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IL-4 Suppresses UVB-induced Apoptosis in Skin
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In this study, cutaneous role of IL-4 in UVB-induced

apoptosis was investigated using transgenic mice with skin-

specific expression of IL-4 (IL-4 Tg mice). The transgenic

mice did not show any gross clinical abnormalities. However,

epidermis was thickened and increased MHC class II

positive cells were detected as well as enhanced expression

of inflammatory cytokines such as IL-1 and TNF-α in

skin. In addition, histological analysis revealed increased

infiltration of lymphocytes, acanthosis, hyperkeratosis,

and parakeratosis in skin of IL-4 Tg mice. The physiological

effect of IL-4 overexpression in skin against environmental

stimulus such as UVB was investigated by irradiating

wild-type and IL-4 Tg mice with UVB followed by

evaluation of apoptosis. The result demonstrated suppressed

apoptosis in epidermis of IL-4 Tg mice compared with

wild-type mice. To further assess anti-apoptotic function of

IL-4 in keratinocytes, stable cell clones were made where

IL-4 was constitutively overexpressed and examined for

UVB-induced apoptosis. The results showed that apoptosis

was remarkably decreased in IL-4 over-expressing cell

clones compared with that in mock transfected cells.

Collectively, data presented here shows that IL-4 has an

inhibitory effect against UVB-induced apoptosis in

keratinocytes, suggesting that IL-4 may be an important

regulator in cutaneous immunity against UVB.
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Introduction

Diverse stimuli such as viral infection, bacterial invasion,

toxins, and radiation exist in environment, and induce stress-

responsive immune reaction in human. Among them, ultraviolet

radiation (UV) represents one of the most important environmental

factor affecting humans. In particular, UVB with a wavelength

range between 290 and 320 nm has been regarded as major

inducing factor of the generation of skin cancer, suppression

of the immune response as well as premature skin aging.

Besides, exposure of UVB induces the formation of sunburn

cells within the epidermis, which undergo programmed cell

death and show erythema and edema as a result of increased

vascular permeability (Ullrich et al., 2000; Cleaver et al.,

2002; Kulms et al., 2002; Schwarz et al., 2002c).

IL-4 produced by activated T cells, basophils, and mast

cells plays diverse roles in the regulation of the immune

systems. IL-4 promotes T cells differentiation toward the Th2

cell type, improves the antigen presenting capacity of B cells

by inducing the expression of MHC class II gene, and

increases survival of B cells (Mori et al., 2000; Boothby et al.,

2001; Liu et al., 2004). Furthermore, IL-4 is involved in the

proliferation and maturation of mast cells and macrophages

(Lorentz et al., 2001). In addition, IL-4 has been shown to act

as a survival factor by preventing apoptosis in a variety of cell

types, including T cells, B cells, and mast cells (Morris et al.,

2002; Lorentz et al., 2005). In skin, IL-4 has been considered

as a factor that is associated with the pathogenesis of atopic

dermatitis and it was previously reported that transgenic mice

expressing IL-4 in skin exhibited a clinical symptom similar

to atopic dermatitis (Chan et al., 2001; Elbe-Burger et al.,

2002).

In this study, we investigated the role of IL-4 in skin under

UVB irradiation using transgenic mice with its skin-specific

expression. Our data presented here demonstrate that IL-4

plays an anti-apoptotic function in skin upon UVB irradiation

and this provides further understanding of the cutaneous role

of IL-4.
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Materials and Methods

Generation of IL-4 transgenic mice. IL-4 transgene construct

contains upstream elements of human keratin-14 (K14) gene, rabbit

globin intron, cDNA encoding mouse IL-4, and K14 polyadenylation

sequence (Fig. 1). The linearized transgene construct by KpnI/SalI

digestion was used for microinjection into oocytes of BDF mice,

which were implanted in pseudopregnant mice. The offspring were

examined for the incorporation of IL-4 by PCR-genotyping using

genomic DNA isolated from tail clippings. Mice at 8-12 weeks of

age were used in experiments.

Genotyping. Transgenic mice were screened for genomic incorporation

of the transgene by PCR. Briefly, 1-2 mm of tail was incubated in

0.3 ml lysis buffer (100 mM Tris-HCl, pH 8.5, 5 mM EDTA, pH

8.0, 0.2% SDS, 200 mM NaCl) containing 250 µg/ml of proteinase

K (Sigma) at 55oC for overnight. After incubation, one volume of

isopropanol was added and genomic DNA was precipitated by

centrifugation, washed in 70% ethanol, and resuspended in TE,

followed by PCR using primers corresponding to the sequences of

flanking region of K14 and IL-4 under the following conditions:

3 min at 94oC; 35 cycles of 94oC for 30 s, 60oC for 30 s, 72oC for

1 min; and a 7 min at 72oC. The resulting PCR product was

analyzed in 1% agarose gel. The sequence of the primers used for

genotyping are as follows:

hK14TR: ttccagtgggatctgtgtcc

mIL-4: tactacgagtaatccatttgcatg

RT-PCR. Total RNA extracted using Trizol reagent (Invitrogen)

was used for reverse transcription, which was subjected to PCR

using primers specific to IL-1α, IL-1β, IL-4, and TNF-α in 28-32

cycles. Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was

employed as an internal control. The amplification profile was 30 s

at 94oC, 30 s at 60oC, and 30 s at 72oC.

Northern blot analysis. For northern blot analysis, twenty microgram

of total RNA or PCR-amplified cDNA was electrophoresed and

transferred onto nylon membrane, followed by hybridization in

hybridization buffer (6X SSPE, 1% SDS, 10X Denhardts solution,

20 µg/ml yeast tRNA and 50 µg/ml salmon sperm DNA), washing

and exposure onto the X-ray film.

Measurement of ear thickness. Ear thickness of transgenic mice

and non-transgenic mice was measured with mitutoyo’s gauge.

Fig. 1. IL-4 transgene construct. The transgene construct was

linearized by KpnI/SalI digestion, as described in Materials and

Methods, and used for microinjection into oocytes. Arrows

indicate the primers used for genotyping.

Fig. 2. Screening of IL-4 transgenic mice. (A) Detection of IL-4 transgene by genotyping analysis. NC means negative control and PC,

positive control. Lanes 1-5 represent individual offsprings. (B) Detection of IL-4 transcript in skin. Lanes 1-5 represent individual

offsprings (C) Detection of IL-4 protein in skin. (D) D and E means dermis and epidermis, respectively.
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Immunohistochemistry and H&E staining. Biopsies obtained

from skin of IL-4 transgenic mice and non-transgenic mice were

fixed in neutralized buffered formalin (NBF) and embedded in

paraffin. Five micrometer tissue sections were obtained and used

for hematoxylin-eosin (H&E) staining and also for detection of IL-

4 expression using ABC reagent (DAKO) according to manufacturer’s

instructions. The epidermal hyperplasia was assessed by measuring

vertical thickness of epidermis. The thickness was measured in six

randomly selected regions using an image analysis system with a

microscope (Olympus). The thickness of epidermis was defined as

the length from the basal layer to the stratum corneum.

Flow cytometry analysis. Mouse epidermal cells (1 × 106) were

prepared from ear and incubated with primary antibody to MHC

class II (Pharmingen) for 1 h 30 min with gentle shaking in ice.

After washing in PBS, cells were incubated with FITC-conjugated

secondary antibody (Serotec) for 1 h and subsequently used for

FACS analysis.

Cell culture and ELISA. Mouse keratinocyte cell line, Pam212,

was grown in DMEM media (Invitrogen) supplemented with 10%

FBS and 1% of penicillin and streptomycin. For the preparation of

stable cell line, Pam212 cells were transfected with pLNCX-IL-4 or

pLNCX plasmid. Forty-eight hours after transfection, Geneticin

(Invitrogen) was added at 0.5 mg/ml to the culture medium and

Geneticin-resistant clones were selected. For measurement of IL-4

concentration, 1 × 104 cells were seeded in 96 well plate and,

twenty-four hours later, culture supernatant was harvested followed

by determination of IL-4 concentration using ELISA kit (R&D).

UVB irradiation. Mice at 8-12 weeks of age were shaved to

expose back skin and, 24 hs later, were irradiated with UVB at 2 kJ/

m2. Twenty-four hrs after irradiation, mice were sacrificed and the

irradiated skin was used for TUNEL assay. For UV irradiation on

cells, Pam212 cells were seeded at 2 × 105 in 60 mm dish plate, and

24 hrs later, washed with PBS, and then irradiated with UVB at 200

mJ/cm2. The cells harvested 24 hrs after post-irradiation were used

for FACS analysis or TUNEL assay.

Detection of apoptosis. TUNEL assay was carried out using in situ

cell death detection kit, POD (Roche) according to manufacturer’s

instructions. The number of TUNEL positive cell was counted in

equal area of six randomly selected regions. For FACS analysis,

1 × 106 cells were incubated with annexin V-Fluous (Roche) for 1 h

and annexin V-positive cells were detected using flow cytometry.

Results

Generation of transgenic mice expressing IL-4 in skin. To

investigate the role of IL-4 in skin, IL-4 transgenic mice (IL-4

Tg) were generated using human keratin-14 (K14) promoter

for keratinocyte-specific expression (Fig 1). The IL-4 gene

incorporation successfully occurred in one founder mouse and

the founder was mated with non-transgenic mice to produce

offspring that were screened by RT-PCR (Fig 2A and B).

Furthermore, selective expression of IL-4 in epidermis of

transgenic mice was demonstrated by immunohistochemistry.

As shown in Fig. 2C, the expression of IL-4 was detected in

epidermis of transgenic mice whereas non-transgenic mice did

not show any positive staining for IL-4.

Effects of IL-4 expression in epidermis. IL-4 Tg mice did

not show any apparent gross clinical abnormalities upon

observation from birth except the average thickness of skin

was slightly increased (Fig. 3A).

In order to further examine the effect of IL-4 in epidermal

cells of transgenic mice, we analyzed the expression of MHC

class II in epidermal cells as well as inflammatory cytokines

such as IL-1 and TNF-α in skin of transgenic mice. FACS

analysis of epidermis separated from IL-4 Tg mice demonstrated

approximately 2-3 fold higher expression of MHC class II in

the epidermal cells compared to that from wild-type mice

(Fig. 3B). In addition, increased transcription of TNF-α and

Fig. 3. Characterization of IL-4 transgenic mice. (A) The

increased of ear thickness in IL-4 Tg mice. The value represents

× 10−2 cm. (B) Increase of MHC-class II positive cells in

epidermis of IL-4 transgenic mice. Epidermal cells isolated from

ear were incubated with FITC conjugated I-Ad antibody for 1 h,

as described in Materials and Methods, followed by flow

cytometry. (C) The increased expression of IL-1β and TNF-α in

skin of IL-4 Tg mice.
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IL-1β was detected in skin from IL-4 Tg mice (Fig. 3C).

Histological examination of skin from IL-4 Tg mice revealed

infiltration of immune cells in skin (black arrow in Fig. 4C;

Fig. 4C is magnified picture of a square in Fig. 4B.) as well as

thickened epidermis (Fig. 4D and E; the graph to the right of

Fig. 4E represents the thickness of epidermis in value). Besides,

similar to previous observation by Elbe-Burger et al. (2002),

acanthosis (black arrow), hyperkeratosis (orange arrow), and

parakeratosis (yellow arrow) were detected in skin of IL-4 Tg

mice (Fig. 4E).

Reduction of apoptotic cells after UVB irradiation in IL-4

Tg mice. Previous reports by others (Keegan et al., 1998; Stack

et al., 1998; Morris et al., 2000) have suggested anti-apoptotic

function of IL-4. Since skin is the part of the body which is

constantly exposed to UV irradiation, we investigated the role

of IL-4 in UV-mediated apoptosis. Experiments were

performed where both IL-4 Tg and wild-type mice were

irradiated with 2 kJ/m2 of UVB, sacrificed 24 h after irradiation,

and examined for apoptosis by TUNEL assay as shown in Fig.

5 A-D. The data revealed less number of apoptotic cells in skin

of IL-4 Tg mice compared with that of wild-type mice.

Although the reduction of apoptotic cells was not dramatic, the

difference was statistically significant, showing 20% reduction

of relative TUNEL-positive cells in IL-4 Tg mice compared to

wild-type upon UVB irradiation in Fig. 5E. Meanwhile, UVB

irradiation did not cause further thickening of epidermis in IL-4

Tg mice (Fig. 5F). The data presented here suggests an

inhibitory role of IL-4 in UVB-induced apoptosis in skin.

Anti-apoptotic function of IL-4 in mouse keratinocytes

upon UVB irradiation. We have shown above that IL-4

might play a role in inhibiting UVB-induced apoptosis in skin.

Sine the inhibitory effect was not dramatic, albeit statistically

significant, we further investigated the anti-apoptotic function

of IL-4 in vitro using mouse keratinocytes where much higher

expression of IL-4 was present. A mouse keratinocyte cell

line, Pam212, was transfected with IL-4-expressing vector and

stable cell clones expressing IL-4 were selected and characterized

as shown in Fig. 6. Three cell clones (Pam212/IL-4) were

characterized and used for further analysis. In order to

investigate the effect of UVB irradiation on IL-4-expresssing

keratinocyte clones, Pam212/IL-4 cells were irradiated with

UVB (200 mJ/cm2) followed by detection of apoptotic cells

by TUNEL and FACS analysis. The representative figures

from experiments with three cell clones were shown in Fig. 7.

Fig. 4. Histochemical analysis of skin. Five micrometer sections of skin biopsies from IL-4 Tg and wild-type mice were used for H&E

staining. (A) and (B); ×100, (C), (D), and (E); ×200. The graph represents the average epidermal thickness of six randomly selected

regions. The thickness of epidermis was defined as the length from the basal layer to the stratum corneum.
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As shown in Fig. 7A, TUNEL assay revealed decrease of

apoptotic cells in Pam212/IL-4 clones, supporting the previous

in vivo data. Furthermore, FACS analysis to detect annexin V-

positive cells also showed significantly reduced apoptosis

(27.1% vs. 1.33%) in Pam212/IL-4 clones following UVB

irradiation. Taken together, it is suggested that IL-4 has the

protective effect on keratinocytes from UVB-induced apoptosis.

Discussion

In this study, we investigated the role of IL-4 in skin using

transgenic mice, which is overexpressing IL-4 in keratinocytes.

IL-4 has diverse functions, which affect cell growth, survival,

differentiation, and regulation of immune response (Keegan et

al., 1998; Hart et al., 1999; Boothby et al., 2001; Lutz, 2004).

Fig. 5. Detection of apoptosis after UVB irradiation. Skin biopsies were taken 24 h after irradiation with UVB (2 kJ/m2) and were used

for TUNEL staining (A-D). (E) The number of TUNEL positive cell was counted in equal area of six randomly selected regions.

Relative TUNEL positive cells means the fraction of TUNEL positive cells per total cells counted in each field. (F) Ear thickness 24 h

after UVB irradiation. The value for each group is the mean +/− SD (*p < 0.1).
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In skin, IL-4 has been considered as an important factor in

pathogenesis of atopic dermatitis (AD) as IL-4 was shown to

be expressed in lesional skin derived from AD patients (Ricci,

1994; Shirakawa et al., 2000; Izuhara et al., 2000). Chan et al.

(2001) demonstrated that transgenic mice, which overexpress

IL-4 in epidermis, spontaneously developed a skin disease

showing symptoms of human AD including xerosis,

conjunctivitis, inflammatory skin lesions, and infiltration of

immune cells in epidermis. On the other hand, Elbe-Burger et

al. (2002) showed that the consequence of IL-4 overexpression in

skin had no signs of spontaneous skin disease, but displayed

histopathological changes involving both the epidermis and

the dermis, including epidermal hyperplasia, hyperkeratosis,

an increase of Langerhans cells, upregulation of specific

surface markers on a subpopulation of Langerhans cells,

proliferation of fibroblasts, an accumulation of collagen and

mast cells in the dermis, and a reduction of adipocytes. In our

study, no gross skin abnormality was observed in IL-4 Tg

mice. However, histological analysis of IL-4 Tg mice revealed

thickened epidermis as well as acanthosis, hyperkeratosis,

parakeratosis. In addition, the level of MHC class II was

increased in epidermis of IL-4 Tg mice compared with wild-

type. Since it was previously reported that IL-4 overexpression

in B cells led to increased expression of MHC class II,

resulting in the enhancement of antigen presenting capacity

(Poncet et al., 1999; Stuart et al., 2000), we anticipate IL-4

overexpression in keratinocytes in mouse skin led to increased

expression of MHC class II in epidermal cells.

It was previously suggested by Elbe-Burger et al. (2002)

that, in transgenic mice in which IL-4 is ubiquitously expressed,

the number of Langerhans cells (LC) was increased due to the

impaired efflux from the epidermis to the dermis or inhibition

Fig. 6. IL-4 overexpressing stable cell clones (Pam212/IL-4).

Mouse keratinocytes, Pam212, were transfected as described in

Materials and Methods. The expression of IL-4 in the selected

cell clones was confirmed by RT-PCR (A), northern blot analysis

(B), and ELISA (C).

Fig. 7. Reduction of apoptosis in Pam212/IL-4. (A) TUNEL

assay. Cells were UVB irradiated at 200 mJ/m2 and TUNEL

assay was conducted 24 h after irradiation. (B) Detection of

annexin-V positive cells. UVB-irradiated cells were harvested

and incubated with FITC-conjugated annexin-V antibody for 1 h

and flow cytometry was conducted.



42 Hayoung Hwang et al.

of migratory activity. In our study on the migratory activity of

LC though induction of contact hypersensitivity (CHS), however,

IL-4 Tg mice did not show any differential response compared

with that of wild-type control (data not shown), implying that

the migratory activity of LC in skin of IL-4 Tg mice was not

impaired. It is yet unknown whether the skin-specific expression

of IL-4 is responsible for the different CHS response compared

to that of systemic expression as reported by Elbe-Burger et

al. (2002).

It is well recognized that UVB (290-320nm) irradiation can

induce several types of epidermal injury, including sunburn

cell formation. These injuries are considered to be associated

with skin carcinogenesis, skin aging and immune-suppression

(Berg et al., 1996; Schwartz et al., 1998; Cooper et al., 2003;

Schwartz et al., 2005a). UVB-induced immunosuppression, in

fact, has been used for clinical applications. IL-4 was reported

to mediate UVB-induced immunosuppression using IL-4−/−

mouse system, in which delayed hypersensitivity (DH) was

suppressed (el-Ghorr and Norval, 1997). In addition, apoptosis

of antigen-presenting cells by UVB-induced suppressor T cells

was suggested to be involved in UVB-induced immunosuppression

(Schwarz et al., 1998b). One possible explanation for IL-4 in

immunosuppression might be the secretion of immune

suppressive cytokines IL-4 and IL-10 by UVB-induced apoptotic

T cells (Aubin and Mousson, 2004).

Meanwhile, the study presented here demonstrated that

ectopic expression of IL-4 in keratinocytes of mouse skin and

in keratinocyte cell line was able to suppress UVB-induced

apoptois. There are several reports showing that IL-4 acts as a

survival factor in a number of different biological environments

(Mori et al., 2000; Morris et al., 2002). Zamorano et al.

(2001) suggested that IL-4-induced protection from apoptosis

might be mediated through cooperation with the NF-κB

family of transcription factors. Also, IL-4 protects endothelial

cells from apoptosis though activation of PI3K/AKT pathway

(Grehan et al., 2005). Meanwhile, various factors such as

ROS, FasL and p53 are involved in UVB-induced apoptosis

and intense studies to identify factor(s) to regulate UVB-

induced response have been conducted (S Berg et al., 1996;

Bang et al., 2003; Dazard et al., 2003; Murahashi et al., 2003;

Schimizu et al., 2005). Although it is not established yet

whether both immunosuppressive and anti-apoptotic roles of

IL-4 are directly linked to each other, cell-type specificity is

also likely to be one responsible factor for either function.

Keratinocytes protect body from various environmental

factors and is the primary target for UVB-induced responses.

Keratinocytes produce various kinds of cytokines, which

affect other cells and organs, mediating cellular growth and

differentiation as well as inflammation and immune reactions

(McKenzie et al., 1990; Akiba et al., 2002; Dazard et al.,

2003; Takasawa et al., 2005). The results presented here

provide evidences that IL-4 in keratinocytes plays an anti-

apoptotic role against UVB irradiation. Currently, investigation

is on-going to elucidate the exact mechanism of the protective

effect of IL-4 in keratinocytes against UVB-induced apoptosis.

In conclusion, we generated transgenic mice expressing IL-

4 in skin showing no gross clinical abnormalities. However, in

IL-4 Tg mice, increased infiltration of immune cells in skin

was detected in addition to histological abnormalities such as

acanthosis, hyperkeratosis, and parakeratosis. Furthermore,

IL-4 protected keratinocytes in skin from apoptosis induced

by UVB irradiation and this was confirmed in vitro using

stable cell clones. These results provide an insight that IL-4

may be an important regulator in cutaneous immune system

against UVB.
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