Table 1. Sequences of primers used for real-time reverse transcription-polymerase chain reaction with the SYBR Green detection system

Gene Accession no. Sense/Antisense Sequence

Chi3lt AA945643 Sense 5-TCGTTAACAGGGATGACCTGTATCT-3
Antisense 5-GGGTAGGACGGTGGGATTGT-3

Slc2a3 AAS01341 Sense 5-AAGCTGGCCATTGGCAAAT-3
Antisense 5-CTAGCCTCTTGTGCTCCTCCAT-3'

Sic16a6 AA859652 Sense 5-AAAGGTGTTTCGACTGCATTCTC-3
Antisense 5-CCCCATGTACCAAGCACTGTT-3

Prir AW142962 Sense 5-TGTCGCATAAGGTCCCCTCTT-3
Antisense 5'-GCTTGGCAATTTGTAGGGAAAG-3’

Pi4Ki BEQ97981 Sense 5-CCCCTTTCTCTTTCCTTCTGGTA-3’
Antisense 5-ACAGCAAGTTCCAGGACAGTCA-3

Actni BE119221 Sense 5-AAGAAGGCGGTGTCTGTAAGCT-3'
Antisense 5-CCGTCCCTTGGCTTTGAA-3

Pvri3 AWS525315 Sense 5-GGCAAGACACTGGTTCTACACAAT-3
Antisense 5-AAGGCCCGAAGAATGTTTTIC-3

Rai3 BI276110 Sense 5-GGAGCAAGTGCCAGGAATTTAT-3
Antisense 5-CAGTTTTTTCCAGCCAGGAGAA-3

Actn1, actinin a1; Chi3l1, chitinase 3-like 1; PidKIl, phosphatidylinositol 4-kinase type 20; Prlr, prolactin receptor; Pvri3, poliovirus receptor-related
3; Rai3, retinoic acid induced 3; Slc2a3, solute carrier family 2 (facilitated glucose transporter) member 3; Slc16a6, solute carrier family 16

(monocarboxylic acid transporters) member 6.

adirect/ab?cmd=catNavigate2&catID=601267) (n= S/histological
preparation). For measurement of transcript levels of chitinase
3-like 1, solute carrier family 2 (facilitated glucose transporter)
member 3, solute carrier family 16 (monocarboxylic acid
transporters) member 6, prolactin receptor, phosphatidylinositol
4-kinase type 20, actinin o1, Pvri3, and retinoic acid induced 3,
primer sets were designed using Primer Express software (Version
2.0; Applied Biosystems), and the corresponding primer sequences
are shown in Table 1. Amplified transcript levels were measured
with the SYBR Green detection system (n = S/histological
preparation). For quantification of expression data, a standard
curve method was applied using the first-round antisense RNA
prepared for microarray analysis from NTF as a standard sample.
Expression values were normalized to two housekeeping genes,
glyceraldehyde 3-phosphate dehydrogenase and hypoxanthine-
guanine phosphoribosyltransferase, as described previously.(*
Immunohistochemistry. The cranial halves of the bilateral thyroids
of SDM-promoted animals were subjected to fixation in 10%
phosphate-buffered formalin (pH 7.4) solution for 2 days at room
temperature, and prepared for histopathological examination. In
untreated controls and DHPN-alone cases, whole thyroid tissue
was fixed in buffered formalin and prepared similarly.
Immunohistochemistry was carried out with antibodies against
ceruloplasmin (clone 8, mouse IgG,, 1:50; BD Transduction
Laboratories, San Jose, CA, USA), Ccnbl (clone V152, mouse
IgG,, 1:100; Thermo Fisher Scientific Inc., Fremont, CA, USA),
Cdc2 (clone A17, mouse IgG,,, 1:200; GeneTex; San Antonio, TX,
USA), thyroglobulin (clone SPM221, mouse IgG,, 1:250; Spring
Bioscience, Fremont, CA, USA), Pvri3 (goat IgG, 1:100; R&D
Systems, Minneapolis, MN, USA), and Id3 (rabbit IgG, 1:100;
ProteinTech Group, Chicago, IL, USA). For confirmation of
positive immunoreactivity of antigens examined, normal rat
tissues, such as the liver for ceruloplasmin,!® duodenal mucosa
for Cenbl and Cdc2, and thyroid for thyroglobulin,® Pvrl3, and
Id3, were used. For each antigen, subcellular or extracellular
localization was examined and compared to the cases previously
reported.®2% Optimal conditions for antigen retrieval were also
determined using positive control tissues. For antigen retrieval,
deparaffinized sections were heated in 10 mM citrate buffer
(pH 6.0) by autoclaving for 10 min before incubation with the
Ccnbl and Pvrl3 antibodies, or for 20 min before incubation for
ceruloplasmin, Cdc2, and Id3. No antigen retrieval treatment was
carried out for thyroglobulin. Immunodetection was carried out
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utilizing a Vectastain Elite ABC kit (Vector Laboratories, Burl-
ingame, CA, USA), with 3,3’-diaminobenzidine/H,0, as the chro-
mogen, as described previously.!'® As negative controls for
immunoreactivity, normal serum from mouse, goat, or rabbit was
applied to rat positive control tissues with appropriate dilutions
instead of the primary antibodies. Sections were counter-
stained with hematoxylin.

Analysis of immunoreactivity. For all antigens examined in the
present study, immunoreactivity was essentially unaltered in the
thyroids between the groups of untreated controls and DHPN
alone, and these animals did not develop any proliferative
lesion. Therefore, immunoreactivity scores in these groups were
counted together and represented as ‘normal follicular cells’
with three randomly selected microscopic areas at 200-fold
magnification in one animal. Animals examined for ‘normal
follicular cells’ were nine untreated controls and five treated with
DHPN. In the SDM-promoted cases, immunoreactivity scores
were counted in the histological categories of NTF, FFCH + Ad,
and Ca. With regard to NTF, three randomly selected microscopic
areas at 200-fold magnification were subjected to evaluation for
each animal. With Ca, both capsular invasive and parenchymal
Ca were analyzed. Immunoreactivity in each histological type
was not essentially different between the cases after 10 and
15 weeks of promotion, and therefore immunolocalization
scores were counted together for these two time points. The
numbers of animals examined for proliferative lesions and
surrounding NTF were 10 and 11 after 10 and 15 weeks of
promotion, respectively.

For ceruloplasmin, Ccnbl, Cdc2, Id3, and thyroglobulin,
immunolocalization was scored as 0 (negative), | (slight), 2
(moderate), or 3 (prominent). In the case of Pvrl3, scores were
0 (vegative), 1 (partially positive), or 2 (positive). Detailed criteria
for the immunoreactivity for each molecule given in Table 2
were determined after due consultation of two independent
pathologists. Immunoreactivity score in each lesion was double-
checked by one pathologist and then cross-checked by another
pathologist.

Data analysis. Expression values from the real-time RT-PCR
were analyzed by Student’s or Welch's r-test following a test for
equal variance. Scores for immunoreactivity were assessed with
Mann-Whitney’s U-test, comparing NTF and normal follicles,
FFCH + Ad or Ca. For the microarray data, the statistical analysis
was carried out with GeneSpring software, and the significance
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Table 2. Scoring criteria for immunchistochemical localization

Immunolocalization

Score of immunoreactivity

Molecule .
for evaluation 0

1 2 3

Ceruloplasmin Luminal cellular surface —

Weakly positive,
a few follicles

Strongly positive, focal
follicular populations

Strongly positive,
majority of follicles

Cenb1 Cytoplasm — Weakly positive, Weakly positive, Strongly positive,

a few cells majority of cells majority of cells
Cdc2 Cytoplasm and nucleus — 1-10 cells/400x field 10-30 cells/400x field > 30 cells/400x field
Thyroglobulin Cytoplasm — <20% cells 20-70% cells >70% cells
Pvrl3 Intercellular membrane — Focally positive Entirely positive Not applied
1d3 Nucleus — Weakly positive, Weakly positive, Strongly positive,

a few cells

majority of cells majority of cells

Cenb1, Cyclin B1; Cdce2, cell division cycle 2; 1d3, inhibitor of DNA binding 3; Pvri3, poliovirus receptor-related 3.

of gene expression changes was analyzed by Student’s r-test or
ANOVA between NTF and normal follicles, FFCH + Ad or Ca.

Results

Microarray analysis. As genes showing altered expression
specifically in FFCH + Ad, 40 examples were upregulated and 20
examples were downregulated, as compared with surrounding
NTF (Table 3; Supporting Tables S1, S2). In the Ca cases, the
numbers of genes specifically upregulated and downregulated
were 69 and 142, respectively. Representative genes with known
annotations associated with carcinogenesis are listed in Table 3.
Interestingly, a cluster of cell cycle-related genes were found to
be upregulated specifically in FFCH + Ad, such as ubiquitin-like
with PHD and RING finger domains 1, kinesin family member
23, cyclin A2, M-phase phosphoprotein, topoisomerase (DNA)
20, Cdc2 homolog A, Ccnbl, and cyclin-dependent kinase
inhibitor 3. Extracellular matrix proteins, laminin ¥2, and
fibronectin 1 also showed upregulation in FFCH + Ad. No
particular functional cluster was observed for downregulated
genes in FFCH + Ad cases. Among the upregulated genes in
Ca, examples with functions in transport (ceruloplasmin) and
biosynthesis (thyroglobulin) were found, whereas downregulated
genes typically involved functions in tumor suppression, such as:
decorin, reversion-inducing-cysteine-rich protein with kazal motifs,
creatine kinase mitochondrial 1 ubiquitous, retinoblastoma 1,
lysy! oxidase, and NAD(P)H dehydrogenase quinine 1. Transcript
levels for genes encoding signal transduction molecules and
transcription factors were also downregulated in Ca. All isoforms
of Id were found to be reduced.

With regard to genes showing altered expression in common
in FECH + Ad and Ca, totals of 93 and 53 were upregulated and
downregulated, respectively (Table 4; Supporting Table S3).
Upregulated genes included examples linked to transport, cell
proliferation, and tumor progression. In particular, multiple gene
probes in the array showed increased signals for ceruloplasmin
and solute carrier family 16 (monocarboxylic acid transporters)
member 6. Among the genes that showed downregulation, no
particular functional clusters were apparent. Two gene probes
for Pvri3 in the array demonstrated downregulation. Real-time
RT-PCR for validation of microarray data was carried out for 11
genes showing commonly altered expression with FFCH + Ad
and Ca, eight upregulated and three downregulated, the results
being summarized in Table 5. In both FFCH + Ad and Ca, many
expression changes were similar with the two analysis systems,
despite a lower magnitude of alteration observed with PCR data
for the upregulated genes: when the values were normalized to
hypoxanthine-guanine phosphoribosyltransferase levels. With regard
to downregulated genes, variability of PCR data in the NTF after
normalization to the hypoxanthine-guanine phosphoribosyl-
transferase level was slightly higher than with glyceraldehyde
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3-phosphate dehydrogenase (data not shown), and therefore
statistical significance was not attained for FFCH + Ad.

Immunolocalization in the thyroid in relation to proliferative
lesions. Ceruloplasmin was immunolocalized mainly at the luminal
surfaces of cell membranes of follicular cells, almost specific to
the proliferative lesions (Fig. 2a). Diffuse or granular immunoreactivity
was also observed in the follicular lumina of lesions showing
cell surface immunoreactivity. In parallel with the upregulation
of transcript levels both in microarray and real-time RT-PCR
analyses, immunolocalization of ceruloplasmin was specifically
observed in all types of proliferative lesions, with statistical
significance in the scores as compared with NTF. Although the
intensity was weak, increased cytoplasmic staining was also
observed in some Ca.

Ccenbl was immunolocalized in the cytoplasm of follicular
cells with fine granular immunoreactivity (Fig.2b). In the
normal follicles and NTF, weak and sparse immunolocalization
was typical. In the proliferative lesions, the expression pattern of
this molecule was either sparse or diffuse, and staining was weak
with the former and either weak or strong with the latter. In parallel
with upregulation of transcript levels in microarray analysis,
a significant increase in the immunolocalization scores was
observed in FFCH + Ad as compared with surrounding NTF.
Although statistically significant elevation was still evident,
immunoreactivity was less intense in Ca than in FFCH + Ad.

Immunoreactivity of Cdc2 was strong and localized both to
the cytoplasm and nucleus of tumor follicular cells (Fig. 2¢). In
the normal follicles and NTF, immunoreactive cells were rather
few. Although microarray data showed upregulation only in
FFCH + Ad, both FFCH + Ad and Ca showed statistically
significant increases in the immunolocalization scores as compared
with NTF. Ca demonstrated the highest scores.

Thyroglobulin showed strong and granular immunolocaliza-
tion in the cytoplasm of normal and non-tumor follicular cells as
well as diffuse immunoreactivity in the follicular lumina (Fig. 2d).
Although microarray data showed upregulation of the transcript
levels in Ca, follicular proliferative lesions showed large varjability
in the immunoreactivity, and Ca showed a significant decrease
in immunolocalization scores as compared with NTF.

Pvrl3 showed intercellular membrane immunolocalization in
the normal and non-tumor follicular cells (Fig. 2e). With both
FFCH + Ad and Ca, in parallel with the downregulation of the
transcript levels common to microarray and real-time RT-PCR
analyses, statistically significant decreased immunolocalization
scores were observed as compared with NTF. However, the
magnitude of the decrease in FFCH + Ad was stronger than in
the Ca case, contrasting with the transcript data.

Inhibitor of DNA binding 3 showed nuclear immunoexpres-
sion in normal and non-tumor follicular cells (Fig. 2f). Although
microarray analysis showed statistically significant downregulation
of transcript levels only in Ca, statistically significant decreases
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Table 3. List of representative genes with known functional annotations associated with carcinogenesis showing altered expression specifically
in thyroid proliferative lesions of each category induced in rats using a two-stage thyroid carcinogenesis model (>2-fold, <0.5-fold)

Gene function Accession no. Gene title Symbol FFCH + Ad Ca
FFCH + Ad
Upregulated genes (of 40 genes in total)
Cell cycle BE098732 Ubiquitin-like, containing PHD and RING finger domains, 1 Uhrf1 243 1.81
Cell cycle BE113443 Kinesin family member 23* Kif23 2.20 1.09
Cell cycle AA998516 Cydlin A2 Ccna2 213 1.29
Cell cycle BM385445 Topoisomerase (DNA) 2o Top2a 2.12 1.37
Cell cycle BE110723 M-phase phosphoprotein 1* Mphosph1 2.0 1.35
Cell cycle NM_019296 Celf division cycle 2 homolog A (S. pombe}) Cdc2a 2.04 1.45
Cell cycle X64589 Cyclin B1 Cenb1 2.01 1.40
Cell cycle BE113362 Cyclin-dependent kinase inhibitor 3* Cdkn3 1.97 1.18
Metastasis BM385282 Laminin, y2 Lamc2 2.90 1.25
Metastasis AAB93484 Fibronectin 1 Fn1 2.16 1.40
Downregulated genes (of 20 genes in total)
Metastasis BE117767 Immunoglobulin superfamily, member 4A* Igsfda 0.46 0.73
Cell differentiation BG666709 N-myc downstream regulated 4 Ndra 0.50 0.51
Ca
Upregulated genes (of 69 genes in total)
Biosynthesis Al500952 Thyroglobulin Tg 1.72 2.65
Transport AF202115 Ceruloplasmin Cp 1.99 2.45
Transport BE106526 Solute carrier family 6 (neurotransmitter Siceatl 1.44 1.98
transporter, GABA), member 11
Cell growth M57668 Prolactin receptor Prir 1.78 242
Cell cycle NM_133578 Dual specificity phosphatase 5 Dusp5 1.74 2.02
Proto-oncogene NM_012874 v-ros URZ sarcoma virus oncogene homolog 1 (avian) Ros1 1.59 1.98
Metastatic regulator Al175048 Sine oculis homeobox homolog 1 (Drosophila) Six1 1.62 1.96
Glycolysis BI294137 Hexokinase 2 Hk2 1.20 1.87
Downregulated genes (of 142 genes in total)
Tumor suppressor BM390253 Decorin Dcn 0.76 0.27
Tumor suppressor AW523759 Reversion-inducing-cysteine-rich protein with kazal motifs* Reck 0.65 0.32
Tumor suppressor BI301453 Creatine kinase, mitochondrial 1, ubiquitous Ckmt1 0.49 0.35
Tumor suppressor Al178012 Retinoblastoma 1 Rb1 0.75 0.38
Tumor suppressor NM_017061 Lysyl oxidase Lox 0.81 0.39
(B1304009) (0.91) (0.49)
Tumor suppressor 102679 NAD(P)H dehydrogenase, quinone 1 Ngo1 0.57 0.42
Signal transduction U78517 cAMP-regulated guanine nucleotide exchange factor fi Rapgef4 0.65 0.32
Signal transduction AA945708 Calcitonin receptor-like Calerl 0.59 0.34
Signal transduction BI295477 G protein-coupled receptor 116 Gpr116 0.61 0.45
Signal transduction NM_030829 G protein-coupled receptor kinase 5 Gprk5 0.66 0.48
Cell adhesion NM_031050 Lumican Lum 0.99 0.33
Transcription AF000942 Inhibitor of DNA binding 3, dominant 1d3 0.57 0.33
negative helix-loop-helix protein
Transcription BE116009 Inhibitor of DNA binding 4 Idb4 0.56 0.40
Transcription NM_053713 Kruppel-like factor 4 (gut) Kif4 0.67 0.40
Transcription M86708 Inhibitor of DNA binding 1, helix-loop-helix 1d1 0.64 0.44
protein (splice variation)
Transcription Al008792 Inhibitor of DNA binding 2, dominant negative 1d2 0.68 0.48
helix-loop-helix protein
Metastasis suppressor Al578087 transmembrane 4 superfamily member 1* Tmd4sf1 0.64 0.36
(AW435343) (0.74) (0.48)
Apoptosis AAB92770 Glutamate-cysteine ligase, catalytic subunit Gele 0.61 0.41
Tumor metastasis NM_133526 Transmembrane 4 superfamily member 3 Tm4sf3 0.7 0.41

Ad, adenoma; Ca, carcinoma; FFCH, focal follicular cell hyperplasias.
tProliferative lesions were divided into two categories, i.e. FFCH+ Ad and Ca.

*Predicted gene identity.

in the nuclear immunolocalization scores were also observed in

FFCH + Ad.

Discussion

With the present microdissected lesion-specific gene expression

profiling, alteration was found for 60
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FFCH + Ad, 211 genes specifically in Ca, and 146 genes

in common in both, as compared with surrounding NTF. On
selection of these with known annotations associated with
carcinogenesis, we found . upregulation of cell cycle-related
genes specifically in the early proliferative lesions, represented

genes specifically in
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by FFCH and Ad. In the advanced Ca lesions, downregulation
of genes related to tumor suppression and those encoding
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Table 4. List of representative genes with known functional annotations associated with carcinogenesis showing altered expression in common
with all types of thyroid proliferative lesions induced in rats using a two-stage thyroid carcinogenesis model (>2-fold, <0.5-fold)t

Gene function Accession no. Gene title Symbol  FFCH+ Ad Ca
Upregulated genes {of 93 genes in total)
Adhesion AA945643 Chitinase 3-like 1 Chi3lt 7.46 8.55
Adhesion Al169104 Platelet factor 4 Pf4 2.52 37N
Angiogenesis NM_021751 Prominin 1 Promt 4.26 5.53
Transport NM_012532 Ceruloplasmin Cp 3.32 412
(AF202115) (2.43) (2.79)
Transport AA901341 Solute carrier family 2 {facilitated glucose transporter), member 3 Slc2a3 2.68 2.53
Transport AA859652 Solute carrier family 16 (monocarboxylic acid transporters), member 6 Slc16a6 2.28 2.33
(BG372184) (2.25) (2.24)
Cell proliferation AF411318 Metallothionein Mtia 21 3.77
Cell proliferation AAB19913 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1* Chst1 2.77 3.75
Cell proliferation NM_022278 Glutaredoxin 1 (thioltransferase) Glrx1 3.63 3.70
Cell proliferation NM_013122 Insulin-like growth factor binding protein 2 Igfbp2 2.51 2.78
Cell proliferation Al101583 Transient receptor potential cation channel, subfamily V, member 6 Trpvé 2.01 2.25
Cell proliferation BI1290527 T-box 2* Thx2 2.66 2.19
Biosynthesis BE097981 Phosphatidylinositol 4-kinase type 2o PidKil 2.66 3.36
Signal transduction = NM_012707 Glucagon Geg 3.07 2.79
Cell growth AW142962 Prolactin receptor Prir 2.22 2.46
Tumor progression  BE102969 Ets variant gene 4 (E1A enhancer binding protein, E1AF)* Etva 2.62 2.25
Tumor progression .. BG379319 Transforming growth factor, beta induced Tafbi 3.4 2.41
Tumor progression  BE120425 Calcium/calmodulin-dependent protein kinase Il gamma Camk2g 2.17 1.90
Cell cycle NM_133309 Calpain 8 Capn8 2.06 2.55
Cytoskeleton BE119221 Actinin, o1 Actni 2.1 2.09
Downregulated genes {of 53 genes in total)
Adhesion AWS525315 Poliovirus receptor-related 3* Pvri3 0.46 0.28
(A1103913) (0.44) 0.31)
Transcription NM_013060 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein  1d2 0.47 0.28
Biosynthesis NM_ 022276 Glucosaminyl (N-acetyl) transferase 1, core 2 Gentl 0.44 0.30
Signal transduction”  BI276110 Retinoic acid induced 3* Rai3 0.48 0.33
Apoptosis Al227742 Bcl-2-related ovarian killer protein Bok 0.44 0.36
Ad, adenomas; Ca, carcinomas; FFCH, focal follicular cell hyperplasias.
tProliferative lesions were divided into two categories, i.e. FFCH + Ad and Ca.
*Predicted gene identity.
Table 5. Validation of microarray data by real-time reverse transcription-polymerase chain reaction (PCR)
FFCH + Ad Ca
Gene Real-time PCR normalized by Real-time PCR normalized by
Microarray Microarray
Hprt Gapdh Hprt Gapdh
chi3l 7.40 £ 1.06* 7.35 £ 2.85%** 10.73+4.13 8.67.+2.67* 8.14 £ 3.49*** 14.09 £ 4.61***
Cp 3.291£0.27** 3.18£ 0.89%*** 4,69+ 1.19%**+* 4.12 £0.62** 3.50 £0.84**** 6.15 £ 0.83****
Slc2a3 2.6610.25%* 2.47 £ 0.66%*** 3.55+0.93 2.52 £0.31** 2,41 £0.47**** 4.15 £ 0.28***
Scl16a6 2.29 £0.53%* 2.20£0.73%** 3.26 1 1.12%%%* 2.231+0.26** 2.19£0.63*** 3.88 + 0.89****
Geg 3.07+£0.60* 2.37.£0.72%%* 3.4610.88 296+ 1.21* 255 £ 1.17%** 4.40 £ 1.69%**
Prir 2.22+0.61* 1.53 £ 0.36 221 £051%*%** 2.51:£0.80** 1.87 £0.36%** 3.23 £ 0.43****
Pi4Kll 2.67 £0.89* 2.01+£0.74 296+ 1.12%%** 3.30+£0.95%* 2,17 £ 0.59*** 3.84 £ 0.83%***
Actn1 2.13+£0.47* 1.61+0.48 235+ 0.73%%** 2.17 £ 0.82* 1.52 +£0.38 2.67 £0.56%***
Pvrl3 0.44 £ 0.07* 0.4010.08 0.59 £ 0.10%*** 0.31.+£0.05* 0.35 £ 0.05*** 0.62 £ 0. 12%%**
Rai3 0.48 +0.06* 0.42 £ 0.06 0.63+ 0.09**** 0.341+0.08* 0.32£0.06*** 0.58 £ 0,17%***
Gentl 0.44+£0.08* 0.631+0:14 0.95+0.17 0.31+0.09* 0.37.£0.05*** 0.67 £ 0.08%***

Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Hprt, hypoxanthine-guanine phosphoribosyltransferase.
Values are mean £ SD (n = 5) when the expression level in non-tumor follicles was calculated as 1. A single RNA sample for measurement was an
equal mixture of total RNA from the same category tissue preparations from two animals.
***: Significantly different from non-tumor. follicles at P < 0.05 and P < 0.01, respectively (Student’s t-test calculated by GeneSpring).

*** *xxk: Significantly different from non-tumor follicles at P < 0.05:and P < 0.01, respectively. (Student’s t-test).

transcriptional inhibitors of Id family. proteins appeared specific.
These genes may play stage-dependent roles during carcinogenesis.
In particular, selective activation of cell-cycle molecules in the
early stages is considered to be essential for lesions to undergo

622

efficient replication in response to TSH-stimulation, and loss
of tumor-suppressor. functions  may:be necessary for acquisition
of a malignant phenotype during the progression stage. As genes
upregulated in common in all types of proliferative lesions, we
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Fig. 2. Immunohistochemical distributions of ceruloplasmin, cyclin B1 (Ccnb1), cell division cycle 2 (Cdc2), thyroglobulin, poliovirus receptor-
related 3 (Pvrl3), and inhibitor of DNA binding 3 (Id3) in normal follicular cells of untreated or N-bis(2-hydroxypropyl)nitrosamine (DHPN)-treated
animals and in proliferative lesions (focal follicular cell hyperplasia [FFCH], adenoma [Ad], carcinoma [Cal) or surrounding non-tumor follicles (NTF)
after promotion with sulfadimethoxine (SDM) for 10 or 15 weeks. (a) Ceruloplasmin in the NTF, Ad, and Ca. Left: NTF nearly lacking ceruloplasmin
expression. Middle and right: Ad and Ca showing ceruloplasmin immunoreactivity in the luminal surfaces of cellular membranes of follicular cells.
Diffuse or granular immunoreactivity is also evident in the follicular lumina. (b) Cenb1 in normal follicles, Ad, and Ca. Note fine granular
immunoreactivity of Ccnb1 in the cytoplasm of follicular cells. Left: Weak and sparse Ccnb1 localization in normal follicular cells. Middle: Strong
and diffuse immunoreactivity in an Ad. Right: Ca demonstrating Ccnb1 immunoreactivity with variable intensity. () Cdc2 in normal follicles, Ad,
and Ca. Strong Cdc2 immunoreactivity both in the cytoplasm and nucleus of follicular cells. Left: Rather few immunoreactive cells in normal
follicles. Middle: An Ad showing sparse Cdc2 immunoreactivity. Right: Note increased numbers of immunoreactive cells in a Ca. (d) Thyroglobulin
in normal follicles, Ad, and Ca. Left: Strong and granular thyroglobulin immunoreactivity in the cytoplasm of normal follicular cells as well as
diffuse immunoreactivity in the follicular lumina. Middle: Ad showing strong and diffuse thyroglobulin immunoreactivity. Right: A Ca lacking
thyroglobulin immunoreactivity in the neoplastic cells. (e) Pvri3 in the NTF, Ad, and Ca. Left: Diffuse intercellular membrane localization of Pvri3
in cells comprising NTF. Middle: Ad entirely lacking Pvri3 expression. Right: Ca showing an irregular and weak intercellular expression pattern.
(f) Id3 in NTF, FFCH, and Ad. Left: Diffuse nuclear immunoexpression of Id3 in NTF. Middle: FFCH showing sparse nuclear Id3 expression. Right: Ad
showing immunoreactivity in moderate numbers of neoplastic cells. The graphs show scores (mean +SD) for immunohistochemical findings.
**P < 0.01 versus NTF (Mann-Whitney’s U-test). (a—f) Scale bar =50 um.
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also found examples related to cell proliferation, suggesting
roles for these molecules consistently throughout carcinogenic
processes.

Ceruloplasmin, a copper-containing plasma protein mainly
synthesized in the liver, is known to act as a ferroxidase preventing
production of toxic Fe and controlling membrane lipid oxidation,
while also functioning in angiogenesis and blood coagulation.!”
High levels of antioxidant production likely result from high
amounts of reactive oxygen species, which have been implicated
in mitogenic signaling and angiogenesis.?™* Ag with high
ceruloplasmin levels in the sera of cancer patients, overexpression
of ceruloplasmin has been reported in many human malignancies,
such as those in the lungs, kidneys, and ovaries.?*3) With regard
to ceruloplasmin in thyroid tumors, it has been demonstrated in
follicular cell carcinomas as well as papillary carcinomas, but
follicular Ad lack expression.®*>% In the present study,
ceruloplasmin could be immunohistochemically demonstrated
in all types of proliferative lesion, in line with transcriptional
upregulation. In contrast to the generally benign nature of
human Ad, FFCH and Ad in SDM-promoted cases show high
cell-proliferation activity similarly to Ca,® and this biological
behavior may be linked to the increased ceruloplasmin immuno-
reactivity found in our early proliferative lesions. As discussed
by Kondi-Pafiti et al., strong cytoplasmic localization of cerulo-
plasmin is mainly observed in Ca of human cases, and immuno-
localization in luminal secretions (as present in our rat cases) is
rare, suggesting a defective catabolism of ceruloplasmin in
human Ca.®¥

Cdc2 exerts protein kinase activity by forming complexes
with cyclin A2, Cenbl, and pl3sucl and acts as an active subu-
nit of the M-phase-promoting factor and the M-phase-specific
histone H1 kinase.® In the present study, increased expression
of Cenbl and Cdc2, as with other cyclin-related molecules such
as cyclin A2, was detected specifically in early proliferative
lesions by microarray analysis. Immunohistochemically, we also
observed increased expression of Ccnbl and Cdc2 in both
FFCH + Ad and Ca. Chen eral. reported coordinated and
increased expression of Cdc2 and Ccnbl in parallel with the
pathological grade of human gliomas.®® They also showed that
increased expression of Cdc2 and Cenb! contributes to chromo-
somal instability in tumor cells through alteration of the spindle
checkpoint. Thus, the ‘coordinated upregulation of Cdc2 and
Cecnbl observed in the present study might be important as a
driving force for both promotion and progression. In another
thyroid carcinogenesis study we recently carried out using pro-
pylthiouracil as a promoter, a concordant increase of Cdc2 and
a cell proliferation marker Ki-67 was found in the proliferative
lesions (K. Ago and M. Shibutani, 2008, unpublished data).

Thyroglobulin, a scaffold protein for thyroid hormonogenesis
and a storage element for thyroid hormones and iodide, is specifically
expressed in the thyroid in response to TSH stimulation.®” In
human malignancies, the presence of thyroglobulin in cancer
cells indicates a thyroidal origin.®” In the present study, although
the reason remains unclear, some discrepancy was evident
between the mRNA and immunolocalization levels in Ca, the
increase in expression on microarray analysis contrasting with
the decrease in protein finding. In human thyroid Ca, an inverse
relationship between loss of differentiation and thyroglobulin
immunoreactivity has been observed, positive cases being less
anaplastic,®” suggesting that the decrease in thyroglobulin in
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our Ca might have been linked with dedifferentiation, leading to
loss of TSH control with malignancy.

Cell adhesion molecules contribute cell-to-cell or cell-to-
substratum interactions by homophilic or heterophilic processes.®®
Pvrl molecules, also known as nectins, are adhesion receptors
belonging to the IGSF that are involved in cell-to-cell spreading
of viruses.®® Although Pvrl3 protein has not been extensively
investigated, it may be a new adhesion molecule expressed on
lymphatic endothelial cells.“® Recent studies have revealed that
nectins and nectin-like molecules, in cooperation with integrin
and the platelet-derived growth factor receptor, are crucial for
mechanisms underlying contact inhibition of cell movement and
proliferation.”? Reduced Pvrl3 expression in all types of pro-
liferative lesions in the present study may reflect acquisition of
growth advantage. Interestingly, Pvrl has been shown to be the
heterophilic binding partner of another IGSF-type adhesion
molecule, tumor suppressor in lung cancer 1 (TSLC1)/IGSF4, a
recently identified tumor-suppressor gene.“>4%

Inhibitor of DNA binding proteins, composed of four members
of the helix-loop-helix transcription factors, are known to act as
dominant-negative regulators of basic helix-loop-helix transcrip-
tion factors, and function to inhibit differentiation and enhance
cell proliferation.**» In many human malignancies, upregula-
tion of Id has been reported.“® However, in the present study, all
Id isoforms showed downregulation in Ca by microarray analy-
sis, and immunohistochemically, Id3-immunoreactive cells were
reduced in all types of proliferative lesions. Similar findings
have been reported for human ovarian tumors, in which down-
regulation of Id3 was noted in 70% of 38 cases.”” Also, the
expression of Id1, Id3, and Id4 was downregulated in microdissected
human thyroid Ca compared with surrounding tissues by microarray
analysis in one recent study.“® Although the reason for the
inconsistency in the expression alterations between tumor types
is not clear, it is possible that gene control mechanisms of Id
proteins may differ with the cell type of origin.

In conclusion, we here found differentially regulated genes that
may play key roles in early and late stages of thyroid carcino-
genesis by microarray analysis of microdissected proliferative
lesions developing after promotion with SDM in a two-stage model.
Immunohistochemical analysis of representative proliferative lesions
indicated facilitation of the cell cycle in early lesions by forming
an M-phase promoting factor, as evidenced by the synchronized
localization of Cenbl and Cdc2, and generation of oxidative stress
responses by ceruloplasmin accumulation, as well as reduction of
cellular adhesion involving Pvrl3 and cellular differentiation related
to transcriptional control by Id3. Decreased expression of thyroglob-
ulin in Ca may reflect dedifferentiation. Although further studies
should address particular roles in the processes of thyroid
carcinogenesis, the molecules identified in the present study pro-
vide pointers to understanding the mechanism of non-genotoxic
carcinogenesis and should help in efforts to secure human health.
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Neonatal Exposure to Low-Dose 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
Causes Autoimmunity Due to the Disruption of T Cell Tolerance'

Naozumi Ishimaru,* Atsuya Takagi,“ Masayuki Kohashi,* Akiko Yamada,* Rieko Arakaki,*
Jun Kanno," and Yoshio Hayashi**

Although 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to influence immune responses, the effects of low-dose
TCDD on the development of autoimmunity are unclear. In this study, using NFS/sld mice as a model for human Sjégren’s
syndrome, in which the lesions are induced by the thymectomy on day 3 after birth, the autoimmune lesions in the salivary
glands, and in later phase, inflammatory cell infiltrations in the other organs were developed by neonatal exposure to
nonapoptotic dosage of TCDD without thymectomy on day 3 after birth. We found disruption of thymic selection, but not
thymic atrophy, in TCDD-administered mice. The endogenous expression of aryl hydrocarbon receptor in the neonatal
thymus was significantly higher than that in the adult thymus, suggesting that the neonatal thymus may be much more
sensitive to TCDD compared with the adult thymaus. In addition, the production of Tyl cytokines such as IL-2 and IFN-y
from splenic CD4™* T cells and the autoantibodies relevant for Sjogren’s syndrome in the sera from TCDD-exposed mice were
significantly increased compared with those in control mice. These results suggest that TCDD/aryl hydrocarbon receptor

signaling in the neonatal thymus plays an important role in the early thymic differentiation related to autoimmunity. The

Journal of hnmunelogy, 2009, 182: 6576—6586.

he toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),2

the environmental contaminant, has been shown to influ-

ence various biological responses such as immunological;
reproductive, and neurobehavioral (1-3). It has been reported that
TCDD induces thymic atrophy and suppresses a variety of T cell-
dependent immune responses, including delayed-type and contact
hypersensitivity responses and the activity of CTL itself (4-7).
However, TCDD has been shown to enhance the proliferation and
cytokine production of mitogen- or Ag-stimulated T cells (8). In
this context, when a DO11.10 transgenic T cell model was used to
investigate the effects of TCDD on the activation of Ag-specific
CD4™ T cells by transfer of CD4™ T cells into TCDD-treated
recipient mice, the exposure to TCDD had little effect on the initial
activation, but on day 3 after OVA-peptide injection the T cell
proliferation of TCDD-treated recipients was enhanced compared
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with that of control recipients (9). Thus, the effect of TCDD seems
to be dependent on the developmental state and active state of the
T cells. As for the effects of TCDD on B cells, it was reported that
TCDD inhibited B cell proliferation triggered by LPS, surface Ig
cross-linking, or PMA/ionomycin (10, 11). Moreover, the in vivo
suppressive effect of TCDD on T cell-dependent Ab response to
sheep RBC (SRBC) was found as an immunotoxicity of TCDD
(12). However, the effects of TCDD on autoimmunity or on auto-
antibody production in autoimmune animal models have not been
demonstrated.

A combination of immunologic, genetic, and environmental fac-
tors may play a key role on the development of autoimmune dis-
ease, which is induced by the breakdown of central or peripheral
tolerance (13-15).: Sjégren’s  syndrome (SS) is generally consid-
ered to be a T cell-mediated antoimmune disorder characterized by
lymphocytic infiltrates and destruction of the exocrine: glands,
particulatly of the salivary glands, and: systemic production of
autoantibodies against the ribonucleoprotein particles SS-A/Ro
and- SS-B/La (16-18).-We have: established and analyzed an
animal model for-SS in NFS/sld mutant mouse thymectomized
3-days-after birth (3d-Tx) (19-21)..1t is well established that
3d-Tx ina certain strain of mice results in spontaneous devel-
opment of inflammatory lesions similar to human autoimmuine
diseases in the thyroid, ovary, kidney, testis; and stomach, but
little is known about the mechanisms leading to the induction of
autoimmunity (22-25). From the findings in 3d-Tx autoimmune
models, the initiation of autoreactivity is thought to be due to
the retardation of regulatory T (Treg) cell differentiation to-
gether with lymphopenia caused by neonatal thymectony. In
other ‘words; the impairment of T cell differentiation” and/or
maturation in the neonatal thymus may cause the initiation of T
cell self-reactivity. Although the perinatal exposure to TCDD
has been shown to induce the suppression of cell-mediated im-
munity to a more severe degree than those in adult exposure, the
association of neonatal exposure to TCDD with the develop-
ment of autoimmunity remains unclear (5, 6).
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FIGURE 1. Inflammatory lesions induced by neona-

tal exposure to low-dose TCDD. A, Histology of sali- oy

vary glands in female and male mice (6 mo) treated with
0 and 10 ng of TCDD were shown. H&E staining was
performed using paraffin-embedded sections. Photos are
representative of five to seven mice in each group. B,
Histological score of the salivary glands at 6 mo of age
was evaluated using the sections stained with H&E. Re-
sults are shown as the mean = SD in the five to seven
mice in each group. C, The change of inflammatory le-
sions from 1 to 6 mo of age in female and male mice
treated with low-dose TCDD. Results are shown as the
mean = SD in the five to seven mice in each group.
# p < 0.05; % p < 0.005. D, Immune cells in the
inflammatory lesions of salivary glands from TCDD-
treated mice at 6 mo of age were analyzed by immuno-
fluorescence staining using anti-CD4, CDS8, B220, and
CD11c mAbs with Alexa Fluor 568-conjugated rat IgG
(H+L) as the secondary Abs. Nuclei were stained with
4’ 6-diamidino-2-phenylindole. Photos are representa-
tive of three to five sections in each group. E, Inflam-
matory lesions of liver, lung, and kidney induced by
TCDD treatment. The sections from TCDD-treated
mice at 6 mo of age were stained with H&E. Photos are
representative of five to seven mice in each group.

Histological score
™

D

One mechanism of TCDD action is binding and activation of
the aryl hydrocarbon receptor (AhR) (1, 26). The AhR is a
cytosolic transcription factor of the basic helix-loop-helix fam-
ily. The activated receptor heterodimerizes with the AhR nu-
clear translocator (ARNT) in the nucleus and binds the xeno-
biotic response elements (XREs), also known as dioxin
responsive elements (DREs), and alters the expressions of var-
ious genes such as cytochrome P450 1A1 (CYP1Al). TCDD,
via the AhR, has been shown to have a variety of effects on T
cell development and function, including decreasing the number
of thymocytes by apoptosis and altering the effector functions
of mature Th and T killer cells (27-30). Although a variety of
studies have been performed to determine how high-dose
TCDD is influencing T cells and the thymus (29-31), the mech-
anism and targets of its actions are still unclear. In addition,
TCDD also induced the binding of several NF-«B proteins to a
B site, one of which overlapped with a DRE site (32). It has
been uncertain whether the neonatal exposure to low-dose
TCDD in vivo influences the TCDD signaling including AhR,
CYPI1A1, or NF-«B of immune cells.

In this study, we evaluated whether the immunotoxicity of no-
napoptotic and low-dose TCDD during neonatal period influences
the development of autoimmune disease in the murine SS-suscep-
tible strain. Moreover, the correlation between the TCDD-induced
signaling pathway in neonatal T cells and the initiation of self-
reactivity in vivo was analyzed.

Materials and Methods
Mice
NFS/N strain carrying the mutant gene sld was reared in our specitic

pathogen-free mouse colony, and given food and water ad libitum. Ex-
periments were humanely conducted under the regulation and permis-
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sion of the Animal Care and Use Committee of the National Institute of
Health Sciences, Tokyo, Japan and the University of Tokushima, To-
kushima, Japan.

Neonatal administration of TCDD

Intraperitoneal injection of 10 gl of com oil including TCDD (0, 0.1, I, or
10 ng/mouse) with neonatal mice was performed on day 0, 1, and 2 after
birth. Treatment of TCDD and TCDD-injected mice followed the rules of
the National Institute of Health Sciences.

Histology

All organs were removed from the mice, fixed with 4% phosphate-buffered
formaldehyde (pH 7.2), and prepared for histologic examination. Formalin-
fixed tissue sections were subjected to H&E staining, and three pathologists
independently evaluated the histology without being informed of the con-
dition of each individual mouse. Histological changes were scored accord-
ing to the method proposed by White and Casarett (33), as follows: 1 =
1-5 foci composed of >20 mononuclear cells per focus; 2 = >5 such foci,
but without significant parenchymal destruction; 3 = degeneration of pa-
renchymal tissue; 4 = extensive infiltration of the glands with mononuclear
cells and extensive parenchymal destruction. Histological evaluation was
performed in a blinded manner, and one tissue section from each salivary
and lacrimal gland was examined.

Confocal microscopic analysis

Frozen sections were stained with 1 pg/ml primary Abs against CD4,
CD8, B220, and CD11b/c (eBioscience) for 1 h. After three washes in
PBS, the sections were stained with Alexa Fluor 568 donkey anti-rat
IgG (H+L) (Molecular Probes) as the second Abs for 30 min and
washed with PBS. The nuclei was stained with 4',6-diamidino-2-phe-
nylindole. The sections were visualized with a laser scanning confocal
microscope (Carl Zeiss). A 63 X 1.4 oil differential interference con-
trast objective lens was used. Quick Operation Version 3.2 (Carl
Zweiss) for imaging acquisition and Adobe Photoshop CS2 (Adobe
System) for image processing was used.
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Table 1. Incidence of inflammatory lesions in TCDD-

AUTOIMMUNITY INDUCED BY TCDD

treated mice

Female Male
1 mo 2 mo 6 mo I mo 2 mo 6 mo

Liver treated with TCDD (ng)

0 0/5 (0) 0/7 (0) 0/5 (0) 0/6 (0) 0/6 (0) 0/9 (0)

0.1 0/6 (0) 2/8 (25)  2/5 (40) 0/5 (0) 0/6 (0) 2/6 (33)

1 1/5(20) 2/6(33) 16017 4/8 (50)  0/6 (0) 2/6 (33)

10 2/5(40)  3/6(50) 2/6(33) 2/6 (33)  4/6 (67) 517 (71)
Lung treated with TCDD (ng)

0 0/5 (0) 0/7 (0) 1/6 (17) 0/6 (0) 0/7 (0) 0/9 (0)

0.1 0/6 (0) 4/8 (50)  3/5 (60) 0/5 (0) 0/5 (0) 3/6 (50)

1 1/5(20)  2/6 (33) 416 (67) 2/8 (25)  3/6 (50) 6/6 (100)

10 2/5(40) 3/6(50) 6/6 (100) 1/6(17)  6/6 (100)  7/7 (100)
Kidney treated with TCDD (ng)

0 0/5 (0) 0/7 (0) 0/6 (0) 0/6 (0) 0/7 (0) 0/9 (0)

0.1 0/6 (0) 0/8 (0) 1/5 (20) 1/5(20)  3/5 (60) 416 (67)

1 0/5 (0) 0/6 (0) 2/6 (33) 2/8 (25) 416 (67) 5/6 (83)

10 1/5(20)  3/6(50) 2/6 (33) 2/6 (33) 6/6 (100) 5/7(71)

The incidence of inflammatory lesions in the liver, lung, and kidney was histologically evaluated using the H&E-stained
sections of the TCDD-treated NFS/sld mice at 1, 2, and 6 mo of age. The number of inflammatory lesion-induced mice in the

organ/the total number of treated mice (%) is indicated.

Flow cytometric analysis

Surface markers were identified by mAbs with BD FACSCant flow cy-
tometer (BD Biosciences). Rat mAbs to FITC-, PE-, or PE-Cy5-conjugated
anti-B220), Thy 1.2, CD4, CD8, CD25, and CD44 mAbs (eBioscience) were
used. Intracellular Foxp3 expression was analyzed with an intracellular
Foxp3 detection kit (eBioscience) according to the manufacturer’s instruc-
tions. For intracellular AhR expression, cells were stained with PE-Cy5.5-
conjugated anti-CD4, PE-conjugated anti-CD8, PE-Cy7-conjugated anti-
CD44, allophycocyanin-conjugated anti-CD25 mAbs, and then fixed in
tixation/permeabilization solution (eBioscience) for 18 h at 4°C. After

washing twice with the permeabilization buffer (eBioscience), the cells
were blocked with Fc block for 40 min on ice, and incubated in rabbit
anti-AhR polyclonal Ab (BIOMOL) for 2 h at 4°C. After washing with the
permeabilization buffer, the cells were stained with FITC-conjugated ant-
rabbit 1gG for 30 min at 4°C for flow cytometric analysis of multicolors.
The data were analyzed with FlowJo FACS Analysis software (Tree Star).

Proliferation assay

Cell proliferation was evaluated by counting of divisions by CFSE (Mo-
lecular Probes) dilution of labeled cells. After stimulation by anti-CD3 and
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FIGURE 2.

DN1 DN2 DN3 DN4

The effect of in vivo TCDD injection on T cell phenotypes. A, CD4 and CD8 expressions on spleen cells from female TCDD-treated mice

at 6 mo of age were analyzed by flow cytometry. Positive cells (%) were indicated as the mean * SD of five to seven mice in each group. B, CD44
expression on CD4™ T cells in spleen from TCDD-treated mice. CD44™#" cells (%) are indicated as the mean = SD of five to seven mice in each group.
C, T cell differentiation in thymus of TCDD-treated mice was analyzed by flow cytometry using CD4 and CD8 expressions. Figures are representative of
five to seven mice in each group. D, T cell population in thymus. CD4~CD8~ DN, CD4"CD8" DP, CD4"CDS~ SP (CD4SP), and CD4~CD8* SP
(CD8SP) cells (%) are shown as the mean = SD of five to seven mice in each group. E, The differentiation of DN T cells was evaluated using CD44 and
CD25 expressions. Figures are representative of five to seven mice in each group. F, CD44*CD25~ (DN1), CD44*CD25" (DN2), CD44~CD25" (DN3),
and CD44 7 CD25~ (DN4) cells (%) are shown as the mean = SD of five to seven mice in each group. *, p < 0.05; s p < 0.005.
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FIGURE 3. T cell functions in
low-dose TCDD-treated mice. A, T,1
and Ty2 type cytokine productions
were analyzed by ELISA using the
culture supernatants from splenic T
cell-stimulated plate-coated anti-CD3
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mAb for 24 h. Results are shown as
mean * SD of triplicates and repre-
sentative of four to five mice in each

TCDD
0 ng

group. B, Proliferative response of

splenic T cell-stimulated plate-coated
anti-CD3 and CD28 mAbs from
TCDD-treated mice was analyzed

TCDD
1ng

with CFSE dilutions during 72 h. Re-

sults are representative of three to five
mice in each group. C, Foxp3*"CD4™
Treg cells in spleen from TCDD-

TCDD
10 ng

treated mice were analyzed by flow
cytometry. Results are representative
of three to five mice in each group.
Foxp3™ cells (%) are indicated as
mean * SD of three to five mice in
each group. *, p < 0.05. D, T-bet and
GATA-3 mRNA. expressions of
spleen from TCDD-treated mice were
detected by real-time PCR. Data are
shown as mean * SD of four to six
mice per each group. *, p < 0.05;
% p < 0.005. E, IL-17 production
was analyzed by ELISA using the
culture supernatants from splenic T
cell-stimulated plate-coated anti-CD3
mAb for 24 h. Results are shown as
mean = SD of wiplicates and repre-
sentative of four mice in each group.
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anti-CD28 mAbs, or LPS for 72 h, cell division of CD4™ or B220-gated
spleen cells was analyzed by flow cytometry.

ELISA

The IS-1-, SS-A/Ro-, $S-B/La-, or ss-DNA-specific Abs of sera from mice
were measured by an ELISA reader (model 680; Bio-Rad) with a spectro-
photometer reading at 490 nm. Igs (IgG2a and IgG1) in sera were deter-
mined by using the mouse immunoglobulins ELISA quantitation kit (Be-
thyl Laboratories). For detection of IL-2, IFN-v, 1L-4, IL-10, and 1L-17 in
the culture supernatants from anti-CD3. mAb-stimulated splenic CD4% T
cells for 24 h, ELISA were performed by using each specific Ab for the
cytokines as previously described (34).

Real-time quantitative RT-PCR

Total RNA was extracted from thymus, spleen; and cultured thymocytes in
NFS/sld mice using Isogen (Wako Pure Chemical), and reverse tran-
scribed. Transcript levels of T-bet, GATA=3;  AhR. CYPIAIL; BelxL,
TNF-«, IFN regulatory factor (IRF)-1, GADD4S, IL-1; autoimmune reg-
ulator (AIRE), salivary protein-1, GAD67, and’ B-actin were performed
using DNA Engine OPTICOM system (Bio-Rad) with SYBR Premix Ex
Tag (Takara Shuzo). Primer sequences were as follows: T-bet: forward,
5':CCTGTTGTGGTCCAAGTTCAAC-3" and teverse, 5'-CACAAACAT
CCTGTAATGGCTTGT-3'; GATA-3: forward, 5-GACTTGCCAGAAAG
GCAGAC-3'; and reverse, 5'-"AAAGAGGTCACCACCCACAG-3'; AhR:
forward, 5'-ACATAACGGACGAAATCCTGACC-3' and reverse, 5'-TC
AACTCTGCACCTTGCTTAGGA-3"; CYPIAL: forward; 5 -CCATGACC
GGGAACTGTGG-3, and reverse, 5-TCTGGTGAGCATCCTGGACA-
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3 NF-kB: forward, 5'-ATGGCAGACGATGATCCCTA-3' and reverse,
5'-TAGGCAAGGTCAGAATGCAC-3"; Bel-xL: forward, 5'-AGAAGA
AACTGAAGCAGAG-3'; and: reverse, 5 -TCCGACTCACCAATACCT
G-3"; TNF:a, forward; 5'-ATGAGCACAGAAAGCATGATC-3', and re-
verse, S'"AGATGATCTGAGTGTGAGGG-3"; GADD45: forward, 5'-TG
GTGACGAACCCACATTCAT-3',and reverse, 5'~ACCCACTGATCCAT
GTAGCGAC-5"; IL-1B: forward, 5'-TGATGAGAATGACCTGTTCT-3',
and reverse, 5'“CTTCITCAAAGATGAAGGAAA-3'; AIRE: forward, 5'-
AAGGGAGCCCAGGTCACTAT-3', and reverse, 5'-ATTGAGGAGGGA
CTCCAGGT-3'; salivary protein-1: forward, 5'-GGCTCTGAAACTCA
GGCAGA-3', and reverse; 5'-TGCAAACTCATCCACGTTGT-3'; GAD67:
forward, 5'-TGCAACCTCCTCGAACGCGG-3', and reverse, S'-CCAG
GATCTGCTCCAGAGAC-3!; B-actin: forward, 5'-GTGGGCCGCTCT
AGGCACCA:3"" and . reverse, 5'-CGGTTGGCCTTAGGGTTCAG
GGGGG-3!.

NF-«B transcription. activity assay

The transcriptional activity of NF-«B of the nuclear extracts from thy-
mocytes was analyzed with NF-«B transcription factor colorimetric as-
say kit (Millipore).-Nuclear ‘extracts ‘were incubated with biotinylated
double-strand oligontcleotide probe containing the consensus sequence
for NF-xB on'a streptavidin-coated plate. Captured complexes, includ-
ing active NF-«B protein, were incubated with the primary Abs for pS0
and RelA and HRP-conjugated secondary Ab and tetramethylbenzidine
substrate. The absorbance of the samples was measured with microplate
reader at 450 nm.
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Statistical test

The Student £ test was used for statistical analysis. Values of p > 0.05 were
considered as significant.

Results
Indiction of inflammatory lesions by neonatal administration of
{ovw-dose TCDD

To elucidate whether inflammatory lesions are induced by neonatal
administration of low-dose TCDD into NFS/sld mice, i.p. injection
of 0, 0.1, 1, and 10 ng/mouse TCDD was petformed on day 0, 1,
and 2 after birth. At 1, 2, and 6 mo of age, all the organs of treated
mice were histopathologically analyzed. The inflammatory lesions
in salivary glands of TCDD-injected mice, similar to those of
thymectomized NFS/sld mice, were found whereas no lesion was
observed in the salivary glands of vehicle-treated mice. The lesions
of female mice were more severe than those of male mice (Fig. 1,
A-C). Lymphocyte infiltration around ducts with destruction of
acinar cells was observed in the TCDD-induced lesions (Fig.
14). Severity ‘of the inflammatory lesions’ was increased in a
dose-dependent manner of TCDD (Fig: 1, B-and C). In addition,
more severe lesions developed with aging,; and observed mainly
in female mice (Fig."1C). To'characterize the infiltrating im-
mune cells'in the inflammatory lesions of salivary glands; the

»

Relative expression to f-actin (x10%) [Tl
<«
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+ anti-TCR: -
+ TCDD — + - +

frozen sections were analyzed using the markers of T cells, B
cells, ‘and dendritic . cells. by. immunofluorescence staining.
CD4" T cells wete mainly infiltrated in the inflammatory le-
sions rof salivary glands: from: TCDD-treated mice, whereas a
small population of CD8' T cells; B cells, and CD1lc* den-
dritic cells were seen in the lesions (Fig. 1D).

In confrast, the inflammatory lesions of lung, liver; or kidney
were also observed in the mice treated with TCDD (Fig. 1E). The
incidence of the lesions is shown in Table I At 6:mo of age; slight
inflammatory lesions in the liver of 30-50% male mice by 0.1 or
1 ng of TCDD injection were observed. The inflammatory lesions
of liver were found in 30-70% of male mice and ~50% of the
female mice treated with 10 ng of TCDD at 6 mo of age. Also; the
inflammatory-lesions of lung with a small number of lyinphocyte
infiltrates around bronichus or blood vessels were observed in both
100% female and male mice treated with 10 ng of TCDD at 6 mo
of age. In addition, the slight inflammation in the kidney from
100% male mice treated with 10 ng of TCDD was observed at 6
mo of age. As for female mice, the réenal lesions were found in
~50%: of the mice treated with 10 ng-of TCDD at 6 mo of age.
Induction of inflammatory lesions by TCDD might-be dependent
on the sex or the sensitivity of each organ, although its precise
mechanism is unclear.
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FIGURE 5. Expression of AhR in neonatal thymus.
A, AhR protein of neonatal thymus from NFS/s/d mice
was detected by Western blotting. Result was represen-
tative of two independent expetiments. GAPDH expres- C
sion was used for loading control. B, Flow cytometric
analysis of intracellular AhR expression. Thymocytes
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from B6 (3 mo) mice were stained with PE-Cy5.5-CD4

and PE-CD8 mAbs, fixed, washed in perm buffer, and 1d
then stained with rabbit anti-AhR Ab and FITC-conju-

gated anti-rabbit 1gG as the second Ab. Diluted anti- 2d
AhR Ab (X200, X100, and X50) was used for staining.

C and D, Thymocytes from neonatal (days 0, 1, 2, and 3d
3 after birth) and adult (12 wk of age) NFS/sld mice
were stained with PE-Cy5.5-CD4, PE-CDS, allophyco-
cyanin-CD25, and PE-Cy7-CD44 mAbs, fixed, washed
in permeabilization buffer, and then stained with rabbit
anti-AhR Ab and FITC-conjugated anti-rabbit IgG as
the second Ab. Intracellular AhR expressions of DN, E
DP, CD4SP, and CDSSP cells in neonatal and adult thy-

mus. Figures are representative of three to four samples. od
Data are shown as mean = SD of three to four samples.
E and F, Intracellular AhR expression of DN cells in
thymus. Data are shown as mean = SD of mean fluo-
rescence intensity (MFI) of three to four samples. Col-
ored (blue or red) MFI was indicated in the tigure as
significantly increased. *, p < 0.05; #*, p < 0.005.

Adult

Influence of in vivo low-dose TCDD injection on T cell
phenotypes

To examine the influence of neonatal exposure to low-dose TCDD
on T cell phenotypes, flow cytometric analysis of the expressions
of surface T cell markers was performed on female mice at 6 mo
of age (Fig. 2). There was no significant difference in the expres-
sion profile of CD4 and CD8 on the spleen cells by treatment of
TCDD (Fig. 24). A significantly increased population of memory
phenotype, CD44™E"CD4™ T cell, was observed in the female
mice treated with TCDD (Fig. 2B). As for thymic maturation, the
CD4 CD8~ double-negative (DN) cells were considerably in-
creased by treatment of 10 ng of TCDD while double-positive
(DP) cells significantly decreased by 10 ng of TCDD injection. By
contrast, both CD4 single-positive (SP) and CD8SP cells were
significantly increased by TCDD injection (Fig. 2, C and D). Fur-
thermore, when the increased DN cells were analyzed using dif-
ferentiation markers such as CD25 and CD44, CD44"CD25~
(DN1) and CD44~CD25~ (DN4) cells were significantly reduced
by in vivo treatment of 10 ng of TCDD, but significantly increased
populations of CD44"CD25" (DN2) and CD44~CD25" (DN3)
cells were observed (Fig. 2, E and F). These results suggested that
neonatal exposure to TCDD might influence on thymic differen-
tiation including negative or positive selection of T cells.

The influence of low-dose TCDD on peripheral T cell functions

To know the effect of TCDD on T cell functions in the periphery,
cytokine secretions from splenic T cells activated by plate-coated
anti-CD3 mAb were analyzed using the culture supernatants by
ELISA. Tyl cytokine production, including IL-2 and IFN-vy from
activated T cells of TCDD-treated mice, was significantly in-

DN1  DN2 DN3 DN4

AhR

creased compared with that of control mice (Fig. 34). By contrast,
there was no influence on T2 cytokine secretion such as IL-4 and
IL-10 by in vivo TCDD injection (Fig. 34). Moreover, prolifera-
tive response of splenic T cells stimulated with anti-CD3 and
CD28 mAbs was analyzed using CFSE dilutions during 3 days.
The cell divisions during the late stage were significantly enhanced
by in vivo TCDD injection compared with those of control mice
(Fig. 3B). In contrast, there was no difference in Foxp3™
CD257CD4™ T cells, classical Treg cells, by neonatal TCDD ex-
posure (Fig. 3C). It has been known that T-bet for Tyl and
GATA-3 for Ty2 are prime candidates for key transcription factors
of each cytokine production of Ty cells (35). T-bet mRNA ex-
pression of purified T cells from spleen in TCDD-treated mice was
higher than that in control mice. However, there was no change of
the GATA-3 mRNA expression by TCDD injection (Fig. 3D). In
addition, to examine the role of IL-17 in the pathogenesis for
TCDD-induced autoimmunity, no change was observed in IL-17
production from anti-CD3 mAb-stimulated T cells of TCDD-
treated mice (Fig. 3E). These findings show that the neonatal ex-
posure to low-dose TCDD influences on T cell activation or pro-
liferation through enhanced secretion of Tyl cytokines in the
periphery.

Direct influences of TCDD on neonatal thymus

When adult NFS/sld mice at 2 mo of age were injected with low-
dose TCDD, no inflammatory lesion in any organ was observed
until 6 mo of age (our unpublished data). Neonatal exposure to
low-dose TCDD may affect the induction of inflammatory lesions
in salivary glands resembling the SS model. To evaluate whether
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FIGURE 6. Influence of TCDD on central tolerance
in thymus. A, Transcription activity of NF-«B in thy-
mocytes stimulated with anti-TCR mAb in the presence
or absence of TCDD was evaluated. Results are shown
as mean * SD of three samples. * p < 0.05. Band C,
In vivo effect of TCDD on target genes of NF-xB was
evaluated to detect the mRNA expressions. The mRNA
expressions of NF-«kB-regulated genes in thymus tissues
from TCDD-treated mice were analyzed by real time-
PCR. Results are shown as mean = SD of four to six
mice per each group. * p < 0.05. D, AIRE mRNA
expression of thymus from TCDD-treated mice. E, The
mRNA expressions of salivary protein-1 and GAD67 in
thymus from TCDD-treated mice. The expressions of
thymus from TCDD-treated mice were detected by real-
time PCR. * p < 0.05; #x p < 0.005.
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the exposure to TCDD has much more influence on neonatal thy-
mus compared with adult thymus, the expression of AhR was an-
alyzed by quantitative RT-PCR. Interestingly, in contrast to adult
thymus, the expression of AhR mRNA of neonatal thymus from
NES/sld mice was much higher (8- to 9-fold) (Fig. 4A). The ex-
pression was reduced with aging (~3 mo of age). The expression
of AhR mRNA in neonatal spleen was higher (2-fold) than that in
adult spleen (Fig. 44). Next, to clarify the direct effects of TCDD
on thymocytes, neonatal and adulit thymocytes were incubated with
0, 100, and 1000 nM TCDD for 3 h to analyze AhR expression.
More increased expression of AhR in neonatal thymocytes was
observed by TCDD stimulation compared with that in adult thy-
mocytes (Fig. 4B). In addition, mRNA expression of CYP1AI, one
of target genes for TCDD/AhR/XRE (36), in neonatal thymocytes
was much enhanced by TCDD incubation, whereas there was no
change in mRNA expression of CYPIA1 in adult thymocytes by
TCDD stimulation (Fig. 4C). In contrast, there were no significant
changes in mRNA expressions of AhR and CYP1A1 of the spleen
cells in the response to TCDD between neonatal and adult mice
(data not shown). To understand association between TCR and
TCDD signaling in thymocytes of neonatal and adult NFS/sld
mice, plate-coated anti-TCRB mAb was used for the stimulation of
thymocytes with or without TCDD. Up-regulated mRNA expres-
sion of AhR by TCDD in both neonatal and adult thymocytes was
clearly reduced by stimulation of anti-TCRB mAb (Fig. 4D). In
addition, TCDD-induced CYPIAL mRNA expression in neonatal
thymocytes was reduced to the level of non-stimulation by anti-
TCRB mAb (Fig. 4E). These findings suggest that neonatal thy-
mocytes may be sensitive to TCDD through highly expressed AhR
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in NFS/sid mice, and that neonatal injection of TCDD might in-
fluence thymic differentiation to induce breakdown of tolerance.

Expression of AhR in neonatal thymus

To confirm the higher expression of AhR as a protein in neonatal
thymus tissues of NFS/sld mice, Western blot analysis was per-
formed. The highest expression of AhR was observed on day 2
after birth, and the expression on day 3 was relatively decreased.
The expression in adult (3 mo of age) was lower than that of
neonatal thymus (Fig. SA). Next, we tried to detect the intracellular
AhR expression in subpopulation of thymocytes by flow cytomet-
ric analysis. Flow cytometric analysis showed that most thymo-
cytes clearly expressed AhR in adult (3 mo of age) C57BL/6 mice,
and the fluorescence intensity of AhR expression was increased
depending on the dose of anti-AhR Ab (Fig. 5B). When compared,
the AhR expressions at each stage including DN, DP, CD4SP, and
CDB8SP cells in neonatal thymus of NFS/sid mice from day 0 to
day 3 after birth with those in adult thymus (3 mo), a significantly
increased AhR expression of neonatal (days 0, 1, 2, and 3) DN T
cells was observed than that of adult DN cells. In particular, much
more AhR expression of DN cells on day 2 was detected during
neonatal stage. AhR expression of DP T cells on days 2 and 3 was
significantly higher than that of adult DP cells. In contrast, al-
though AhR expression of CD4SP cells on day 2 was significantly
higher than that of adult CD4SP cells, there was no change in the
expression of AhR of CDSSP cells between neonatal and adult
thymus (Fig. 5, C and D). Furthermore, when the AhR expression
of each differentiation stage of DN such as CD44"CD25™ (DN1),
CD447CD25" (DN2), CD44™CD25™ (DN3), and CD44~CD25~
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(DN4) cells was analyzed, AhR expressions of DN1 cells on day
2, DN2 cells on days 1, 2, and 3, DN3 cells on days 0, 1, and 2,
and DN4 cells on days 0, 1, and 2 were significantly higher than
those of adult DN cells (Fig. 5, E and F). Among them, the ex-
pressions of neonatal DN2 and DN3 cells were more intensive
compared with those of adult thymocytes. In contrast, there was no
difference in AhR expression at each stage between neonatal and
adult thymocytes from normal B6 mice (data not shown). These
findings suggest that AhR expression may be related with devel-
opment and differentiation of T cells in neonatal thymus of NFS/
sld mice, and that sensitivity of TCDD in neonates can be ex-
plained by the development of autoimmunity through AhR
expression.

The influence of exposure to low-dose TCDD on central
tolerance

Because higher AhR expression of T cells in neonatal thymus of
NFS/sid mice was observed (Fig. 5), the cell signal pathway to
regulate central tolerance in thymus via TCDD/ARR was analyzed.
We focused on NF-«B, one of the responsive factors for TCDD/
AhR/XRE signaling (37), which is known to be a key transcription
factor for regulation of T cell differentiation, development, and
activation (38). When the transcriptional activity of NF-«B in be-
tween neonatal and adult thymocytes stimulated with anti-TCR
mAb in the presence of TCDD was compared, the neonatal activity
was significantly increased relative to that of adult thymocytes
(Fig. 64). Also, the NF-«B activity of neonatal thymocytes stim-
ulated with anti-TCR mAb was largely enhanced by the addition of
TCDD, whereas the increased activity of adult thymocytes was fiot
observed (Fig. 64). Next, to understand the in vivo cell signaling
through NF-«B and TCDD/AR in thymus, the mRNA levels of
NF-«B target genes were analyzed by real-time PCR using the
thymus tissues from neonatal TCDD-treated mice. Among them,
Bcl-xL and TNF-a mRNAs in thymus tissues from TCDD-treated
mice were significantly increased in the dose-dependent manner
compared with control mice (Fig. 6B). There were no changes to
the mRNA expressions of IRF-1, GADD45, IL-18 (Fig. 60), IL-6,
inducible NO synthase, and Fas ligand (data not shown) which are
target genes of NF-«xB for controlling T cell signal.

In contrast, AIRE, an essential transcription factor for the ex-
pression of tissue-specific autoantigen in thymic epithelial cells
(TECs), is well known to play a key role in T cell differentiation
and development related with autoimmunity (39). When AIRE
mRNA level in thymus tissues, including TECs from neonatal
TCDD-treated NFS/sld mice, was analyzed, the expression in 10
ng of TCDD-treated mice was significantly decreased compared
with that in control mice (Fig. 6D). Moreover, salivary protein-1
and GAD67 are known to be representative for the tissue-specific
Ag in salivary gland and pancreas respectively (40). Interestingly,
both salivary protein-1 and GAD67 mRNA expressions of the thy-
mus tissues from neonatal TCDD-treated NFS/sld mice were sig-
nificantly reduced relative to those from control mice (Fig. 6E).
These findings show that neonatal exposure to low-dose TCDD in
NFS/sld mice might influence the impairment of central tolerance
in thymus, resulting in the induction of antoimmune disease.

The influences of low-dose TCDD exposure on B cells

The effects of neonatal exposure to low-dose TCDD on B cell
phenotype and function were analyzed (Fig. 7). There was no dif-
ference in the number of B220™ B cells from spleen between
TCDD-treated and control mice (Fig. 74). Furthermore, no change
was observed in the proliferative response of splenic B cells to
LPS from TCDD-treated mice compared with that from control
mice (Fig. 7B). The serum titers of autoantibodies that are asso-
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FIGURE 7. Influence on B cell functions by neonatal exposure to low-
dose TCDD. A, B220™ B cells in spleen from TCDD-treated mice at 6 mo
of age were detected by flow cytometric analysis. Results are shown as
mean * SD of five to seven mice in each group. B, Proliferative response
of splenic B cells stimulated with LPS was evaluated with CFSE dilutions
during 72 h. Figures are representative of five to seven mice in each group.
C and D, Serum titers of autoantibodies, including anti-SSA/Ro, anti-SSB/
Lo, and anti-a-fodrin from female TCDD-treated mice from 1 to 6 mo of
age were measured by ELISA. Results are shown as mean = SD of five to
seven mice in each group. E, Ratio of 1gG2a/lgGl in sera from TCDD-
injected mice. Serum titer of 1gG2a and IgGl from TCDD-injected NFS/
sld mice was measured by ELISA. Data are shown as mean = SD of the
ratio from five to seven mice. ¥, p < 0.03; **, p < 0.005.

ciated with SS, including anti-SSA/Ro, anti-SSB/La, and anti-
ssDNA, were examined (17, 18). In this study, serum titers of
anti-SSA/Ro and anti-SSB/La autoantibodies were significantly in-
creased in TCDD-ireated mice at 6 mo of age compared with those
in control mice (Fig. 7C). 1t has been reported that thymectomized
NFS/sld mice and human SS patients have high titers of serum
autoantibody against a-fodrin (20, 34). The higher titers of anti-
a-fodrin autoantibody in the sera from TCDD-treated mice were
also detected from confrol mice at 6 mo of age (Fig. 7D). No
significant change for anti-ssDNA was observed between TCDD-
treated and control mice (data not shown). In addition, when the
ratio of IgG2a and IgG1 that is associated with Tyl and T2 or
cellular and humoral immune responses was analyzed using sera
from TCDD-injected mice, the ratio from TCDD-injected mice
was significantly higher than that from control mice at 6 mo of age
(Fig. 7E).
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Discussion

TCDD is a widespread environmental contaminant that influences
several basic homeostatic control mechanisms in the body via AhR
3). T cells are a possible direct target for TCDD, as evidenced by
the presence of the AhR in T cells, and inhibition of T cell growth
by the expression of a constitutively active AhR mutant in AhR-
nuil Jurkat T cells or following TCDD treatment (1, 41). It has
been demonstrated that expression of AhR in both CD4™ and
CD8™ T cells is required for a full suppression of an allospecific
CTL response by TCDD, indicating a direct role for AhR in these
TCDD-induced immunosuppressive effects (1, 42). However, the
relationship between in vivo TCDD exposure and breakdown in T
cell tolerance has not been well defined.

In this study, we demonstrated that neonatal exposure to low-
dose TCDD could induce autoimmunity in the salivary glands
using a NFS/sld strain associated with disease-susceptible autoan-
tibody production, such as anti-SSA/La, anti-SSB/Ro, and anti-o-
fodrin Abs. It has been reported that TCDD causes extensive dam-
age to the thymus to suppress T cell-dependent immune responses
in vivo, including delayed-type and contact hypersensitivity re-
sponses and the generation of CTL (4, 43, 44). By contrast, neo-
natal exposure to TCDD had little influence on thymic atrophy in
our experiment in which low-dose (0.0486 * 0.0088 t0 8.37 £ 0.7
pg/kg) TCDD was administered into neonatal mice on days 0, 1,
and 2 (body weight: 1.2 * 0.1 to 2.1 * (.35 g) after birth. The
dosage of TCDD was considerably lower than that in the experi-
ments in which thymic atrophy or apoptosis was induced by in
vivo exposure to TCDD (30-50 pg/kg) (31, 32). For instance, it
was reported that 60% apoptotic cells of thymus were observed in
normal mice injected with 50 wg/kg TCDD, whereas 20--30% ap-
optotic cells of thymus were observed in vehicle-injected mice. In
addition, although the loss of mitochondrial membrane potential
related to apoptosis of thymocytes was not detected in ~ 10 pg/kg
TCDD-treated mice, the loss was observed in 10-50 pg/kg
TCDD-treated mice (31). Thus, the exposure to low dosage under
10 pg/kg TCDD may have an influence on neonatal thymic dif-
ferentiation or selection in NFS/sld mice, but not atrophy or apo-
ptosis, to induce autoimmune disease as the late effect. Moreover,
T cell proliferation by anti-CD3 and -CD28 mAbs and Thl-type
cytokine production, such as IL-2 and IFN-vy from splenic CD4™
T cells, were significantly more enhanced by neonatal TCDD treat-
ment than those in control mice. These findings were consistent
with the reports that TCDD enhances proliferation and cytokine
production of mitogen- or Ag-stimulated T cells or T cell clones
(1, 8). Because there were alterations in the percentage and number
of DN cells in TCDD-treated mice, we analyzed this population
using CD44 and CD25 markers. After TCDD treatment in this set,
there was a decrease in the percentage of CD44¥CD25™ cells
(DN1) and CD44 7 CD25™ cells (DN4), and a relative increase in
the percentage of CD447CD25™ cells (DN2) and CD44 ~CD25*
cells (DN3). Analysis of the actual numbers of cells in each pop-
ulation compared with controls suggested that thymic maturation
or negative selection at DN2 or DN3 might be affected by neonatal
exposure to the low-dose TCDD. These results suggest that TCDD
is interfering with the development and/or the proliferation of DN
cells. Furthermore, the early stage of DN and the late stage into
CD4SP or CD8SP in the thymic differentiation were disturbed by
low-dose TCDD treatment, indicating that the immunotoxicity of
TCDD on neonatal thymus might lead to the development of T
cell-dependent autoimmunity. The inflammatory lesions were ob-
served in the organs other than salivary gland including kidney,
lung, and liver in TCDD-treated mice. Although the inflammatory
lesions in liver, lung, and kidney from female mice treated with 10
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ng of TCDD at 2 mo of age were observed, the severity of ex-
traglandular lesions was lower than that of salivary gland, and the
onset was later compared with that in salivary gland. Most of the
extraglandular lesions of both female and male mice were devel-
oped with aging. We have previously demonstrated that the ex-
traglandular lesion such as autoimmune arthritis in 3d-Tx NFS/sld
mice was observed with aging (45, 46). Therefore, it is possible
that TCDD may enhance any age-related reaction in the organs to
induce autoimmunity.

In this study, there were no changes in the B cell number and
proliferation in spleen from low-dose TCDD-treated mice, al-
though the suppressive effect of the T cell-dependent Ab response
to sheep RBC was reported in C57BL/6 mice injected with TCDD
(47). In addition, TCDD selectively inhibited terminal B cell dif-
ferentiation into plasma cells in response to trinitrophenol-LPS
without altering early events in B cell activation or proliferation
(48). By contrast, in our study significantly increased autoantibody
productions such as anti-SSA/La, anti-SSB/Ro, and anti-a-fodrin
wete observed by neonatal exposure to low-dose TCDD. Although
it is still unclear whether the direct or indirect effect of TCDD on
B cells influences autoantibody production, this new finding may
be a key to understand the association of TCDD immunotoxicity
with the development of autoimmunity.

AhR is a cytoplasmic receptor protein and has been described as
a ligand-activated transcription factor that mediates induction of
xenobiotic metabolizing enzymes (27, 28, 49). Upon ligand bind-
ing, the AhR translocates into the nucleus and dimerizes with
ARNT. The AhR/ARNT complex binds to specific gene promoter
elements (50). In this study, significantly increased expressions of
AhR mRNA and protein in neonatal thymus were observed com-
pared with those in adult thymus. This suggests that neonatal ex-
posure to low-dose TCDD may effect thymic differentiation and/or
maturation through AhR by disrupting the T cell tolerance more
intensively than those in adult thymus. If negative or positive se-
lection in the neonatal thymus is disrupted by low-dose TCDD
exposure, autoreactive T cells may be released to the periphery and
expand in response to any autoantigen leading to induce autoim-
munity. Increased expression of AhR mRNA and the disrupted
thymic differentiation in the neonatal thymus by low-dose TCDD
exposure may support this hypothesis.

CYP1ALl is known to have pivotal roles in cell growth and ap-
optosis (51, 52). In the present study, CYPIA] mRNA of neonatal
thymocytes was readily up-regulated by TCDD, wheteas the ex-
pression of adult thymocytes was constant in the response to
TCDD. Neonatal exposure to low-dose TCDD may influence pro-
liferation, differentiation, or apoptosis of thymocytes through
CYP1Al at early stages, such as DN. Namely, it is possible that
negative selection leading cell apoptosis at DN3 might be dis-
turbed by neonatal exposure to TCDD. As a result, autoreactive T
cells leaking from thymic selection might survive and proliferate
in response to any autoantigen in the periphery, leading to the
induction of autoimmune lesions. The activation of AhR by TCDD
results in an increased binding activity to NF-kB subunit RelB of
AhR itself to form AhR/RelB complex, which was associated with
an increased mRNA level of multiple inflammatory genes (53).
Overexpression of AhR and RelB led to an increased level of
CCL1 and IRF-3 in control as well as TCDD-stimulated cells sup-
porting the role of RelB and AhR for the transcriptional regulation
of these genes (54). In the present study, TCDD enhanced TCR-
mediated classical NF-«B activation of neonatal thymocytes from
NFS/sld nmice more than adult thymocytes. In addition, some NF-
kB-target genes such as Bel-x;, and TNF-« in thymus were up-
regulated by in vivo TCDD injection. Our data demonstrate that
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TCDD/ARR signal may influence the differentiation or develop-
ment of T cells in the neonatal thymus associated with autoimmu-
nity. However, the precise mechanism of how the NF-«B activa-
tion, including classical and nonclassical pathway, interacts with
TCDD/ARR signal is still unclear.

It has been well known that autoimmune lesions of multiple
organs such as lacrimal glands, salivary glands, pancreas, and liver
are observed in AIRE gene-deficient mice (39). AIRE was reported
to play a pivotal role in the expression of tissue-specific autoanti-
gens such as salivary protein-1, GADG67, insulin, or other self-
proteins in the TECs that express the MHC class II on the cell
surface and function as APCs to immature T cells for the immu-
nological selection of central tolerance in the thymus (55). In this
study, mRNA expressions of AIRE and tissue-specific autoanti-
gens such as salivary protein-1 and GADG67 in the thymus were
reduced by the in vivo neonatal exposure to low-dose TCDD in
NFS/sld mice. The linding indicated that TCDD might influence
the selection of autoreactive T cells in the thymus through AIRE.
There may be any complex molecular mechanisms related to the
avidity of TCR, haplotype of MHC class II, Ag-specificity, T cell
apoptosis, interaction with TEC, or TCDD signal.

The AhR has been shown to mediate various immunotoxic re-
sponses induced by environmental pollutants like TCDD (56). Al-
though our results show that activation of the AhR by TCDD ef-
fects T cell development, the receptor does not seem to play a key
role in the establishment of 4 normal T cell compartment. The AhR
has been shown to play important roles in regulating the expres-
sion of several cytokines. For example, exposure of rats to TCDD
led to up-regulation of IL-18 and TNF-« in the liver (57, 58).
Interestingly, although TCDD suppressed the production of [FN-y
by mediastinal lymph node cells, there was a 10-fold increase in
the IFN-v level in the lungs of TCDD-treated mice (59). Autoim-
mune disease is caused by heterogeneous etiology, involving in-
terplay between predisposing genes and triggering environmental
factors. Although a lot of studies have demonstrated the immuno-
toxicity of TCDD, this study is the first to induce autoimmunity by
neonatal low-dose TCDD treatment. Recently it has been reported
that AhR links Ty17 cell-mediated experimental autoimmune en-
cephalomyelitis to environmental toxins through altering the dif-
ferentiation of Treg cells (60, 61). The low-dose TCDD exposure
in our model had little influence on the number of Treg cells in
spleen and the function of Ty 17 cells, such as IL-17 production
from T cells. The action of TCDD via AhR may influence periph-
eral tolerance related to autoimmunity besides central tolerance in
thymus.

Taken together, our new findings may explain the risk for au-
toimmunity caused by the late effect of early exposure to environ-
mental pollution, including TCDD. And as shown here, our model
would help to understand the multifactorial nature of autoimmune
disease.
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ABSTRACT — “Children are not small adults”. This is a well-known phrase, especially in the clinics
for diagnosis, efficacy of treatment, side effect, and prognosis. However, in the field of toxicology, this
issue has long been a challenge. The knowledge has been limited to the differences in metabolism and
other physiological factors. Currently available test guidelines for fetuses and immature animals are tera-
togenicity and reproductive toxicity studies. These tests look for straight-forward (essentially macroscop-
ic) outcomes established within a rather short period of exposure to the test substances. However, recent
advances in molecular toxicology allow combination of in vitro and in vivo studies at molecular levels.
The target molecules and receptors can be identified in quantitative fashion and at the fine structure lev-
els around and below the resolution of normal light microscopy. Such expansion of the knowledge lead
us to consider a rather new category of “receptor mediated toxicity” or “signal toxicity”. Such non-organ-
ic insuits would merely induce transient effects on adults. However, there are growing evidences that such
slight insults on the developing and maturating organisms can leave irreversible effects that become overt
in adulthood. As an overview, toxicology has entered a new phase where children’s toxicology becomes a

renovating study field of the irreversible “early exposure-delayed effects”.

Key words: Children’s toxicology, Receptor-mediated toxicity, Signal toxicity,

Early exposure-delayed effect

INTRODUCTION

Toxicology is a study to analyze interaction between
living organisins and xenobiotics, and its final goal is to
secure the safety of humans and environment in modern
life where various products and technologies are used. Up
to now, the majority of toxicological tests to evaluate the
toxicity of a particular substance are utilizing experimen-
tal animals as a surrogate of humans. The results obtained
from such animal tests are extrapolated to humans for the
settlement of various kinds of regulation on the test sub-
stances, i.e. food additives, pesticides, industrial chemi-
cals, medicines, etc. In cases of pharmaceutical prod-
ucts, clinical trials (human tests) are available. However,
these are rather exceptional occasions for toxicology as a
whole. It would be very difficult for non-pharmaceutical
objects to test on humans, and even for pharmaceuticals,
human trial for children including fetuses have many dif-
ficulties.

Current toxicological testing protocols are based on an
assumption that both experimental animals and humans

share common basic structure of the body and thus sim-
ilar biological reaction. Most of those toxicological stud-
ies are based on “diagnosis” of the symptoms of experi-
mental animals in a similar fashion to give a diagnosis to
human patients. Because the fine structure and function
of the bodies are still unknown, both humans and ani-
mal bodies are “black boxes” responding to the test sub-
stances by showing various symptoms. Usually, the “no
observed adverse effect level” (NOAEL) or “no observed
effect level” (NOEL) is given by such tests. Since the
basic nature of species differences and individual dif-
ferences are not known, a number called “safety factor”
was Invented to extrapolate animal NOAEL/NOEL data
to humans (Benford, 2000). Normally, a factor of 10 for
the species and another 10 for individual differences, thus
100 as a whole, is used to set lower NOAEL/NOEL lev-
els for humans. This approach has been working well for
the majority of test substances. Not surprisingly, however,
there are some exceptions. Thalidomide is a best-known
example (Newman, 1985). Phocomelia, a spectrum of
malformation of limbs, was induced in offspring of tha-
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lidomide-treated pregnant women, but not observed in
offspring of mice and rats. Therefore, more precise tox-
icity evaluation/prediction is obviously needed for saf-
er assessment. An approach that enables us to point out
molecular mechanisms of toxicity would be essential for
such needs and to better understand the species-specific
responses.

DISCUSSION

To modernize the toxicology and improve the accura-
cy of safety assessments, we are attempting to describe
and understand the organism-xenobiotics interaction at
the molecular levels. Different for other exploratory stud-
ies, a major prerequisite is that the Toxicology must be
prepared for any unexpected or unpredictable responses.
Thus, the approach must be comprehensive. Consequent-
ly, we adopted a whole-genome cDNA microarray sys-
tem for a comprehensive monitoring of the transcriptome,
and launched the Percellome Toxicogenomics Project, of
which the ultimate goal is to illustrate out the whole regu-
latory pathways induced by xenobiotics in the experimen-
tal animals, mainly mice, including embryo (Kanno et al.,
2006).

On top of that, there is an important factor of toxicol-
ogy, that it the “time frame™ such as acute, chronic and
delayed toxicity. Among them, researches for the assess-
ment of delayed toxicity targeted for children (including
fetus and infants) is becoming very important. It is very
likely that the children have a chance to be exposed in
daily life to a series of substances which can be a cause
of delayed toxicity, especially, of the highly evolved sys-
tems, that is endocrine, immune and central nervous sys-
tem. Such chemical substances can affect the developing
systems at a dosage lower than the dosage that induc-
es overt cytocidal changes that would link to immediate
appearance of symptoms. For example, our recent expe-
rience on the perinatal exposure study (Tanemura ef al.,
2009) which resulted in the emergence of delayed effects
on neurobehavioral endpoints can be explained by a met-
aphor. That is, “No one turns on power when building a
computer, but the living brains are built under the “pow-
er-on” situation™. It is very likely that the developing
brain needs proper or normal signals to build up its fine
structures and functional networks (Cohen-Cory, 2002).
At this stage, if the signals are disrupted by exogenous
insults, it may result in malformation of the fine struc-
ture of the brain system. In this case, it is not necessary to
directly kill the nerve cells during exposure. The malfor-
mation of fine structure/functional network will become
symptomatic when the animals grow up to adults. On the
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other hand, most of those insults to adults would end up
in reversible and transient changes.

Such delayed toxicity cannot be readily detected by
currently available functional observational battery-
(FOB-) based neuronal test system. Our new findings fall
into the category of “early exposure- delayed effect”. As
mentioned above, nervous systems of developing organ-
isms are susceptible to signal disruption which could lead
to the delayed neurobehavioral anomaly. Toxicology is
asked to prepare to respond to such new types of toxici-
ty or “signal toxicity” with a consideration on the mecha-
nisms which could explain the severity and irreversibility
specific to children.

In conclusion, the 35% Annual Meeting of the Japanese
Society of Toxicology had raised “Children’s Toxicology”
as one of its main Themes, and organized Special lectures,
five Symposiums and two Workshops on Children’s Tox-
icology of various targets and pending problems, which
includes central nervous system, immune system, and
endocrine system as targets, as well as problems in phat-
macology i.e. issues on children’s preclinical and clinical
trials and on the off-label use of drugs. This special issue
of the Journal of Toxicological Sciences gathers the peer-
reviewed papers presented by the authors who participat-
ed in the lectures/symposiums/workshops on Children’s
Toxicology at the mieeting.
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