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IMMUNOLOGY, AUTOIMMUNITY,
AND GRAVES’ OPHTHALMOPATHY

Demonstration of Innate Immune Responses
in the Thyroid Gland: Potential to Sense Danger
and a Possible Trigger for Autoimmune Reactions
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Background: Autoimmune thyroid disease is an archetypal organ-specific autoimmune disorder that is char-
acterized by the production of thyroid autoantibodies and lymphocytic infiltration into the thyroid. However,
the underlying mechanisms by which specific thyroid antibodies are produced are largely unknown. Recent
studies have shown that innate immune responses affect both the phenotype and the severity of autoimmune
reactions. Moreover, it appears that even non-immune cells, including thyroid cells, have an ability to launch
such responses. The aim of this study was to conduct a more detailed analysis of innate immune responses of the
thyroid upon stimulation with various “non-self” and “self” factors that might contribute to the initiation of
autoimmune reactions.

Methods: We used rat thyroid FRTL-5 cells, human thyroid cells, and mice to investigate the effects of various
pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), and iodide
on gene expression and function that were related to innate immune responses.

Results: RT-PCR analysis showed that both rat and human thyroid cells expressed mRNAs for Toll-like re-
ceptors (TLRs) that sense PAMPs. Stimulation of thyrocytes with TLR ligands resulted in activation of the
interferon-beta (IFN-f) promoter and the nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB)-
dependent promoter. As a result, pro-inflammatory cytokines, chemokines, and type I interferons were pro-
duced. Similar activation was observed when thyroid cells were stimulated with double-stranded DNA, one of
the typical DAMPs. In addition to these PAMPs and DAMDPs, treatment of thyroid cells with high concentrations
of iodide increased mRNA expression of various cytokines.

Conclusion: We show that thyroid cells express functional sensors for exogenous and endogenous dangers, and
that they are capable of launching innate immune responses without the assistance of immune cells. Such
responses may relate to the development of thyroiditis, which in turn may trigger autoimmune reactions.

Introduction thyroiditis (3,4). Furthermore, Graves’ hyperthyroidism is
caused by production of thyroid-stimulating antibodies
(TSAbs) against the thyroid-stimulating hormone receptor
(TSHR) (5). Although the production of autoantibodies re-

quires disruption of self-tolerance and activation of an adap-

AUTOIMMUNE THYROID DISEASES (AITDs) are character-
ized by the production of pathogenic thyroid auto-
antibodies and lymphocyte infiltration (1,2). Autoantibodies

against various thyroid antigens such as thyroid peroxidase
(TPO), thyroglobulin (Tg), sodium iodide symporter
(SLC5A5: NIS), and Pendred syndrome gene (SLC26A4:
Pendrin) are present in the sera of patients with Hashimoto’s

tive immune response, the underlying molecular mechanisms
that trigger such changes are still unknown.

Host defense mechanisms consist of innate immunity,
which mediates the initial phase of protection by inducing
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secretion of cytokines such as interferons (IFNs), followed by
adaptive or acquired immunity, which develops slowly but is
much more specific and effective. Infection or tissue injury
triggers innate immune reactions that constitute the first line
of defense against invading pathogens, leading to the initia-
tion of inflammation, clearance of pathogens, and tissue re-
pair (6-9).

Activation of innate immunity and the resultant secretion
of pro-inflammatory cytokines stimulate B lymphocytes to
differentiate into plasma cells and to produce antibodies (10).
A primary challenge to the innate immune system is the rec-
ognition of a large number of pathogens by using a restricted
number of receptors. This challenge has been met by the
evolution of so-called pattern recognition receptors (PRRs).
Toll-like receptors (TLRs) were the first such identified re-
ceptors that are responsible for sensing the presence of micro-
organisms and mounting innate immune responses (6,7,9).
TLRs are named for their similarity to Toll, a Drosophila re-
ceptor essential for the protection against fungal infection by
synthesizing antimicrobial peptides. After the discovery of
TLRs, several classes of cytosolic PRRs, including Nod-like
receptors (NLRs), retinoic acid-inducible gene (RIG)-I-like
receptors (RLR), C-type lectin receptors (CLR), and cytosolic
DNA sensors, were identified (6-9). Understanding of innate
immune mechanisms greatly advanced with the discovery of
PRRs. For example, it is now known that PRRs recognize
conserved motifs on pathogens. They are now termed path-
ogen-associated molecular patterns (PAMPs). PAMPs include
lipids, lipoproteins, proteins, and nucleic acids derived from a
wide range of microbes such as bacteria, viruses, parasites,
and fungi. PAMPs currently under analysis include lipo-
polysaccharides (LPS), peptidoglycans (PGN), and viral
double-stranded RNAs (dsRNA) (11-15).

Increasing evidence indicates that PRRs are expressed not
only by immunocompetent cells, but also by many other cells,
including epithelial cells, endothelial cells, and fibroblasts
(7,16). Moreover, in such cells, PRR-mediated activation of
innate immune responses can lead to the development of
various disorders, including autoimmunity (15,17,18). It was
demonstrated that rat and human thyroid cells express
functional TLR3, which recognizes dsRNA (19,20). Also, it
was shown that TLR4, which mediates responses to LPS, is
expressed in FRTL-5 cells (21,22). Moreover, the expression of
TLR4 and accessory molecules with a basolateral localization
has been described in normal rat thyroid cells (22). This evi-
dence indicates that thyroid cells have the capacity to activate
innate immune responses.

In addition to infection, sterile tissue damage can be caused
by ischemia/reperfusion injury, trauma, or other noxious
stimuli (23). Tissue damage releases intracellular molecules
and/or cleaves extracellular matrix molecules that evoke in-
nate immune responses aimed at repairing the damage. These
molecules are now called danger (or damage)-associated
molecular patterns (DAMPs). They include genomic DNA
fragments, heat shock proteins, high-mobility group Bl pro-
tein, uric acid, and cleaved extracellular matrix molecules
such as collagen and hyaluronic acid (24,25). DAMPs are
recognized by a wide variety of cells including thyrocytes (25—
28), and they can further activate innate immune responses,
leading to acquired immune responses that partly overlap
with those of PAMPs (15,23). Cellular recognition of PAMPs
and DAMPs and the activation of innate immune responses
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establish the molecular basis of adjuvant effects that enhance
adaptive immune responses (28,29). When genetic factors that
enhance autoimmune susceptibility and environmental fac-
tors are combined, a persistent cycle of autoimmune reactivity
may be initiated (30).

Thus, innate immune activation plays essential roles in the
killing or clearance of pathogens and dead cells, causing local
inflammation and triggering acquired immune reactions. In
some cases, those reactions may be directed against auto-
antigens in the thyroid. To understand the ability of thyroid
cells to launch such innate immune responses, we have per-
formed in-depth studies to evaluate the gene expression pat-
terns related to innate immune activation against various
PAMPs and DAMPs using primary cultures of human and
mouse thyroid cells, as well as the rat thyroid cell line, FRTL-5.

Materials and Methods

Preparation of human thyroid follicles
in suspension culture

This study was approved by the Ethics Committee of
Tokyo Women’s Medical University. Informed consent was
obtained from all patients with Graves’ disease before sub-
total thyroidectomy. Human thyroid follicles were prepared
and used as previously reported (20,31). In brief, thyroid tis-
sue (15-30g) obtained by subtotal thyroidectomy from pa-
tients with Graves’ disease was minced with scissors into
small pieces 3mmx3mmx3mm). The dissected thyroid
tissue was digested with 0.3mg/mL collagenase (type IV;
Worthington Biochemical Corp., Lakewood, NJ) and 5mg/
mL dispase (Godo Shusei Co., Tokyo, Japan) in Hanks’ bal-
anced salt solution at 32°C for 30 min. The digested material
was filtered through nylon mesh (80 mesh), and the undi-
gested tissue fragments were processed in the same manner
once more. The second filtrate (containing thyroid follicles)
was centrifuged at 70 ¢ for 5min, and the pellet was washed
three times with F-12/RPMI-1640 (Sigma-Aldrich, St. Louis,
MO) medium until the color of the pellet became white. We
confirmed by microscopic observation and by the expression
of lymphocyte-specific genes such as T-cell receptor and CD3
that there was no contamination of the immune cells. The
washed thyroid follicles were resuspended in 15 mL of F-12/
RPMI-1640 (1:1) medium supplemented with 0.5% fetal bo-
vine serum and 10~® M Nal (standard medium; about 1000—
2000 follicles/mL). The follicles were added to 10 cm dishes,
the bottoms of which had been coated with agarose.

Rat thyroid FRTL-5 cell culture

FRTL-5 rat thyroid cells were grown in Coon’s modified
Ham’s F-12 medium containing 5% heat-treated, mycoplas-
ma-free bovine serum (Invitrogen, Carlsbad, CA) and a mix-
ture of six hormones, including bovine TSH (1 mU/mL),
insulin (10 ug/mL), hydrocortisone (0.36 ng/mL), transferrin
(5 ug/mL), glycyl-L-histidyl-L-lysine acetate (2ng/mL), and
somatostatin (10ng/mL) as described (32). These reagents
were purchased from Sigma-Aldrich.

Preparation and culture of mouse
thyrocytes and myocytes

Female BALB/c mice were purchased from Japan SLC Inc.
(Shizuoka, Japan) and housed in the animal facility of
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Yokohama City University Graduate School of Medicine.
Animal experiments were conducted with the approval of the
institutional laboratory animal care and use committee. Un-
der anesthesia (subcutaneous injection of a 4:1 mixture of
ketamine and xylazine), thyroid lobes were collected and
mechanically disrupted using two 24-gauge needles in the
same medium used for FRTL-5 cell culture. Tissue fragments
were centrifuged for 1min in a microcentrifuge. The frag-
ments were dissolved in a 1.5mL tube containing 1mL di-
gestion medium, which consisted of 0.9mg/mL type I
collagenase (Sigma-Aldrich) and 12 mg/mL dispase I (Godo
Shusei Co.) in medium lacking serum. The suspension was
incubated at 37°C for 45min with shaking. After digestion,
cells were centrifuged for 1 min in a microcentrifuge, and re-
suspended in 1 mL of medium and seeded in a poly-p-lysine
coated 24-well plate (Greiner Bio One, Kremsmiinster, Aus-
tria). Virtually all follicles and individual cells attached to the
bottom of the dish after 24 h.

Myocytes were prepared by treating fascia and surround-
ing muscle tissues with 1mL of digestion medium, which
consisted of 0.9 mg/mL type I collagenase (Sigma-Aldrich),
2mg/mL trypsin (Invitrogen), and 0.2% EDTA (Invitrogen) in
growth medium (Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum and 100U/mL penicillin/strepto-
mycin; Sigma-Aldrich). After digestion, cells were centrifuged
for 1 min in a microcentrifuge, and resuspended in 1 mL of
growth medium. Cells were seeded in a poly-p-lysine coated
24-well plate (Greiner Bio One), and maintained in growth
medium in a 37°C CO, incubator.

Transfection of ds nucleic acids

One microgram of synthetic polynucleotides, poly
(dA:dT) and poly(I:C) (GE Healthcare, Little Chalfont,
United Kingdom) was mixed with 3 uL of Fugene6 trans-
fection reagent (Roche Diagnostics, Basel, Switzerland) and
100 uL of serum-free medium and then incubated for 45 min
at room temperature. The solution was added to cells and
incubated for 6 h at 37°C in a CO, incubator after which the
medium was replaced with normal serum-containing cul-
ture medium.

Reverse transcription polymerase chain reaction
and real-time polymerase chain reaction

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and reverse transcribed to cDNA
using a High-Capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA), as previously de-
scribed (26). Touchdown PCR was performed using TaKaRa
Ex Taq Hot Start Version (Takara Bio, Otsu, Japan) under the
following conditions: 5 min at 94°C, 20 cycles of 30 sec at 94°C,
30sec at 65-55°C (decreased in steps of 0.5°C/cycle until a
temperature of 55°C was reached), 30 sec at 72°C, and then an
additional 10-20 cycles (depending on the primer) of 30 sec at
94°C, 30sec at 55°C, 30sec at 72°C, and 7 min at 72°C. The
polymerase chain reaction (PCR) products were separated by
agarose gel electrophoresis and the DNA bands were visual-
ized under ultraviolet light.

For real time PCR analysis, cONAs were analyzed using
either the TagMan Gene Expression Assay or the SYBR green
PCR Master Mix in accordance with the manufacturer’s in-
structions using an ABI PRISM 7700 Sequence Detector
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FIG. 1. Toll-like receptor (TLR) mRNA was expressed in
human thyroid tissues and rat thyroid FRTL-5 cells. Total
RNA from human thyroid and spleen, as well as rat thyroid
FRTL-5 cells, were reverse transcribed, and polymerase chain
reaction (PCR) was performed targeting human and rat
TLR1 through TLR10. PCR products were separated on 2.0%
agarose gels, and DNA fragments of expected length were vi-
sualized under ultraviolet light after ethidium bromide stain-
ing. Human spleen cells served as controls for TLRs expression.
Typical results from three different experiments are shown.

(Applied Biosystems). The PCR thermal cycle conditions were
set at 50°C for 2min and 95°C for 10 min, followed by 40
cycles at 95°C for 15sec and 60°C for 1 min. Data were ana-
lyzed using ABI PRISM 7000 SDS Software Version 1.1 (Ap-
plied Biosystems). All samples were amplified in triplicate
from the same RNA preparation, and the experiment was
repeated three times. All the primers used in this study are
listed in Supplementary Table S1 (Supplementary Data are
available online at www liebertpub.com/thy).

Immunocytochemistry and acid-fast staining

FRTL-5 cells were grown on glass coverslips in 24-well
plates for 24 h before the culture medium was exchanged with
6H5 containing Mycobacterium leprae and incubated for 24 h.
M. leprae was prepared from the footpads of nude mice as
described previously (33). Cells were fixed in 10% neutral
buffered formalin for 5min. They were then washed with
Dulbecco’s phosphate-buffered saline (DPBS) containing 0.4%
Triton-X 100 (DPBST), incubated with either anti-TLR2 or
TLR4 antibody (clones sc-10739 or sc-12511 respectively;
Santa Cruz Biotechnology, Santa Cruz, CA) diluted to 1:100
for 24h at 4°C, and washed again with DPBST. The signal
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was detected using peroxidase-labeled streptavidin-biotin
(LSAB2 Kit; Dako, Carpenteria, CA) and 3,3-diaminobenzi-
dine tetrahydrochloride (DAB) (33). Cells were then stained
with carbol fuchsin and counterstained with hematoxylin to
visualize acid-fast mycobacteria.

DNA microarray analysis

After the RNA had been extracted, oligo-DNA microarray
was performed as described previously (20). Total RNA was
isolated using an RNeasy Mini Kit (Qiagen) and reverse
transcribed to cDNA using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). cDNA obtained from
thyroid follicles cultured in control or treated media was la-
beled with Cy3 or Cyb5 respectively, and the expression levels
of 41,000 gene spots were analyzed using cDNA microarray
(Whole Human Genome Oligo Microarray Kit, Product No.
G4112A; Agilent Technologies, Palo Alto, CA). Laser detec-
tion of the Cy3 and Cyb5 signals on the microarray was per-
formed with a nonconfocal laser leader, Gene PX 4000A
(Axon Instruments, Union, CA). Fluorescence signal intensi-
ties and the Cy5/Cy3 ratios for each of the 41,000 oligo-DNAs
were analyzed using the Gene PixPro 30 software package
(Axon Instruments).

Transient transfections of plasmids and reporter
gene assays

FRTL-5 cells (1 x 10*) plated on poly-p-lysine coated 24-well
plates (Greiner Bio One) were transfected with 0.3 ug of either
arat IFN-f promoter luciferase reporter plasmid (pGL3 IFN-f
luc) or a 5 xnuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NFxB)-dependent luciferase reporter plasmid
(pPNF«B luc) using Fugene6 (Roche Diagnostics), as previ-
ously described (26). Cells were then stimulated with various
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ligands and reporter gene assays were performed with Bright-
GloTM Luciferase assay systems (Promega) at the indicated
times after stimulation. Luciferase activities were measured
by FLUOstar galaxy (BMG Labtech, Offenburg, Germany),
and the data were normalized to corresponding protein con-
centrations, which were determined using Bio-Rad DC Pro-
tein Assay Kit (Bio-Rad Laboratories, Hercules, CA).

Other reagents

Human spleen and human thyroid total RNAs were pur-
chased by Clontech Laboratories (Mountain View, CA).
Mouse IFN-y was purchased from Roche. Peptidoglycan
(PGN) from Staphylococcus aureus and lipopolysaccharides
(LPS) from Escherichia coli 0111:B4 were purchased from
Sigma-Aldrich. The nucleotide sequence of unmethylated
CpG oligodeoxynucleotide (ODN) A3 was 5-ATC GAC TCT
CGA GCG TTC TC-3’ (11).

Results
Thyroid cells express functional TLRs

To study the expression pattern of TLRs in thyroid cells, we
first examined mRNA from human thyroid tissue and rat thy-
roid cells, FRTL-5. Total RNA from human spleen cells, which
express most members of the TLR family, was used as a control.
As shown in Figure 1, both human and rat thyroid expressed
variable levels of TLRs. Although mRNA from human thyroid
tissue could contain mRNAs from other types of cells (fibro-
blasts, endothelial cells, and infiltrated leukocytes), FRTL-5 cells
are pure thyroid cells without contamination by other cell types.
Therefore, the results indicate that thyroid cells actually express
TLRs as previously demonstrated for TLR3 and TLR4 expres-
sion in human and rat thyroid cells (19-22).

FIG. 2. FRTL-5 thyroid cells responded to PAMPsand DAMPs to induce innate immune responses. FRTL-5 cells were
transfected with a pGL3 IFN-f luc (A) or a pNF«B luc (B) and incubated for 24 h. Cells were stimulated with TLR ligands
(dsRNA: 20 ug/mL; LPS: 0.3 ug/mL; CpG DNA: 5 ug/mL; PGN: 10 ug/mL) and incubated for another 6h (A) or 12h (B).
Luciferase activities were measured and expressed as means*SD of relative light units (RLU) from four samples. *p<1x1072,
#p<1x 1073, compared with the control. (C) FRTL-5 cells were stimulated with TLR ligands (dsRNA: 20 ug/mL; LPS: 0.3 ug/
mL; CpG DNA: 5 ug/mL PGN: 10 ug/mL). Cells transfected (tfx) with synthetic dsDNA (1.0 ug/well) or dsRNA (1.0 ug/
well) served as controls. Total RNA was isolated at 6 h, and reverse transcription-PCR was performed. Typical results from at
least four different experiments on different batches of cells are shown. PAMP, pathogen-associated molecular pattern;
DAMP, danger-associated molecular pattern; IFN, interferon; pGL3 IFN-f luc, rat IFN-f promoter luciferase reporter plas-
mid; NFxB, nuclear factor kappa-light-chain-enhancer of activated B cells; pNFxB luc, 5x NFxB-dependent luciferase reporter
plasmid; dsRNA, viral double-stranded RNAs; LPS, lipopolysaccharides; PGN, peptidoglycans.
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We next investigated whether these TLRs were functionally
active and able to detect PAMPs and transduce intracellular
signals. To do this, FRTL-5 cells were stimulated with various
TLR ligands, such as dsRNA, LPS, CpG ODN, and PGN.
Luciferase reporter gene activities for the IFN-f promoter and
the NFxB-dependent promoter were evaluated (26,33,34). In
addition to these PAMPs, the role of dsDNA as one of the
DAMPs was also examined. We found that dsRNA (a ligand
for TLR3), LPS (a ligand for TLR4), CpG ODN (a ligand for
TLR9), and PGN (a ligand for TLR2) increased IFN-f pro-
moter activity (Fig. 2A). dsSRNA and LPS increased NF«xB
activity (Fig. 2B), which is consistent with the previous reports
showing the functional expression of TLR3 and TLR4 in
FRTL-5 cells (19-22). dsDNA also stimulated these two re-
porter genes as previously described (26).

To evaluate whether stimulation of TLRs actually induced
innate immune responses in the thyroid cells, we examined
the induction of mRNAs for several cytokines. Stimulation of
the cells with synthetic dSDNA or dsRNA with a transfection
reagent, which was shown to activate innate immune re-
sponses in FRTL-5 cells, served as positive controls (26,32).
RT-PCR analysis revealed that dsRNA, LPS, CpG ODN, and
PGN, ligands for TLR3, TLR4, TLR9, and TLR2 respectively,
induced mRNA expression for Ifub1 (IFN-f), 116, tumor ne-
crosis factor-o (Tnfa), Ccl2, and Cxcl10 (IP10) following stim-
ulation (Fig. 2C). These responses were supported by
observations that FRTL-5 cells rapidly engulfed bacteria and
transported them from the plasma membrane to phagosomes
(Fig. 3A) where TLR2 and TLR4 are colocalized (Fig. 3B and
3C respectively).

DNA microarray analysis of genes affected by dsRNA
in human thyroid follicles

Among the TLR ligands tested, dsRNA showed the stron-
gest ability to induce cytokines in FRTL-5 cells (Fig. 2C). We
previously examined the effect of dsSRNA on human thyroid
after 6 h (20). However, to analyze thyrocyte responses better
against PAMPs, we treated primary human thyroid follicles
with dsRNA for 72 h and comprehensively evaluated affected
genes using DNA microarray analysis. After 72h of stimula-
tion, dsRNA significantly increased the expression of various
IFN-responsive genes, cytokines, and chemokines (Fig. 4A
and Table 1). In addition to the cytokines, the expression level
of retinoic acid-inducible gene (RIG-I), one of the receptors of
dsRNA, was also upregulated 4.6-fold. Although expression
of genes involved in the thyroid function was slightly de-
creased, PAX8 expression was suppressed to less than half
of the original levels by dsRNA after 72h (Supplementary
Table S2).

Innate immune activation of the thyroid
is induced by iodide

Excess iodide is related to various thyroid disorders, and
iodide is known to induce chemokine secretion in human
thyroid follicles in addition to the PAMPs and DAMPs (31).
However, this study was performed 48-72h after addition
of iodide. Under those conditions, high concentrations of
iodide may induce thyroid cell injury by modulating the
redox state and generating reactive oxygen species (ROS)
(85-37) and inducing necrosis and apoptosis in thyroid cells
(38). Cell injury results in the release of DAMPs, for
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FIG. 3. Engulfment of bacteria by FRTL-5 cells. FRTL-5
cells were cultured in a six-well plate and infected with
Mycobacterium leprae (33). (A) Bacteria were visualized by
acid-fast staining (pink-red coloration) and cells were coun-
terstained with hematoxylin (purple). (B, C) FRTL-5 cells
were immunostained for TLR2 (B) or TLR4 (C) followed by
acid-fast staining and light hematoxylin counter-staining.
Arrows indicate bacteria phagocytized in phagosomes. Ori-
ginal magnification: x1000 (scale bar=10 ym).
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FIG. 4. DNA microarray analysis of genes expressed in cultured human thyroid follicles. Human thyroid follicles were pre-
cultured in the absence of TSH for 4 days and in the presence of TSH (30 pU/mL) for 1 day. (A) dsRNA was added to a final
concentration of 25 ug/mL. After an additional 2 days of culture, total RNA was extracted. (B) Cells were treated with low
(1078 M) or high (10~° M) concentrations of Nal. After an additional 6h of culture, total RNA was extracted. The mRNA
expression levels were analyzed by DNA microarray as described in the Materials and Methods section. Dots in the scatter
plot correspond to the fluorescence intensity of each gene on the microarray. Twofold and half-fold changes in expression are
indicated as parallel lines.

TABLE 1. REPRESENTATIVE GENES WHOSE EXPRESSION LEVELS WERE SIGNIFICANTLY INCREASED
AFTER 72 H oF DSRNA STIMULATION IN HUMAN THYROID

Gene name Description Fold change
IFIT1 Homo sapiens interferon-induced protein with tetratricopeptide repeats 1 (IFIT1), mRNA [NM_001548] 12.20
IF127 Homo sapiens interferon, alpha-inducible protein 27 (IFI27), transcript variant a, mRNA 11.40
[NM_005532]
NM_080657 Homo sapiens viperin (cig5), mRNA [NM_080657] 9.10
IF144 Homo sapiens interferon-induced protein 44 (IFI44), mRNA [NM_006417] 6.95
IFIT2 Homo sapiens interferon-induced protein with tetratricopeptide repeats 2 (IFIT2), mRNA 6.77
[NM_001547]
IFITM1 Homo sapiens interferon induced transmembrane protein 1 (9-27) (IFITM1), mRNA [NM_003641] 6.28
OAS3 Homo sapiens 2’-5'-oligoadenylate synthetase 3, 100kDa (OAS3), mRNA [NM_006187] 5.96
AF038963  Homo sapiens RNA helicase (RIG-I) mRNA, complete cds [AF038963] 4.55
MX1 Homo sapiens myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse) 4.49
(MX1), mRNA [NM_002462]
IL8 Homo sapiens interleukin 8 (IL8), mRNA [NM_000584] 4.47
BIRC3 Homo sapiens baculoviral IAP repeat-containing 3 (BIRC3), transcript variant 1, mRNA 4.30
[NM_001165]
OASL Homo sapiens 2’-5"-oligoadenylate synthetase-like (OASL), transcript variant 1, mRNA 4.01
[NM_003733]
CXCL11 Homo sapiens chemokine (C-X-C motif) ligand 11 (CXCL11), mRNA [NM_005409] 3.96
CXCL2 Homo sapiens chemokine (C-X-C motif) ligand 2 (CXCL2), mRNA [NM_002089] 3.89
EPSTI1 Homo sapiens epithelial stromal interaction 1 (breast) (EPSTI1), mRNA [NM_033255] 3.70
IFIT4 Homo sapiens interferon-induced protein with tetratricopeptide repeats 4 (IFIT4), mRNA [NM_001549] 3.60
CXCL10 Homo sapiens chemokine (C-X-C motif) ligand 10 (CXCL10), mRNA [NM_001565] 3.48
NM_022147 Homo sapiens 28kD interferon responsive protein (IFRG28), mRNA [NM_022147] 3.44
TRIM14 Homo sapiens tripartite motif-containing 14 (TRIM14), transcript variant 2, mRNA [NM_033219] 3.34
SOD2 Homo sapiens superoxide dismutase 2, mitochondrial (SOD2), mRNA [NM_000636] 3.34
CTSZ Homo sapiens cathepsin Z (CTSZ), mRNA [NM_001336] 3.33
IL7 Homo sapiens interleukin 7 (IL7), mRNA [NM_000880] 3.07
NFKBIA Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha 2.65
(NFKBIA), mRNA [NM_020529]
IRF7 Homo sapiens interferon regulatory factor 7 (IRF7), transcript variant d, mRNA [NM_004031] 2.50
CLDN1 Homo sapiens claudin 1 (CLDN1), mRNA [NM_021101] 2.32
CXCL1 Homo sapiens chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha) 2.31
(CXCL1), mRNA [NM_001511]
HLA-F Homo sapiens major histocompatibility complex, class I, F (HLA-F), mRNA [NM_018950] 2.14
CXCL2 Homo sapiens chemokine (C-X-C motif) ligand 2 (CXCL2), mRNA [NM_002089] 2.02
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TABLE 2. REPRESENTATIVE GENES WHOSE ExPRESSION LEVELS WERE INCREASED
AFTER 6 H OF JODIDE STIMULATION OF HUMAN THYROID FOLLICLES

Gene name Description Fold change
MED18 Homo sapiens mediator of RNA polymerase II transcription, subunit 18 homolog (S. cerevisiae) 10.89
(MED18), mRNA [NM_017638]
BPNT1 Homo sapiens 3’(2"), 5’-bisphosphate nucleotidase 1 (BPNT1), mRNA [NM_006085] 4.05
ICAM4 Homo sapiens intercellular adhesion molecule 4 (Landsteiner-Wiener blood group) (ICAM4), 3.63
transcript variant 1, mRNA [NM_001544]
CYCS Homo sapiens cytochrome ¢, somatic (CYCS), nuclear gene encoding mitochondrial protein, 3.61
mRNA [NM_018947]
GNL3L Homo sapiens guanine nucleotide binding protein-like 3 (nucleolar)-like (GNL3L), mRNA 8150
[NM_019067]
METTL7A  Homo sapiens methyltransferase like 7A (METTL7A), mRNA [NM_014033] 3.53
APOL6 Homo sapiens apolipoprotein L, 6 (APOL6), mRNA [NM_030641] 3.26
GIPR Homo sapiens gastric inhibitory polypeptide receptor (GIPR), mRNA [NM_000164] 3.16
ARHGAP26 Homo sapiens Rho GTPase activating protein 26 (ARHGAP26), mRNA [NM_015071] 3.08
HFE Homo sapiens hemochromatosis (HFE), transcript variant 6, mRNA [NM_139006] 2.90
CTSS Homo sapiens cathepsin S (CTSS), mRNA [NM_004079] 2.56
FOXP4 Homo sapiens forkhead box P4 (FOXP4), transcript variant 1, mRNA [NM_001012426] 2.39
CXCL14 Homo sapiens chemokine (C-X-C motif) ligand 14 (CXCL14), mRNA [NM_004887] 2.08
CIITA Homo sapiens class II, major histocompatibility complex, transactivator (CIITA), mRNA 1.74
[NM_000246]
MAVS Mitochondrial antiviral-signaling protein (MAVS), mRNA [NM_020746] 1.74
TLR4 Homo sapiens toll-like receptor 4 (TLR4), mRNA [NM_138554] 1.72
CXCL9 Homo sapiens chemokine (C-X-C motif) ligand 9 (CXCL9), mRNA [NM_002416] 1.67
IL18 Homo sapiens interleukin 18 (interferon-gamma-inducing factor) (IL18), mRNA [NM_001562] 1.51
CD276 Homo sapiens CD276 molecule (CD276), transcript variant 2, mRNA [NM_025240] 1.51
A
» SLC5A5 " TGFB1
2 1.0} 2 3t
= > %
o @ ®
0.8 B i = ™
< < 5 T
pd =z 2 = % %*
x 06 x FIG. 5. Effects of various doses
£ = of iodide on the expression of
g 04r g 1 mRNAs in cultured human thyroid
T = follicles. Human thyroid follicles
S 0.2F © were pre-cultured for 5 days and
o & then cultured in medium contain-
ol OL—— 2 2 3 1 ingbovine TSH (30 uU/mL) and
-8 -7 6 -5 -4 -3 -8 -7 6 -5 -4 -3 10°to107° M of Nal. After an
n n additional 72 h of culture, total
Nal (1 0 M) Nal (1 0 M) RNA was isolated, and the mRNA
(o expression levels of SLC5A5 (NIS)
o 5F ANXA1 nw D IL6 (A), TGFB1 (B), ANAXA1 (C), and
o ) o IL6 (D) were analyzed by real-time
% 4t . a 4 PCR. Results are expressed rela-
. S - tive to mRNA levels found in hu-
< < man thyroid follicles treated with
% 3r E 3 10™® M Nal. Data are means +SD
= = of three samples. *p<0.05,
2+ 2 **p<0.01, **p<0.001, compared
o [} -
e S with the control.
81} £ 1 ./.\!"'\0\.
] ]
o 1 1 1 1 1 1 14 0 L 1 1 1 1 1

8 -7 6 5 -4 -3
Nal (10" M)

8 -7 6 -5 -4 -3
Nal (10" M)



484

>
x
-—
o

Ifnb1

o]

FIG. 6. Primary mouse
thyrocytes and surrounding
myocytes coordinately re-
sponded to PAMPs. Primary
mouse thyrocytes and sur-
rounding myocytes were
prepared from BALB/c
mice as described in the
Materials and Methods and
stimulated with dsDNA
(0.3 ug/well), dsRNA

Relative mRNA levels

control
dsDNA
dsRNA
LPS
IFN-y

— control

KAWASHIMA ET AL.

x10 Cxcl10

NN
(= N

—_
(43}

10

Relative mRNA levels

control
dsDNA
dsRNA
LPS
IFN-y
control
dsDNA
dsRNA
LPS
IFN-y

(0.3 ug/well), LPS (0.1 ug/
mL), or IFN-y (100U/mL).
Total RNA was isolated and
the mRNA expression levels
of Ifnb1 (A), Cxcl10 (B), Cxcl2
(O), and MHC class I (H2-D1)
(D) were analyzed by re-
al-time PCR. Results are ex-
pressed relative to control
mRNA levels. Data are
means £SD of three sam-
ples. *p<0.05, *p<0.01,
***p<0.001, compared with
the control.

Thyrocyte

O
x
—_
o

Cxcl2

£ ()] oo

Relative mRNA levels
N

o
5
c
o}
o

Myocyte Thyrocyte Myocyte

D2-D1

Relative mRNA levels

O I
S &

control
dsDNA
dsRNA
LPS
IFN-y
control
dsDNA
dsRNA
LPS
IFN-y

<<
Z Z
O
N 0
©T T

Thyrocyte

example genomic DNA fragments (26,32) that induce che-
mokine gene expression (26). We therefore re-examined the
changes of gene expression of human thyroid follicles 6h
after addition of Nal in order to avoid possible effects of
iodide-induced cell injury.

Primary human thyroid follicles were treated with a high
concentration (107> M) of Nal for 6h, and the pattern of gene
expression was comprehensively evaluated using DNA micro-
array analysis and compared with a low concentration (10~ M;
Fig. 4B). Iodide increased mRNA levels of various chemokines
after 6 h (Table 2), data that are in concordance with the previous
results obtained after 72h (31). Expression of thyroid-specific
genes did not show significant changes after 6h of iodide
stimulation (Supplementary Table S3). In addition to the che-
mokines, mRNA levels of other immune-related genes (other
than the chemokines listed in Table 2) were moderately in-
creased, for example TLR4 (1.7-fold), mitochondrial antiviral-
signaling protein (MAVS; 1.7-fold), and class II transactivator
(CIITA; 1.7-fold). These results suggest that the changes in
chemokine expression by iodide were direct effects rather than

Myocyte Thyrocyte Myocyte

secondary to iodide-induced cell injury, although the underlying
mechanism needs to be explored.

To clarify further the effect of iodide concentration on gene
expression, quantitative real time PCR analysis was per-
formed using mRNA from human thyroid follicles cultured in
medium containing 107% to 107> M Nal. As previously re-
ported, SLC5A5 expression was significantly suppressed by
increasing concentrations of iodide (Fig. 5A) (27,31,39). The
ability of iodide to decrease Slc5ab expression was inhibited
by perchlorate as seen in FRTL-5 cells (Supplementary Fig.
S1). Realtime PCR analyses revealed that iodide increased the
mRNA levels of TGFB1 (Fig. 5B), which regulates immune
responses and inhibits thyroid growth and function by
downregulating thyroid-specific genes, such as SLC5A5, TG,
and TPO (40-43). Iodide also increased annexin-A1 (ANXA1),
which is cleaved and released from apoptotic cells and in-
hibits the activation of monocytes and neutrophils (Fig. 5C)
(44). Although expression of IL6 was significantly induced by
DAMPs (Fig. 2C) (26) and PAMPs (20), it was not affected by
iodide (Fig. 5A). This evidence again confirms that the
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observed effect was specific to iodide, but not secondary
to effects of DAMPs.

Immune activation in mouse primary thyrocytes
and surrounding myocytes

In the case of infection and/or tissue injury, not only thyroid
cells but also other surrounding cells and tissues could become
involved, events that could affect the innate immune activation
of the thyroid. We previously showed that both primary and
cultured mouse fibroblasts respond to PAMPs (virus infection)
and DAMPs (genomic DNA fragments) to activate innate im-
munity (29,45,46). The thyroid gland is covered with a thin layer
of fascia and is surrounded by muscular tissues such as ster-
nothyroid and sternocleidomastoid muscles. To elucidate fur-
ther the immune activation of the thyroid and surrounding
tissues, we simultaneously prepared primary mouse thyrocytes
and surrounding myocytes in culture. They were stimulated by
dsDNA and IFN-y, and we compared the induction of gene
expression in the cells with regard to innate and adaptive im-
munity by real time PCR analysis.

Most genes in primary thyrocytes and surrounding myo-
cytes responded similarly (Fig. 6). In thyrocytes and myo-
cytes, the expression of Ifnb1 (Fig. 6A) and Cxcl10 (Fig. 6B) was
significantly induced by dsDNA and dsRNA. However, there
were some differences in gene activation between the two cell
types in responses to particular ligands. Thus, although IFN-y
increased Cxcl10 (Fig. 6B) and H2-D1 (Fig. 6D) in thyrocytes
and myocytes, the effects on the expression of Ifnb1 and Cxcl2
were much weaker (Fig. 6A and C respectively). Expression of
Cxcl2, but not other genes, was significantly induced by LPS
in both cell types (Fig. 6C). These results suggest that in cases
of infection or tissue injury, both thyrocytes and surrounding
myocytes coordinately respond to the stimuli and activate
both innate and adaptive immune responses that may induce
local inflammation.

Discussion

In this report, we utilized suspension cultures of primary
human thyroid follicles, primary mouse thyroid cells, and
cultured rat thyroid FRTL-5 cells, and demonstrate that
thyroid cells have the ability to respond to various PAMPs,
DAMPs, and high doses of iodide, thereby inducing immune
activation in the absence of immune competent cells.

We have demonstrated in this study that FRTL-5 cells ex-
press functional PRRs such as TLR3, TLR4, TLR9, and TLR2,
and produce proinflammatory cytokines and chemokines. We
have also shown that TLR ligands such as LPS, dsRNA, CpG
ODN, and PGN functionally activate the IFN-f promoter
and/or NFxB activity in FRTL-5 cells. It was previously
demonstrated that dsRNA is recognized by functional TLR3
in the human thyroid (19,20), that LPS is recognized by
functional TLR4 in FRTL-5 cells (22), and that genomic
dsDNA fragments are recognized by a cytosolic nucleic acid
sensor, histone H2B, in FRTL-5 (26). Furthermore, it was
clearly demonstrated that recognition of LPS by TLR4 results
in activation of NF«B, thereby inducing the expression of the
sodium iodide symporter (NIS; Slc5a5) in FRTL-5 cells (21).
Although we assume dsRNA is mainly recognized by TLR3
(20), it is possible that endocytosed dsRNA is recognized by
other molecules such as melanoma-differentiation-associated
gene 5 (MDADS) and retinoic acid-inducible protein I (RIG-I)
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(47-49). Since FRTL-5 cells are an established thyroid cell line,
the present results confirm that thyrocytes are capable of re-
sponding to various PAMPs to launch innate immune reac-
tions, even in the absence of infiltrating immune cells.
Although the recognition of PAMPs requires attachment and
engulfment of pathogens, a recent study has shown that TLRs
promote the clearance of bacteria by upregulating phagocytic
activity (50). Thyroid cells show strong phagocytosis under
TSH stimulation (51). Thus, active engulfment of bacteria
as demonstrated in FRTL-5 cells in this study (Fig. 3) may be
partly due to upregulation by TSH.

Iodide is one of the risk factors for the development of
AITD. It has been reported that high concentrations of iodide
induce thyroid cell injury and subsequent inflammation with
production of reactive oxygen species in NOD.H-2h4 mice
(36). The excess iodide uptake results in chemokine produc-
tion that recruits immunocompetent cells to the thyroid (31),
which may contribute to the initiation of thyroid autoimmu-
nity. It seems that iodide preferentially induces chemokines
rather than other inflammatory cytokines as shown in this
study, suggesting the possibility that the iodide-induced in-
tracellular signaling cascade may be different from that of
PRRs. In this study, we have shown that iodide induces
TGFB1 expression. It has been shown that TGF-f inhibits
TSH-induced SLC5A5 mRNA and protein levels in a dose-
dependent manner (42). TGF-ff modulates the function of re-
cruited lymphocytes depending on the cytokine milieu, such
as IL-2 and IL-6 produced by peripheral tissue and immune
competent cells (43,52,53).

The recent identification of PRRs has revealed that endog-
enous molecules (DAMPs) produced by dying cells can also
induce innate immune responses (23,29). Cell damage can be
induced by various insults such as ischemia/reperfusion in-
jury, trauma, or other harmful stimuli that induce apoptosis
or necrosis. In such situations, fragments of genomic DNA
may be released and are recognized by cytosolic histone H2B,
which in turn activates innate and acquired immune systems
(26). We have shown in the present study that surrounding
myocytes stimulated with nucleic acids, LPS, or IFN-y also
express Ifnbl and several chemokines, suggesting that sur-
rounded mesenchymal cells also contribute to immune acti-
vation in local thyroid tissue. Moreover, the differences
between thyrocytes and myocytes in response to several li-
gands suggest that these cells have distinctive potentials in
their response to PAMPs and DAMPs, activating genes re-
lated to innate and acquired immune responses.

In summary, we have demonstrated that thyroid cells can
respond to PAMPs, DAMPs, and high concentrations of io-
dide. In their response, the cells produce inflammatory cyto-
kines, chemokines, and type I IFNs, resulting in innate
immune activation. Surrounding myocytes and recruited
immunocompetent cells also contributed to immune res-
ponses in the thyroid gland. These results provide new details
on the mechanisms underlying immune activation in the
thyroid. This knowledge further contributes to our under-
standing of processes triggering autoimmune reactions in this
important organ.
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