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Latent TGFp1 overexpression in keratinocytes
results in a severe psoriasis-like skin disorder
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Transforming growth factor 1 (TGFf1), a potent keratino-
cyte growth inhibitor, has been shown to be overexpressed
in Keratinocytes in certain inflammatory skin diseases and
has been thought to counteract the effects of other growth
factors at the site of inflammation. Surprisingly, our trans-
genic mice expressing wild-type TGFp1 in the epidermis
using a keratin 5 promoter (K5.TGFP1"') developed
inflammatory skin lesions, with gross appearance of psor-
iasis-like plaques, generalized scaly erythema, and
Koebner’s phenomenon. These lesions were characterized
by epidermal hyperproliferation, massive infiltration of
neutrophils, T lymphocytes, and macrophages to the epi-
dermis and superficial dermis, subcorneal microabscesses,
basement membrane degradation, and angiogenesis.
K5.TGFp1™ skin exhibited multiple molecular changes
that typically occur in human Thl inflammatory skin
disorders, such as psoriasis. Further analyses revealed
enhanced Smad signaling in transgenic epidermis and
dermis. Our study suggests that certain pathological con-
dition-induced TGFPl1 overexpression in the skin may
synergize with or induce molecules required for the devel-
opment of Thl inflammatory skin disorders.
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Introduction

Transforming growth factor f1 (TGFB1) is a multifunctional
cytokine that functions via a heteromeric receptor complex of
TGFBRI and TGFBRII (Miyazono et al, 2001). When TGFf
binds to a TGFBRI-TGFBRII complex, the classic TGFBRI,
also known as activin receptor-like kinase-5 (ALK5), phos-
phorylates signaling mediators Smad2 and Smad3.
Phosphorylated Smad2 and Smad3 form heteromeric com-
plexes with Smad4 and translocate into the nucleus to
regulate TGFpB-responsive genes (Miyazono et al, 2001).
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Smad2/Smad3 activation mediates TGFB1-induced growth
inhibition in epithelial and endothelial cells (Goumans et al,
2002). Another type I TGFBR, ALK1, is preferentially ex-
pressed in endothelial cells. Activated ALK1 phosphorylates
and activates Smadl and Smad5, which positively regulate
endothelial proliferation and migration (Goumans et al,
2002). TGFP signaling is also negatively regulated by
Smad6 and Smad7 (Miyazono et al, 2001).

TGFB1 is secreted as a latent form. Active TGFB1 is
released when an N-terminal latency-associated peptide
(LAP) is cleaved from the C-terminal mature (active) TGFp1
(Lawrence, 1991). Two site-specific mutations in the LAP,
Cys-223 — Ser and Cys-225— Ser (TGFp1522%/22%) | prevent the
LAP from binding to the mature TGFf1, resulting in a
constitutively active TGFB1 protein (Brunner et al, 1989).
To study the functions of TGFB1 in the skin in vivo, several
transgenic mouse models have been made, which target
overexpression of TGFP15223/22% {0 the epidermis. For in-
stance, overexpression of TGFB1522*/2%° in the epidermis
using a keratin 1 (K1) promoter severely inhibits keratinocyte
growth (Sellheyer et al, 1993). In contrast, K10 or K6 pro-
moter-driven TGFB15%23/22% resulted in epidermal hyperpro-
liferation, but no histological changes in transgenic skin (Cui
et al, 1995; Fowlis et al, 1996). In an inducible TGFp15223/225
transgenic model using a mouse loricrin promoter, sustained
TGFP152%3/22 transgene induction exerts a growth-inhibitory
effect on the epidermis and a paracrine effect on angiogenesis
(Wang et al, 1999). Using a K14 promoter-based inducible
transgenic model, Liu et al (2001) reported that chronic
induction of TGFB15223/2%° in basal keratinocytes and hair
follicles only inhibits keratinocyte growth in neonates,
whereas adult transgenic skin exhibited keratinocyte hyper-
proliferation, fibrosis, and inflammation. The contradictory
data from the above models highlight the complex role of
TGFp1 in the skin, which may depend on its expression at
different levels, locations, or developmental stages. As en-
dogenous TGFB1 is overexpressed under certain pathological
conditions, it is of great interest to elucidate the effects of
TGFB1 on both the epidermis and the dermis under these
conditions. To mimic such a condition, we decided to use a
K5 promoter to target wild-type (latent) TGFB1 (TGFB1™Y
(K5.TGFB1™). The K5 promoter targets transgene expression
to the basal layer of the epidermis and hair follicles (He et al,
2002). As TGFB1™ has a much longer plasma half-life than
TGFB15223/225 (Wakefield et al, 1990), its half-life is expected
to be longer in specific tissues. We reasoned that these two
factors will facilitate the paracrine effects of TGFB1 on the
dermis. With TGFB1"' transgene expression levels equivalent
to the peak level of endogenous TGFB1 in normal mouse skin
during wound healing, K5.TGFB1"" mice unexpectedly devel-
oped phenotypes and molecular alterations similar to those in
Th1 inflammatory skin diseases in humans, such as psoriasis
(Nickoloff and Wrone-Smith, 1999). As minor mechanical
trauma is sufficient to induce endogenous TGFf1 overexpres-
sion (Nickoloff and Naidu, 1994) and elicits lesions in
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patients with psoriasis (Bonifati and Ameglio, 1999), our
results suggest that TGFf1 overexpression plays a pathologi-
cal role in certain Thl inflammatory skin diseases. The
complex actions of TGFP1l on inflammation, keratinocyte
proliferation, angiogenesis, and basement membrane (BM)
degradation identified in this model highlight the significance
of the interplay between the autocrine and paracrine effects
TGFB1 in vivo.

Results

K5.TGFp1** mice developed a psoriasis-like skin
disorder
To generate K5.TGFB1™' transgenic mice, we inserted the
wild-type human TGFB1 cDNA into a K5 vector (Figure 1A).
Two K5.TGFB1™ transgenic lines, F2020 and F2007, were
established, which expressed similar levels of the transgene
(Figure 1B). To determine the levels of TGFB1™' protein,
ELISA was performed on protein extracts from individual
transgenic and control skin. The total amount of TGFf1
protein was 85.02+12.48 pg/mg protein in nontransgenic
skin (n=5) and 416.67 +53.96 pg/mg protein in transgenic
skin (n=5, P<0.01, Figure 1C). The amount of TGFf1
protein in transgenic skin was comparable with the peak
level of endogenous TGFB1 in control mouse skin after
wounding, that is, on day 3 after a 6-mm full-thickness
punch biopsy (341.20+14.49 pg/mg protein, n=3, P>0.05,
Figure 1C), which subsequently returns to baseline levels
(not shown).

The transgenic founders were mated to an ICR or C57BL6
background. In both backgrounds, the founders and their
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offspring gave rise to identical phenotypes. K5.TGFB1"™" mice

remained grossly normal until about 1 month post partum
(p.p.), when they began to develop skin inflammation.
Notably, normal littermates did not develop an inflammatory
response upon ear tagging (Figure 1D), whereas every trans-
genic mouse developed a focal lesion on the tagged ear by 2
months (Figure 1E), reminiscent of Koebner’s phenomenon
in which a mechanical trauma induces or exacerbates psor-
iatic lesions (Christophers and Mrowietz, 1998). By 3 months
of age, K5.TGFB1"" skin developed focal erythematous pla-
ques with a scaly appearance (Figure 1F). As skin inflamma-
tion progressed, the entire K5.TGFB1"“" skin became scaly and
erythematous (Figure 1G), similar to psoriatic erytheroderma
in humans (Christophers and Mrowietz, 1998).

Prior to forming overt skin lesions, skin inflammation
in transgenic mice began to be obvious at the microscopic
level at day 17 p.p. when the hair follicles were maximally
elongated such that more transgene-expressing keratinocytes
are present in the skin. At this stage, transgenic skin exhibited
infiltration of mixed inflammatory cells, angiogenesis, vaso-
dilatation, and aberrant K6 expression in the epidermis
(Supplementary data). Subsequently, inflammation became
chronic and persistent in K5.TGFB1™" skin. Compared with
nontransgenic adult skin (Figure 2A), transgenic skin exhib-
ited a thickened stratum corneum in which nuclei were
retained (parakeratosis) or lost (hyperkeratosis), and a hy-
perplastic epidermis (acanthosis) with diminished granular
layers (Figure 2B-D). Scattered mononuclear cells (Figure 2C)
and subcorneal microabscesses containing mixed mono-
nuclear cells and neutrophils (Figure 2E) were observed in
K5.TGFB1™" epidermis. Electron microscopy (EM) revealed a
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Figure 1 Generation of K5.TGFB1™" mice and gross phenotypes. N: nontransgenic; Tg: transgenic. (A) The K5.TGFB1™" transgene. (B) RPA
indicating transgene (hTGFf1) expression in transgenic skin from two founder lines, F2007 and F2002. (C) ELISA for TGFp1 protein level in
nontransgenic skin (N), day 3 wounded nontransgenic skin (N-d3W), and K5.TGFB1™" transgenic skin. (D, E) Tagged ear of a 2-month-old
control littermate (D) and a K5.TGFB1™" mouse (E). (F) Typical inflammatory lesions on a 3-month-old K5.TGFB1*" mouse. (G) Generalized

scaly erythema in a 6-month-old transgenic mouse.
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Figure 2 Microscopic changes of 3-month-old transgenic skin. (A) Nontransgenic skin; (B-E) transgenic skin. Black arrows in (B) and (D)
point to parakeratosis. Dotted lines in (A-D, J-O) denote the boundary between the epidermis and the dermis. The boxed area in (B) is
enlarged in (C) to highlight clustered erythrocytes (open arrows) in dermal papillae as well as mononuclear cells in the epidermis (white
arrows). Typical parakeratosis (D) and subcorneal microabscesses (E) in transgenic skin. (F, G) EM (x 11500) reveals representative
keratinocytes in the granular layer from control (F) and transgenic skin (G). Nu: nucleus; S: stratum corneum. Red arrows point out
tonofilaments (F). Note the retained nuclei (asterisks) in the stratum corneum, keratohyalin granules (open arrows) without tonofilaments,
and vesicles (blue arrows) in the granular layer of transgenic epidermis (G). (H, I) BrdU labeling (green) in control (H) and transgenic
epidermis (I). Arrows in (I) point to suprabasal proliferative cells. Sections were counterstained with a K14 (red) antibody. (J-P)
Immunohistochemistry of latent TGFB1 (J, K), active TGFB1 (L, M), and pSmad2 (N-P) (hematoxylin counterstained) in control (J, L, N)
and transgenic (K, M, O, P) skin. Vessels (asterisks) from the boxed area of (O) are shown in (P). Cells with positive nuclear staining are
pointed with arrowheads for endothelial cells, open arrows for fibroblasts, and arrows for inflammatory cells. The dotted line in (P) denotes the

border of microvessels. The bar in panel (A) represents 100 um for (A, B, D, E, J-M); 40 um for (H, I, N, O), and 15 um for (C,P).

marked reduction of tonofilaments, the absence of fusion
between keratohyalin granules and tonofilaments, and in-
creased lipid vesicles in transgenic keratinocytes, especially
in granular cells (Figure 2G), as compared with nontrans-
genic epidermis (Figure 2F). These alterations are common in
human psoriasis (Jahn et al, 1988). The bromodeoxyuridine
(BrdU) labeling index was 2.6+1.1cells/mm epidermis in
nontransgenic skin (Figure 2H), but was 6.6+1.6 cells/mm
epidermis in transgenic skin (n=5, P<0.01), and BrdU-
labeled cells were expanded in the suprabasal epidermis
(Figure 2I). Finally, the transgenic dermis exhibited neovas-
cularization, enlarged capillary cavities, and extravasated
erythrocytes (Figure 2C).

The pathological alterations in transgenic epidermis and
dermis suggested the autocrine and paracrine effects of
TGFB1™'. Different from previously reported TGFp1 trans-
genic mice targeted by a K14 promoter, in which the latent
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TGFp1 transgene is not activated in non-wounded skin (Yang
et al, 2001), we observed increased immunostaining of both
latent and active TGFp1 in transgenic epidermis and dermis
compared with nontransgenic skin (Figure 2J-M). This result
suggests that the latent TGFP1 can be secreted into and
activated in transgenic epidermis and dermis. Accordingly,
nuclear staining of phosphorylated Smad2 (pSmad2) was
increased in transgenic epidermis and dermis compared
with nontransgenic skin (Figure 2N-P). Cells positive for
pSmad2 staining in transgenic dermis included fibroblasts,
leukocytes, and endothelial cells (Figure 2P). Furthermore,
expression of plasminogen activator inhibitor-1 (PAI-1), a
Smad2/3 downstream target gene (Goumans et al, 2002),
was elevated uniformly in both the epidermis and the dermis
(not shown). Another TGFf1 target gene and TGFB1-binding
protein, decorin (Danielson et al, 1997), was also induced
uniformly into the dermis of the transgenic skin (not shown).
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K5.TGFp1** skin exhibited inflammatory cell infiltration
and elevated inflammatory cytokines and chemokines

We examined the subtypes of inflammatory cells in trans-
genic and control skins of day 17 (Supplementary data) and
3-month-old mice (Figure 3A). Staining with an anti-mouse
CD45 antibody, which recognizes all leukocytes, confirmed
the presence of leukocytes in transgenic dermis and epider-
mis. Staining with the BM8 antibody (Malorny et al, 1986)
indicated that the transgenic dermis contained increased
numbers of BM8 + macrophages as compared with nontrans-
genic dermis. Interestingly, BM8 + Langerhans cells (LCs)
were present in the nontransgenic epidermis (85+5.1 /mm?>
epidermis), but were quite sparse in the transgenic epidermis
(6.442.5/mm? epidermis, n=35, P<0.01), suggesting a mi-
gration of LCs from the epidermis to the dermis in transgenic
skin. K5.TGFB1"" mice also exhibited a significant increase in
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the numbers of mast cells in the dermis (17+3.6/mm?
dermis) as compared with control skin (3.0+1.2/mm? der-
mis, n=5, P<0.01). Although TGFB1 has been shown to
suppress T lymphocyte activation (Letterio and Roberts,
1996), we surprisingly found numerous CD4+ T cells in
transgenic skin, predominantly in the superficial dermis.
Additionally, scattered CD8+ T cells were found in the
transgenic epidermis (Figure 3A). While the K5 promoter
does not target transgene expression to nonepithelial immune
tissues (Ramirez et al, 1994), it has been shown to target
transgene expression at a very low level to thymic epithelia
(He et al, 2002). To determine whether T-cell infiltration to
transgenic skin was a consequence of T-cell activation in the
thymus, we examined thymocytes from mice at 17 p.p. using
flow cytometry. At this stage, the thymus is fully developed
and differentiated and the transgenic skin exhibited inflam-
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Figure 3 Inflammation in K5.TGFfB

skin. N: nontransgenic; Tg: transgenic. (A) Inflammatory cell subtypes. Dotted lines delineate the

boundary between the epidermis and the dermis. Examples of leukocytes in the epidermis are pointed by red arrows and in the dermis by black
arrows. All sections are counterstained with hematoxylin. (B, C) mRNA expression of inflammatory cytokines shown by RPA (B) or real-time
RT-PCR (C). (D) RPA for chemokine expression. (E) Immunohistochemistry of NF-kB p50. (F) Western blot revealed significantly increased
NF-xB p65 in the nuclear extract (NE) from transgenic skin compared with nontransgenic skin. N1/Tgl and N2/Tg2 indicate pairs of adult skin
samples from nontransgenic and transgenic littermates from the same founder. The bar in the first panel represents 40 pm for all sections in (A)

and 60 pum for (E).
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matory cell infiltration (Supplementary data). No differences
were found in thymocyte differentiation between transgenic
and control mice (Supplementary data). As TGFP1™' trans-
gene expression was not detectable in thymic epithelia (not
shown), TGFB1™' transgene activation in the skin is likely
responsible for T-cell infiltration and activation. Supporting
this, integrin oE(CD103)B7, which is not expressed in circu-
lating T cells but is induced by TGFB1 and required for CD8 +
homing to the epidermis (Pauls et al, 2001), was detected in T
cells in the epidermis in both day 17 (Supplementary data 1)
and 3-month-old transgenic skin (not shown), but not in
control epidermis.

Consistent with inflammatory phenotypes, K5.TGFB1™!
skin demonstrated increased levels of mRNA of pro-inflam-
matory cytokines: interleukin (IL)-1a, IL-1B, IL-6, interferon
(IFN)-vy, IL-2, and tumor necrosis factor (TNF)-o (Figure 3B
and C). Expression of one anti-inflammatory cytokine, the IL-
1 receptor antagonist (IL-1ra), which is transcriptionally
upregulated by IL-1 (Bonifati and Ameglio, 1999), was also
elevated in transgenic skin (Figure 3B). In contrast, expres-
sion of IL-10, another anti-inflammatory cytokine, remained
unchanged in transgenic skin (Figure 3B). K5.TGFB1"" skin
also exhibited significantly elevated expression of five che-
mokines: macrophage inflammatory protein (MIP)-1a;, MIP-
1B, MIP-2, IFN-inducible protein (IP)-10, and monocyte-che-
motactic protein (MCP)-1 (Figure 3D). Furthermore, we ex-
amined nuclear translocation of the NF-xB subunits, p50 and
p65, an end point of the inflammation cascade (Tak and
Firestein, 2001). Immunostaining showed increased nuclear
translocation of p50 in both the epidermis and the dermis of

transgenic skin (Figure 3E) in comparison to nontransgenic
skin. Similarly, Western analysis revealed that, although the
total amount of p65 was not altered in transgenic skin,
nuclear translocation of p65 was increased in transgenic
skin as compared with normal skin (Figure 3F). These results
suggest NF-«B activation in transgenic skin.

K5.TGFp1** skin underwent BM degradation

Notably, the adult K5.TGFB1"" skin exhibited BM degenera-
tion (not shown). In fact, immunofluorescence on day 10 p.p.
transgenic skin exhibited diffuse and discontinuous staining
for laminin 5, a BM marker (Fleischmajer et al, 2000), as
compared with a fine, continuous pattern of laminin 5 stain-
ing in nontransgenic skin (Figure 4A). EM revealed a reduced
number of hemidesmosomes and a diminished lamina densa
in the BM of transgenic skin (Figure 4A). Consistently, the
major matrix metalloproteinases (MMPs) responsible for BM
degradation, MMP-2, -3, and -9 (Salo et al, 1994), were
significantly upregulated in K5.TGFP1™' skin as compared
with normal skin (Figure 4B). In situ hybridization revealed
that MMP-2 and -9 expression was upregulated mainly in
transgenic epidermis, and to a lesser extent in transgenic
dermis (Figure 4C).

K5.TGFp1** skin displayed microvascular alterations

K5.TGFB1™ skin exhibited prominent angiogenesis prior to
the overt inflammation phenotype. Increased angiogenesis in
transgenic skin occurred as early as day 7 p.p. (not shown)
and peaked at day 24 p.p. (Figure 5A), as determined by
staining of an endothelial marker CD31. The number of
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Figure 4 Impaired BM and upregulated MMPs in K5.TGFB1™" skin. N: nontransgenic, Tg: transgenic. (A) Immunofluorescence (upper panel)
with a laminin 5 antibody (green). A K14 antibody (red) was used as a counterstain. The bar in the first panel represents 40 pm for
immunofluorescence sections. The EM pictures (lower panel) are at a magnification of x 24000. Epi: epidermis, Der: dermis. (B) RPA for
expression of MMP-2, -3, and -9 in nontransgenic and transgenic skin (N1/Tgl, N2/Tg2). (C) In situ hybridization on adult skin using anti-
sense and sense probes for MMP-2 and MMP-9. The dashed line denotes the boundary between the epidermis and the dermis. The bar in the

first panel represents 40 um for all sections.
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vessels in day 24 nontransgenic skin was 8i1.6/rnrn2 der-
mis, but increased to 30+3.4/mm? dermis in transgenic skin
(n=5,P<0.01). At 3 months of age, the number of vessels in
K5.TGFB1™" skin was similar to that in nontransgenic skin
(2442.5 vs 184+1.9/mm? dermis, n=5). However, the ves-
sels in 3-month-old transgenic skin were enlarged as com-
pared with those in nontransgenic skin (Figure 5A),
demonstrated by a larger dermal area covered by vessels
(234+1.3 vs 9.2+0.81%, n=5, P<0.05). In addition, the
number of vessels stained for endoglin, an accessory TGF
receptor that is predominantly expressed in proliferating
endothelial cells (Rulo et al, 1995), was increased from
7.2 il.?/mm2 dermis in control skin to 24 + 3.9/mm2 dermis
in transgenic skin at day 24 (n=5, P<0.01), and from
12+2.4/mm? dermis in control skin to 21 +4.1/mm? dermis
in transgenic skin at 3 months of age (n=5, P<0.01,
Figure 5A). This result suggests that, although the numbers
of CD31-positive vessels were similar between transgenic and
nontransgenic skin at 3 months p.p., there were more pro-
liferating endothelial cells in transgenic vessels. Consistent
with increased angiogenesis, vascular endothelial growth
factor (VEGF) and its receptor, Flt-1, were upregulated ap-
proximately two- to three-fold in K5.TGFB1"" skin compared
with normal skin (Figure 5B). Another VEGF receptor, Flk-1,
which has a more potent angiogenesis effect than FIt-1
(Shibuya, 2003), was elevated by nine-fold in day 24 trans-
genic skin compared with control skin, and its expression
returned to normal by 3 months of age (Figure 5C).

A Day 24
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Recent studies suggest that TGFB1 regulates angiogenesis
via a delicate balance between ALKl and ALKS signaling
(Goumans et al, 2002). To determine whether increased
angiogenesis in TGFP1™" transgenic skin represented a shift
in the balance between these two pathways, we examined the
expression patterns of ALK1, ALKS, and their downstream
Smads on day 24 and 3-month-old control and transgenic
skin (Figure 6). ALK1 exhibited stronger staining in the
vessels of both day 24 and 3-month-old transgenic skins
than control skins (Figure 6A), and its expression
levels increased by 20- and 4.5-fold in day 24 and 3-month
transgenic skin, respectively, in comparison with the age-
matched nontransgenic skin (n=5, P<0.01, Figure 6B).
Consistent with our previous observations (He et al, 2002),
ALKS was expressed at a much lower level in capillary
vessels in the superficial dermis as compared with the
epidermis, and the staining patterns did not differ between
control and transgenic skin (not shown). An antibody that
recognizes phosphorylated Smadl, Smad5, and Smad8
(pSmad1/5/8) stained 20+3.0% of vessels in day 24 trans-
genic skin vs 1+0.2% in nontransgenic skin (n=5, P<0.01,
Figure 6). In 3-month-old transgenic skin, the number of
pSmadl/5/8-positive vessels was reduced to 5+0.9%
(n=5), which was still significantly higher than those in
control skin (14+0.3%, n=5, P<0.01, Figure 6A). In addi-
tion, staining of pSmadl/5/8 was increased in other
dermal cells in transgenic skin (Figure 6A), but was not
altered in transgenic epidermis, in comparison with nontrans-
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Figure 5 Angiogenesis in K5.TGFB1"" skin. N: nontransgenic; Tg: transgenic. (A) Immunofluorescence staining for CD31 and endoglin
(green). Sections were counterstained with a K14 antibody (red). Asterisks denote hair shafts, that exhibit autofluorescence. The bar in the first
panel represents 40 um for all sections. (B) RPA results for expression of VEGF and Flt-1 in the skin from day 24 (N1/Tgl, N2/Tg2) and 3-
month-old mice (N3/Tg3, N4/Tg4). (C) Expression of Flk-1 by real-time RT-PCR.
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Expression of ALK1, Id1, and Smadé6 in the skin by real-time RT-PCR.

genic skin (not shown). In transgenic skin, pSmad2 stained differentiation (Id)1, the product of a Smadl/Smad5 target
90+8.9% (n=>5) of vessels at day 24 and 40+3.6% (n=5) gene that promotes endothelial cell proliferation and migra-
at 3 months of age, significantly higher than 4.8+0.90 tion (Miyazono and Miyazawa, 2002), was positive in vessels
and 4.9+0.80%, respectively, in age-matched nontransgenic of day 24 and 3-month-old transgenic skin, but not in vessels
skin (n=5, P<0.01, Figure 6A). Staining for inhibitor of of control skin at either ages (Figure 6A). Consistent with
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previous reports that Id1 expression is increased in the
epidermis and inflammatory cells in psoriatic skin
(Bjorntorp et al, 2003) or inflammation (Coppe et al, 2003),
transgenic epidermis and dermis also exhibited increased Id1
staining as compared with control skin (Figure 6A). Idl
expression levels increased by 13- and 10-fold in day 24
and 3-month transgenic skin, respectively, in comparison
with the age-matched nontransgenic skin (n=35, P<0.01,
Figure 6B). In addition, expression of Smad6, another
Smadl/Smad5 target gene (Ishida et al, 2000), was elevated
by seven-fold in day 24 transgenic skin compared with
control skin, but was not detectable in 3-month-old nontrans-
genic and transgenic skin (Figure 6B). The Smad6 staining
pattern correlated with that of pSmadl/Smad5. The expres-
sion of Smad7, which is Smad2/3 downstream target, was
moderately elevated in transgenic vessels at both ages (not
shown).
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TGFp1"* transgene expression only induced epidermal
hyperproliferation in vivo

To analyze the direct effect of the TGFB1™' transgene on
keratinocyte proliferation, we isolated keratinocytes from 3-
month-old control and transgenic skin and plated the same
number of cells under culture conditions that maintain them
in a proliferative state (Wang et al, 1997). By 72h, control
keratinocytes reached confluency, whereas transgenic kerati-
nocytes reached only about 40% confluency (Figure 7A). *H-
Thymidine (*H-TdR) uptake in transgenic keratinocytes was
6004195 cpm/10° cells (n=3), a dramatic decrease in com-
parison with wild-type Keratinocytes (2599 +1103 cpm/10°
cells, n =3, P<0.01, Figure 7A). Growth inhibition correlated
with an increased level of TGFB1 secreted by transgenic
keratinocytes. The amount of total TGFB1 protein in the
culture media was 3098 +1103 pg/ml from transgenic kerati-
nocytes, but 486+43pg/ml from control cells (n=3,
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Figure 7 TGFPl-mediated growth inhibition is overcome in the presence of the dermis. N: nontransgenic, Tg: transgenic. (A) Cultured
keratinocytes (left panel) 72h after plating. Decreased *H-thymidine uptake in transgenic cells compared with nontransgenic cells (middle
panel) correlated with a significantly higher level of both latent and active forms of TGF1 (right panel). Data represent mean value +s.d. from
three to five cultures. *P<0.01. (B) mRNA levels of growth regulators. Representative results shown here are from two pairs of nontransgenic/
transgenic (N1/Tgl, N2/Tg2) adult skin samples.
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P<0.01). The level of active TGFB1 protein in the media of
cultured transgenic keratinocytes was 805+287 pg/ml, but
was only 67+12pg/ml in the media of cultured nontrans-
genic keratinocytes (n=3, P<0.01) (Figure 7A). To deter-
mine whether transgenic dermis produced growth factors that
override the growth inhibitory effect of TGFB1 on keratino-
cytes in vivo, we examined several fibroblast-produced
growth factors. Consistent with a growth-stimulatory effect
of TGFB1 on dermal fibroblasts, connective tissue growth
factor (CTGF), a fibroblast activation marker that is a TGFf1
transcriptional target (Duncan et al, 1999), was significantly
upregulated in the transgenic skin as compared with non-
transgenic skin (Figure 7B). In addition, K5.TGFB1™' skin
showed a two- to four-fold increase in expression of kerati-
nocyte growth factor (KGF) and insulin-like growth factor 1
(IGF-1) as compared with nontransgenic skin (Figure 7B).
Additionally, expression of amphiregulin, an IGF-1 target
gene in Kkeratinocytes (Vaday and Lider, 2000), increased
two- to three-fold in transgenic skin as compared with non-
transgenic skin (Figure 7B). Interestingly, K5.TGFB1""' skin
also demonstrated a four- to five-fold increase in integrin 1
expression (Figure 7B), which has also been shown to play a
role in stimulating keratinocyte hyperproliferation in human
psoriatic epidermis (Haase et al, 2001b). Finally, Smad7, a
TGFp1 target gene that stimulates keratinocyte proliferation
(He et al, 2002), was upregulated two- to three-fold in
transgenic skin (Figure 7B), in both the epidermis and the
dermis (not shown).

Discussion

TGFB1 overexpression, together with subsequent
molecular changes, leads to a psoriasis-like skin
inflammation

It is well documented that TGFp1 is one of the most potent
chemotactic cytokines for leukocytes (Wahl, 1999). However,
at later stages of inflammation, TGFB1 usually inhibits the
functions of the activated leukocytes (Wahl, 1999). Studies
from TGFB1 knockout mice implicate that TGFB1 plays a role
in immunosuppression and anti-inflammation in vivo (Shull
et al, 1992; Letterio and Roberts, 1996). Thus, it was a
surprise to us that K5.TGFB1™" skin developed such a massive
inflammation. The progressive inflammation in K5.TGFR1™'
skin may be due to constitutive TGFB1 overexpression, which
destroys the balance between the activation and de-activation
of leukocytes, thereby causing unresolved inflammation
(Wahl, 1999). Additionally, inflammatory cytokines and che-
mokines released from transgenic keratinocytes and inflam-
matory cells (see details below) may be able to override any
inhibitory effect of TGFB1 on inflammation, particularly on T-
cell activation. Interestingly, although TGFB1 null mice ex-
hibit inflammation in many organs, skin inflammation in
these mice is not reported (Letterio and Roberts, 1996). Thus,
TGFB1 may not exert a strong immune-suppressive effect on
the skin. Alternatively, immune suppression of TGFB1 may
be more easily overcome in the skin than in other organs, as
keratinocytes can produce many inflammatory cytokines and
chemokines under pathological conditions.

The increased levels of IFN-y, IL-2, and TNF-o in trans-
genic skin are consistent with a Th1 inflammatory response
(Bonifati and Ameglio, 1999). In addition, the lack of produc-
tion of IL-4, the hallmark Th2 cytokine, distinguishes the skin
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disorder in K5.TGFB1"' mice from Th2 skin inflammatory
diseases, for example, allergic contact dermatitis and atopic
dermatitis (Bonifati and Ameglio, 1999). It has been shown
that upregulation of IL-la, IL-1B, IL-2, IFN-y, and TNF-a
precedes other cytokines and chemokines in psoriatic lesions
(Uyemura et al, 1993). IL-1 and TNFa activate the NF-xB
pathway and subsequently induce further expression of IL-1
and IL-6, chemokines, growth factors, adhesion molecules,
and integrins such as integrin B1 (Haase et al, 2001b; Tak and
Firestein, 2001). Induction of all these molecules can be
further synergistically augmented by TNF-o and IFN-y
(Bonifati and Ameglio, 1999). Particularly, MIP-2 (IL-8 in
humans (Shanley et al, 1997)) is a strong chemoattractant
for neutrophils and T cells, and is mainly produced by
keratinocytes upon stimulation by inflammatory cytokines
(Bonifati and Ameglio, 1999). In addition to MIP-2, four other
chemokines upregulated in K5.TGFB1™' skin, MIP-1o, MIP-
1B, IP-10, and MCP-1, provide a strong T-cell chemotactic
effect (Bonifati and Ameglio, 1999). MCP-1 also confers
chemotactic effects on monocytes/macrophages and its ex-
pression in the dermis may be responsible for a chemotactic
effect on monocytes/macrophages, resulting in a reduced
number of epidermal LCs in K5.TGFB1*"' skin. Interestingly,
the depletion of epidermal LCs has also been observed in
human psoriatic skin (Christophers and Mrowietz, 1998).
The psoriasis-like phenotypes in K5.TGFB1™' skin are
likely facilitated by TGFB1l-induced BM degradation.
Epidermal BM defects and increased expression of MMP-2,
MMP-3, and MMP-9 in the epidermis have been linked to
human psoriasis (Fleischmajer et al, 2000; Suomela et al,
2001). As both MMP-2 and -9 have been shown to activate
latent TGFB1 (Yu and Stamenkovic, 2000), increased expres-
sion of MMPs in K5.TGFB1™" skin may further activate TGFp1
and thus contribute to the deteriorated skin phenotypes in
K5.TGFB1™ mice. As a consequence of BM degradation,
TGFP1, along with other keratinocyte-derived cytokines/che-
mokines, can be more easily secreted into the dermis to exert
paracrine effects on inflammation and angiogenesis.
Accordingly, growth factors/cytokines produced from dermal
fibroblasts and inflammatory cells would also be more easily
delivered to the epidermis, which could subsequently induce
epidermal hyperplasia. Finally, leukocyte migration towards
the epidermis may also be facilitated by BM degradation.

TGFp1-induced angiogenesis represents synergistic
effects of TGFp1 and subsequent molecular alterations
The early-onset angiogenesis and vasodilatation observed in
K5.TGFB1™" skin suggests that microvascular alterations play
an important role in the initiation of psoriasis-like inflamma-
tory disorder. Particularly, such alterations would facilitate in
vivo leukocyte infiltration and epidermal hyperproliferation.
In return, leukocytes and keratinocytes produce angiogenesis
factors that further contribute to microvascular alterations.
TGFB1 promotes angiogenesis via ALK1 signaling and
inhibits angiogenesis via ALKS signaling (Goumans et al,
2002). Our results suggested that both ALK1 and ALKS path-
ways were activated in the vessels of transgenic skin.
However, increased ALK1 and pSmadl/5/8 in transgenic
vessels was more obvious at day 24 p.p. when angiogenesis
peaked in transgenic skin. This result is consistent with
previous reports that ALK1 expression is elevated during
angiogenesis and Smad1/5 phosphorylation only occurs tran-
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siently in the active phase of angiogenesis (Goumans et al,
2002). Although ALK5-Smad2/Smad3 activation in endothe-
lial cells has a direct inhibitory effect on endothelial prolif-
eration and migration (Goumans et al, 2003b), activation of
this pathway is also essential for the activation of the ALK1I-
Smadl/Smad5 pathway (Lamouille et al, 2002; Goumans
et al, 2003b). In addition, elevated expression of endoglin
in transgenic vessels may help to shift the effect of TGF1 on
angiogenesis from inhibition to promotion. Endoglin has
been shown to be upregulated by ALK1 and counteract the
inhibitory effect of ALK5 on angiogenesis (Goumans et al,
2003a). Thus, the combination of these molecular alterations
may directly promote angiogenesis at an early stage. At a later
stage (e.g., 3 months of age), when pSmadl/5/8 was re-
duced, constant Smad2/Smad3 activation in transgenic ves-
sels might shift microvascular structure towards a remodeling
state, which was evident in our model as angiogenesis
decreased but vessel size increased at 3 months of age.
Although TGFP1™' also induced the expression of down-
stream antagonists Smad6 and Smad7, as well as molecules
that potentially inhibit angiogenesis, for example, PAI-1 and
decorin, their expression appeared to be insufficient to block
completely the effect of TGFB1 on angiogenesis at the early
stage.

In addition to the direct effect of TGFB1 on endothelial
cells, microvascular alterations in K5.TGFB1™' skin may
reflect the synergistic effects of increased expression of
VEGF, MMPs, growth factors/cytokines, and chemokines,
which play important roles in angiogenesis. Particularly,
expression of Flk-1, a VEGF receptor that plays a more potent
angiogenesis role than Flt-1 (Shibuya, 2003), was signifi-
cantly elevated at the active angiogenesis phase in
K5.TGFB1™' skin. VEGF has been shown to play a central
role in vascular alterations in human psoriasis (Christophers
and Mrowietz, 1998), and VEGF transgenic mice develop
psoriasis-like lesions (Xia et al, 2003). Thus, VEGF and its
receptors may be one of the important targets of TGFf1 that
mediate TGFBl-induced inflammatory skin lesions. As
TGFB1-induced lesions are more severe than those in VEGF
transgenic skin, other molecular changes in K5.TGFB1™“" skin
apparently participated in the development of the overt
inflammatory lesions. For instance, increased expression of
MMPs and CTGF in K5.TGFB1™" skin may also contribute to
angiogenesis (Moussad and Brigstock, 2000; Bauvois, 2004).
When skin inflammation becomes prominent, multiple in-
flammatory cytokines and chemokines, for example, IL-1, IL-
6, IL-8, and MCP-1, which can also induce angiogenesis
(Bonifati and Ameglio, 1999; Low et al, 2001), may contribute
to angiogenesis observed in K5.TGFB1™" skin.

Epidermal hyperproliferation in K5.TGFp1"* skin is a
secondary effect of other skin phenotypes

Although TGFP1 is considered as a potent keratinocyte
growth inhibitor, transgenic mouse models expressing
TGFPB1 in different compartments of the epidermis exhibited
either keratinocyte growth inhibition or keratinocyte hyper-
proliferation. The mechanisms underlying these contradic-
tory data are largely unknown. Our study suggests that in
vivo epidermal hyperproliferation in K5.TGFB1"' skin is a
secondary effect. Increased inflammatory cytokines/chemo-
kines in K5.TGFB1™" skin, such as IL-1, IL-6, and IL-8, which
promote keratinocyte proliferation (Bonifati and Ameglio,
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1999), can be produced by both keratinocytes and inflamma-
tory cells. Other keratinocyte-produced factors, for example,
integrin B1 and Smad7, also promote epidermal proliferation
(Carroll et al, 1995; Haase et al, 2001a; He et al, 2002).
However, as keratinocyte hyperproliferation in K5.TGFp1™
skin occurs only in vivo, expression of positive growth
regulators by transgenic keratinocytes appears to be a sec-
ondary effect that requires the presence of the dermis. In
addition to inflammatory cells, fibroblasts in transgenic skin
may greatly contribute to epidermal hyperproliferation. It has
been shown that psoriatic fibroblasts induce hyperprolifera-
tion of normal keratinocytes (Miura et al, 2000). Among
fibroblast-produced growth factors, KGF and IGF-1 directly
stimulate keratinocyte hyperproliferation (Miura et al, 2000).
IGF-1 also stimulates expression of amphiregulin, which,
upon activation, stimulates Kkeratinocyte proliferation
(Vaday and Lider, 2000).

In summary, we show that TGFf overexpression in-
duced or recruited many molecules involved in psoriasis
pathogenesis. This fact may explain why K5.TGFB1™' mice
exhibited more severe psoriasis-like phenotypes than pre-
vious transgenic mice that target individual growth factors
or cytokines in the skin (Schon, 1999). Of particular interest,
the amount of TGFP1 protein in K5.TGFB1™' skin was
equivalent to the peak level of TGFB1 in normal mouse
skin undergoing wound healing. This indicates that a phy-
siologically relevant dose of TGFB1 may be sufficient to
participate in the development of a psoriasis-like inflamma-
tory skin disorder.

th

Materials and methods

Generation and identification of K5.TGFp1** mice

The ~1.6kb full-length wild-type human TGFB1 cDNA (TGFB1™")
was inserted into the K5 expression vector (He et al, 2002). The
K5.TGFBI™ transgene was microinjected into the pronuclei of
mouse embryos obtained from ICR female mice mated to B6D2
male mice. Mice were genotyped by PCR analysis of tail DNA-
utilizing primers specific for TGFB1™" (sequences in Supplementary
data 1). Throughout this study, all transgenic mice were hetero-
zygous, and at least three independent analyses were performed for
each assay, using three to five samples in each group.

Tissue histology, immunofluorescence,

and immunohistochemistry

Skin histology was visualized with hematoxylin and eosin (H&E)
staining. Immunofluorescence and immunohistochemistry were
performed on frozen sections as previously described (Wang et al,
1999). EM on skin samples was performed as previously described
(Sellheyer et al, 1993). Toluidine blue was used to stain mast cells
(Xia et al, 2003). Immunofluorescence was performed using
antibodies against K6 (He et al, 2002), laminin 5 (RDI), CD3l,
endoglin (BD Biosciences), ALK1 (R&D Systems), ALKS, pSmadl/
5/8, pSmad2 (Cell Signaling), and Id1 (Santa Cruz). In vivo BrdU
labeling and detection were performed as previously described (He
et al, 2002). The antibodies used in immunohistochemistry
included NF-xB p50 (Santa Cruz), active and LAP TGFB1 (R&D
Systems). Leukocyte subtypes were identified using primary
antibodies CD45, CD4, and CD8 (BD Biosciences), and the BM8
antibody (BMA Biomedicals). Biotinylated secondary antibodies
were used in conjunction with an avidin-peroxidase reagent
(VECTASTAIN™) and visualized using diaminobenzidine (Sigma).
The MetaMorph® software (Universal Imaging Corporation™) was
used for quantitative measurements of microscopy images
(mean+s.d.).

Keratinocyte culture and *H-TdR incorporation
Primary keratinocytes were isolated and cultured from adult ear
skin as described (Beg and Baldwin, 1993; Wang et al, 1997). At
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24h after plating, the cells were fed with fresh medium with
0.05mM Ca®>" to maintain proliferation. Cell proliferation rates
were determined by *H-TdR uptake as previously described (Wang
et al, 1997).

TGFpB1 ELISA

A TGFp1-specific ELISA kit (R&D Systems) was used to quantify
levels of TGFB1. Protein samples were acidified with 1 N HCI and
neutralized with 1.2 N NaOH/0.5 M HEPES to assay for the amount
of total (i.e., the sum of latent and active) TGFf1 protein. The
concentration of active TGFB1 protein was analyzed on samples
that were not acidified.

In situ hybridization
In situ hybridization for MMP-2 and -9 was performed on frozen
sections as previously described (He et al, 2001).

RNA isolation and analysis

Skin RNA was extracted using RNAzol-B (Tel-Test), and RPAs were
performed using RPA II™ kits (Ambion) as previously described
(Wang et al, 1999). 3?P-labeled riboprobes were synthesized
utilizing individual probes for VEGEF, Flt-1, and IGF-1 or multiprobe
sets for inflammatory cytokines, chemokines, and MMPs (BD
Biosciences). The mouse integrin f1 (Waikel et al, 2001) and Smad?
(He et al, 2001) probes were synthesized as previously described.
Primers specific for mouse amphiregulin, CTGF, and KGF (se-
quences in Supplementary data) were used to amplify cDNA
fragments by RT-PCR. The subsequent products were subcloned
into a pGEM®-T Easy vector (Promega) and linearized for RPA
probe synthesis. A **P-GAPDH riboprobe was included as a loading
control in each assay. The intensity of the protected bands was
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