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In this study, we established a radiodermatitis animal model and investigated the change in immune
cell proportions in the secondary lymphoid organs. The cells responsible for the increased trans-
forming growth factor-β1 (TGF-β1) and interleukin-10 (IL-10) production in the lesions following irra-
diation were also investigated. The radiodermatitis model was constructed by locally exposing the
posterior dorsal region of hairless-1 (HR-1) mice to 10 Gy electron (E)-ray/day for six consecutive
days. The change in immune cell proportions was analyzed by FACS. Immunohistochemistry was car-
ried out to detect the expression of cytokines and cell-specific markers in the skin. The proportions
of antigen-presenting cells, T cells, and B cells in the lymph nodes and spleen were affected by
E-irradiation. After irradiation, TGF-β1 and IL-17 were co-localized in the papillary region of the der-
mis with keratin-14 (K-14)-positive cells rather than with regulatory T cells (Treg). IL-10 was not
co-stained with Treg, T helper 17 (Th17) cells, dendritic cells, or macrophages. Our data indicate that
TGF-β1 is over-expressed mainly by proliferated keratinocytes in the lesions of a radiodermatitis ani-
mal model.
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Introduction

Radiotherapy has been used for a long while in cancer

treatment. In lesions caused by radiation-induced dermatitis,

increased expression of transforming growth factor-β1 (TGF-

β1) has been reported [18]. Not only TGF-β1 functions as

a master switch for radiation-induced fibrosis, it also affects

differentiation, survival, and proliferation of immune cells

by stimulating TGF-β1 receptor on the cells. TGF-β1, togeth-

er with interlukin-6 (IL-6), regulates T cell differentiation to

T helper 17 (Th17) cells [11]. Th17 cells express interlukin-17

(IL-17) and are associated with autoimmune diseases as well

as chronic inflammatory diseases [20,29]. TGF-β1 also plays

an important role with IL-10 in differentiation and function

of peripheral regulatory T (Treg) cells which express fork-

head box P3 (Foxp3) transcription factor. In contrast to Th17,

Treg suppresses activation of the immune system. In addi-

tion, TGF-β1 is a potent epithelial growth inhibitor [31]

which can affect differentiation of keratinocyte in the epi-

dermis [5], and is an important regulator in the maintenance

of tissue homeostasis [14,33]. In this study, we established

a radiodermatitis animal model by irradiating hairless mice.

Increased expression of TGF-β1 and IL-10 as well as in-

creased Treg population were observed in the skin after

irradiation. We then analyzed the type of cells from which

TGF-β1 and IL-10 were expressed and relationship between

these cytokines as well as Treg.

Materials and Methods

Animals and electron (E)-Irradiation

Five week old hairless-1 (HR-1) mice were purchased

from Hoshino Laboratory Animal Center (Yashio, Japan)

and adapted for 1 week under conventional conditions prior

to experiments. For irradiation, mice were anesthetized by

injecting 0.1 ml mixture (5:1 ratio) of Ketamine (Yuhan,

Seoul, Korea) and Rompun (Bayer Korea, Gyeonggi-do,

Korea). All mice were taped down to an acrylic plate and

irradiated using Clinac 2100 C-G accelerator (Varian, Salt

City, UT). The posterior dorsal regions of HR-1 mice were

exposed to an electron (E)-ray at a dose rate of 4.1 Gy/min,
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10 Gy/day for 6 consecutive days. The spleen, inguinal

lymph nodes, and the bone marrow were protected using

lead shields from the E-irradiation. Sham-irradiated control

mice were also anesthetized and taped down similar to the

irradiated mice without irradiation. All procedures of animal

research were performed in accordance with the Guide for

the Care and Use of Laboratory Animals provided by the

IACUC (Institutional Animal Care and Use Committee) in

College of Medicine, The Catholic University of Korea.

Flow cytometry analysis

To isolate cells from the spleen and inguinal lymph nodes,

we followed the previously reported methods [17].

Immunophenotyping of splenocytes and inguinal lympho-

cytes was carried out using a FACS Calibur flow cytometer

(BD Biosciences, San Jose, CA, USA). Peridinin chlorophyll

A protein complex (PerCP)-conjugated anti-mouse CD4

(eBioscience, San Diego, CA, USA), phycoerythrin

(PE)-conjugated anti-mouse CD8 (BD Biosciences), fluo-

rescein isothiocyanate (FITC)-conjugated anti-mouse FoxP3

(eBioscience), allophycocyanin (APC)-conjugated anti-mouse

CD25 (eBioscience), APC-conjugated anti-mouse CD11b (BD

Biosciences), PE-conjugated anti-mouse CD11c (BD

Biosciences), and FITC-conjugated anti-mouse B220 (BD

Biosciences) were used. To assess non-specific binding,

PE-conjugated isotype antibody was obtained from BD

Biosciences. Cell surface staining was carried out with the

fluorescent-labeled antibodies at 4℃ for 20 min. Intracellular

staining of the FoxP3
+
cells was carried out following cell sur-

face staining with APC-conjugated anti-mouse CD25. The re-

sults were analyzed using Cell Quest Software (BD

Biosciences).

Immunohistochemical analysis

Staining was performed on frozen-embedded sections of

mouse dorsal skin. Samples were cut into 6 μm thick sections

and mounted onto silane-coated slides (Marienfeld,

Lauda-Königshofen, Germany). The samples were then fixed

in a ice-cold mixture of methanol and acetone (1:1) for 15

min and blocked in 20% normal goat serum for 90 min.

Primary antibodies used in this study were affinity purified

rat anti-mouse Foxp3 (eBioscience), rabbit anti-mouse TGF-β

1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),

rat anti-mouse IL-6, goat anti-mouse IL-17 (R&D Systems,

Minneapolis, MN, USA), rat anti-mouse keratin-14

(COVANCE, Emeryville, CA, USA), PE-conjugated hamster

anti-mouse CD11c, PE-conjugated rat anti-mouse CD11b,

and biotin-conjugated rat anti-mouse IL-10 (BD Biosciences).

Secondary antibodies used to detect the primary antibodies

were anti-rat Cy3 (Santa Cruz Biotechnology, Inc.), anti-rab-

bit FITC (Santa Cruz Biotechnology, Inc.), anti-rat FITC

(Santa Cruz Biotechnology, Inc.), and anti-goat Cy3 (Santa

Cruz Biotechnology, Inc.). To detect CD11b and CD11c, sec-

ondary antibodies were not needed because the primary an-

tibodies were PE-conjugated. Expression of IL-10 in the skin

was detected using FITC-conjugated streptavidin (Santa

Cruz Biotechnology, Inc.). Before observe the staining, nu-

clear DNA was stained with the DAPI reagent (Invitrogen,

Eagene, OR, USA).

Statistical analysis

Body weights of the mice during the experimental periods

were analyzed by one-way repeated-measure analysis of

variance (ANOVA). Significant difference between the

sham-irradiated and the E-irradiated group along the period

of experiments was determined by the Bonferroni method.

Paired t-tests were performed to compare initial and fol-

low-up body weights for each grou lsk updp. The changes

of the immune cell proportion were analyzed by one-way

ANOVA followed by Bonferroni's post hoc analysis.

The statistical calculations were performed with Stata/SE

software (version 9.0; Stata Corp, College Station, TX, USA.).

P-values less than 0.05 were considered statistically

significant. All results are expressed as the mean±standard

error (SEM).

Results

Establishment of a radiodermatitis mouse model

Skin change of the E-irradiated mice was first observed

on the day 13 and observed at least up to the 24
th

day after

the first E-irradiation (Fig. 1A). On the day 15 following E-ir-

radiation, dry desquamation had increased and in-

flammation was observed on the back skin of some mice.

By day 22, inflammation on the back skin and bleeding from

the tail was observed in some of the E-irradiated mice.

The repeated-measure ANOVA revealed significant dif-

ferences in body weights (p<0.001) between the sham- and

the E-irradiated groups. Body weights were significantly

lowered in the E-irradiated group than the sham-irradiated

group between the 6th and the 23rd day (Fig. 1B). No conven-

tional pathogenic infection of the HR-1 mice was observed



Journal of Life Science 2012, Vol. 22. No. 2 135

A

*   *   *   *   *   *   *   *   *   *   *  *   *   *   *   *   *   *24
26

28
30

Bo
dy

 W
ei

gh
t(g

)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day

Sham-irradiated E-irradiated

Weight Change after E-irradiation(day)
B

Fig. 1. Establishment of a radiodermatitis mouse model. HR-1

mice were E-irradiated on the dorsal buttock region with

10 Gy/day for six consecutive days. (A) Surface macro-

photography of the radiodermatitis model. The arrows

indicate the lesions showing severe inflammation. (B)

Change in body weight of HR-1 mice after E-irradiation.

Data are represented as mean (1-15 days: n=15 for both

groups, 16-24 days: n=8 for both groups).*: p<0.05

in serological, culture, and parasitological tests during the

experiment period.

Alteration of immune cell proportions in the

spleen and lymph nodes of the E-irradiated mice

To examine the alteration of immune cell proportions in

the spleen and lymph nodes after E-irradiation, a FACS anal-

ysis was carried out for the cells (Fig. 2). CD11b
+

cells in

lymph nodes increased after E-irradiation compared to the

control mice after both 15 and 24 days. After irradiation,

CD11c+ cells decreased slightly in the spleen while increased

Fig. 2. Relative proportion of immune cell subpopulations ana-

lyzed by FACS in lymph nodes and the spleen after

E-irradiation. Data are represented as mean±SE. Gray

bar: sham-irradiated mice (Day 15: n=7, Day 24: n=8),

black bar: E-irradiated mice (Day 15: n=7, Day 24: n=8).

*: p<0.05

in lymph nodes. The proportion of CD4+ helper T cells ex-

hibited a sharp decrease in the spleen after 24 days of

E-irradiation. The proportion of CD8+ cells decreased ap-

proximately 4-fold in the spleen and 2-fold in lymph nodes

after E-irradiation. B220
+

B cells in the spleen decreased after

E-irradiation, while B cells in lymph nodes increased than
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Fig. 3. Immunohistochemistry of FoxP3, TGF-β1, and

IL-10 in the skin of sham-irradiated or E-irra-

diated mice. (A) Expression of FoxP3 and

TGF-β1 was evaluated in the skin. Expression

of IL-10 was analyzed using a biotin-con-

jugated primary antibody and FITC-con-

jugated streptavidin (x100). (B) The area in the

box of the upper right panel of Fig. 3A was

enlarged to show the pattern of FoxP3 stain-

ing in detail. The boundary of epidermis and

dermis was indicated with the dotted line. (C)

Double staining of the sham-irradiated or the

E-irradiated mice skin for FoxP3 and

cytokines. The co-expression of TGF-β1 and

FoxP3 or IL-10 and FoxP3 was analyzed in the

skin by immunofluorescent assay. When the

primary antibody was omitted for the staining

to check non-specific binding of the secondary

antibodies, there was no background staining

(data not shown). The results are representa-

tive of three independent experiments (x100).

C

the sham-irradiated group after 24 days of E-irradiation.

Approximately 1-1.5% of the spleen cells and 4-6% of

lymph node cells were FoxP3
+

cells in the sham-irradiated

mice. Fifteen days after E-irradiation, there was a 3-fold de-

crease of FoxP3
+

cells in the spleen and a 2.5-fold increase

in lymph nodes. Twenty four days after the E-irradiation,

the changed proportion of FoxP3+ cells in the spleen and

lymph nodes had returned to a similar level with the

sham-irradiated mice. Interestingly, all the cells checked by

FACS showed decreased percentages in the spleen after E-ir-

radiation, but the proportions of the cells in lymph nodes

were variably affected by E-irradiation depending on the cell

types.

Relative location of TGF-β1, IL-10, and FoxP3

expression in the radiodermatitis lesions

Immunohistochemistry was carried out for the frozen sec-

tion of the mouse skin on the 15 and 24 days after E-irradi-

ation (Fig. 3A). Specific antibodies to FoxP3, TGF-β1, and

IL-10 were applied for the detection.

FoxP3 expression was rarely detected in the sham-irradi-

ated skin but began to increase in the dermis following E-ir-

radiation (Fig. 3A and 3B). After 24 days of E-irradiation,

FoxP3 expression increased further than after 15 days.

Sham-irradiated mouse skin showed scattered expression of

TGF-β1 in the dermis and the epidermis. A heavier TGF-β1

staining in the epidermis was exhibited after 24 days than

after 15 days following E-irradiation. IL-10 was detected

mainly around the hair follicles without E-irradiation. IL-10

expression in the dermis increased on the 15
th

day after E-ir-

radiation and then decreased somewhat on the 24th day, but

still higher than in the sham-irradiated skin.

The possibility that TGF-β1 and IL-10 were expressed by

FoxP3 positive cells was examined by double staining (Fig.

3C). FoxP3 and TGF-β1 were occasionally co-stained, but

FoxP3 and IL-10 expressions were observed mostly in
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Fig. 4. Immunofluorescent assay for keratinocytes and cytokines in the skin of the sham-irradiated or the E-irradiated mice. (A)

The skin section was co-incubated with antibodies for TGF-β1 and K-14 (x100). (B) Co-staining of IL-10 and CD11b, or

IL-10 and CD11c in the skin of mice following E-irradiation (x100). (C) The tissue sections were incubated with goat anti-mouse

IL-17 as well as with, rat anti-mouse IL-6, biotin-conjugated anti-mouse IL-10 or rabbit anti-mouse TGF-β1 antibodies. When

the primary antibody was omitted for the staining to check non-specific binding of the secondary antibodies, there was

no background staining (data not shown). The results are representative of three independent experiments (x100, 400).

different positions.

Cells expressing TGF-β1 and IL-10 in the

radiodermatitis lesions

As TGF-β1 was detected at high level in the thickened

epidermis following E-irradiation, we checked if TGF-β1 is

expressed by keratinocytes of the irradiated skin by double

staining for TGF-β1 and K-14 (Fig. 4A). In the sham-irradi-

ated skin, TGF-β1 and K-14 were stained in different

locations. However, TGF-β1 was mainly co-stained with

K-14 in the epidermis after 15 and 24 days following

E-irradiation.

To determine whether IL-10 was expressed in the den-

dritic cells or macrophages of the radiodermatitis lesions,
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double staining for IL-10 and CD11b, or IL-10 and CD11c

was carried out (Fig. 4B). CD11b
+

cells were increased in

the dermis on day 24 than on day 15 after E-irradiation.

CD11c
+

cells were also detected more frequently in the E-ir-

radiated skin than in the sham-irradiated skin. However,

CD11b+ and CD11c+ cells did not co-localize with IL-10.

To determine whether Th17 cells participated in the im-

mune responses of radiodermatitis, IL-17 and IL-6 which is

essential for the formation of Th17 cells were co-stained (Fig.

4C). IL-17 expression increased dramatically after E-irradi-

ation than the sham-irradiated control. Higher IL-17 staining

was observed in the dermis and the epidermis on the 24th

day than on the 15th day after E-irradiation. IL-6 staining

increased in the skin on 15 days after E-irradiation and then

slightly decreased on 24 days after E-irradiation. IL-6 and

IL-17 co-localized in a lot of cells in the dermis; however,

some of them were stained in different locations. Meanwhile,

the IL-10 and IL-17 stainings were only partially merged.

As TGF-β1 plays an important role in the differentiation of

Th17 cells, co-expression of IL-17 and TGF-β1 were also

analyzed. IL-17 exhibited expression in the same location as

TGF-β1 in the dermis and in the epidermis. In addition,

there was increased expression of both IL-17 and TGF-β1

on the 24th day than on the 15th day.

Discussion

The proportions of CD8
+

or CD4
+

T cells and B220
+

B cells

showed less reduction and/or faster recovery in lymph no-

des than the spleen in this study. This might be because

dendritic cells and macrophages which engulf and digest an-

tigens migrate to lymph nodes and stimulate lymphocyte

immigration and proliferation there [1,7,16,26]. According to

a recent paper [3], CD4
+

cell percentages in lymph nodes

and the ratio of FoxP3+ cells among the CD4+ cells increased

in the abdomen of the mouse after γ-irradiation compared

to the controls. In our results, the ratio of Foxp3
+

cells in

lymph nodes increased following E-irradiation than the

sham-irradiated controls. Thus, Treg cells might be more ra-

dioresistant than CD4
+

cells. The other possibility is Treg

migration and/or differentiation had increased to counteract

excessive inflammation response caused by irradiation.

Statistically significant reduction was observed the pro-

portion for CD11b
+

and CD11c
+

spleen cells of the sham-irra-

diated mice. Even though the sham-irradiated mice are not

irradiated, they were repeatedly anesthetized and taped

down on the irradiation stage for six days just like the irradi-

ated mice. The immune cell proportions in spleen of the

sham-irradiated mice might have been affected by these

stressful treatments.

As previously reported [36], cells of the thickened epi-

dermis region were stained for K-14 after radiation in our

study. Keratin is a filament forming protein of epithelial cells

and helps to maintain tissue structure [27] as well as protects

epithelial cells from stress [9]. When cells stratify and differ-

entiate, K-14 and K-5 expression is down-regulated while

K-1 and K-10 expression is up-regulated [6]. In other words,

K-14 and K-5 are expressed in dividing basal keratinocytes

of the skin epidermis [24].

We also observed increased expression of TGF-β1 in epi-

dermis after irradiation similar to what has been already

known [18]. As TGF-β1 induces differentiation of FoxP3
+

Treg and Th17 cells [11,35], we tested whether TGF-β1 was

co-stained with FoxP3 in the skin of the radiodermatitis

model. Our data showed that TGF-β1 and FoxP3 were ex-

pressed in different locations, while K-14 and IL-17 were

co-stained with TGF-β1 in the E-irradiated epidermis. Thus,

it seems that TGF-β1 is expressed mainly from keratinocytes

in the basal layer [4,21,32]. T cells which express receptors

of TGF-β1 [2,12] might have been recruited and stimulated

by TGF-β1, resulting in differentiation to Th17 cells [4,35].

However, this is only possibility as we did not check the

expression of other Th17 cell markers such as IL-21 and

IL-22. IL-17 produced by Th17 cells [11] and dendritic cells

[10] might have bound to IL-17 receptors on the K-14 ex-

pressing keratinocytes [23,30]. Related to this, IL-6 and IL-17

which play important roles in the formation of Th17 cells

were simultaneously expressed in many cells of radio-

dermatitis lesions after 15 days of irradiation.

IL-10 is an essential cytokine for differentiation and func-

tion of Treg just like TGF-β1, and is secreted from Treg [8].

We investigated if increased IL-10 is produced by Treg. IL-10

expression was increased substantially around hair follicles

after irradiation just as reported previously [28]. Double

staining showed that FoxP3 expression was scattered

throughout the dermis region after irradiation, while IL-10

expression was concentrated in some areas of the dermis,

suggesting that Treg is not the main source of IL-10.

Dendritic cells and macrophages can also express IL-10

[8,15,22,25]. However, our results showed that increased ex-
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pression of IL-10 after irradiation did not occur in dendritic

cells or macrophages, as most of the IL-10 positive cells are

not co-stained with CD11b or CD11c. IL-10 receptor is

known to be expressed on Th17 cells, and IL-10 suppresses

Th17 cells [13]. In our results, IL-10 and IL-17 were rarely

detected in the same cells even though the expression of

both IL-10 and IL-17 were increased in the dermis of skin

on the 15
th

and 24
th

day after E-irradiation. The type of cell

which expresses most of IL-10 could not be determined in

this study. As T regulatory 1 (Tr1) cellsexpress IL-10 [19,34],

the increased expression of IL-10 in our mouse model could

be from these cells.

We tried to find an irradiation protocol to induce re-

diodermatitis without affecting general health conditions of

the mice. However, reproducible radiodermatitis mice mod-

el was not achieved using lower dose irradiation than what

was used in this experiment. Body weights of the radio-

dermatitis model mice were decreased than the sham-irradi-

ated mice after E-irradiation. Thus, we cannot rule out the

possibility that the immunological changes we observed in

this study were somewhat affected by the deteriorated

health conditions of the mice.

Our results using radiodermatitis mouse model showed

that TGF- β1 is mainly produced by the thickened epidermal

keratinocytes.
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초록：E-ray를 조사한 쥐의 피부에서 증식된 keratinocyte에 의한 TGF-β1 발현
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우리는 방사선피부염 동물 모델을 확립하여, 이차 면역 기관에서의 면역 세포 비율 변화를 관찰하였다. 또한,

방사선 조사에 의한 병소에서 transforming growth factor-β1 (TGF-β1)과 interlukin-10 (IL-10)의 발현을 증가시

킨 세포를 분석하였다. Hairless-1 (HR-1) 쥐의 posterior dorsal 부위에 6 일간 매일 10 Gy 씩 electron (E)-ray를

국부 조사하여 방사선피부염 모델을 만들었다. FACS를 이용하여 면역 세포 비율의 변화를 분석한 결과 비장과

림프절에 존재하는 항원제시세포와 T 세포 및 B 세포들의 비율이 E-irradiation에 의해 영향을 받았다. 피부에서

세포 특이적인 마커와 사이토카인들의 발현 양상은 면역형광염색법으로 확인하였다. 방사선 조사 후, TGF-β1과

interlukin-17 (IL-17)은 regulatory T 세포(Treg)보다 keratin-14 (K-14)를 발현하는 진피의 끝부분에서 높게 발현

되었다. Interlukin-10 (IL-10)는 Treg 뿐만 아니라 T helper 17 (Th17) 세포, dendritic 세포, macrophage 중 어느

것과도 같은 위치에서 검출되지 않았다. 우리의 데이터는 방사선피부염 동물 모델의 병소 안에서, TGF-β1이 증

식된 keratinocyte에 과발현된다는 것을 나타낸다.


