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Th1 and Type 1 Cytotoxic T Cells Dominate Responses
in T-bet Overexpression Transgenic Mice That Develop
Contact Dermatitis’

Kazusa Ishizaki,” Akiko Yamada,” Keigyou Yoh,” Takako Nakano,* Homare Shimohata,*
Atsuko Maeda,* Yuki Fujioka,* Naoki Morito,* Yasuhiro Kawachi,” Kazuko Shibuya,’
Fujio Otsuka,® Akira Shibuya,” and Satoru Takahashi®*

Contact dermatitis in humans and contact hypersensitivity (CHS) in animal models are delayved-type hvpersensitivity reactions
mediated by hapten-specific T cells. Receutly, it has become elear that both CD4™ Th1 and CD8™ type 1 eytotoxic T (Tel} cells
can act as effectors-in CHS reactions. T-bet has been demonstrated to play an important role in Thl and Tcl cell differentiation,
but little is known about its contribution to CHS. In the present study, we used C37BL/6 mice transgenic (Tg) for T-bet to address
this issue. These Tg mice, which overespressed T-bet in their T lymphocytes, developed dermatitis characterized by swollen, flaky,
and scaly skin in regions without body hair. Skin histolegy showed epidermal hyperkeratosis, neutrophil, and Iymphoecyte infil-
tration similar to that seen in contact dermatitis. T-bet overexpression in Tg mice led to elevated Th1 Ig (IgG2a) and decreased
ThZ Ig (dgG1) production. Intraceliular cytokine analyses demonstrated that IFN-y was increased in both Thl and Tcl cells.
Farthermore, Tg mice had hypersensitive responses to 2,4-dinitrofluorobenzene, which is used for CHS induction. These resulis
suggest that the level of expression of T-bet might play an Important role in the development of contact dermatitis and that these

Tg mice should be a useful model for contact dermatitis. The Journal of Immunology, 2007, 178: 605612,

he Th1/Th2 paradigm preposed by Mosmann ef al. (1)

holds that CD4™ T cells can be subdivided into 1wo cat-

egories, namely Thl and Th2 (2). These two polarized
subsets-can be identified on the basis of the-cytokines they secrele
(3). Th1 cells produce 1L-2 and 1FN-vy, whereas ThZ cells produce
1L-4, IL-5, 11-6, IL-10. and 1L-13, More recently, a similar het-
erogeneity among CD8™ T eytotoxic (Te)* cells has also been
recognized with the identification of Tel and Te2 subpopulations
(4, 5). IFN-vy ig also one of the main cytokines produced by dif-
ferentiated CD8™ effector T ¢ells and has been shown w have a
fundamental role in CD8™ T cell-mediated immunity {6). Lineage
commitment of CD4™ and CD8™ T cells is transcriptionally reg-
ulated, often by the same factors that mediate T cell effector
function.
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T-bet is known asa Thi lineage commitment transcription fac-
tor-as a result of its transactivation of the Thi eytokine IFN-y (7).
Recently, T-bet has alse been shown to regulate cytolytic effector
mechanisms of CD8™ T cells (8). T-bet expression is rapidly in-
duced in CD8"Y T cells by signaling through the TCR and the
TFN-vyR, and it functions downstream of STATL (6,9, 10). In the
context of Ag-specific activation, T-bet is required Tor the differ-
entiation of naive CD8" T cells into effector CTLs.

Contact dermatitis 1s one of the most common skin diseases
(11). Knowledge of the pathophysielogy of contact dermatitis is
derived chiefly from animal models in which the inflavmation
induced by hapten painting of the skin is referréd to as contact
hypersensitivity (CHS) (12). Contact devmatitis and CHS are de-
layed-type hypersensitivity reactions that.are mediated by hapten-
specific T cells (12). Skin sensitization resulting in contact derma-
titis and CHS is dependent en the initation of specific T
lymphocyte responses (11, 13). Until recently it was believed that
the most important cells in these responses were CD4™ T Iym-
phoeytes. 1L-2 and IEN-v produced by Thl cells are thought to
play a preeminent role in the evolution of CHS (14, 15). Some
investigations. in mice found CHS 10 be associated with. CD4™. T
lymphocyte function and to be compromised when such cells were
deleted (15, 16). However, there is growing evidence that in many
instances the predominant effector cell in CHS may be a CD8™ T
lymphoeyte (13, 17, 18y Wang et al. {17) clearly demeonstrated
that the deletion of CD8" Tcl cells had a more significant sup-
pressive effect than the deledion of CD4™ Thi eells in CHS re-
spouses to 2.4-dinitroflucrobenzene (DNFRB). According to these
results, both CD4™Y Thi and CD8Y Tel cells are key players
i CHS.

Although T-bet plays an important role in Thi and Tcl cell
induction, little is known abeut its contribution to CHS. In the
present study we used T-bet overexpression in T .¢ell transgenic
(Tg) mice to address this issve.
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Materials and Methods

Generation of T-bet Tg mice

A 2.5-kb, full-length ¢DNA encoding the mutine T-bet protéin was in-
serted into 4 YA CD2 transgene cassefte containing the dpstream gene
regulatory region and loeus control region of the hiuman CD2 gene. The
VA vector has been réported to-direct expression of the inserted cDNAn
all single-positive mature T lymphoeytes of Tg mice, with-expression being
linearly proportional to the transgene copy number (19}, This T-bet con-
struct was injected into BDF1 fertilized eggs'to-generate Tg mice. T-bet Tg
mice were inbred with CS7TBL/G mice for four generations. Mice were
maintained in specific pathogen-free conditions in a laboratery animal re-
source center. All experiments were performed according 1o the Guide for
the Care and Use of Labeoratory Animals at the University of Tsukuba
(Ibaraki, Japan}, and the study was approved by the Institutional Review
Board of the university.

Southern hybridization analysis of genopiie DNA

Southern hybridization was performed by using the Gene Images random
prime Tabeling module systent (Amersham Biosciences). High mw. DNA
was prepared from the tail of each mouse, and 15 g of DNA was digested
with Apal and then subjected 9 clectrophorésis on 1.0% agarose gels.
After electrophoresis, the DNA was transferréd to a Hybond-N™ niem-
brane. A fluorescence-labeled Apal/Kpnl fragment (L5 kb) of the F-ber
cDINA was used as a probe, The transgene copy number was determiried
from the blot with a BAS 1500 Mac mmage analyzer.

RT-PCR for transgere expression analysis

Total RNA was prepared from the thymus of 10 wk-old Tg mice or their
wild-type transgene-negative ltfermates (WT mice) using TRIzol reagent
according to the manufacturer’s instructions (Invitrogen Life Technolo-
gies). Furst-strand cDNA was synthesized at 42°C for 50 min using the
SuperSeript 1l RNase H2 reverse-transcriptase kit {Invitrogen Life Tech-
notogies), and. 1 pl of this 20 ul reaction mixture was ised for the PCR.
Amplified products were analyzed on 2% agarose gels, PCR primer se-
quences wete as follows: Tobet, 5'-CGGTACCAGAGCGGCAAGT-3 and
S-AGCCCCCTIGTTGTTGGTG-3" GATAS3, 5-TCTCACTCTCGAG
GCAGCATGA-3" and 5"-GGTACCATCICGCCGCCACAG-3"; GAPDH,
SCCCCTTCATTGACCTCAACTACATEG-3 and 3-GCCTGCTTCAC
CACCTTCTTGATGTC-3".

Western: blot analysis

Thymecyte nuclear extracts were prepared from 10 wk-old Tgimice or WT.
The extracts: were sizesfractionated on a 10% SDS-polyacrylamide gel,
transferred to a polyvinylidens difluoride membrane (FluoroTrans), and
reacted with printary and secondary Abs. Fordetection of the T-bet protein,
a-goat anti-meuse T-bet (N-19; Santa Cruz Biochemicals) was used as the
prinsdry Ab and peroxidase-Conjugated rabbit anti-goat 126G (Zymed Lab-
aratories) was used as the secondary Ab. For normalization with respecito
the amount of protein in each sample, anti-lamin B Ab (Santa Cruz
Biochemicals) was used as a control,

Histopathological analysis

Organs were fixed with 10% formalin in 0,01 M phosphate buffer(pH 7.2}
and embedded in paraflin. Sections (3 pm) were stainéd with H&E for
histopathological examination by light microscopy.

Measurement of serum lg

Total serum Ig was determined by ELISA as previously described (20).
Briefly, Nunc: imununoplates were coated with gomt anti-mouse g (ICN
Pharmaceuticals). The plales were kept al room temperature for 1 h and
then washed with (:1 M PBS. After washing, the plates were blocked with
0.5% BSA in PBS solution. Serial dilutions of test serum samples were
applied and incubated at room temperature for | h. After washing with
PBS. the plates were treated with alkaline phosphatase-conjugated goat
anti-mouse IgG, 1¢G1, or 1gG2a (Sigma-Aldrich) at room temperature for
[ h. After additional washes: alkaline phosphatase substrate (Sigma-
Aldrich) solution was added and allowed to develop. Absorption at 405
nin was measured with an immunoplate reader (BenchiMark: Bio-Rad).

Culture medivm, cytokines, and Abs

RPMI 1640 medium supplemented with 10% FCS, 2-ME (0.05 ;mM). -
glutamine (2 mM), penicillin (100 U/mby, streptomyein (100 wg/ml),
HEPES buffer {10 mM), and sodium pyravate (I mM) was used as cultore
medivm. Recombinant mouse cytokines were 1L-2 (Genzyme Techne),

T-bet TRANSGENIC MICE DEVELOP CONTACT DERMATITIS

IL-4 (BD Pharmingen), and 1L-12 (BD Pharmingen). Porified rat antis
miouse [L-4 (LIBIY IL-12¢C17.8), CDi3e (145-2CH ), and CD2R(37.51)
mAb, PE-conjugated anti-mouse IL-5 (TRFKS), and FITC-conjugated anti-
mouse: IEN-y (XMG1.2y were purchased from BD Phamungen.

Preparation of T Cells

CD4" and CBR" T cells were prepared from each-mouse spleen and lymph
nodes. CD47 and CDE" T cells were:enriched by positive selection using
a MACS systemn with anti-CD4 and anti-CD8 mAb (Miltenyi Bioteel In
the spleen cell transfer experiment the cells (3 % 10% cellsy were
wransferred iv.

Stinudation of Ty COATCDE™ T eells for ¢vivkine production

Primary stimulations of CD4™/EDE™ T cells 2.5 X 10° cellstwell) were
performed with crogs-linked-anti-CD3e (1 pgfmb and anti-CD28-(10-ug/
miby plus 1L-2 (10 ng/mil} in a total volume of 2 ml i 24-well plates. In
addition, some cultures received cytokines {10 ng/ml IL-4 or 10 ng/ml
IL-12¥.0r mAb to block endogenous eytokines (10 pg/ml anti-1L-4 or 10
pgfml anti-IL-12x T cells were expanded and maintined under constant
culture conditions for 1 whk.

Flove eytomerric analysis of intracellular 1L-5 and TFN-y
synthesis

Cells were resuspended at 10° 1o 10% celis/ml and stimulated with PMA (50
ng/miy plus ionomycin (500 ng/ml). Two hours before cell harvesting,
brefeldin A was added at 10 pg/ml using a stock solution of 1 mg/mt in
ethanol (100%}3. Cells were harvested, washed, and resuspended in PBS
with brefeldin A before the addition of an egual volume of 4% formalde-
hyde fixative {finul concentration, 2%, After fixation for 20 min at room
temperature, cells were stained for cytokines. For intracellular staining, all
veagents and washes contained 1% BSA and 0.5% saponin (Sigma-
Aldrichy, and all incubations were performed ‘at room temperature; Cells
were washed and preincubated for 10 min in PBS/BSA/saponin and then
incubated with allophycocyanin-conjugated anti-mouse IL-5 (3 pg/mlby
and anti-mouse IEN-y (5 pg/ml) or isotype-matched control Abs (10
pg/ml) for 30 min, After 20 min, cells were washed twice with PBS/
BSA/saponin and then washed with PBS/BSA without saponin to atlow
membrane closure; Samples were analyzed with § FACSealibur flow
cytometer (BD Biosciences), Results were analyzed by using CellQuest
software. .

duction of CHS

Induction of CHS was conducted using the methods deseribed previously
(217. Briefly, mice were sensitized to DNFB by painting the shaved abdo-
men with 50 gl of 0.5% DNFB in acctone/olive oil (4:1) and each footpad
with 5 pl of the mixture on days 0 and L. On day S, mice were challenged
with 20 pl of 0.3% DNFB on each side-of the left ear. As a contiol. the
right ear was painted with an identical amount of vehicle. The ear thickniess
was measyred al 12, 24,48, and 72 h after challenge at three Jocations. The
ear-swelling was caleulated as [(7— Ty left ear] — [T — 7g) tight ear],
where 7, and 7 represent the values of ear thickiess before and after the
challenge, respectively.

Results

Generation of Tg mouse lines overexpressing T-bet in T eells

To generate Tg mouse lines expressing high levels of T-bet
specifically in T cells, the mouse T-ber cDNA was inserted into
the VA vector (Fig. [A). Genomic Southern blotting analysis
was performed to confirm the integrity and copy number for
each Tg mouse line. The length of the Apal fragment containing
the T-bet transgene was 1.2 kb, whereas the corresponding frag-
ment for the endogenous. T-ber gene was 4.0 kb (Fig. 14). The
transgene was detected in mice of Tg lines 710; 725, and 731
(Fig. 1B). In densitometric analyses, line 710 seemed 1o contain
more than 12 copies of thetransgene, whereas lines 725 and 731
contained approximately 12 and 8 copies, respectively. How-
ever. tine 710 could not transmit the genes to the next genera-
tion, but the transgenes in both line 725 and Hne 731 were
stably transmitted to progeny.
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FIGURE 1. Generation of T-bet-overexpressing mice. A, Diagram
showing the structures of the mouse T-ber (mi-bet) gene locus and the Tg
construct. T-bet eDNA was inserted into @ vector €V A vectory containing
a human €2 transgene cassette. The Southern blotting probe site; the
restriction. sites, and the predicted sizes of the endogenous gene and the
transgene. (with Apal restriction sités) are indicated. B, Exon: LCR, locus
control region. 8, Southern blot analysis of the endogenous and Tg T-ber
genes in Tg mice. The fragment with Apal and Kpal restriction sites in
mi-bercDNA in patel (A) was used asthe probe. The 4.0-kb endogenous
and 1.2-kb Tg genes are shown for Te line 710:(Tg 710), Tg 723 (Tg 723).
and Tg 731 (Tg 731} mice: The transgene copy numbers for Tg lines 710,
725, and 731 were vver 12, 12, and § copies, respectively.

Overexpression of T-bet ine Tg mice

To confirin expression of the transgene, RT-PCR and immunoblot
analyses were performed to moenitor T-bet mRNA and protein lev-
els in thymocytes from the two Ty lmes (Fig: 2, A and B). Over-
expression of T-bet mRNA and protein was detected in all Tg mice
tested. The amount of T-bet protein.in Tg line 725 cells was
slightly higher than the amount in Tg Iine 731, indicating that the
expression level of the protein was copy number dependent. The
T-bet protein was not detected in WT mice in this analysis.

Higher ratio between TgG2a and IgGl in T-bet Tg mice

To determine cytokine levels we frst analyzed seram by the
ELISA method, but all samples were below the level of detec-
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FIGURE 2. T-bet expression anatysis by RT-PCR and Western blot in
the thymus, A, RT-PCR analysis. In Tg line 725 (Tg 7251 and Tg line 731
(Tg 7313, T-ber gene expression was higher than that of WT. N, PCR
without template: as negative control. Two individual mice were used i
cach genotype.. 8, T-bet protein in nuclear extracts from thymocytes, T-bet
protein was clearly identified by Western blofting in the extracts from Ty
lines 725 and 731, In this analysis, however, the normal fevel of T-bet from
WT thymogytes could not be detected.

tion {data not shown ). Because Thi/Th2 eytokines contribuite to
control of Ty subtype production, we next analyzed serum [gG1
and lgG2a. Thi cells support macrophage activation, delayed-
typed hiypersensitivity responses, and Ig isotype switching to
1gG2a. In contrast, Th2 cells provide efficient help for B cell
activation and class switching to IgG1 (22, 23). To confirm the
Thi-dominant response in T-bet Tg mice, serum IgG levels
were measured by ELISA (Table 1), Tg line 731 mice had serum
total 1gG levels similar te those of WT mice (Tg line 731,
394.0 = 37.60 mg/dly WT, 340.3 & 18.7 mg/dl); but Tg line 725
levels. were significantly higher than those of WT mice
(547 .4 = 1089 mg/dl). Serum 1gG1 levels of Tg mice (Tg line
731, 794 £ 74 me/dl) tended o be lower than those of WT
mice (174.0 & 33.7 mg/dl) but, in contrast, 1gG24a levels were
higher (Tg line 725, 253.1 £ 779 mg/dl; WT, 90.7 = 126
mg/dly. Toconfirm the promotion of the 1gG2a class switch and
repression of IgG1 TE mice, IgG2a/lgGl ratios were calculated.
These were found to be significantly higher in Tg mice (Tg line
725,293 £ 0.95; Tg line 731, 1.22 %= 0.13) than in WT mice
(0.62 = 0:0%) (p < 001

Increased synthesis of IFN-v in T-bet Tg mice

From the above data, Tg line 725 mice had greater overexpres:
sion of T-bet than Tg line 731 mice and were therefore used in
the following studies. To confirm the observed differences in

Table 1. Seriom nmmunaglobulins for 30-week-ald mice”
WT Ty Line 725 Ty Lire 731
Meusurenient (o= 13y (7 = 8) n= I
12G (mg/dh 3403 £ 18,7 5474 = 108:9” 3940 376
Gl (mg/dh) 1740+ 337 1749 =890 T4 = TA4"
1gG2a (mg/dly 907 = 126 2331 = 7740 97.1 + 134

Je(2alleG 0:62 + 0.08

ratio

293 = 0:95° 1.22 = 013

# Data areoxpressed as mean 2 SEM.
"p < 005 versus WT.
T B0 versus WL
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Medium

Alone

Anti-IL-4

FIGURE 3. Intracellular cytokine analysis of CD4" +H_-1 2
(A} and CD8™ (B} T eélls from each group. A, CD4™ T
cells from WT and Tg line 725 mice were cultured in
the presence of mediam along, ant-IL-4 ploy 1L-12
{Thl differentiation conditions), or anti-IL-12 plus 1L-4
{Th2 differentiation conditonsy and analyzed by flow
cytometiy for intracellutar synthesis of IFN-y and 1L-5.
The frequencies of IFN-y-producing ¢ells are shown on
the a-axis and those of IL-5-producing cells on the y-
axis, Intracellular svnthesis of IFN-y in Tg line 725
mice was increased under all conditions. 8, CD8T T
cells from WT and Tg line 725 mice were cultured in
the ‘presence ‘of medium alope and analyzed by flow
cytometry for intracellular synthesis of IFN-y and
-5, Results are representative of three independent
experiments,

+L-4

Medium
Alone

eytokine production at the single-cell level, we studied their
intracellular synthesis by flow cylometry. €D4™ T cells from
Tg mice had higher levels of IEN-vy than WT mice either in
mediom alone or under conditions favoring Thl differentiation
{presenice of anti-lL-4 Ab and IL-12) or Th2 differentia-
tion {presence of anti-1L-12 Ab and IL-4) (Fig. 3A). Especially
in the Th2 ceadition 38.0% of CD4™ T cells from Tg mice
produced IFN-y, but only 2.3% from WT did so. In contrast to
IFN-v, the production of IL-5 in cells from Tg mice showed
lower levels in medivm and the Th2 condition. IL-4 production

Anti-lL-12

IL-5

iL-5
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FIGURE 4. GATA-3 mRNA expression anatysis by RT-PCR in intra-
cellular cytokine production. experimment. P, Prestimulation; M, medium-
alore condition: Thi, Tht differentiation conditions; Th2, Th2 differenii-
ation conditions; N, PCR without template as negative control.



