.
These cells have been shown to produce agonist ligands (IL-1a
and IL-1b; refs. 1–3), antagonist ligands [IL-1 receptor antag-
onist (IL-1ra); refs. 4–6], and both type 1 and type 2 IL-1
receptors (IL-1R1 and IL-1R2; refs. 7–10). It was recently
shown that release of the primary cytokine IL-1a from basal
keratinocytes in vivo is sufficient to both initiate and mediate
cutaneous inflammation in vivo (11, 12). Because active species
of IL-1 mediate so many pathophysiological processes relevant
to inflammation (13), molecular mechanisms that limit the
degree and duration of IL-1 activity have evolved. Species of
IL-1a and IL-1b that are biologically active mediate their

effects by binding to an 80-kDa IL-1 receptor, termed IL-1R1
(14–16). A related receptor ligand molecule, which can be
made by cells in several alternatively spliced forms, is known
as the IL-1 receptor antagonist or IL-1ra (4–6, 17, 18). This
family of molecules binds to IL-1R1, but receptor occupancy
by IL-1ra does not result in signal transduction (18). Thus,
blockade of the IL-1R1 is an important means of limiting IL-1
activity (10, 16, 19), and under many circumstances, IL-1 gene
expression appears to be paralleled by expression of the IL-1ra
gene (5). The principal form of IL-1ra in keratinocytes is the
intracellular IL-1ra, and it coexists in a cytoplasmic compart-
ment with active preformed IL-1a in normal human and
murine epidermis (6).
It has been proposed that a second pathway of IL-1 antagonism

exists, in this case mediated by a cell surface receptor that does
not transduce a signal and can be shed from the cell surface (10,
16, 19–21). This receptor, termed IL-1R2, maintains its capacity
to bind to IL-1 species in solution and does not bind IL-1ra with
high affinity (22). Stimuli that induce IL-1 gene expression in
keratinocytes in vitro also strongly stimulate IL-1R2 expression
(10), and inflammatory skin diseases such as psoriasis, where IL-1
has been implicated, are characterized by strong epidermal
expression of IL-1R2 (9). While it is attractive to speculate that
the IL-1R2 antagonizes IL-1 activity by sequestering active
ligand, experimental systems designed to test this hypothesis have
been imperfect, and virtually all have explored this activity of
IL-1R2 in vitro rather than in vivo (10, 16, 19, 23, 24). In this study,
we test the hypothesis that local production of IL-1R2, and its
existence as both a cell surface and soluble ligand for IL-1, is an
efficient way of down-regulating IL-1 responses in the cutaneous
microenvironment without influencing systemic responses to
IL-1.
We have successfully targeted IL-1R2 to basal keratinocytes

using a human keratin 14 promoter (11, 12). Our results indicate
that IL-1R2 expressed by keratinocytes in vivo can indeed inhibit
IL-1-mediated inflammatory responses, both in epidermis and in
dermis. In contrast, keratinocyte production of IL-1R2 did not
lead to systemic hyporesponsiveness to IL-1. To our knowledge,
these results are the first that demonstrate that IL-1R2, produced
in vivo by biologically relevant cells (e.g., basal epidermal kera-
tinocytes), can act as a powerful local IL-1 antagonist without
systemic consequences. As such, these transgenic mice are useful
tools to determine the role of IL-1 and related molecules in
different types of cutaneous inflammation.

MATERIALS AND METHODS
DNA Construct and Transgenic Mice. A 1.35-kb cDNA

comprising the entire coding region of murine IL-1 receptors
(the kind gift of J. Sims, Immunex Corp., Seattle, WA) was
inserted into the BamHI site of the K14yhGH expression

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y945814-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: IL-1, interleukin 1; IL-1ra, IL-1 receptor antagonist;
IL-1R1 and IL-1R2, type 1 and type 2 IL-1 receptors; PMA, phorbol-
12-myristate 13-acetate; CHS, contact hypersensitivity; GM-CSF,
granulocyteymacrophage colony-stimulating factor.
*To whom reprint requests should be addressed.

5814



vector (a kind gift of E. Fuchs, University of Chicago, Chicago)
by blunt end ligation. The resulting plasmid was digested with
PvuI and HindIII to generate the 6.12-kb K14yIL-1R2yhGH
fragment (see Fig. 1) that was used for microinjection of
fertilized ova of FVByN mice (Taconic Farms). Transgenic
founders were identified by PCR and by Southern blot analysis
and bred to establish lines. All animals used for experiments
were F1 or F2 heterozygotes 6–12 weeks of age.
RNA Analysis. Total RNA was isolated from tissues of trans-

genic and control mice by TRIREAGENT (Molecular Research
Center, Cincinnati). For Northern blot analysis, 10 mg of total
RNA was size-fractionated by electrophoresis on through a 1%
formaldehydeyagarose gel. RNA was transferred to nylon mem-
brane (Hybond N1 nylon membrane, Amersham) and probed
with 32P-labeled cDNA for murine IL-1R2. After hybridization,
blots were washed twice at 658C in 13 standard saline citrate
(SSC)y0.1% SDS, and twice in 0.13 SSCy0.1% SDS. Blots were
then exposed to x-ray film at 2708C.
Cytokines and Cytokine Assay Systems.Murine recombinant

IL-1a was a kind gift of P. Lomedico (Hoffmann–LaRoche).
Murine recombinant IL-1b was obtained from Endogen (Cam-
bridge, MA). The ELISA for IL-6 was obtained from PharMin-
gen, and the ELISA formurine granulocyteymacrophage colony-
stimulating factor (GM-CSF) was obtained from Endogen.
The 35F5 antibody to themurine IL-1R1 and the 4E2 antibody

to the murine IL-1R2 were the kind gifts of Richard Chizzonite
(Hoffmann–La Roche). Isotype-matched control antibodies for
35F5 (rat 1gG1) and 4E2 (rat 1gG2a) were obtained from
PharMingen.
Histology and Immunohistochemistry.Hematoxylin and eosin

stainings were performed by standard methods. For immunohis-
tochemistry, ear skin biopsies from transgenic and control mice
were embedded in OCT compound (Miles) and frozen in pre-
cooled isopentane.
Cryostat sections (5 mm) were fixed for 10 min in acetone at

48C, and immunostaining of frozen sections was performed.
Briefly, sections were incubated at room temperature for 1 h
with rat anti-mouse IL-1R2 antibody appropriately diluted in
PBS. After washing, primary antibody binding was revealed by
the Vectastain Elite kit (Vector Laboratories) used according
to the manufacturer’s instructions with diaminobenzidine as
chromogen. Sections were lightly counterstained with methyl
green and mounted.
Epidermal Cell Culture and Immunoprecipitation. Epider-

mal cell suspensions were obtained by sequential dispase and
trypsin digestion of split mouse ears as previously described
(25, 26). Keratinocytes thus obtained were cultured on colla-
gen-coated plates in medium containing 0.05 mM Ca21 to
allow maintenance of K14 expression. For detection of mem-
brane-bound and soluble IL-1R2 protein, keratinocytes were
cultured in methionine- and cysteine-free medium and meta-
bolically labeled with [35S]methionine and [35S]cysteine for 4 h.
After aspiration of the conditioned medium, cells were

extracted in radioimmunoprecipitation assay buffer, and ali-
quots of cell extract and conditioned medium were incubated
with 4E2 antibody at 48C overnight. Antibody–antigen com-
plexes were then precipitated with protein G. Parallel samples
were incubated with rat IgG as a control for nonspecific
binding. After washing and boiling, samples were then sub-

jected to electrophoresis through a 10% polyacrylamide gel.
The gel was dried and exposed to film for 3 days at 2708C
Cytokine Assays. To determine in vitro responsiveness of

keratinocytes to IL-1, epidermal cells from T220 and FVB
control mice were prepared and cultured overnight. The next
day adherent cells were plated into 96-well plates at a density
of 53 104 cells per well. Upon adherence cells were stimulated
in duplicate with various doses of recombinant murine IL-1a
for 24 h. Immunoreactive GM-CSF released into the super-
natant was quantitated by ELISA.
Contact Hypersensitivity (CHS) Responses. Mice (four to

five mice per group) were shaved on the abdominal area and
sensitized by applying 20 ml of 1% oxazolone (Sigma), dis-
solved in ethanol, to the skin.Mice were challenged 5 days later
by painting 10 ml of 1% oxazolone on both sides of one ear. Ear
thickness was measured before and at multiple time points
after challenge with an engineer’s caliper (Dyer, Lancaster,
PA). Results are expressed as the increase in ear thickness
(mean 6 SEM).
Vascular Permeability Assay. Mice were shaved on the

dorsal surface 1 day before the assay, and those in the anagen
phase of hair growth were excluded. Various doses of phorbol-
12-myristate 13-acetate (PMA) dissolved in 100 ml of 100%
ethanol were applied to a 1.5 cm2 area on the shaved surface.
After 6 h, 8.3 mlyg body weight of 1% Evan’s blue dye solution
was injected through the tail vein. Exactly 30 min after
injection, a 6-mm-diameter biopsy was taken from the PMA-
treated area and minced in 0.3 ml of 0.5%Na2SO4. Evan’s blue
dye in the tissue was extracted in acetone overnight and
measured in solution by absorbance at 620 nm (Pharmacia
LKB UltrospecIII).
To control for variations in injected dose of dye, liver tissue

was also excised, weighed, extracted, and analyzed. For block-
ing experiments, 25 mg of either 35F5 or rat IgG was injected
intradermally 15 min before PMA application. The mice were
then treated as described above. Control tissue was taken from
PMA-treated but noninjected adjacent skin. Four to five mice
were used within each experimental group, and each experi-
ment was repeated three times. Results are expressed as the
mean 6 SD.
Chronic PMA-Induced Inflammation. PMA (1 mg) dis-

solved in 20 ml of 100% ethanol was applied on one mouse ear
three times over a period of 1 week. The inflammatory skin
response was assessed by measuring ear thickness using an
engineer’s caliper (Dyer) and by histology. Biopsies were taken
24 h after the third PMA application and stained by hema-
toxylin and eosin. Each experimental group consisted of four
to five animals, and experiments were repeated three times. All
data are expressed as the mean difference in ear thickness due
to PMA treatment (in micrometers 6 SD).

RESULTS
Generation of Transgenic Mice. Transgenic mice were gener-

ated using the construct shown in Fig. 1. Two of 20 live-bornmice
were identified as transgenic founders by PCR and Southern blot
analysis. They were bred to establish independent lines desig-
nated T2 20 and T2 30. All experiments were performed on lines
that were heterozygous for the transgene, along with nontrans-
genic littermate controls.

FIG. 1. DNA construct for ex-
pression of IL-1R2 in transgenic
mice. Murine IL-1R2 cDNA was
inserted between K14 and hGH el-
ements at the BamHI site of the
K14yhGH expression vector by
blunt end ligation.
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RNA Analysis. To determine relative levels of transgene
mRNA expression, skin RNA from T2 20, T2 30, and control
mice was analyzed for expression of IL-1R2 by Northern
blotting. High level expression of transgene RNA was found in
both lines, and densitometric analysis revealed 30- and 8-fold
overexpression in T2 20 and T2 30 mice, respectively, com-
pared with endogenous IL-1R2 expression in skin of FVB
control mice (data not shown).
Keratinocytes from T2 20 Transgenic Mice Express Mem-

brane-Bound and Soluble Forms of IL-1R2 Both in Vivo and in
Vitro. Immunohistochemical analysis of ear skin stained with the
anti-muIL-1R2 specific antibody 4E2 (Fig. 2) demonstrated high
level expression of the transgene product in basal keratinocytes
and in keratinocytes of the outer root sheath. The pattern of
immunoreactivity is consistent with cell surface expression on
basal keratinocytes. No staining was observed in control animals.
Because of recent data suggesting that the IL-1R2 is shed from
the cell surface, it was important to determine whether T2 20
keratinocytes released the soluble form of the receptor.
Therefore, cultured transgenic and control keratinocytes were

metabolically labeled with [35S]methionine, and a monoclonal
antibody to the murine IL-1R2 (4E2) was used for immunopre-
cipitation of both cell pellets and conditionedmedia.A significant
immunoreactive species with an apparent molecular weight of
'65 kDa could be precipitated only by 4E2, and only from T2 20
keratinocytes, but not from control keratinocytes (Fig. 3A). An
isotype-matched irrelevant antibody did not immunoprecipitate a
comparable 65-kDa species from T2 20 keratinocytes.
Similarly, shed IL-1R2 could only be detected in medium

conditioned by transgenic keratinocytes (Fig. 3B). The molec-
ular weight of the shed IL-1R2 species ('45 kDa) is consistent
with published reports (19). No soluble IL-1R2 was present in
unstimulated control keratinocyte supernatants; low levels
could be detected in PMA-stimulated keratinocyte superna-
tants from control mice after prolonged exposure of the blot
(data not shown).
IL-1-Induced GM-CSF Production Is Diminished in T2 20

Transgenic Mice. To determine whether overexpression of
IL-1R2 on keratinocytes inhibited their response to IL-1 in

vitro, we asked whether secondary (IL-1-inducible) cytokine
production was altered in T2 20 transgenic mice. Cultured T2
20 and control keratinocytes (four mice per group) were
stimulated with various doses of IL-1a, and GM-CSF produc-
tion was measured after 24 h using a specific ELISA (Fig. 4).
Whereas nontransgenic keratinocytes showed a dose-
dependent response to increasing extracellular IL-1a, the
response of transgenic keratinocytes was markedly inhibited,
even at the highest concentrations of extracellular IL-1. There-
fore, overexpression of IL-1R2 by keratinocytes significantly
blunts their response to IL-1 in vitro.
PMA-Induced Vascular Permeability Depends on Local Re-

lease of IL-1 and Is Significantly Reduced in IL-1R2 Transgenic
Mice. To assess the responses of T2 20 mice to IL-1-mediated
inflammation in vivo, we chose to study their response to the
topical application of phorbol ester, a well characterized inflam-
matory model in which IL-1 plays a prominent role. IL-1a gene
expression in skin of FVB mice is rapidly induced by topical
application of the phorbol ester PMA (12), and two independent
groups have demonstrated that phorbol ester induced inflamma-
tory cell infiltration, epidermal hyperplasia, and vascular leakage,
all of which can be blocked by systemic or local administration of
anti-IL-1 antibodies (27, 28). Endothelial cell leakage was in-
duced by topical application of PMAon the dorsal surface ofmice
and subsequent Evan’s blue dye i.v. injection. This protocol
results in extravasation of dye at PMA-treated sites, and control
animals showed an obvious blue staining of PMA-treated skin.
This qualitative difference can be assessed quantitatively by

extracting Evan’s blue dye from excised tissue in acetone and
measuring absorbance spectrophotometrically. In Fig. 5A, the
extravasation of Evan’s blue dye was inhibited significantly by
local injection of a blocking antibody to the IL-1R1, whereas an
isotope-matched control antibody had no effect. This experiment
extends the results from other laboratories (27–29) regarding the
IL-1 dependence of this phenomena. In Fig. 5B, control mice
were compared with T2 20 mice. Significantly less dye extrava-
sated into PMA-treated skin of T2 20 mice, indicating that there

FIG. 2. IL-1R2 is expressed in the basal layer of epidermis in T2 20
mice. Frozen sections of ear skin from T2 20 (A) and FVB control (B)
mice were stained for IL-1R2 with 4E2 antibody. No reactivity is shown
in wild-type epidermis (B).

FIG. 3. T2 20 keratinocytes produce cell associated (A) and soluble
(B) IL-1R2. Cell pellets from, and media conditioned by, transgenic,
FVB, and PMA-stimulated FVB keratinocytes were immunoprecipi-
tated with antibody for IL-1R2 (4E2) and isotope-matched control
antibody (rat IgG2a). Note that a strong band at '65 kDa (A, lane 3)
and '45 kDa (B, lane 3) is only present in transgenic cell pellets and
media conditioned by transgenic keratinocytes that were immunopre-
cipitated with 4E2 antibody.
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was a substantial inhibition of this acute response in vivo, com-
pared with age-matched nontransgenic FVB mice.
Both transgenic and nontransgenic mice had equivalent

baseline extravasation of Evan’s blue dye into liver, indicating
that similar amounts of dye were injected and that there were
no systemic effects on vascular permeability attributable to
epidermal transgene expression (data not shown).
Reduced Chronic Inf lammatory Response to PMA in IL-

1R2 Transgenic Mice. To further assess the response of T2 20
mice to PMA, we employed a more chronic model in which
PMA was painted on ears of transgenic and control mice three
times within 1 week (12). The inflammatory response was
assessed quantitatively by measurement of ear thickness and
qualitatively by measuring corresponding histological changes.
Both groups showed increased ear swelling after each of the
three PMA applications, but there was significant inhibition of
the response in transgenic mice, most marked after the third
application of PMA (Fig. 6A). Histologically, there was also an
obvious difference, with less pronounced epidermal hyper
proliferation and dermal inflammation in transgenic mice
compared with controls (not shown).
IL-1-Independent Inflammatory Responses in Skin Are Not

Inhibited in IL-1R2 Transgenic Mice. The role of IL-1 in CHS is
not straightforward, with some studies implicating IL-1a and
IL-1b in this process (30, 31), and others suggesting that CHS is
not IL-1-dependent (32). Two independent studies on IL-1b null
mice both agree, however, that the response to the contact
sensitizer oxazolone is not diminished in this system. A standard
CHS response to a conventional sensitizing dose of oxazolone in
FVB mice revealed that the presence of the transgene does not
affect themagnitude or the duration of this response (not shown).
The same phenomenon was seen when lower sensitizing doses
were used. This result indicates that not all cutaneous inflamma-
tory responses are inhibited in T2 20 transgenic mice, and is
consistent with the interpretation that the oxazolone-induced
CHS response is not strictly dependent on IL-1 activity.
Systemic Responses to IL-1 Are Intact in T2 20 Mice. A

somewhat trivial explanation of the data shown in Figs. 5 and 6
would be that high levels of soluble IL-1R2 released by basal
keratinocytes into plasma lead to systemic inhibition of IL-1-
mediated responses. To test this possibility, IL-1a and IL-1bwere
injected i.v. into T2 20 and nontransgenic mice, and plasma IL-6
levels were measured (Table 1). This analysis confirmed the IL-1
dependence of this event and indicated that T2 20 animals were
indistinguishable fromnontransgenic controls with regard to IL-6
levels. These data indicate that systemic responsiveness to IL-1
was not suppressed in T2 20 mice.

DISCUSSION
Cytokines, including IL-1a stored in keratinocytes, are emer-
gency molecules, designed to be active for limited periods of time

in local microenvironments such as skin (33–35). We have
postulated previously that keratinocyte expression of IL-1R2
could be a mechanism by which IL-1-mediated cutaneous re-
sponses are negatively regulated (10, 11). The data presented in
this report represent the first in vivo evidence of inhibition of IL-1
inhibition mediated by IL-1R2 in cutaneous microenvironment,
and indicates that this local inhibition can proceed without
systemic antagonism of IL-1.
IL-1R2 has long been suspected of having IL-1 antagonist

activity (10, 16, 19–21). In vitro studies have suggested that
blockade of IL-1R2 may enhance cellular responses to subop-
timal levels of IL-1 (16), and soluble shed IL-1R2 inhibits
IL-1-induced collagenase and PGE2 production (23). A recent
study examined cells transfected with IL-1R2 and concluded
that in addition to the inhibitory effects of shed IL-1R2, cell
surface IL-1R2 can inhibit IL-1 responses in vitro. However,
while there is one report that describes diminished delayed
hypersensitivity skin reaction with a soluble form of IL-1R1
administered to patients (36), we were unable to find any
report that demonstrated that elevated expression of IL-1R2 in
vivo inhibits IL-1-mediated inflammation.
The present study was designed to test the capacity of consti-

tutively expressed IL-1R2 to modify acute and chronic local
IL-1-mediated biological events in vivo. Epidermis is an accessible
tissue inwhich all elements of the IL-1 systemare represented (33,
34) and was, therefore, an ideal organ in which to address this

FIG. 4. GM-CSF response to IL-1a. Cultured keratinocytes from
T2 20 and control FVB mice were stimulated with various doses of
murine IL-1a for 24 h. Immunoreactive GM-CSF released into the
supernatant was quantitated by ELISA. The results are representative
of two experiments showing virtually identical outcomes.

FIG. 5. Spectrophotometic evaluation of absorbed Evan’s blue dye at
PMA-treated sites. Areasmeasuring 1.5 cm2 were treated with PMA, and
8.3 mlyg mouse of a 1% Evan’s blue solution was injected i.v. 6 h later.
After 30 min, skin biopsies were taken, and the dye was extracted
overnight from the tissue and measured in a spectrophotometer at 620
nm. Data represent the mean absorbance at 620 nm 6 SD. (A) Dimin-
ished PMA induced extravasation of Evan’s blue dye by local injection of
35F5, a blocking antibody to IL-1R1. An isotype-matched control anti-
body had no effect. p, P , 0.02 compared with control skin (Student’s t
test).
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issue (33). We successfully generated two independent lines of
transgenic mice that overexpress IL-1R2 in basal epidermis. The
expression of the transgene at the level of protein andmRNAwas
confirmed, and the higher expressing line (T2 20) was selected for
extensive analysis. Keratinocytes derived from transgenic mice
were markedly hyporesponsive to IL-1a in vitro, as evidenced by
their diminished production of GM-CSF. Interestingly, the max-
imal response to IL-1 in the T2 20 cells never approached the
maximal response in nontransgenic cells. This is reminiscent of
recent data reported on IL-1R2 transfected cells (24) and appears
to represent inhibition of the IL-1 response by cell surface as well
as soluble IL-1R2. Consistent with this interpretation, immuno-
precipitation with antibodies to IL-1R2 demonstrated high levels
of both cell-bound and free IL-1R2 in the transgenic keratinocyte
cultures; in contrast, this protein was undetectable in control
keratinocyte cultures. Because of this clear-cut IL-1 inhibitory
activity in vitro, together with RNA and immunohistochemical
findings confirming high level tissue-specific expression of the
transgene in vivo, we felt that the T2 20 mice represented a valid
model to test of the hypothesis that IL-1R2 could function to
inhibit IL-1-mediated cutaneous responses in vivo.
Application of PMA to mouse skin results in an inflamma-

tory reaction characterized acutely by increased vascular per-
meability, epidermal hyperproliferation, and the recruitment
of a mixed leukocytic infiltrate (12, 27, 28). These responses
have been extensively studied, and keratinocyte IL-1a has been
shown to be an important mediator of phorbol ester-induced
effects in mouse skin (27–29). Transgenic mice that express
high levels of the IL-1R1 on basal keratinocytes show exag-
gerated inflammation in response to PMA, also confirming
that IL-1 is strongly induced in epidermis by topical PMA
application (12). Not only are phorbol esters potent inducers
of IL-1amRNA in skin (12, 27, 29), but both acute and delayed
inflammatory effects can be inhibited by in vivo administration

of blocking IL-1a antibodies (27, 28). Furthermore, we have
shown in this study that acute PMA-induced vascular leakage
is inhibited by intradermal injection of anti-IL-1R1 monoclo-
nal antibody (Fig. 6A). Thus, blockade of IL-1, at either the
ligand or the receptor level, results in a diminished cutaneous
response to PMA.
Both immediate and delayed cutaneous responses to PMA

were inhibited in the T2 20 mice as compared with littermate
controls. PMA-induced changes in vascular leakage were
assessed by i.v. injection of Evan’s blue dye. In control animals,
there was marked leakage of dye in skin at the site of PMA
application but not in skin treated with vehicle lacking PMA.
In the T2 20 mice, equivalent applications of PMA were
followed by significantly less extravasation of Evan’s blue dye.
These data are consistent with the interpretation that kerati-
nocyte IL-1R2 is antagonizing the PMA-induced, IL-1-
mediated increase in vascular permeability that occurs 6 h
after PMA application. Presumably, this is occurring at the
level of binding and sequestering newly synthesized andyor
released IL-1a by the transgenically expressed IL-1R2.
More chronic effects of PMA were also inhibited in T2 20

mice; these animals exhibited a highly significant reduction in
ear swelling after repetitive PMA application. Histological
analysis revealed an obvious reduction in both epidermal
hyperplasia and dermal inflammatory cell infiltration that
correlated well with the quantitative ear swelling data. It is
clear from previous studies that the degree of PMA-induced
inflammation is affected by secondary cytokines produced by
keratinocytes (12), so that the mechanism of the chronic
inflammatory inhibition could also be at the level of reduction
of keratinocyte secondary IL-1-inducible cytokine production.
Because of the pleiotropic inflammatory effects of IL-1 and

its ability to activate numerous cell types the necessity for
evolution of mechanisms to control excessive IL-1 activity is

FIG. 6. (A) Ear swelling response to PMA treatment. PMA (1 mg) was applied topically on each side of the ear three times on days 0, 3, and
6. The increase in ear thickness relative to the untreated ear was determined 24 h after each PMA application and reported as the mean 6 SD.
(B) Significant reduction in the magnitude of ear swelling.

Table 1. IL-6 plasma levels

IL-1 stimulation FVB at 3 h T2 20 at 3 h FVB at 5 h T2 20 at 5 h

IL-1a (0.5 mg) 417 6 9.6 408 6 9 396 6 18.6 393 6 15.6
IL-1a (0.05 mg) 45 6 7.7 72 6 10.8 36 6 11.7 39 6 21
IL-1b (0.5 mg) 297 6 126 279 6 75 174 6 46.3 198 6 54
IL-1b (0.05 mg) 45 6 9.9 42 6 7.7 57 6 6 117 6 69

Both FVB and T2 20 animals were injected i.v. with two different doses of IL-1a or IL-1b. IL-6 plasma
levels were determined by ELISA 3 and 5 h after IL injection. No significant difference in IL-6 plasma
levels was found between FVB and T2 20 mice under any of the above conditions. All values are the
mean 6 SD of four animals per group and are expressed as picograms per milliliter.
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easy to understand. The first such mechanism to be identified
was the IL-1 receptor antagonist (4–6, 17, 18), a factor that
exists in at least three alternatively spliced forms and blocks
binding of IL-1 to IL-1R1. Our data, taken together with data
from in vitro systems, would suggest that IL-1R2 clearly fulfills
a similar role. However, whereas IL-1ra competes with IL-1 for
binding to its signaling receptor and thus antagonizes its
actions, IL-1R2 may negatively regulate the IL-1 system by
binding IL-1 and thereby preventing subsequent NF-kB-
mediated signal transduction via IL-1R1 (24). It would make
good biological sense for the principal IL-1-producing cells
(such as macrophages and keratinocytes) to possess both of
these negative regulatory mechanisms to minimize the possi-
bility of unwanted autocrine stimulation. Indeed, this appears
to be the case. An elegant control on this system is evidenced
by the relative inability of IL-1R2 to bind IL-1ra with high
affinity (22). Therefore, the two independent mechanisms of
negative regulation, IL-1ra at the receptor level and IL-1R2 at
the ligand level, appear to inhibit IL-1-mediated events syn-
ergistically (23).
An important feature of our model is that the inhibition of

inflammation was specific for IL-1. Whereas PMA-mediated
inflammation was inhibited, inflammation induced by the im-
mune response to the contact sensitizer oxazolone was not
affected. Although the role of IL-1 in CHS in general remains
controversial, two independent groups have shown that CHS to
oxazolone is independent of the IL-1 axis in IL-1b null mice (30,
32).We therefore chose oxazolone as an IL-1-independentmeans
of inducing inflammation. Our results show consistently that,
unlike PMA-mediated inflammation, oxazolone-induced inflam-
mation was indistinguishable in T2 20 mice and controls. There-
fore, a potential unanticipated benefit of these transgenic mice is
their utility in determining which inflammatory mediators in skin
involve the IL-1 axis and which do not.
Because cytokines are likely to be most important physiolog-

ically in tissue microenvironments, limiting their activity locally
but not systematically would be advantageous to the host. Tissue-
specific inhibition of IL-1 responses may be best achieved by a
molecule such as IL-1R2, which can be expressed on the cell
surface as well as shed into solution. Our data show clearly that
local inhibition of IL-1-mediated responses in T2 20 mice can be
significant in the absence of systemic antagonism of IL-1. IL-6
responses to systematically administered IL-1 were indistinguish-
able in T 220 and control mice. It is likely that sufficiently high
expression of IL-1R2, with attendant shedding from cells in vivo,
would result in systemic leakage of soluble IL-1R2 and systemic
suppression of inflammation. However, our model clearly shows
that there are conditions under which primary cytokine inhibition
can remain localized to skin. Certainly, the converse has been
appreciated for decades; cutaneous inflammation can proceed
without systemic consequences.
Other authors have suggested that anti-inflammatory stimuli,

such as IL-4 and glucocorticosteroids, are principal regulators of
IL-1R2 (19). Although this is certainly the case, we have found
that in keratinocytes, proinflammatory stimuli, such as PMA and
interferon g, are also potent stimuli of IL-1R2 gene expression
(10). Similarly, high levels of IL-1R2 are expressed on basal
keratinocytes in the inflammatory skin disease psoriasis (9). We
interpret these findings as consistent with the idea that IL-1-
mediated inflammation induces IL-1R2 expression as a compen-
satory response to down-regulate the inflammatory process.
Thus, elevated IL-1R2 in psoriasis may represent the “smoking
gun” that implicates prior IL-1-mediated initiation of inflamma-
tion. Patients with psoriasis do not exhibit systemic inhibition of
inflammatory responses occurring outside of skin, despite the
abundance of IL-1R2 in their lesional psoriatic skin. It is likely

that in these patients, the biological rationale for epidermal
IL-1R2 expression is local, not systemic, control of inflammation.
Taken together, our data provide the first conclusive evidence

to our knowledge that IL-1R2 may antagonize IL-1-mediated
events in vivo. That this antagonism is specific for IL-1 and
restricted to tissues in which the IL-1R2 is expressed is also novel.
These activities of the IL-1R2make it attractive as a candidate for
genetically based therapeutic approaches to chronic inflamma-
tion limited to specific tissues. These studies also confirm and
extend the utility of tissue-specific transgenic approaches to
defining the in vivo potential of both pro- and anti-inflammatory
biological response modifiers.
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