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Pathogenic role for skin macrophages
In a mouse model of keratinocyte-induced
psoriasis-like skin inflammation
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Psoriasis is a common skin disease, the pathogenesis of which has not yet been resolved. In mice, epidermis-
specific deletion of inhibitor of NF-kB (IxB) kinase 2 (IKK2) results in a skin phenotype that mimics human
psoriasis in several aspects. Like psoriasis, this skin disease shows pronounced improvement when mice are
treated with a TNF-neutralizing agent. We have found previously that this phenotype does not depend on the
presence of o.f T lymphocytes. In order to evaluate contributions of other immune cell populations to the skin
disease, we selectively eliminated macrophages and granulocytes from the skin of mice with epidermis-spe-
cific deletion of IKK2 (K14-Cre-IKK2f/fl mice). Elimination of skin macrophages by subcutaneous injection
of clodronate liposomes was accompanied by inhibition of granulocyte migration into the skin and resulted
in a dramatic attenuation of psoriasis-like skin changes. The hyperproliferative, inflammatory skin disease
in K14-Cre-IKK2/f1 mice was a direct consequence of the presence of macrophages in the skin, as targeted
deletion of CD18, which prevented accumulation of granulocytes but not macrophages, did notlead to major
changes in the phenotype. Targeted deletion of the receptor for IFN-y revealed that the pathogenesis of the
skin disease does not depend on classical IFN-y-mediated macrophage activation. Our results demonstrate
that in mice epidermal keratinocytes can initiate a hyperproliferative, inflammatory, IFN-y-independent,
psoriasis-like skin disease whose development requires essential contributions from skin macrophages but

not from granulocytes or oy T lymphocytes.

Introduction

The term psoriasis designates a heterogeneous group of chronic
inflammatory disorders that are characterized by a typical mor-
phological and histopathological pattern of skin abnormalities.
The most specific histopathological changes that distinguish pso-
riasis from other inflammatory skin diseases are dramatic hyper-
plasia of the epidermis (acanthosis) with loss of the granular layer,
thickening of the cornified layer (hyperkeratosis) and incomplete
keratinocyte differentiation (parakeratosis), the presence of aggre-
gates of neutrophile granulocytes in the epidermis (spongiform
pustules of Kogoj and microabscesses of Munroe), and increased
vascularity in the dermis (1). These criteria have also been used
to characterize the phenotypes of the naturally occurring mouse
mutant fsn/fsn (2, 3) and mice with engineered alterations of
immune cell populations (4) as well as modified expression of
cytokines (5), cell surface receptors (6-8), or signaling molecules
(9, 10). Skin phenotypes that met these criteria were consequently
termed psoriasis or psoriasiform or psoriasis-like skin disease (reviewed
in ref. 11). In spite of the generation and analysis of these differ-
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ent mouse models, a common pathogenic pathway for psoriasis
has not yet been established. Following clinical observations of
improvement under cyclosporin A treatment (12) or depletion of
activated T cells (13) and subsequent xenogenic transplantation
studies in the chronic plaque type variant of the disease (14-16),
psoriasis is today widely believed to have a T lymphocyte-medi-
ated autoimmune pathogenesis (reviewed in ref. 17). However, the
mechanisms that recruit T cells into the skin or lead to their local
expansion have not yet been identified. So far contributions of
other cell types to the pathogenesis of psoriatic skin changes have
not been sufficiently explored.

We have recently described the phenotype of mice with keratino-
cyte-specific deletion of inhibitor of NF-kB (IkB) kinase 2 (IKK2; a
component of the IkB kinase complex that is required for NF-xB
activation by proinflammatory signals), which were homozygous
for a floxed (fl) IKK2 allele and expressed Cre recombinase under
the control of the keratin 14 (K14) promoter (K14-Cre-IKK2/f
mice) (18). Epidermis-specific deletion of IKK2 resulted in an
inflammatory, hyperproliferative skin phenotype in vivo, which
developed a few days after birth. On inspection, the mice exhib-
ited cutaneous inflammation and thickened, inflexible skin with
confluent, flaky patches all over the skin surface after P4. Histo-
logical analysis revealed that these skin changes met all the criteria
for psoriasis-like skin disease: we found a hyperplastic epidermis
with loss of the granular layer and focal parakeratosis, infiltration
of the dermis with macrophages, T cells, mast cells, and granu-
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locytes, with the latter also invading the epidermis and forming
microabscesses. In addition, we observed increased vascularity in
the dermis and elevated levels of cytokines (IL-1f and TNF). We
also showed that the pathogenesis of this psoriasis-like skin dis-
ease did not require aff T cells, but was dependent on the presence
of TNF receptor I (TNFR-I) (18). Although we do not know at pres-
ent whether the release of TNFR-Iligands is restricted to a particu-
lar cell type in K14-Cre-IKK2%/ mice, our previous results suggest
that immune cell populations in the dermis, but not epidermal
keratinocytes, are the source of TNF (18). Keratinocytes, on the
other hand, show non-cell-autonomous production of the proin-
flammatory cytokine IL-1f in early stages of disease development.
In order to identify mechanisms relevant to the pathogenesis of
the observed inflammatory skin disease, we set out to investigate
the pathogenic roles of inflammatory cells and mediators.

Upon injection into the blood or solid tissues of mice, includ-
ing skin, liposome-encapsulated bisphosphonate (clodronate)
is phagocytosed by resident macrophages and accumulates
intracellularly, thus leading to their elimination by apoptosis
(19, 20). Since these liposomes are not internalized by non-
phagocytic cells (19) or by granulocytes (21), they specifically
act on macrophages and dendritic cell populations capable of
phagocytosis. It has been shown that dermal T cells, neutrophils,
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Figure 1

Improvement of psoriasis-like skin disease in K14-Cre-IKK2" mice by
administration of huTNFR:Fc. Light microscopic and confocal images
of paraffin-embedded skin sections (H&E, K14, K10, and loricrin [Lor])
and confocal images of cryostat skin sections (CD3, GR-1, F4/80)
obtained at P7 from K14-Cre-IKK2% mice injected with 20 ug per
mouse of huTNFR:Fc (left panels) or human IgG (right panels). Top
2 panels are stained with H&E. For immunostainings, indicated mark-
ers are stained green, and nuclei are stained red. Scale bar: 100 um
(H&E); 40 um (immunostaining).

mast cells, and Langerhans cells are not depleted by clodronate
liposome treatment (22). Clodronate itself is nontoxic and in its
free form is widely used as a drug for the treatment of malignant
hypercalcemia and painful bone metastases. Although clodro-
nate-mediated macrophage depletion is not absolutely specific,
this is an accepted and widely used method to address macro-
phage functions in mice.

Cell-matrix and cell-cell interactions are essential for the migra-
tion of granulocytes to sites of tissue inflammation. On their sur-
faces, granulocytes express different isoforms of CD11 and CD18,
which form heterodimeric adhesion receptors that mediate these
adhesive contacts. Adhesion is disrupted by deletion of CD18, the
[, integrin chain. Mice deficient for CD18 have been reported previ-
ously to be defective for granulocyte migration into areas of organ
inflammation (23). Here we show an essential role for skin macro-
phages in the development of the psoriasis-like hyperproliferative,
inflammatory skin disease of K14-Cre-IKK2%/f mice. Furthermore,
CD18-mediated migration of granulocytes into the skin, and the
presence of IFN-y receptor, are dispensable for this phenotype.

Results
Using genetic approaches, we have shown previously that the pso-
riasis-like skin phenotype in K14-Cre-IKK2%/f mice is dependent
on the presence of TNFR-I but does not require aff T lymphocytes
(18). We therefore hypothesized that the skin condition should
be amenable to treatment with TNF-neutralizing agents, which
are also successfully used to treat psoriasis in humans. K14-Cre-
IKK2%/1 mice were injected with a recombinant fusion protein con-
sisting of TNFR-I and the Fc part of human IgG (huTNFR:Fc). We
administered huTNFR:Fc at 20 ug/d subcutaneously from P1 until
P7. Three different litters, containing a total of 7 K14-Cre-IKK2/f1
mice and 19 control mice, were treated with huTNFR:Fc. Another
group of K14-Cre-IKK2%/f mice and control mice was left untreated
(>10 litters), and a third was treated with human IgG at 20 ug/d
(1 licter containing 2 K14-Cre-IKK2%/f mice and 8 control mice).
Macroscopically, treatment with huTNFR:Fc greatly suppressed
thickening and scaling of the skin. Histopathological investigation
at P7 revealed that the skin changes observed in huTNFR:Fe-treated
K14-Cre-IKK2/f mice were much less pronounced than those in
untreated K14-Cre-IKK2f/% mice or in K14-Cre-IKK2/f mice treated
with human IgG: the skin was thinner, its structure was close to nor-
mal, in mostareas K14 expression was confined to the basal epidermal
layer, K10 and loricrin were present in the epidermis, and the invasion
of inflammatory cells into the skin was suppressed (Figure 1). These
results show that treatment with the TNF-neutralizing huTNFRFe,
but not with normal human IgG, can suppress the psoriasis-like
phenotype in the skin of K14-Cre-IKK2%/f mice. We conclude that
the psoriasis-like skin condition in K14-Cre-IKK2f/fl mice, like
human psoriasis, responds to anti-TNF treatment.
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Figure 2

Characterization of macrophages and dendritic cells in the skin of K14-Cre-IKK2Mf
mice. Confocal images of immunostainings of skin of untreated (B, D, F, H, J, K-M, P,
and Q) or clodronate liposome—treated (R) K14-Cre-IKK2" mice and of control mice
(A, C, E, G, |, N, and O) with antibodies against CD11b (A and B), CD14 (C and D),
CD206 (E and F), CD83 (G and H), CD16/32 (1 and J), and F4/80 (L and M). Respective
markers are stained green; nuclei are stained red. C and D show unspecific staining
of sebaceous glands due to the use of streptavidin-coupled fluorochrome for detection
of biotinylated primary antibodies. (K) Double staining with antibodies against CD83
(green) and CD80 (red). (L and M) F4/80-positive epithelium-lining macrophages in a
developing lesion at P4 (L) and in a fully developed lesion at P7 (M). (N-R) Staining
with mPDCA-1 antibody (green). Nuclei are stained red. N and P show upper dermis; O,
Q, and R show deep dermis and subcutis. Scale bars: 40 um (A—M); 80 um (N-R).

Previous histological and immunohistological analysis of the
skin of K14-Cre-IKK2//fl mice showed massive accumulation of
macrophages (F4/80-positive) and granulocytes (GR-1-positive)
as well as an increase in the numbers of mast cells in the skin of
these mice. We also showed that these immune cells expressed
TNF (18). We therefore set out to systematically investigate the
2096
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contributions of the individual immune cell pop-
ulations to the psoriasis-like phenotype.

Examination of more than 100 skin sections
of more than 20 different K14-Cre-IKK2%/fl mice
revealed that F4/80-positive macrophages often
accumulated directly at the interface between
epidermis and dermis (Figure 2, L and M). This is
reminiscent of a population of “epithelium-lining
macrophages” that has been described in psoriatic
skin but also in other inflammatory skin condi-
tions (24, 25). Psoriatic skin has also been shown
to contain a mixture of classically and alternatively
activated macrophages as well as dendritic cells
with different degrees of maturation (26). In order
to further characterize the inflammatory infiltrate,
we carried out immunostainings of skin sections
of at least 3 different control mice and K14-Cre-
IKK2%/ mice each with antibodies against CD11b,
CD14, CD16/32, CD206 (mannose receptor),
CD83, and CD80 as well as murine plasmacytoid
dendritic cell antibody 1 (mPDCA-1), an antibody
recognizing plasmacytoid dendritic cells. Macro-
phages in the dermis of K14-Cre-IKK2{/fl mice
stained positive for F4/80, CD11b, and CD206
and partly positive for CD16/32 (Figure 2). CD14
expression was more restricted but was clearly pos-
itive in the infiltrate, particularly in cells with mac-
rophage morphology that lined up at the dermal
side of the epidermal/dermal interface (Figure 2D).
Interestingly, CD83 — which is present in the cyto-
plasm of macrophages and is exposed on the sur-
face of myeloid dendritic cells (27) — was expressed
by a large number of macrophages and showed a
gradient-like expression pattern: macrophages at
the epidermal/dermal interface showed strong
expression that diminished toward the deeper der-
mis (Figure 2H). CD80 was expressed by few cells in
the deeper dermis, which also stained positive for
CD83 (Figure 2K). Cells with dendritic morphol-
ogy staining positive with mPDCA-1 were found
in skin of both K14-Cre-IKK2%/f mice and control
mice at a similar frequency. They were located in
the vicinity of hair follicles in the deep dermis and
subcutis but not in the upper dermis (Figure 2,
N-Q). To test a causal involvement of both mac-
rophages and granulocytes in the pathogenesis
of the psoriasis-like skin phenotype, we set out to
separately eliminate these immune cell popula-
tions from the skin of K14-Cre-IKK2/f mice.

We reduced macrophage numbers in the skin of
12 K14-Cre-IKK2/f mice from 6 different litters
by injecting clodronate liposomes subcutaneous-
ly into the upper back. As controls we injected 7
K14-Cre-IKK2/f mice with PBS-containing lipo-
somes (control liposomes). Mice were treated every day starting
at P4 (after appearance of the first signs of the phenotype). In all
mice analyzed, injection of clodronate liposomes, but not control
liposomes, resulted in a dramatic decrease in the number of mac-
rophages in the dermis of the injected upper back skin (Figure 3,
center panels, and Supplemental Figure 1; supplemental mate-
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rial available online with this article; doi:10.1172/JC127179DS1)
and a pronounced reduction of the hyperproliferative, inflamma-
tory skin phenotype. Acanthosis and hyperkeratosis were greatly
reduced, there was no parakeratosis, and the granular layer was
clearly visible (Figure 3, top panels). In addition, the inflamma-
tory cell infiltrate was less dense compared with control liposome-
injected mice. mPDCA-1-positive cells were detected in the dermis
after injection of clodronate liposomes (Figure 2R). Skin areas of
the neck and lower back in mice that were not injected with clo-
dronate liposomes showed signs of the phenotype, although these
seemed to be milder than in mice injected with control liposomes
(Supplemental Figure 1 and data not shown). Immunostaining
with an antibody against phosphorylated STAT3 revealed that
in epidermal keratinocytes of the psoriasis-like skin of K14-Cre-
IKK2/f mice, the level of STAT3 phosphorylation was strongly
upregulated (data not shown). Treatment with clodronate lipo-
somes, but not control liposomes, reduced this phosphorylation
dramatically (Figure 3, bottom panels).

We carried out immunostainings for differentiation specific
markers in order to analyze the degree of disturbance of terminal
keratinocyte differentiation. Whereas staining for K14 was still
enhanced in the suprabasal epidermal compartment, expression
of K10 and the late differentiation markers loricrin and filaggrin
were restored to normal in clodronate liposome-injected mice
compared with control liposome-injected mice (Figure 4). To ana-
lyze the composition of the inflammatory cell infiltrate, we stained
skin sections with antibodies against different immune cell mark-
ers. Immunostaining against GR-1 and CD3 revealed that numbers
of granulocytes and dermal T lymphocytes were decreased in the
skin of clodronate liposome-injected animals compared with those
injected with control liposome (Figure 4). This shows that the pres-
ence of macrophages is required for the accumulation of granulo-
cytes and T lymphocytes in the skin of K14-Cre-IKK2%/f mice.
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Figure 3

Improvement of the psoriasis-like skin phenotype after injection
of clodronate liposomes. Light microscopic images of paraffin-
embedded skin sections (top 3 panels) and confocal images
of cryostat skin sections (bottom 6 panels) from control mice
and K14-Cre-IKK2% mice with clodronate or control liposomes
injected as indicated. Control mice were not injected. Sections
in the upper panels are stained H&E. Immunostainings in the
middle and lower panels are against F4/80 and phosphorylated
STAT3 (Phospho-STATS3), respectively (green). Nuclei are
shown in red. White dotted line indicates the position of the
epidermal basement membrane. Scale bar: 100 mm (H&E);
40 um (immunostaining).

Phospho-STATé

Since elimination of skin macrophages prevented both the accu-
mulation of granulocytes and T cells and the development of the
psoriasis-like skin condition, it was unclear whether the improve-
ment of the skin disease was a direct consequence of macrophage
depletion or the result of inhibited granulocyte and T cell migration
or expansion. We have previously excluded a pathogenic role for T
cells (18). Massive mobilization of granulocytes from the bone mar-
row was demonstrated by our results of white blood cell counting:
there was an elevated number of circulating granulocytes with a rel-
ative increase in stab cells (deviation to the left) in K14-Cre-IKK2/f
mice compared with controls (Figure 5A). We therefore set out to
investigate whether granulocytes are required for disease develop-
ment by inhibiting their migration into the skin. This was achieved
through targeted deletion of CD18, the f3, integrin subunit, from
K14-Cre-IKK2%/f mice by breeding them with mice with targeted
deletion of CD18 (28). CD18-deficient K14-Cre-IKK2%/f mice
(CD187/- K14-Cre-IKK2%/M mice) developed a skin phenotype simi-
lar to that of K14-Cre-IKK2%/ mice homozygous or heterozygous
for the WT CD18 allele (CD18*/* or CD18*/- K14-Cre-IKK2/fl
mice). Histochemical chloracetate esterase staining revealed that
homozygous, but not heterozygous, deletion of CD18 resulted
in the absence of granulocytes from the skin of the affected mice
(Figure 5, B and C). Counting of granulocyte numbers in histological
skin sections of 8 CD187/~ K14-Cre-IKK2/f mice and 6 CD18"/* or
CD18"/- K14-Cre-IKK2%/ mice showed almost complete absence of
granulocytesin the skin of CD187/- K14-Cre-IKK2%/Mmice (Figure SD).
Absence of granulocytes was also confirmed by staining with anti-
GR-1 antibody (data not shown).

Histological examination of skin sections of 8 mice revealed
that, although granulocytes were not present, the major features
of the psoriasis-like skin disease were retained in CD187/- K14-
Cre-IKK2%/M mice: there was pronounced acanthosis along with
hyper- and parakeratosis and loss of the granular layer in most
Volume 116 2097
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Figure 4

Injection of clodronate liposomes normalizes epidermal differentiation and prevents
migration of immune cells. Immunostainings of paraffin-embedded skin sections
with antibodies against the epidermal differentiation markers K14, K10, loricrin, and
filaggrin (Fil) or of frozen skin with antibodies against the immune cell markers GR-1
for granulocytes and CD3 for T lymphocytes. Skin samples were obtained at P7
from K14-Cre-IKK2"" mice injected with control liposomes (left panels), clodronate
liposomes (center panels), from uninjected control mice (right panels). Indicated
markers are stained green, and nuclei are stained red. Scale bar: 40 um.

parts of the epidermis (Figure 6, top panels). Analysis of expres-
sion of K14, K10, and filaggrin showed no major differences
among K14-Cre-IKK2//f mice, CD18%/- K14-Cre-IKK2%/f mice,
and CD187/- K14-Cre-IKK2%/f mice (Figure 6). Inmunostaining
against F4/80 and CD3 revealed that macrophages and T lympho-
cytes were present at similar densities in the dermis of CD187/~
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K14-Cre-IKK2/fl mice and CD18*/- K14-Cre-IKK2f/fl
mice (Figure 7). In addition, phosphorylated STAT3
was detectable at similar levels in the epidermis of
CD187/- K14-Cre-IKK2f/fl mice and CD18*/- K14-Cre-
IKK2%/f mice (Figure 7, bottom panels).

We conclude that the migration of granulocytes into
the skin observed in K14-Cre-IKK2%/f mice depends on
the presence of elevated numbers of skin macrophages
butis not required for the development of the psoriasis-
like skin disease in these mice.

In order to correlate the increase in mast cell num-
bers with the development of the skin phenotype over
the course of time, we compared numbers of skin mast
cells between K14-Cre-IKK2f/f mice and control mice at
different time points prior to the onset of visible phe-
notypic changes at PS. There was no difference in mast
cell numbers at P1-P3. At P4 skin mast cell numbers in
K14-Cre-IKK2/f mice started to exceed those of con-
trols; this difference progressed until PS (Supplemental
Figure 1). To analyze whether treatment with clodronate
liposomes had an effect on mast cell numbers, we count-
ed mast cells in the skin of 7 clodronate liposome- and 6
control liposome-treated as well as 5 untreated K14-Cre-
IKK2%/M mice and in the skin of S Cre-negative IKK21/f1
or IKK2/* mice as controls. Ten fields per mouse were
counted. Mast cell numbers were as follows (no. mast
cells/field + SD): untreated K14-Cre-IKK2/fl mice,
20.1 + 5.5; control liposome-treated K14-Cre-IKK2/f!
mice, 19.0 + 5.1; clodronate liposome-treated K14-Cre-
IKK2/f mice, 9.9 + 3; control mice, 8.2 + 3. These results
show that mast cells are not depleted by clodronate lipo-
somes and that their numbers correlate with the severity
of the phenotype. The time course of mast cell accumu-
lation in the skin suggests that mast cells do not have
a causal function in the initiation of the inflammatory
phenotype, since their numbers only increase when vis-
ible phenotypic changes are already present.

Since increased numbers of skin macrophages seemed
to be critical for the pathogenesis of the psoriasis-like skin
disease of K14-Cre-IKK2%/f mice, we sought an approach
to identify early events in the course of the condition
that could be relevant to macrophage accumulation in
the skin and to the pathogenesis of the condition. We
therefore carried out gene expression analysis in the skin
of K14-Cre-IKK2/ mice and control mice at P2 and P3,
prior to macroscopically or histologically detectable skin
changes. RNA was extracted from the skin of 1 K14-Cre-
IKK2f mouse and 1 control mouse each at P2 and P3 and
subjected to Affymetrix gene chip analysis. Skin samples
from K14-Cre-IKK2%/M mice showed upregulated expres-
sion of several genes encoding different proteins that
are highly susceptible to regulation by IFN-y (Table 1).
Expression of these proteins was increased from P2 to
P3. In order to confirm upregulation of expression
of IFN-inducible GTP-binding protein (IIGP), we performed
immunostaining in skin sections of K14-Cre-IKK2%/f mice at day 7.
These stainings showed increased expression of IIGP in dermal cells
in K14-Cre-IKK2%/f mice compared with controls (data not shown).
Our data indicate an early presence at P2/P3 of IFN-y-mediated
signals in the skin of K14-Cre-IKK2%/f mice.
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TNF and IFN-y are known as the 2 cardinal stimulators of clas-
sical macrophage activation (29). We have previously shown that
the inflammatory skin phenotype in K14-Cre-IKK2%/f mice is
dependent on the presence of both skin macrophages and TNFR-I
(18). Our present study revealed evidence for the activity of IFN-y-
dependent gene regulatory pathways, which are also known to be
essential for classical macrophage activation, during the initial
stages of disease development. We therefore asked whether IFN-y
receptor-mediated signals are required for the development of the
skin disease. To address this question we crossed K14-Cre-IKK2/f
mice to mice deficient for the IFN-y receptor (IFN-yR/- K14-Cre-
IKK2Yf mice; n = 4) (30). The mice developed a skin phenotype sim-
ilar to that of K14-Cre-IKK2{/fl mice. Unlike in K14-Cre-IKK2/f
mice, however, macroscopic skin changes were detectable only 2
days later in IFN-yR-/~ K14-Cre-IKK2//f mice. Histological exami-
nation and immunostainings of skin sections of 4 IFN-yR/- K14-
Cre-IKK2/f mice with antibodies against differentiation mark-
ers and immune cell populations revealed no major differences
between the skin changes of IFN-yR~/- K14-Cre-IKK2%/f mice and
K14-Cre-IKK2%/® mice (Figure 8). We conclude that the presence
of IFN-y receptor may accelerate the onset of the psoriasis-like
inflammatory skin disease in K14-Cre-IKK2%/f mice but is not
essential for it to develop.

Discussion

Although aff T lymphocytes are dispensable for inflammation
and hyperproliferation in the skin of K14-Cre-IKK2%/f mice, the
phenotype of these mice shows many features of psoriasis-like
skin disease. While there is no evidence to date that justifies direct
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Figure 5

Targeted deletion of CD18 prevents granulocyte migration into the skin
of K14-Cre-IKK2 mice. (A) Results of white blood cell counting from
blood smears of 3 K14-Cre-IKK2 mice and 2 control mice. Note rela-
tive increase in numbers of neutrophils (stabs and polymorphonuclear
granulocytes) and relative decrease in numbers of lymphocytes. (B
and C) Light microscopic images of chloroacetate esterase—stained,
paraffin-embedded skin sections from CD18+~ K14-Cre-IKK2%" mice
(B) and CD18-~ K14-Cre-IKK2 mice (C). Granulocytes are stained
red (arrow). Scale bar: 50 um. (D) Results of counting of chloroacetate
esterase—positive granulocytes in skin sections from 8 CD18-- K14-
Cre-IKK2" mice and 6 CD18+* or CD18+~ K14-Cre-IKK2"f mice. Bars
represent means of 10 fields for each mouse + SD.

application of pathogenic mechanisms that lead to hyperprolifera-
tive, inflammatory skin disease in mice to the human system, we
believe that these mice are useful to explore basic mechanisms rele-
vant for the development of such conditions in general. In order to
evaluate the significance of our findings for humans, other models
of psoriasis will have to be considered.

Several researchers have assigned a critical role in the pathogen-
esis of psoriasis to T lymphocytes (reviewed in refs. 17,31, 32), and
T cells have been shown to play a crucial role in the development
of psoriasis-like skin changes in mouse models (for example, see
ref. 22). The identity of the immune cell populations that are able
to induce psoriasis in humans has, however, not been fully clari-
fied (14), and human psoriasis is still defined by clinical and histo-
pathological criteria, the murine correlates of which we have found
in the skin of K14-Cre-IKK2%/M mice (18). The recently described
psoriasis-like skin phenotype of mice with inducible skin-specific
deletion of JunB/c-Jun (10) provides evidence for a role of T cells
as amplifiers of an inflammatory skin reaction that has been initi-
ated in epidermal keratinocytes. These data and our own results
have been obtained in genetically modified mice and can therefore
not be applied directly in parallel to the human system. They are,
however, suited to feed speculations doubting an absolute require-
ment for T cells in the pathogenesis of psoriasis (32).

The initiating event for the onset of the psoriasis-like skin dis-
ease in K14-Cre-IKK2%/f mice is the targeted elimination of the
ikk2 gene from epidermal keratinocytes. Earlier studies employ-
ing targeted deletion or misexpression of proteins in the epider-
mal layer of the skin have shown that gain- or loss-of-function
mutations in keratinocytes can trigger similar, psoriasis-like
phenotypes (6, 7, 9, 10, 33). Although the skin phenotype of the
K14-Cre-IKK2%/f mice depends on the presence in the dermis
of cofactors and immune cells with proinflammatory activity,
comparable to human psoriasis, the single key event that triggers
the cascade finally leading to the observed phenotype occurs in
epidermal keratinocytes and not in the invading immune cells.
In this respect, our model bears similarities to transgenic mice
expressing constitutively activated Stat3 in epidermal keratino-
cytes (9). In this model, expression of the psoriatic phenotype in
grafted skin was achieved when, in addition to forced epidermal
Stat3 activation, activated T cells were injected into the dermis.
While this points to a role of T cells in the pathogenesis, potential
contributions of other immune cell populations have not yet been
investigated, and it therefore remains unclear whether there is an
absolute requirement for T cells in the development of the pso-
riatic phenotype in K5.Stat3C mice. For K14-Cre-IKK2%/f mice
we have shown that macrophages, but not aff T cells or granulo-
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cytes, are an essential component of the inflammatory equipage
required for the development of this psoriasis-like skin disease.
Previous studies in psoriatic human skin have described a subset
of skin macrophages that migrate to the dermal/epidermal border
where they communicate with epidermal keratinocytes, terming
these cells epithelium-lining macrophages (24, 34). In K14-Cre-IKK2/f1
mice we have observed a similar phenomenon: spindle-shaped
macrophages that partly expressed CD14 accumulated directly
beneath the epidermal basement membrane. Interestingly, these
cells showed positive staining for CD83, an Ig-like adhesion recep-
tor that is present on the surface of monocyte-derived dendritic
cells but is already synthesized in monocytes/macrophages (27).
CD83-positive cells have also been described in the upper dermis
of psoriatic skin (35), and there is a strong inverse correlation
between the number of these cells and disease activity in Efalizam-
ab-treated psoriatic individuals (36). The strong expression of this
marker near the epidermal/dermal interface in K14-Cre-IKK2/f
mice may indicate the presence of factors that drive macrophage
differentiation toward this dendritic cell population. Attenua-
tion of the skin phenotype after injection of clodronate liposomes
demonstrated that in our mice, macrophages were necessary for
the psoriasis-like skin disease to develop. It is possible that their
depletion in the skin eliminates a cell pool that normally serves
as a source of more highly differentiated effector cells like CD83-
2100
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Figure 6

Elimination of granulocytes from the
skin of K14-Cre-IKK2/l mice does
not prevent the development of the
psoriasis-like skin disease. Light
microscopical (top 4 panels) and
confocal images (bottom 12 panels)
of paraffin-embedded skin sections
obtained from mice of the indicated
genotypes at P7. For immunostain-
ings, indicated markers are stained
green, and nuclei are stained red.
Scale bars: 100 um (H&E); 40 um
(immunostaining).

Control

positive dendritic cells. We previously knew very little about the
functional role of macrophages in the initiation and perpetua-
tion of inflammatory skin reactions. A pathogenic role for macro-
phages has, however, also been suggested in a model of irritant der-
matitis (37) and in a T cell-dependent mouse model of psoriasis
(22), making it conceivable that these cells have a broad function
in the pathogenesis of skin inflammation and psoriasis. The fact
that a targeted mutation in epidermal keratinocytes resulted in an
inflammatory skin reaction that critically involved macrophages,
but not af T lymphocytes, shows that antigen presentation is not
the only function by which macrophages or macrophage-derived
cells can contribute to inflammatory skin conditions.

TNF and IFN-y are the two most important signals for classical
macrophage activation (29). Since we had observed upregulation
of IFN-y target proteins in the skin prior to the onset of pheno-
typic changes on one hand and a dependence of the skin pheno-
type on macrophage accumulation as well as on TNF-mediated
signals on the other, we tested whether IFN-y-derived signal-
ing played a pathogenic role in the psoriasis-like skin disease of
K14-Cre-IKK2%/f mice. The failure to respond to IFN-y receptor
deletion indicates that in our setting TNF is more important
than IFN-y for the induction of skin inflammation. With respect
to the role of TNF in macrophage activation it is interesting that
in TNFR-I-deficient transgenic mice expressing the IxBa super-
Number 8
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repressor in the epidermis, selective reconstitution of TNFR-I-
positive bone marrow-derived cells was not sufficient to recreate
the inflammatory-hyperproliferative phenotype (38). This shows
that in this context reception of TNFR-I-mediated signals by
non-bone marrow-derived cells is critical for the development
of the phenotype. Furthermore, our results may suggest that
skin macrophage activation in K14-Cre-IKK2%/f mice does not
proceed by the classical mechanisms of macrophage stimulation,
which rely on both TNF and IFN-y. This is also supported by
our finding that the skin of K14-Cre-IKK2%/f mice, like human
psoriatic skin, contains macrophages that carry both classical
and alternative activation markers. Interestingly, and similar
to human psoriasis, TNF is also crucial for the development
of the psoriasis-like skin disease in CD18 hypomorphic mice
(22). While the source of TNF in K14-Cre-IKK2/fl mice remains
unclear at the moment, epidermal keratinocytes are not likely to
be responsible for the release of pathogenic TNF, as suggested
by our previous studies (18) and by skin grafting experiments
from TNF-deficient mice with targeted deletion of RelA/c-Rel
onto Rag”/ mice, in which grafts developed a hyperproliferative,
inflammatory phenotype in the absence of donor keratinocyte-
derived TNF (39). Since macrophages have been identified previ-
ously as a major source of TNF in skin (40), they are also likely
to produce pathogenic TNF in the skin of K14-Cre-IKK2/f1
mice. In this context it is interesting that an antibody against
the p40 subunit of IL-12, which it shares with IL-23, has been
shown to improve psoriasis when given systemically (41). IL-12
is produced by macrophages and can stimulate the production
of IFN-y in an autocrine fashion (42); IL- 23 is known to be
produced by keratinocytes in psoriatic lesions (43, 44) and can
directly activate macrophages (45). In addition, treatment with
IL-11 or IL-4, both of which inhibit TNF production in activated
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Figure 7

Elimination of granulocytes from the skin of K14-Cre-IKK2 mice does
not suppress inflammation. Confocal images of frozen skin sections
from CD18~- K14-Cre-IKK2/ mice (left panels) and CD18+- K14-Cre-
IKK2% mice (right panels) immunostained for the indicated immune
cell markers and phosphorylated STAT3 (green). Nuclei are stained
red. White dotted lines indicate the position of the epidermal basement
membrane. Scale bar: 40 um.

macrophages (46, 47), leads to improvement of the skin disease
in psoriatic individuals (48, 49).

Although the migration of granulocytes into the skin and the for-
mation of microabscesses are prominent features of psoriasis, their
absence from the skin does not lead to clearance or major improve-
ment of the psoriasis-like skin disease in K14-Cre-IKK2%/f mice.
This seems surprising considering the large number of granulocytes
found in affected skin and previous observations in the flaky skin
mouse (fsn/fsn) model, in which antibody-mediated depletion of
granulocytes resulted in a dramatic reduction of the hyperprolifera-
tive skin phenotype (50). It is noteworthy, however, that even in flaky
skin mice elimination of granulocytes from the skin did not suppress
disease activity completely. This indicates that the driving force of
the pathogenic process is independent of granulocyte presence in
the skin. Inhibition of granulocyte migration into the skin therefore
does not appear to be a promising therapeutic target in psoriasis.

The question of whether macrophage accumulation is a direct
consequence of altered signal transduction in epidermal kera-
tinocytes or whether it is mediated by other resident skin cell
types must remain open at the moment but will be the subject
of further investigations. While it is possible that there is direct
exchange of information between epidermal keratinocytes and
skin macrophages in K14-Cre-IKK2/f mice, the exact substrate
of this communication has yet to be identified. In an alternative
scenario, other resident skin cells (fibroblasts, endothelial cells,

Table 1
Induction of IFN-regulated proteins in the skin of K14-Cre-IKK21
mice at P2 and P3

Fold induction

IFN-inducible protein P2 P3
[IGP 5.3 17.1
IGTP 0 4.6
GTPI 0 53
IFN-activated gene 202 0 171
IFN-activated gene 204 0 4.3
IFN-induced protein with tetratricopeptide repeats 2 0 30
IFN-induced protein with tetratricopeptide repeats 1 0 15
TGTP 2.6 78.8
MG 11 0 5.6
LRG-47 0 12.1
IFN-induced 15-kDa protein 0 3

IRF-1 0 2.1
IFN-dependent positive acting transcription factor3y 0 2.1

Results of Affymetrix gene chip analysis. mRNA levels were compared
between skin of K14-Cre-IKK2 mice and of sex-matched controls from
the same litter. Induction by a factor of 2 or higher was regarded as a
significant change. IGTP, inducibly expressed GTPase; GTPI, IFN-
inducible GTPase 2; TGTP, T cell-specific GTP binding protein; MG 11,
IFN-y—inducible protein Mg11; IRF-1, IFN regulatory factor-1.
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or others) could receive the keratinocyte-derived signal and pass
it on either directly to macrophages or to an additional popu-
lation involved. All resident skin cells express TNFR-I, which
enables them to receive TNF-mediated signals from neighbor-
ing cells of the same or of a different skin compartment, and
these cells could therefore participate in the development of
the inflammatory skin condition. In psoriasis, there is evidence
for the pathogenic relevance of several different cell types that
normally occur in skin: keratinocytes (6, 7), fibroblasts (51, 52),
monocyte-derived immunocytes (14, 53), T cells (4, 16), and mast
2102
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Figure 8

Targeted deletion of IFN-y receptor does not prevent the
development of the psoriasis-like skin disease in K14-Cre-
IKK2%f mice. Light microscopic and confocal images of
paraffin-embedded skin sections (H&E, K14, K10, loricrin,
and filaggrin) and confocal images of cryostat skin sections
(F4/80) obtained at P7 from K14-Cre-IKK2% mice, IFN-yR--
K14-Cre-IKK21 mice, and control mice. Top 3 panel are
stained with H&E. Forimmunostainings, indicated markers are
stained green, and nuclei are stained red. Scale bar: 100 um
(H&E); 40 um (immunostaining).

cells (54, 55). It is therefore possible that psoriasis is the outcome
of aberrantly activated mechanisms of host defense or tissue
repair that do not necessarily depend on one single cell type but
can involve a variety of different cell populations, for example
macrophages. This would provide a possible explanation for the
great heterogeneity of psoriasis patients regarding their treat-
ment susceptibility. In this context it appears interesting that a
treatment strategy targeting a pleiotropic key mediator like TNF
has proven more efficient than an approach that targets a single,
potentially pathogenic cell type (56-60).
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Methods

Reagents. Clodronate- and PBS-loaded liposomes were prepared as described
previously (61). Clodronate was a gift of Roche Diagnostics GmbH. Phos-
phatidylcholine (LIPOID E PC) was obtained from Lipoid. All other
reagents were purchased from Sigma-Aldrich unless indicated otherwise.

Origin and treatment of mice. Animal studies were approved by the Dis-
trict Government of Cologne (Cologne, Germany). We used mice that were
homozygous for a loxP site-flanked IKK2 allele and expressed Cre recom-
binase under the control of the K14 promoter (K14-Cre-IKK2%/f mice) (18).
Mice were backcrossed to the C57BL/6 genetic background for at least 5
generations. All of the mice developed a rapidly progressing inflammatory
skin disease at P4 (18). As controls, we used mice harboring 0-1 floxed
IKK2 alleles that expressed Cre recombinase under the control of the K14
promoter and mice with 1-2 floxed IKK2 alleles that did not express Cre
recombinase. These mice had normal skin (18). Mice with floxed IKK2
alleles and mice with K14-Cre expression were bred into CD18- and IFN-y
receptor-negative backgrounds (28, 30) to generate mice with epidermis-
specific deletion of IKK2 and complete deletion of either CD18 or IFN-y
receptor (CD187/- K14-Cre-IKK2%/M mice and IFN-yR7/~ K14-Cre-IKK2/11
mice, respectively). IEN-y receptor-negative mice were obtained from The
Jackson Laboratory (strain B6.129S7-Ifngr1tm1Agt/J).

K14-Cre-IKK2/1 mice and control mice were left untreated or were subcu-
taneously injected into the upper part of their back. In order to deplete skin
macrophages we injected 100 ul of clodronate encapsulated in liposomes (clo-
dronate liposomes) or PBS-containing liposomes without clodronate (control
liposomes) every other day into the back skin of newborn K14-Cre-IKK21/1
mice and control mice, beginning at P4 and continuing until P7 or P8.

In order to neutralize TNF we used a huTNFR:Fc chimeric molecule
(kindly provided by J. Peschon, Amgen, Seattle, Washington, USA), which
consists of the extracellular domain of the human p75 TNF receptor and
the Fc fragment of human IgG and is already in clinical use for the therapy
of arthritis and psoriasis.

Genoryping of mice. Genotyping was performed by PCR using primers and
conditions as described previously (18, 28). The protocol for detection of
deleted IFN-y receptor alleles was obtained from The Jackson Laboratory.

Histological analysis. At P7 or P8 mice were sacrificed, and skin samples
from the upper and lower back were fixed in 4% paraformaldehyde over-
night or embedded in Tissue-Tek (Sakura) for cryosectioning. Fixed skin
samples were embedded in paraffin according to procedures used for rou-
tine histology and stained with H&E and Giemsa. Chloracetate esterase
staining for detection of neutrophile granulocytes was performed on depa-
raffinized sections using PBS with 0.8% hexazonium and 2% of a solution
containing 90 mg naphthol-AS-D-chloracetate dissolved in 80 ml dimethyl-
sulfoxide and 10 ml Triton X-100. Hemalaun was used for counterstaining.
Light microscopic pictures were taken with a Leica DM 4000B microscope
(Leica Microsystems) coupled to a KY-F75U digital camera (JVC) using the
program Diskus 4.50 (Carl H. Hilgers).

Polyclonal antibodies against epidermal differentiation markers were

purchased from CRP Inc. Sections of paraffin-embedded skin samples were

research article

stained with antibodies against K14 (diluted 1:1,000), K10 (diluted 1:2,000),
and loricrin (diluted 1:1,000). For immunostainings of inflammatory
cells, rat monoclonal antibodies against CD3 (diluted 1:1,000; Chemicon
International); GR-1 (diluted 1:20; Ly-6G, clone RB6-8C5; BD Biosciences
— Pharmingen); F4/80 (diluted 1:50; Serotec); CD83 (diluted 1:100), CD80
(diluted 1:50), CD206 (diluted 1:200), CD16/32 (diluted 1:100), CD14
(diluted 1:100), and CD11b (diluted 1:100; NatuTec); mPDCA-1 (diluted
1:100; kindly provided by Andrzej Dzionek, Miltenyi Biotech, Bergisch-
Gladbach, Germany); and IIGP (diluted 1:100; kindly provided by J. Howard,
Institute for Genetics, Cologne, Germany) were used on acetone-fixed sec-
tions of frozen tissue. The phosphospecific monoclonal rabbit anti-STAT3
antibody was obtained from Cell Signaling Technology and used according
to the manufacturer’s protocol. Sections were counterstained with prop-
idium iodide to visualize nuclei. Primary antibodies were visualized with
Alexa Fluor 488-coupled streptavidin (Invitrogen) for detection of biotinyl-
ated primary antibodies. Fluorescent stainings were analyzed using a Leica
TCS SP2 upright confocal laser-scanning microscope (Leica Microsystems)
at excitation wavelengths of 488 nm and 543 nm.

Affymetrix gene chip analysis. Analysis of gene expression in the skin of
K14-Cre-IKK2/% mice and control mice was performed in collaboration
with the service laboratory of the Interdisciplinary Center for Clinical
Research, Westfaelische Wilhelms-Universitaet Muenster (Muenster, Ger-
many). Affymetrix Murine Genome U74Av2 arrays and GeneChip test 3
arrays were used. RNA was extracted from snap-frozen skin of newborn
K14-Cre-IKK2%f mice and control mice using TRIzZoL Reagent (Invitrogen)
and purified using an RNA purification kit (QIAGEN). cDNA synthesis,
labeling, and hybridization were performed according to the instructions
of the manufacturer using the superscript choice system (Invitrogen) and
the Enzo bioarray high-yield RNA transcript labeling kit (Affymetrix).
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