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Abstract

BACKGROUND: Engineered cell sheet transplantation has been considered an alternative physiological therapy for

endocrine disorders. In this study, we attempted to fabricate functional human thyroid cell sheets using the engineering

technology by culturing primary thyrocytes in free-feeder monolayers and assessed their proliferation and function in two

different media.

METHODS: The non-tumorous tissues (approximately 2 g) were dissected during surgery. Primary human thyroid cells

were isolated by mechanical dispersion and treatment with isolation solution. The cells were cultured on tissue culture

dishes or temperature-responsive culture dishes to induce the formation of detached cell sheets.

RESULTS: Primary thyroid cells isolated from nine patients were positive for thyroid transcription factor 1, thyroglobulin

(TG) and cytokeratin 7. Cell sheets with follicles were fabricated by cells incubated in both Dulbecco’s Modified Eagle

Medium (DMEM) and hepatocyte-defined medium (HDM) culture medium. The diameter and thickness of sheets fabri-

cated in HDM were larger and thicker than those fabricated from DMEM. Furthermore, the cells incubated in HDM

secreted higher levels of fT3 and fT4 than those incubated in DMEM. The thyroid peroxidase and TG mRNA of cells

maintained in HDM were higher than those in cells maintained in DMEM.

CONCLUSION: HDM appears suitable as a culture medium for maintaining primary thyrocytes and fabricating func-

tional cell sheets. These in vitro findings may contribute to the development of appropriate culture conditions for human

thyrocytes as well as engineered functional cell sheets.
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1 Introduction

In cases of hormonal deficiency caused by endocrine organ

diseases, continuous hormone administration is indispens-

able to compensate [1]. However, the maintenance of the

complex homeostatic interactions of hormones via oral

administration alone may be difficult. In this context,

engineered cell sheet transplantation has been considered

as an alternative physiological therapy for endocrine dis-

orders [2]. Previous studies have shown that the trans-

plantation of cell sheets is a more effective cell transfer

technique than the injection of isolated cells in various cell

populations [3, 4]. Furthermore, cell sheet transplantation

is useful in that we can handle the cell sheets easily and

control their size and number of layers [2, 5, 6].

Several reports have described the fabrication of thyroid

tissues. Bell et al. [7] reported the fabrication of thyroid

gland equivalents by cultivating rat thyroid cells within

collagen gel. The mixture became tissue-like in vitro, and

organized follicles were detected after implantation into
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thyroidectomized hosts. Toda et al. [8, 9] also studied the

reconstruction of thyroid follicles from isolated porcine

thyrocytes in three-dimensional (3D) collagen gel culture.

Bechtner et al. [10] cultured isolated porcine thyroid fol-

licles in Matrigel, thereby providing a tool for investigating

the regulation of follicular growth and neoformation close

to the in vivo situation. Fröhlich et al. [11] showed that

porcine thyroid cells were able to form follicles with a

regular basal lamina when they were cultured in a 3D

environment. Takasu et al. [12] analyzed the relationships

of iodine metabolism and cell polarity, using polarized

monolayer porcine thyroid cells cultured on collagen-

coated filters and double layered, follicle-forming cells.

Arauchi et al. [2] reconstructed 3D thyroid tissues using

cell sheet technology with rat thyrocytes and transplanted

them into a hypothyroidism rat model; the thyroid function

was restored within 1 week after cell sheet transplantation,

and improvement was maintained for 4 weeks.

However, all of these previous studies were performed

with non-human cells. Therefore, in the present study, we

attempted to fabricate functional human thyroid cell sheets

using the available engineering technology.

2 Materials and methods

2.1 Patients

The study was approved by the Institutional Review Board

of our institution (approval number 14052642), and

informed consent was obtained from all human donors.

Resected human thyroid tissues were obtained during sur-

gery (Table 1). The non-tumorous tissues (approximately

2 g) were carefully dissected by experienced operators.

2.2 Isolation and culture of primary human thyroid

cells

Primary human thyroid cells were isolated by mechanical

dispersion and treatment with isolation solution, as previ-

ously described [13, 14] (Fig. 1). In brief, non-tumorous

thyroid tissue samples were washed with phosphate-buf-

fered saline (PBS) (Wako Pure Chemical Corp., Osaka,

Japan). Part of the sample from Case 3 was used for a

cytologic examination. After cutting the tissue into small

pieces (\ 1 mm in size), the tissue pieces were digested

with 50 mL of isolation solution (HANK’s complement

with 1.5 mg/mL of Collagenase I) through shaking for

60 min at 37 �C. The supernatant was then transferred into

two 50-ml conical tubes, and fetal bovine serum (FBS; 5%

[v/v]) was added to neutralize isolation buffer, followed by

centrifugation at 1000 rpm for 5 min. The supernatant was

then discarded, and the sample was resuspended and the

pellet incubated with 2 mL of RBC lysis buffer (Bay bio-

science Co., Ltd., Kobe, Japan) for 10 min at room tem-

perature (RT) to remove erythrocytes. The cells were

washed with PBS and centrifuged at 500 g for 5 min to

collect the cell pellets. The primary thyroid cells were

incubated on 100-mm tissue culture treated dishes (Nest

Scientific USA Inc., Rahway, NJ, USA) in Dulbecco’s

Modified Eagle’s Medium (DMEM) without FBS but

supplemented with 2 mM/L of L-glutamine, 100 U/mL

penicillin and 100 mg/mL streptomycin (10378-016;

Thermo Fisher Scientific K.K., Tokyo, Japan) for the first

3 days to minimize the contamination of fibroblasts

(Fig. 1A). Three days later, the medium was exchanged for

DMEM supplemented with 10% (v/v) FBS, a process that

was repeated every 2 or 3 days. The isolated cells grew as

monolayers after the addition of medium with FBS

(Fig. 1B). When these primary cells (passage 0, P0)

reached 80–90% confluence, they were trypsinized with

2 mL of TryPLE
TM

Express (Thermo Fisher Scientific

K.K.) and incubated on 35-mm tissue culture dishes (GC

TECHNO GLASS CO.,LTD., Shizuoka, Japan) or onto

temperature-responsive culture dishes (TRCDs) (CellSeed

Inc., Tokyo, Japan) for different purposes. Cells were

maintained at 37 �C in a humidified atmosphere containing

5% CO2.

2.3 Culture medium preparation

For the different culture medium tests, 1 9 105 thyroid

cells were seeded onto 35-mm tissue culture dishes and

maintained in DMEM or hepatocyte-defined medium

(HDM) [15]. DMEM (Wako Pure Chemical Corp., Osaka,

Japan) was supplemented with 10% FBS, 2 mM L-glu-

tamine, 100 U/mL penicillin and 100 mg/mL strepto-

mycin. HDM (Corning Inc. NY, USA) was supplemented

Table 1 Sources of human thyroid gland for primary thyroid cell

isolation

Case Age (years) Gender Diagnosis

1 32 F Thyroid cancer

2 70 F Thyroid tumor

3 35 F Graves’ disease

4 31 F Thyroid tumor

5 55 F Graves’ disease

6 71 M Graves’ disease

7 37 F Graves’ disease

8 25 M Graves’ disease

9 16 M Graves’ disease
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with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin,

100 mg/mL streptomycin and 2 ng/L of epidermal growth

factor (EGF). Medium were changed the first day after

passage and then every other day subsequently.

2.4 The immunofluorescence assay for monolayer

cells

The monolayer cells were fixed with 4% paraformaldehyde

phosphate buffer solution (Wako Pure Chemical Corp.,

Osaka, Japan) for 20 min and then blocked in Tris-buffered

saline (TBS) containing 5% bovine serum albumin (BSA)

and 0.1% Tween-20 for 1 h at RT. Cells were incubated

overnight at 4 �C with primary antibodies as follows:

rabbit anti-thyroid transcription factor 1 (TTF1) (1:500)

(Abcam plc., Cambridge, UK), rabbit anti-thyroglobulin

(TG) (1:100) (Abcam plc.) and rabbit anti-cytokeratin 7

(CK7) (1:500) (Abcam plc.) diluted in TBS ? 5% BSA

and 0.1% Tween-20. Cells then were incubated for 1 h at

RT in tetramethylrhodamine isothiocyanate (TRITC)-con-

jugated goat anti-rabbit IgG (1:400) (Sigma-Aldrich Inc.,

St. Louis, MO, USA) as the secondary antibody. Nuclei

were stained with 4,6-diamidiono-2- phenylindole (DAPI;

DOJINDO, Kumamoto, Japan). Cells were mounted with

ProLong gold antifade mounting medium (Thermo Fisher

Scientific K.K., Tokyo, Japan). Fluorescence images were

captured using a confocal laser scanning microscope

(Olympus Corp., Tokyo, Japan).

2.5 The cell proliferation assay

After subculture, 1 9 105 thyroid cells were seeded onto

35-mm tissue culture dishes and cultured in DMEM and

HDM, as described above. At 1, 3 and 5 days, cells were

collected after being separated by a TrypLE Express, and

the total cell number was counted with a hemocytometer to

calculate the cell proliferation rate.

2.6 Detection of secreted thyroid hormone

After subculture, 1 9 105 cells were incubated on 35-mm

tissue dishes. The medium was changed 2 days before col-

lecting. We usually changed the medium according when the

cells reached about 90% confluence (i.e. 6 or 7 days after

seeding), replacing the old medium with fresh medium. Two

days later, the cells reached 100% confluence, and the

medium in the culture dishes was collected and stored at

- 80 �C until assayed for secreted free triiodothyronine

Fig. 1 Isolation of primary human thyroid follicular epithelial cells.

A Schematic isolation protocol. Non-tumorous thyroid tissues were

minced mechanically into small pieces, digested with collagenase,

and plated into medium without FBS for 3 days to minimize the

contamination by fibroblasts. B The cell morphologies of primary

isolated cells on days 1 and 14. The primary isolated cells grew as

monolayers after the addition of medium with FBS. Scale

bar = 500 lm
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(fT3) and free thyroxine (fT4). All samples were checked by

the SRL. Inc. (Nagasaki, Japan) using routine hospital

assays. The fT3 and fT4 levels in fresh medium with serum

were subtracted from the rough data of culturing medium in

order to remove the baseline value of the serum itself.

2.7 The quantitative real-time polymerase chain

reaction (qrt-PCR) assay

Total RNA of the cell samples cultured in different media

were extracted using the NucleoSpin RNA kits

(MACHEREY–NAGEL GmbH & Co. KG, Duren, Ger-

many). Complementary DNA (cDNA) was synthesized

from 200 ng of total RNA using High-Capacity cDNA

Reverse Transcription Kits (Thermo Fisher Scientific K.K.,

Tokyo, Japan). PCR was performed using the Applied

Biosystems StepOnePlus Real-Time PCR System with

TaqMan� Fast Universal PCR Master Mix (2x), No

AmpErase� UNG (Life Technologies, Carlsbad, CA,

USA). The TaqMan� Gene Expression Assay Mix (20x) of

TG, TPO, interlukin-6 (IL6), transforming growth factor-

beta (TGF-b) and EGF (Thermo Fisher Scientific K.K.,

Tokyo, Japan) used here are listed in Table 2. The

expression of the analyzed genes was normalized using

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a

housekeeping gene. Qrt-PCR was carried out with 1 lL of

TaqMan� Gene Expression Assay Mix (20x) (Thermo

Fisher Scientific K.K., Tokyo, Japan) and 10 ng of cDNA.

The conditions for the reactions were set at 95 �C for 20 s

and 40 cycles at 95 �C for 1 s and 60 �C for 20 s. The

cycle threshold values were determined automatically by

the Applied Biosystems StepOnePlus Real-Time PCR

System, and the fold-change in the gene expression was

calculated by the 2-DDCT method.

2.8 Fabrication of cell sheets

Human primary thyroid cell sheets were constructed using

TRCDs. In brief, 1 9 106 cells were incubated on 35-mm

TRCDs in DMEM or HDM. The medium was changed

every other day after inoculation. All cells were cultured

under a humidified atmosphere of 5% CO2 and 95% air at

37 �C. After about 1 week, once the cells reached more

than 100% confluence, TRCDs were incubated at 20 �C to

induce the formation of detached cell sheets. The maximal

diameter of each cell sheets was measured by the relative

length of the diameter of 35-mm of TRCDs.

2.9 Histology of cell sheets

Cell sheets were fixed with 4% paraformaldehyde PBS for

24-72 h. Fixed samples were then embedded in paraffin,

cut into 5-mm cross-sections, mounted on MAS-coated

slides (Matsunami Glass Ind., Ltd., Osaka, Japan), and

deparaffinized for standard histological staining with

hematoxylin and eosin (H&E) (Muto Pure Chemicals CO.

LTD., Tokyo, Japan). For immunostaining, sections were

heated in 10 mM Tris–HCl buffer (pH 9.0) containing

1 mM EDTA using an autoclave for antigen retrieval,

incubated in 3% hydrogen peroxide solution for 10 min to

quench endogenous peroxidase activity, and then blocked

in TBS containing 5% BSA and 0.1% Tween-20 for 1 h at

RT. Blocked sections were incubated overnight at 4 �C
with rabbit anti-TTF1 (1:250), rabbit anti-TG (1:250) pri-

mary antibodies diluted in TBS ? 5% BSA and 0.1%

Tween-20. Sections were then incubated for 1 h at RT in

horseradish peroxidase (HRP)-conjugated goat anti-rabbit

IgG (Sigma-Aldrich Inc., St. Louis, MO, USA) secondary

antibody. HRP-conjugated secondary binding was visual-

ized using the Dako liquid DAB ? substrate chromogen

system (Dako, Tokyo, Japan). Nuclei were stained with

hematoxylin. Slides were mounted with Permount (Fisher

Scientific, Atlanta, GA, USA). Bright-field images were

captured using an optical microscope (Olympus).

2.10 Measurement of thickness of cell sheet cross-

sections

The thickness of the cell sheet cross-sections was measured

by an optical microscope with pictures of H&E staining at

the same magnification. The trisection parts of each slides

were measured, the average length was used as the mean

thickness of cross-sections.

2.11 Statistical analyses

The data are presented as the mean ± standard deviation

(SD) of at least two time points from two independent cell

Table 2 List of TaqMan� gene

expression assay mix (20x)/PCR

primers used in RT-qPCR

studies

Gene symbol Gene name Assay ID Species Amplicon length

TPO Thyroid peroxidase Hs00892519_m1 Human 53

TG Thyroglobulin Hs00174974_m1 Human 69

TGFB Transforming growth factor beta 1 Hs00998133_m1 Human 57

IL6 Interleukin 6 Hs00985639_m1 Human 66

EGF Epidermal growth factor Hs01099999_m1 Human 70
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preparations. Means of continuous numerical variables

were compared by a two-tailed t test (GraphPad Prism

version 7.0; GraphPad Software, San Diego, CA, USA).

Values of ***p\ 0.001, **p\ 0.01 and *p\ 0.05 were

considered statistically significant.

3 Results

3.1 Characteristics and identification of primary

thyroid cells

We isolated 9 thyroid tissue samples from subjects with a

mean age of 41.4 ± 19.5 years. Among them, three sam-

ples were obtained from men and six from women. Three

samples were diagnosed with thyroid tumor, and the other

six were diagnosed with Graves’ disease (Table 1). The

isolated cells grew as monolayers cultured onto tissue

dishes (Figs. 1B, 2A). In order to identify those cells,

immunofluorescence staining of two thyroid cell-specific

markers (TTF-1 and TG) and the epithelial cell marker

CK7 were analyzed (Fig. 2B–D). Data showed that the

isolated cells cultured in both DMEM and HDM were

thyroid epithelial cells, as demonstrated by positivity for

TTF1 and CK7, and those isolated cells retained differen-

tiated function as demonstrated by positivity for TG. The

isolated cells cultured in HDM proliferated more quickly

than those cultured in DMEM (Day 1: 1.65 ± 0.18 vs.

1.20 ± 0.12; Day 3: 4.82 ± 0.27 vs. 2.45 ± 0.31; Day 5:

5.38 ± 0.47 vs. 3.25 ± 0.64 9 106 cells, p\ 0.001 each)

(Fig. 2E).

3.2 Fabrication of thyroid cell sheets

Approximately 1 9 106 primary cells were incubated on

35-mm TRCDs, and after 1-week culture, the cells reached

more than 100% confluence. Dishes were stored at 20 �C
for 2–4 h to allow for the detachment of thyroid cell sheets

(Fig. 3A). The histological examination by H&E staining

of cultured thyroid cell sheets in vitro demonstrated typical

thyroid follicles with colloid stored in the center (Fig. 3B),

and anti-TTF1 antibody and anti-TG antibody immunos-

taining revealed follicle epithelial cells lining the follicle

inner surface (Fig. 3C, D). The diameters of thyroid cell

sheets in DMEM and HDM were 9.8 ± 0.44 mm and

14.36 ± 1.66 mm, respectively (p = 0.0293, n = 5)

(Fig. 3E), and the thickness was 21.19 ± 1.92 lm and

29.76 ± 1.78 lm in DMEM and HDM, respectively, with

p = 0.0033 (n = 12) (Fig. 3F).

3.3 Gene analyses

Cells cultured in DMEM and HDM were used for gene

analyses. Levels of TPO and TG mRNA in HDM were

higher than in DMEM (Fig. 4A, B). We further analyzed

the gene expression of three cytokines [IL-6, transforming

growth factor-b (TGF-b) and epidermal growth factor

Fig. 2 Characteristics of isolated cells after subculture. A Cells were

cultured in DMEM (left panel) and HDM (right panel) after passage.

Phase-contrast image of cell morphologies. B–D Immunofluorescent

stained images of the thyroid cell-specific marker TTF1, TG and the

epithelial cell marker CK7. Nuclei were stained with DAPI (blue).

E TTF1: thyroid transcription factor-1; TG: thyroglobulin; CK7:

cytokeratin 7; DAPI: 40,6-diamidino-2-henylindole. Scale bar = 50

lm. The number of thyroid cells cultured in DMEM and HDM for 1, 3

and 5 days. ***p\ 0.001 (two-way t test), (n = 5)
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(EGF)] related to the thyroid cell function. The gene

expression of IL6, TGF-b and EGF was lower in the HDM

group than in the DMEM group (Fig. 4C–E).

3.4 Levels of secreted thyroid hormones

To evaluate the function of the isolated cells, levels of fT3

and fT4 secreted into the cultured medium were measured.

The medium was changed 2 days before collecting sam-

ples. The levels of fT3 in DMEM and HDM were

0.15 ± 0.02 and 0.32 ± 0.05 pg/mL (p = 0.0014),

respectively (Fig. 5A). The levels of fT4 in HDM

(1.22 ± 0.19 ng/dL) were much higher than in DMEM

(0.04 ± 0.02 ng/dL), p = 0.0003 (Fig. 5B).

4 Discussion

Previous studies have described thyroid follicles crafted

using non-human thyrocytes, such as porcine and rat thy-

rocytes, by a 3D gel-culture system [7–9, 16]. In the pre-

sent study, however, we collected samples from nine

human subjects with thyroid diseases and successfully

isolated thyrocytes from non-tumorous thyroid glands. We

also achieved our primary goal of fabricating a thyroid cell

sheet using TRCDs, in which certain follicles were formed.

Although thyrocytes can form stable follicles with physi-

ological polarity in 3D collagen gel culture, our two-di-

mensional (2D) monolayer thyrocytes also formed some

follicles that secreted fT3 and fT4.

In vivo, thyroid hormone synthesis and secretion is a

complex process requiring a series of minute steps under

the control of the pituitary hormone (i.e. thyroid-stimulat-

ing hormone; TSH). In in vitro culture, appropriate culture

Fig. 3 Fabrication of a thyroid cell sheet. A Cell sheets cultured on

TRCDs in DMEM and HDM. B H&E staining of sheet cross-sections.

C, D Immunostaining of TTF1 and TG of the sheet cross-sections.

The black arrows show the follicle structure of the cell sheet. Scale

bar = 50 lm. E Diameter of the cell sheets in DMEM and HDM (n = 5

in 3 cases). F Thickness of cell sheet cross-sections (n = 12 in 3

cases). Data are presented as the mean ± SD. *p\ 0.05, **p\ 0.01

(two-way t test)
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conditions are essential for maintaining the phenotype in

human thyrocytes.

DMEM and HDM (described in the Materials section

above) are two basic cell culture media. Many studies

utilize DMEM for the culture of thyroid cell lines [17].

While HDM was originally designed for the culture of

hepatocytes, it has also been reported to be suitable for the

culture of epithelial cells and certain kinds of gland cells,

such as hepatic epithelial cells [15], salivary epithelial cells

[18] and primary human lacrimal gland cells [19]. Simi-

larly, thyroid cells, which are follicle epithelial cells iso-

lated from the thyroid gland, may also be well-cultured and

easily proliferate in epithelial cell culture medium. In the

present study, we found that thyroid cells cultured in HDM

proliferated more quickly than those cultured in DMEM.

While cell sheets incubated in both DMEM and HDM

formed follicle structures, cells cultured in HDM secreted

much higher levels of fT4 and fT3 than those cultured in

DMEM. Furthermore, higher levels of TPO and TG mRNA

were confirmed in HDM, suggesting that HDM may be the

more appropriate culture medium for primary human thy-

roid cells with the up-regulation of the metabolic activity

of each cell. HDM also promoted the development of

functional tight junctions in salivary epithelial cells [18].

HDM contains insulin, transferrin, selenium, EGF, and

1.8 mM Ca2?. We believe that these components promoted

the proliferation and function of thyroid cells, and to our

knowledge, this is the first report concerning the advan-

tages of using HDM to culture thyroid cells.

Thyroid gland homeostasis is maintained through com-

plex interactions between TSH and other growth factors

and cytokines [20]. Gene expression data obtained in the

present study suggested that the downregulation of IL6,

TGF-b and EGF mRNA was related to the increased pro-

liferation rate and fT4 levels observed in cells incubated in

HDM. Our finding that IL6 was capable of inhibiting the

synthesis and release of fT4 and, to a greater extent, T3

from thyroid cells was consistent with those of a previous

report [21]. Our data supported the roles of TGF-b and

EGF in the regulation of thyroid proliferation and function

at the gene level. TGF-b and EGF are physiological reg-

ulators of thyroid cell differentiation and proliferation.

TGF-b is normally expressed and secreted by thyrocytes,

acting as a potent inhibitor of thyroid cell growth [22].

EGF, in contrast, acts as a strong mitogen for follicular

thyroid cells [23]. EGF is synthesized by the thyroid gland

and is able to induce thyroid cell proliferation in several

species along with the loss of thyroid-specific functions.

The addition of 2 ng/L of EGF to HDM resulted in

increased cell proliferation and elevated levels of fT4 but

reduced levels of EGF mRNA in cells, perhaps due to

negative feedback. Previous in vitro data suggest that EGF

might be a modulator of the thyroid growth and function

[24], and the present data support the importance of

Fig. 4 Changes in the gene expression of thyroid cell markers and

cytokines. A-E RT-qPCR analyses of TPO, TG, IL-6, TGFB and EGF

for cells cultured in DMEM and HDM. GAPDH was set as the

housekeeper gene. TPO: thyroid peroxidase; TG: thyroglobulin;

TGFB: transforming growth factor-b; EGF: epidermal growth factor.

*p\ 0.05, **p\ 0.01, **p\ 0.01, ***p\ 0.001 (two-way

ANOVA), n.s.: non significance, n = 6 in 2 cases
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choosing the appropriate culture medium for maintaining

primary thyrocytes.

Several limitations associated with the present study

warrant mention. First, we only included the age and dis-

ease information of the cases and did not compare the

differences in the characteristics among patients. A further

study will be needed to clarify the differences in the cel-

lular functions according to characteristics of tissues,

including the age and disease. Second, we did not check the

normal polarity. Polarity is important for the iodine uptake,

and an appropriate follicle structure is required for thyroid

hormone synthesis. Follicle-forming cells, cultured as

double layers, take up iodine and organify it into thyroid

hormones [12]. Third, we did not perform long-term cul-

ture. As in primary culture, human follicular cultures lose

their phenotype after passage. The loss of the thyroid

phenotype may be related to the culture conditions [25].

We simply compared two different culture conditions for

less than five passages in the present study. Finally,

although the expression of thyroid-specific transcription

factors was maintained over time, it was low, and the

expression of thyroid-related proteins was minimal or

undetectable. To account for these shortages, a further

study with long-term culture in the optimum medium will

be required.

Because no chemical treatments are needed in order to

harvest the cell sheets with extracellular matrix, the native

cellular function is maintained [4, 6, 15]. Furthermore, cell

sheets have been shown to be able to be handled easily.

Previous studies have shown the effectiveness and safety of

the transplantation of sheets derived from various kinds of

cells, not only in animal experiments, but also in clinical

situations [26, 27]. In rat experiments, the subcutaneous

transplantation of a thyroid cell sheet in a hypothyroidism

model by total thyroidectomy was able to restore the thy-

roid function with typical thyroid follicles being formed

[2]. Considering the future clinical applications, we intend

to transplant human thyroid cell sheets into hypothyroidism

models of immunodeficient animals and evaluate their

function and morphology as a preclinical study.

In conclusion, we successfully fabricated engineered

human thyroid cell sheets. HDM appears suitable as a

culture medium for maintaining primary thyrocytes and

fabricating functional cell sheets. These in vitro findings

may contribute to the development of appropriate culture

conditions for human thyrocytes as well as engineered

functional cell sheets.
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