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ABSTRACT

Thyroid hormones (TH) are essential for regulating a number of diverse physiological processes required for normal growth,
development, and metabolism. The US EPA Endocrine Disruptor Screening Program (EDSP) has identified several molecular
thyroid targets relevant to hormone synthesis dynamics that have been adapted to high-throughput screening (HTS) assays
to rapidly evaluate the ToxCast/Tox21 chemical inventories for potential thyroid disrupting chemicals (TDCs). The
uncertainty surrounding the specificity of active chemicals identified in these screens and the relevance to phenotypic
effects on in vivo human TH synthesis are notable data gaps for hazard identification of TDCs. The objective of this study
was to develop a medium-throughput organotypic screening assay comprised of reconstructed human thyroid microtissues
to quantitatively evaluate the disruptive effects of chemicals on TH production and secretion. Primary human thyroid cells
procured from qualified euthyroid donors were analyzed for retention of NK2 homeobox 1 (NKX2-1), Keratin 7 (KRT7), and
Thyroglobulin (TG) protein expression by high-content image analysis to verify enrichment of follicular epithelial cells. A
direct comparison of 2-dimensional (2D) and 3-dimensional (3D) 96-well culture formats was employed to characterize the
morphology, differential gene expression, TG production, and TH synthesis over the course of 20 days. The results indicate
that modeling human thyroid cells in the 3D format was sufficient to restore TH synthesis not observed in the 2D culture
format. Inhibition of TH synthesis in an optimized 3D culture format was demonstrated with reference chemicals for key
molecular targets within the thyroid gland. Implementation of the assay may prove useful for interpreting phenotypic
effects of candidate TDCs identified by HTS efforts currently underway in the EDSP.
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Statutes in the Food Quality Protection Act direct the U.S.
Environmental Protection Agency (EPA) to test chemicals that
may produce estrogenic effects in humans and has been ex-
panded in scope in the Endocrine Disruptor Screening Program
(EDSP) to evaluate other endocrine effects on androgen signal-
ing, steroidogenesis, and thyroid function (EPA, 2014). Multiple

organ systems in the body are dependent on sufficient thyroid
hormone (TH) levels for regulating normal growth, develop-
ment, and energy metabolism (Bassett and Williams, 2016;
Brent, 2012; Forhead and Fowden, 2014; Li et al., 2014; Lindsey
et al., 2018; Liu and Brent, 2018; McAninch and Bianco, 2014;
Mullur et al., 2014; Yang et al., 2018). Primary hypothyroidism,
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manifested as a decrease in thyroxine (T4) hormone and an in-
crease in thyroid-stimulating hormone (TSH), is a particularly
serious endocrine disorder during fetal and early-life stages
that can result in irreversible adverse effects on brain and skele-
tal development (Auso et al., 2004; Gilbert and Sui, 2008; Gothe
et al., 1999; Sharlin et al., 2008; Zoeller and Crofton, 2000). The
most widely recognized etiology of maternal or congenital hy-
pothyroidism is iodine deficiency (De Benoist et al., 2004), but
gene mutations affecting thyroid development (Szinnai, 2014)
or exposure to environmental contaminants (Boas et al., 2006;
Brucker-Davis, 1998; Miller et al., 2009) also play a role.
Disruption of serum TH levels across the hypothalamic-
pituitary-thyroid (HPT) axis can occur through multiple postu-
lated mechanisms including interference with hypothalamic-
pituitary signaling, inhibition of TH synthesis and transport
kinetics, metabolic clearance through the liver, and modulation
of target tissue-dependent TH deiodination or receptor-
mediated gene transactivation (DeVito et al., 1999; Murk et al.,
2013; OECD, 2017).

Several Tier 1 and 2 test guideline assays in the EDSP evalu-
ate thyroid weight, histopathology, and serum TH as in vivo end-
points for informing thyroid-specific adverse outcomes. The
high cost, low-throughput capacity, and animal-dependent na-
ture of these assays has spurred efforts by the EPA (2017) to de-
velop a thyroid conceptual framework that outlines known
thyroid-related pathways, identifies key molecular initiating
events (MIEs) as likely targets for perturbation, and proposes a
path forward to develop and apply a battery of in vitro assays for
examining mechanisms across the HPT axis. Along these lines,
high-throughput screening (HTS) assays for thyroperoxidase
(TPO; Paul et al., 2014; Paul Friedman et al., 2016), sodium–iodide
symporter (NIS; Hallinger et al., 2017; Wang et al., 2018, 2019),
and deiodinase enzymes (DIO1, DIO2, and DIO3; Hornung et al.,
2018; Olker et al., 2019) have been used to rapidly screen thou-
sands of chemicals for potential disruption of TH synthesis. A
limitation to these target-based approaches is the uncertainty
in predicting tissue-level functional effects on TH production in
a manner that is more physiologically relevant and analogous
to endpoints evaluated in existing guideline studies. As a result,
a tiered screening approach for hazard identification was devel-
oped in the EPA Computational Toxicology (CompTox) program
where chemicals flagged in HTS assays with verified biological
targets, such as those for thyroid-specific MIEs, are further eval-
uated in human organotypic cell culture models that may en-
able determination of relative potency relationships to apical
endpoints commonly used for regulatory assessments (Thomas
et al., 2019). Given the complex regulation of TH homeostasis
and uncertainty regarding the potential physiological effects of
chemicals identified in thyroid HTS assays, there is a need to
develop new approach methods that better recapitulate thyroid
biology to identify hazards to thyroid function that may pose a
risk to human health.

There is an inherent anatomically based, structure–function
relationship in the thyroid gland not recapitulated in existing
thyroid HTS assays that determines fidelity of hormone produc-
tion. The gland is comprised of two independent lobes contain-
ing follicles that make up the functional units of the organ.
Thyroid follicles are typically round or elongated structures of
variable size that contain a single layer of follicular epithelial
cells (thyrocytes) surrounding an internal lumen (Bianco et al.,
2014). To synthesize hormone, polarized thyrocytes generate a
sodium gradient along the basolateral membrane that mediates
uptake of iodide where it is translocated across the apical mem-
brane into the thyroglobulin-rich follicular lumen to undergo

oxidation and organification, leading to reuptake of iodothyro-
nine hormone precursor that is enzymatically digested in lyso-
somes to produce mature T4 and 3,5,30-triiodothyronine (T3).
The functions ascribed to follicular units are dependent on this
structural architecture to regulate TH synthesis and bioavail-
ability (Colin et al., 2013).

Cell-type selection plays a critical role in reproducing native
functions of the thyroid. A number of thyroid-derived tumor
cell lines are available, but due to the tumor-specific origin and
extended passage in culture, these lines often result in an undif-
ferentiated phenotype with loss of thyrocyte-specific gene ex-
pression, nonresponsiveness to TSH, and chromosomal
abnormalities (van Staveren et al., 2007). Immortalization of dif-
ferentiated thyrocytes from rat (Ambesi-Impiombato and
Villone, 1987; Brandi et al., 1987; Fusco et al., 1987), sheep
(Aouani et al., 1987), and human (Lemoine et al., 1989) thyroid
tissue have provided viable alternatives for the study of thyro-
cyte function, but with extended maintenance in long-term 2-
dimensional (2D) cultures, these lines can result in clonal var-
iants with phenotypic modifications as cells adapt to conven-
tional culture conditions (Asmis et al., 1996; Coppa et al., 1995;
Davies et al., 1987; Huber et al., 1990; Zimmermann-Belsing et al.,
1998). Short-term cultures of primary thyrocytes isolated from
histologically normal thyroid glands often represent a better al-
ternative to modeling thyroid function in vitro because primary
thyrocytes have fully differentiated in their native environment,
express the appropriate suite of genes necessary and sufficient
for hormone synthesis, and have not yet acquired genetic or
epigenetic modifications that often arise from long-term cultur-
ing (Eggo et al., 1984; 1996; Ericson and Nilsson, 1996; Gerard
et al., 1989; Rapoport, 1976; Roger et al., 1988, 1997; Westermark
and Westermark, 1982). A number of experimental systems uti-
lizing primary rat, porcine, and human thyrocytes have demon-
strated that appropriate cell–matrix interactions in 3-
dimensional (3D) systems can enhance cell polarity, increase re-
sponsiveness to TSH, promote increased expression of
hormone-dependent genes, and in some cases, promote na-
scent synthesis of TH (Bernier-Valentin et al., 2006; Chambard
et al., 1981; Garbi et al., 1984; 1986; Kraiem et al., 1991; Kusunoki
et al., 1995; 2001; Lissitzky et al., 1971; Massart et al., 1988;
Mauchamp et al., 1979; Thomas-Morvan et al., 1988; Toda et al.,
1992).

Considerable progress in developing and applying HTS
assays for thyroid-relevant MIEs has resulted in the identifica-
tion of hundreds of potential thyroid disrupting chemicals
(TDCs). An in vitro assay that simulates the structure–function
relationship of the thyroid in a physiologically relevant manner
and is amenable to evaluating chemical-dependent effects on
TH biosynthesis may provide an orthogonal approach to evalu-
ating the uncertainty associated with the candidate TDCs iden-
tified in HTS assays. The objective of this study was to develop
a medium-throughput organotypic screening assay comprised
of reconstructed human thyroid microtissues to quantitatively
evaluate the disruptive effects of chemicals on TH production
and secretion. Cells procured from qualified euthyroid human
donors were analyzed for retention of NK2 homeobox 1 (NKX2-
1), Keratin 7 (KRT7), and Thyroglobulin (TG) expression by high-
content image analysis to verify enrichment of thyrocytes. A di-
rect comparison of 2D and 3D 96-well culture formats was
employed to evaluate morphology, differential gene expression,
TG secretion, and TH synthesis over the course of 20 days
(Figure 1A). Inhibition of TH synthesis in an optimized 3D cul-
ture format was demonstrated with reference chemicals for key
MIEs within the thyroid gland. Implementation of the assay
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may prove useful for interpreting tissue-level effects of candi-
date TDCs identified by HTS efforts currently underway in the
EDSP.

MATERIALS AND METHODS

Human thyroid follicular epithelial cells. Primary human thyroid-
derived cells and donor-matched tissue were obtained from
LifeNet Health (Virginia Beach, Virginia). A panel of 8 human
male donors used in this study were of Caucasian or African-
American race, a mean age of 31 years (range: 17–66), a mean
body mass index (BMI) of 28 (range: 19–37), and were of euthy-
roid status (Table 1). Serological testing was performed to con-
firm donors were negative for human immunodeficiency virus,
and hepatitis B and C. Each donor lot of cells was used indepen-
dently for the experiments described in this study.

The cold ischemic time from initial recovery flush to isola-
tion of thyroid cells was �12 h. For cell isolation, tissues were re-
moved from cold storage fluid and immersed in ice-cold Hank’s
Balanced Salt Solution (HBSS) in a large diameter Petri dish.
Adipose and connective tissues were trimmed from the gland
and washed again in HBSS. Remaining tissue was minced into

1–2 mm pieces and digested with a cocktail containing collage-
nase IV, collagenase IA, and trypsin (MilliporeSigma, St. Louis,
MO) on an orbital shaker at 37�C and 5% CO2 with periodic mon-
itoring every 30–60 min for digestion progression. Undigested
tissue fragments were allowed to settle and the top layer of
digested material containing follicle fragments and cells was
collected. Digestion was repeated in this manner until all

Figure 1. Overview of organotypic thyroid microtissue model development. Thyroid glands procured from qualifying euthyroid human donors were processed for cell

isolation and matched tissue samples cryopreserved for RNA extraction. After limited expansion in 2D culture, the majority of cells were cryopreserved in a donor

bank for subsequent experiments. Quality control (QC) validation was performed on a small subset of live isolates to ensure the cells met minimum technical specifica-

tions for sub-population enrichment. Model development entailed direct comparison of 2D and 3D culture formats for characterization of morphological and molecular

endpoints, as well as functional evaluation of thyroglobulin secretion and thyroid hormone synthesis (A). Thyrocytes from live isolation or cryopreservation were

seeded in 96-well 2D and 3D culture formats on day 0. Cells were cultured in h7H medium in standard FBS (days 0–8) or charcoal-stripped FBS (days 9–20) and medium

exchanged every 2 days. Medium was supplemented with TSH from days 2–20 of the workflow (B).

Table 1. Donor Specifications

Donor LNH ID Age Gender Race BMI

1 1721880 32 M Caucasian 22
2 1722161 21 M Caucasian 32
3 1811621 66 M African-American 35
4 1817005 27 M Caucasian 19
5 1818646 31 M Caucasian 31
6 1910289 18 M Caucasian 22
7 1910552 36 M Caucasian 37
8 1910594 17 M African-American 27

LifeNet Health donor identification number (LNH ID) for all 8 euthyroid donors

examined in this study. Specifications for age, gender, race, and BMI are noted.
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fragments were digested. Each fraction was washed in HBSS, cen-
trifuged at 200 � g for 5 min, and the cell pellet resuspended in hu-
manized 7 homeostatic additives (h7H) medium. A viability
enrichment step was performed using a density gradient fraction-
ation technique. The viable cell band was isolated and cells
counted using the trypan blue exclusion method. The purified cell
preparation was seeded into T-75 cell culture flasks in h7H medium
and incubated for 16 h at 37�C and 5% CO2 in a humidified chamber
to allow for cell attachment. Medium was exchanged, and cells in-
cubated for an additional 48–72 h to facilitate initial outgrowth and
adaptation to cell culture conditions. The passage 0 population was
then collected for cryopreservation or used immediately for experi-
ments. All experiments utilized cells from passage 0 to 2.

Cell culture medium formulation. Primary human thyroid-derived
cells were maintained in h7H medium (Bravo et al., 2013). Nutrient
mixture F-12 Ham Coon’s modified medium, bovine TSH, human
recombinant insulin, somatostatin, hydrocortisone, growth hor-
mone, apotransferrin, sodium iodide, sodium selenite, reduced L-
glutathione, DL 6 -a-tocopherol, DL-a-tocopherol acetate, sodium
bicarbonate, and newborn calf serum (NCS) were obtained from
MilliporeSigma (Burlington, Massachusetts). Fetal bovine serum
(FBS) and penicillin-streptomycin-amphoterecin B were obtained
from ThermoFisher Scientific (Waltham, Massachusetts). For
experiments detecting TH, the NCS and FBS were replaced with
charcoal-stripped FBS (h7H CS-FBS medium) obtained from
ThermoFisher Scientific (Waltham, Massachusetts). Medium for-
mulations were prepared in 1-L stock bottles, sterilized through
0.2mM bottle top filters (Corning, Corning, New York), and used for
up to 3 weeks.

Immunocytochemistry. Following post isolation recovery for each
donor tissue, thyroid-derived cells were incubated for 48 h as 2D
monolayers in 96-well black-walled, tissue culture (TC)-treated,
optical bottom microplates (ThermoFisher Scientific, Waltham,
Massachusetts). The cells were fixed in 4% paraformaldehyde
for 30 min, washed one time in phosphate-buffered saline (PBS),
and stored at 4�C prior to processing. Samples were permeabi-
lized in 1% Triton-X 100 in PBS for 5 min at room temperature
and washed one time with PBS. Blocking/quenching buffer (1%
BSA and 22.52 mg/ml glycine in PBS/0.1% Tween 20) was added
and samples incubated with gentle rocking for 30 min at room
temperature. Samples were incubated with primary antibody at
a dilution of 1:100 with gentle rocking for 18 h at 4�C, washed
one time with PBS, and incubated with species appropriate
Alexa Fluor 488 (AF488) fluorescent secondary antibody at a di-
lution of 1:500 for 1 h at room temperature in the dark. A list of
antibodies is found in Supplementary Table 1. Cells were coun-
terstained with Hoechst 33342 (10 mg/ml; ThermoFisher
Scientific, Waltham, MA) for 10 min, washed one time with PBS,
and sealed with optical film for image acquisition.

For morphological image analysis, day 10 cultures in 2D and
3D formats were processed in the same manner as for immuno-
cytochemistry (ICC). After the blocking/quenching buffer step,
F-actin and nuclei were simultaneously labeled with the fluo-
rescent phallotoxin Alexa Fluor 488 Phalloidin (6.6 mM;
ThermoFisher Scientific, Waltham, Massachusetts) and Hoechst
33342 (10 mg/ml), respectively, for 1 h at room temperature in
blocking/quenching buffer. Cells were washed one time with
PBS and sealed with optical film for image acquisition.

Microscopy. Routine culture monitoring was performed with an
EVOS FL cell imaging system (ThermoFisher Scientific,
Waltham, Massachusetts). For protein biomarker analysis,

images were acquired on a Perkin Elmer Opera Phenix high-con-
tent imager (PerkinElmer, Waltham, Massachusetts) using a
standard 20�, 0.4 NA air objective, and 4.4 mega pixel sCMOS
camera. Independent channels for Hoechst 33342 (ex/405 nM;
em/435-480 nM) and AF488 (ex/488 nM; em/500-550 nM) were
collected across 9 fields per well. Image analysis was performed
in the instrument-based Harmony software using Hoechst-
stained nuclei as primary channel objects. The percent respond-
ers for each respective biomarker were quantified at the single-
cell level, and well-level summary data extracted for 3 technical
replicates from each respective donor. A total of 6 human
donors (LNH 1722161, 1817005, 1818646, 1910289, 1910552,
1910594) were evaluated for validation of epithelial cell enrich-
ment. For confocal imaging, microtissue images were collected
in a 100 mM z-stack, at 10 mM intervals, using multi-color excita-
tion and detection of Hoechst 33342 and AF488 with the
Confocal Synchrony Optics dual view microlens-enhanced spin-
ning disk setup on the Opera Phenix. Image processing and vi-
sualization were performed in Corel PaintShop Pro X6
v16.0.0.113 x64 (Corel, Ottawa, Canada).

Cell culture models. The 96-well black-walled, TC-treated, optical
bottom microplates (ThermoFisher Scientific, Waltham,
Massachusetts) were left uncoated (for 2D) or pre-coated (for
3D) with 50 ml of Matrigel with a protein concentration of ap-
proximately 10 mg/ml (Corning, Corning, New York). The plates
were incubated at 37�C for 1 h to solidify Matrigel prior to use.
Primary human thyroid-derived cells from passage 0–2 were
dissociated using TrypLE Select (10�), no phenol red
(ThermoFisher Scientific, Waltham, Massachusetts) for 10–
20 min, centrifuged for 5 min at 200 � g in a swing bucket rotor,
and gently resuspended in h7H medium. The cells were counted
using the trypan blue exclusion method on a Countess auto-
mated cytometer (ThermoFisher Scientific, Waltham,
Massachusetts). The cells were dispensed at 100 ml per well for a
final seeding density of 3.0 � 104 cells/well and immediately
placed in an incubator set at 37�C and 5% CO2. Every 48 h the
medium was reverse aspirated using an automated multi-
channel pipet and refed with h7H medium. Both the 2D and 3D
models were incubated in this manner for the duration of cul-
ture to characterize morphology, differential gene expression,
and thyroglobulin secretion (days 2–8), as well as iodotyrosine
and TH production (days 10–20; Figure 1B).

Quantitative Real-Time PCR. For comparative gene expression
analysis, total RNA was extracted from cells and donor-matched
tissue using TRIzol reagent (ThermoFisher Scientific, Waltham,
Massachusetts) and purified with the Qiagen RNeasy mini kit
(Qiagen, Valencia, California). RNA was quantified on a NanoDrop
spectrophotometer (NanoDrop Tech, Wilmington, Delaware) and
a total of 100 ng used for qRT-PCR using the TaqMan RNA-to-CT 1-
step kit (ThermoFisher Scientific, Waltham, Massachusetts). The
following Human TaqMan probes (ThermoFisher Scientific,
Waltham, Massachusetts) were used: Hs01053846_m1 (TSHR),
Hs00794359_m1 (TG), Hs00892519_m1 (TPO), Hs00166567_m1
(SLC5A5), Hs00166504_m1 (SLC26A4), Hs00247586_m1 (PAX8),
Hs00163037_m1 (NKX2-1), Hs00538731_s1 (FOXE1), Hs00213694_m1
(DUOX1), Hs00204187_m1 (DUOX2), Hs00328806_m1 (DUOXA1),
Hs01595312_g1 (DUOXA2), and Hs00427620_m1 (TBP). Data were
collected on a QuantStudio 7 Flex thermal cycler (ThermoFisher
Scientific, Waltham, Massachusetts) and normalized to TBP to as-
sess relative gene expression using the comparative Ct method.
Normalized values were plotted as percent expression relative to
donor-matched tissue.
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Enzyme-linked immunosorbent assays. Solid-phase enzyme-linked
immunosorbent assays (ELISA; ThermoFisher Scientific,
Waltham, Massachusetts) were used for the detection and
quantification of human thyroglobulin protein (limit of detec-
tion: 220 pg/ml; Catalog #EHTG) or thyroxine hormone (limit of
detection: 290 pg/ml; Catalog #EIAT4C) in the cell culture efflu-
ent. Analysis was conducted using conditioned h7H growth me-
dium recovered from 96-well plates following a 48-h incubation
period. ELISAs were performed according to the manufacturer’s
protocol. Data collection was conducted on a CLARIOstar micro-
plate reader (BMG Labtech Inc, Cary, North Carolina).
Concentrations of unknown samples and controls were interpo-
lated from a standard curve fit with a 4-parameter nonlinear re-
gression curve using MARS data analysis software v3.20 R2
(BMG Labtech Inc, Cary, North Carolina). Thyroglobulin samples
were run at a dilution of 1:100 to fit within the linear range of
the assay. Thyroxine samples were not diluted.

Liquid chromatography/tandem mass spectrometry. A previous
method (Luna et al., 2013) was used with modification to extract
iodotyrosines (monoiodothyronine and diiodothyronine) and
hormones (3,5-T2, 3,30-T2, 3,5,30-triiodothyronine, reverse T3,
and thyroxine) from conditioned cell culture medium.
Hormones were liberated from cell culture proteins by acid hy-
drolysis and purified using solid-phase extraction (SPE) on an
Extrahera automated sample preparation unit (Biotage,
Charlotte, North Carolina). For each sample, 40 ml of h7H me-
dium was combined with 40 ml of 1 N HCl, 100 ml of organic-free
reagent (OFR) water, 10 ml of 100 ng/ml internal standard mix-
ture, and 120 ml of 50:50 mixture of OFR water: acetonitrile in a
96-well polypropylene deep well plate. Samples were vortexed
and incubated at 37�C for 2 h in an air incubator. After cooling to
room temperature, 300 ml of 0.1% acetic acid (aq) was added.
Extraction was conducted with a mixed-mode Evolute Express
CX cation exchange extraction plate (Biotage, Charlotte, North
Carolina). Polar interferences were washed from the extraction
plate by applying 400 ml of 0.1% acetic acid, followed by a final
wash with 400 ml of methanol. Hormones were eluted from the
extraction plate with 3 volumes (300 ml each) of 2.5% ammonium
hydroxide in methanol (vol/vol). Sample extracts were evapo-
rated to dryness using an SPE Dry 96 plate dryer (Biotage,
Charlotte, North Carolina) and reconstituted in 100 ml of 0.1%
formic acid in 95:5 OFR water:acetonitrile for analysis.

Instrumental analysis was performed on an ExionLC AC
UHPLC-Qtrap 6500þ Linear Ion Trap liquid chromatography/
tandem mass spectrometer (LC/MS/MS) system (Sciex,
Framingham, Massachusetts). Chromatographic separation of
the hormones was performed using a Raptor Biphenyl column
(2.6 mm, 100 mm � 2.1 mm; Restek, Bellefonte, Pennsylvania).
The oven temperature was set to 45�C, autosampler tempera-
ture held at 15�C, and sample volume of 15 ml injected. A linear

gradient using 0.1% formic acid in water as mobile phase A and
0.1% formic acid in methanol as mobile phase B was used at a
flow rate of 0.4 ml/min. The starting composition was 95% mo-
bile phase A and 5% mobile phase B. After 1 min, the gradient
was ramped to 95% mobile phase B over 5 min and held for
3 min. The column was re-equilibrated to starting conditions for
2 min for a total run time of 10 min. TH were detected by multi-
ple reaction monitoring in positive-ion electrospray ionization
mode operated with an IonDrive TurboV source. The source
parameters were 35 psi for the curtain gas, 5.5 kV for the ion
spray voltage, 500�C for the source temperature, 35 psi for both
gas 1 and gas 2. Maximum sensitivity was achieved by optimiz-
ing each analyte separately and obtaining individual deluster-
ing potentials, entrance potentials, collision energies, and exit
cell potentials (Supplementary Table 7).

Reference chemical evaluation. Methimazole (CASRN 60-56-0), 6-
propyl-2-thiouracil (CASRN 51-52-5), sodium perchlorate
(CASRN 7601-89-0), benzophenone 3 (CASRN 131-57-7), and di-
methyl sulfoxide (CASRN 67-68-5) were obtained from
MilliporeSigma (Burlington, Massachusetts). VA-K-14 HCl
(CASRN 1171341-19-7) was obtained from Glixx Laboratories
(Hopkinton, Massachusetts; Table 2). The 3D microtissue model
was setup, as described, with continuous exposure to 1 mU/ml
TSH for a duration of 8 days in h7H medium with standard FBS,
transitioned for 2 days in h7H CS-FBS medium, then dosed with
compound on days 10 and 12, with final conditioned medium
sample collection on day 14. All compounds were administered
across a log-fold titrated dose-range of 10 pM to 100 mM, in
plate-based technical duplicate, for a total of 4 experimental
replicates (n¼ 4) from a single donor. Thyroxine levels were
measured by ELISA, as described. After sample collection, cyto-
toxicity was concurrently evaluated by measuring cellular ATP
levels at day 14 using CellTiter-Glo 2.0 (Promega, Madison,
Wisconsin) according to manufacturer’s protocol with data col-
lection conducted on a CLARIOstar microplate reader (BMG
Labtech Inc, Cary, North Carolina).

For data analysis, plate-level technical replicates were nor-
malized to the mean of plate-based DMSO solvent controls and
mean normalized values plotted independently for each experi-
ment. An ordinary one-way ANOVA with Dunnett’s multiple
comparison test was conducted to determine statistical signifi-
cance at p� .05 for both the TH and cytotoxicity endpoints. A
3-parameter Hill model was fit to chemicals with statistically
significant decreases in T4 levels, up to the highest viable
concentration tested, and used to derive the half-maximal
inhibition concentration (IC50).

Data analysis. All data were plotted, visualized, and analyzed us-
ing GraphPad Prism v7.0 (GraphPad Software, La Jolla,
California). Specific data normalization and statistical analyses

Table 2. Reference Chemicals

Chemical name CASRN Molecular formula Target Classification

Dimethyl Sulfoxide 67-68-5 C2H6OS — Solvent control
Methimazole 60-56-0 C4H6N2S TPO Antagonist
6-Propyl-2-thiouracil 51-52-5 C7H10N2OS TPO Antagonist
Sodium Perchlorate 7601-89-0 ClNaO4 NIS Antagonist
VA-K-14 HCl 1171341-19-7 C18H16ClN3S TSHR Antagonist
Benzophenone 3 131-57-7 C14H12O3 — Negative control

Chemicals with mechanisms of action for key molecular targets in the thyroid gland were selected as a reference set of thyroid disrupting compounds. Specifications

for chemical name, CASRN, molecular formula, thyroid target protein, and classification are noted.
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for each experiment are described within the methods and fig-
ure legends.

RESULTS
Thyroid Cell Isolation and Characterization

Thyroid tissue procured from qualified euthyroid donors were
seeded for plating and expansion with an initial adaptation pe-
riod of 48–96 h. Live isolates (passage 0) of each donor were har-
vested and directly plated for analysis in 2D monolayer culture
to examine retention of NKX2-1, KRT7, and TG protein expres-
sion using ICC and high-content image analysis. These 3 bio-
markers, in combination, confer relative specificity to thyroid
follicular epithelial cells (Fagerberg, 2014; Gerard et al., 1989;
Nilsson and Fagman, 2017). As expected, NKX2-1 staining was
predominantly nuclear-localized, whereas TG was restricted to
the cytosol, and KRT7 exhibited mixed subcellular distribution.
No consistent signal for IgG control antibodies was observed, in-
dicative of low background signal (Figure 2). Image-analysis
algorithms were developed and applied independently for each
target-specific protein to quantitatively determine donor-
dependent frequency and staining specificity (n¼ 6; Table 3).

Analyses revealed a cell-level protein expression frequency of
95.18 6 1.74% for NKX2-1 and 1.91 6 0.50% for IgG isotype con-
trol. KRT7 was 90.52 6 2.47% with low IgG kappa background of
0.3 6 0.14%. TG was more variable at 53.37 6 16.10%, but IgG
kappa was low at 1.93 6 1.31%. Collectively, characterization of
these key expression markers in early passage cells was
deemed sufficient for enriching for thyroid follicular epithelial
cell populations that would be suitable for culture modeling
across multiple donors.

Morphological Characterization

The extracellular matrix (ECM) provides mechanical, structural,
and compositional cues to modulate cellular behavior
(Humphrey et al., 2014). In the case of thyrocytes, appropriate
cell–matrix interactions in 3D systems have been observed to
enhance thyrocyte organization and function (Bernier-Valentin
et al., 2006; Chambard et al., 1981; Garbi et al., 1984; 1986; Kraiem
et al., 1991; Kusunoki et al., 1995; 2001; Lissitzky et al., 1971;
Massart et al., 1988; Mauchamp et al., 1979; Thomas-Morvan
et al., 1988; Toda et al., 1992). To circumvent potential reduction
of the thyrocyte phenotype in 2D culture, attempts were made
to model the cells in a 3D environment to determine if primary

Figure 2. post isolation immunocytochemistry of thyroid-derived cells in 2D culture. Representative thyrocytes derived from passage 0 live cultures were seeded in 96-

well microplates for 48 h. Immunostaining was performed for IgG isotype controls (a-Mouse IgG kappa is shown), NK2 Homeobox 1 (NKX2-1), Keratin 7 (KRT7), and

Thyroglobulin (TG). Whole cell (Brightfield), cell nuclei (Hoechst 33342), target protein (AF488), and merged image (Hoechst 33342/AF488) are shown. Scale bar is 100mM.
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thyrocytes could self-organize into native follicle-like struc-
tures. Thus, thyrocytes were seeded onto a Matrigel hydrogel
and allowed to incubate overnight. After a single day in culture,
there was significant self-assembly into small microtissues of
varying shapes and sizes of approximately 20–100 mM in diame-
ter. After 10 days in culture, the 3D microtissues adopted a cir-
cular, hemispherical morphology with well-defined ridges and
actin-dense center rings. In contrast, the 2D monolayers
retained more homogenous nuclear spatial patterning and dis-
organized actin filaments reminiscent of a typical confluent
monolayer (Figure 3A). Confocal analysis of a 3D microtissue at
10 days revealed a concentration of cells at the matrix interface
that morphed into a follicle-like structure with internal pockets
devoid of cells resembling luminal cavities (Figure 3B). When
exposed to variable concentrations of TSH (0, 1, 5 mU/ml), 2D
monolayers continued proliferating, forming confluent mono-
layers over the surface of the well. In contrast, 3D cultures
exhibited visibly larger cell aggregates when exposed to TSH,
but overall had visibly reduced outgrowth in the well over time
as compared with monolayer cultures (Supplementary Figure
1A). The observation was supported by reduced ATP recovery in
3D cultures than 2D counterparts at day 20 (Supplementary
Figure 1B). The results suggest primary thyrocytes in 2D culture
maintain a proliferative state until reaching contact inhibition,
whereas 3D microtissue aggregates undergo more limited pro-
liferation, but remodel into more native follicle-like
architecture.

Gene Expression

The transcription factors PAX8, NKX2-1, and FOXE1 play pivotal
roles in regulating thyrocyte differentiation and function
(Nilsson and Fagman, 2017). To evaluate the differentiation
state of the cells in each model format, expression of each tran-
scription factor was analyzed from a single donor (LNH1817005)
relative to donor-matched thyroid tissue across 3 TSH exposure
groups (0, 1, and 5 mU/ml; Figure 4; Supplementary Table 2).
PAX8 and NKX2-1 expression were significantly more elevated
in the 3D model at all 3 TSH exposure groups representing 20–
30% of tissue-level controls. FOXE1 expression was greater in
the absence of TSH in the 3D format but suppressed in the pres-
ence of TSH relative to the 2D model. No TSH-dependent
changes for any of the genes were noted in the 3D model, con-
sistent with the TSH-independent nature of follicular morpho-
genesis (Postiglione et al., 2002). These results indicate that the
transcriptional regulation of thyrocyte differentiation is signifi-
cantly impacted by the culture format, where 3D microtissue
aggregates cultured on the hydrogel promote a more differenti-
ated phenotype.

TSH activation of the TSH receptor (TSHR) on the basolateral
membrane of thyrocytes initiates an intracellular signaling cas-
cade that coordinates cellular functions involved in iodide up-
take, TG expression, and TH production (Kopp and Solis-S,
2009). The impacts of TSH exposure were evaluated for essential
hormone synthesis genes (TSHR, TG, TPO, SLC5A5, SLC26A4,
DUOX1, DUOX2, DUOXA1, DUOXA2) where TSHR transcript levels

Table 3. Biomarker Image Cytometry

IgG IgG, kappa NKX2-1 KRT7 TG

Biomarker % POS SEM N % POS SEM N % POS SEM N % POS SEM N % POS SEM N

NKX2-1 1.91 0.50 6 — — — 95.18 1.74 6 — — — — — —
KRT7 — — — 0.30 0.14 6 — — — 90.52 2.47 6 — — —
TG — — — 1.93 1.31 6 — — — — — — 53.37 16.10 6

Donors LNH 1722161, 1817005, 1818646, 1910289, 1910552, 1910594

The cell-level frequency of IgG isotype controls (a-Mouse IgG kappa and a-Rat IgG), NK2 Homeobox 1 (NKX2-1), Keratin 7 (KRT7), and Thyroglobulin (TG) staining were

quantitatively evaluated by high-content imaging across 6 independent human donors for verification of thyroid follicular epithelial cell enrichment. Data are the

summary statistics presented as mean % positive (% Pos) 6 SEM (n¼6).

Figure 3. Morphological assessment of 2D monolayers and 3D microtissues. Day

10 cultures stained with Hoechst 33342 (blue) and Phalloidin conjugated to

Alexa Fluor 488 (green) were used to evaluate the nuclei and actin cytoskeleton,

respectively (A). Follicle-like morphology of a 3D microtissue at day 10 of culture

visualized with confocal microscopy. Panels 1–9 are a bottom-to-top visualiza-

tion of a single microtissue (B). Scale bar is 100mM.
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were significantly higher in the 3D cultures, relative to the 2D,
in the absence of TSH, but increased in both 2D and 3D formats
when the medium was supplemented with TSH. TG and TPO, 2
TSH-dependent target genes, demonstrated concentration-
dependent responses in both formats and were considerably
higher in the 3D model. Interestingly, the basal membrane io-
dide transporter SLC5A5 (NIS) was primarily detected in the 3D
culture model only when TSH was present. To a lesser extent,
SLC26A4 (Pendrin), the apical membrane iodide transporter, was
also more highly expressed in the 3D than 2D model at 0 and 1
mU/ml TSH conditions. The dual oxidases DUOX1 and DUOX2,
proteins normally present along the apical boundary of the folli-
cle lumen, had higher expression in the 3D model in all 3 TSH
exposure groups. In addition, the dual oxidase maturation fac-
tors exhibited differential expression, with DOUXA2 exhibiting

markedly higher levels in the 3D culture format. Collectively,
the results demonstrate the microtissues present in the 3D
model were more responsive to TSH exposures and expressed
genes critical for TH production (eg SLC5A5 and DUOXA2) not
observed in the 2D cultures.

Thyroglobulin Protein Production

Intrinsic to the biosynthesis of TH is TG; a large 660 kDa dimeric
protein induced by TSHR activation that serves as the scaffold
for iodothyronine hormones (Citterio et al., 2019). To determine
functional differences in sensitivity of TSHR activation between
the model types, TG protein production was monitored in the
cell culture effluent of early passage thyrocytes from a single
donor (LNH1817005). Thyrocytes were seeded in the absence of

Figure 4. Gene expression profiling of 2D monolayers and 3D microtissues. Quantitative RT-PCR was used to profile markers for differentiation (PAX8, NKX2-1, FOXE1)

and thyroid hormone biosynthesis (TSHR, TPO, TG, SLC5A5, SLC26A4, DUOX1, DUOX2, DUOXA1, DUOXA2) at day 8 of culture. Medium was supplemented with different

concentrations (0, 1, 5 mU/ml) of TSH from days 2–8 of culture. 2D (black) and 3D (red) sample data were normalized to internal reference control (TBP) and expressed

as the relative quantity (RQ) percentage to donor-matched tissue. Data are mean 6 SEM of 3 experimental replicates (n¼3) from a single donor. Unpaired t-tests for

each 2D and 3D pair-wise combination of raw dCT values in each TSH exposure group were used to determine statistical significance at p� .05.
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TSH for 2 days, then conditioned medium was sampled at days
2, 4, 6, and 8 across variable TSH concentrations (0, 1, or 5 mU/
ml; Supplementary Table 3). At the day 2 baseline time point in
2D cultures, mean TG levels were comparable between 2D and
3D cultures. Even in the absence of TSH, 3D cultures continued
to produce more TG over days 4–8, whereas 2D cultures
remained at relative baseline (Figure 5A). When TSH was sup-
plemented in the medium there was marked induction that in-
creased in a time-dependent manner for both 2D and 3D
models at 1 and 5 mU/ml (Figure 5B and 5C). Notably, the levels
were significantly different across all 3 TSH-treatment groups at
day 4, suggesting higher potential for TSH responsiveness in the
3D model. The results demonstrate that early passage thyro-
cytes retain sensitivity to TSH stimulation during the initial
8 days of culture in both formats, but have higher sensitivity in
3D microtissue culture, particularly at earlier time points.

TH Synthesis

Given the observations of native follicle-like morphology of the
3D microtissues, and TSH-dependent effects on gene expression
and TG production, serial sampling of conditioned cell culture
effluent was evaluated for accumulation of nascent TH from 3
independent donors (LNH1722161, LNH1818646, and
LNH1910594) across days 10–20 of culture (Figure 6;
Supplementary Table 4). TH synthesis begins with organifica-
tion of intracellular iodide where thyroperoxidase-catalyzed ox-
idation and iodination of 1 or 2 positions in tyrosyl residues
present in TG protein form monoiodothyronine (MIT) or diiodo-
thyronine (DIT), respectively (Koibuchi, 2018). MIT was not de-
tectable above background medium levels in 2D culture but was
sufficiently detected in 3D culture in the presence of 1 and 5
mU/ml TSH (Figure 6A). Likewise, DIT was also detected in 3D
culture in the presence of TSH, but not in 2D culture (Figure 6B).

Coupling of MIT and DIT iodotyrosine residues form the hor-
mone precursors that undergo proteolytic cleavage to the major
TH T3 and T4 (Koibuchi, 2018). Consistent with appearance of
MIT and DIT in 3D cultures, T3 levels were detectable from days
10–20 only when cultures were exposed to TSH, exhibiting
mean ranges of 2700–3792 pg/ml (1 mU/ml TSH) and 1762–
3461 pg/ml (5 mU/ml TSH; Figure 6C). T4, the major product of
thyroid-directed hormonogenesis, was also present in 3D cul-
tures with a mean range of 8741–9311 pg/ml (1 mU/ml TSH) and
6250–7934 pg/ml (5 mU/ml TSH; Figure 6D). Despite robust ex-
pression of TG transcript (Figure 4) and protein (Figure 5), nei-
ther T3 nor T4 were observed in 2D cultures, indicating

deficiency for key hormone production components in this cul-
ture format.

Type I and II deiodinase enzymes present in thyroid and pe-
ripheral tissues catalyze the conversion of T4 to active T3,
whereas the type III deiodinases, and type I to a lesser extent,
inactivate TH to reverse T3 (rT3) and to the diiodothyronines
3,5-T2 and 3,30-T2 (Kohrle, 1999). None of the inactive TH prod-
ucts (rT3, 3,5-T2, 3,30-T2) were appreciably detected in either
culture format (Supplementary Figure 2). Type III deiodinase
enzymes are not normally expressed in the thyroid (Kohrle,
1999), so the absence of these products suggests TH inactivation
by deiodinases may not be a prominent mechanism of TH regu-
lation in this culture model. However, type I deiodinase expres-
sion is TSH-dependent (Kohrle, 1999) and may contribute to the
variability observed in T3 outputs across donors.

The presence of iodotyrosines and hormones from 3 inde-
pendent donors indicates the 3D microtissue culture model is
competent for hormonogenesis when stimulated by TSH.
Considerable variation was observed for some values between
donors (eg MIT and T3), but overall, the mean values for the
dominant TH product T4 were primarily stable across the 10-
day sampling period. Taking into account the high viability of
cultures at day 20 (Supplementary Figure 1), these results dem-
onstrate the suitability of the 3D microtissue culture model for
long-term in vitro monitoring of TH biosynthesis.

Reference Chemical Evaluation of TH Disruption in a 3D
Culture Model

The structural and functional characterization data supported
implementation of the 3D culture model as a tool for evaluating
the disruptive potential of chemicals on TH biosynthesis. Assay
suitability was investigated by selecting reference chemicals
with targeted mechanisms of action across key molecular com-
ponents of the TH biosynthesis pathway. Established antago-
nists of TPO (methimazole and 6-propyl-2-thiouracil), NIS
(sodium perchlorate), and TSHR (VA-K-14 HCL) were selected.
Benzophenone 3, an inactive derivative of the potent TPO inhib-
itor benzophenone 2 (Paul et al., 2014; Schmutzler et al., 2007),
was used as a negative control. All compounds were dissolved
in DMSO and tested across an 8-point dilution series spanning
10 pM to 100 mM. For the 3D culture format, microtissues derived
from a single donor (LNH1910594) were matured for 10 days,
then exposed in 2-day dosing intervals for a total duration of
4 days. At day 14, culture effluent was collected for quantitative
T4 determination (Supplementary Table 5) and post exposure

Figure 5. TSH-induced thyroglobulin secretion in 2D monolayers and 3D microtissues. Thyroglobulin protein secretion was measured from 2D (black) and 3D (red) cul-

tures exposed to 0 mU/ml (A), 1 mU/ml (B), and 5 mU/ml (C) TSH concentrations from days 2–8 of culture. Thyroglobulin concentrations (ng/ml) are mean 6 SEM of 4

experimental replicates (n¼ 4) from a single donor. Unpaired t-tests for each 2D and 3D pair-wise combination in each TSH exposure group were used to determine sta-

tistical significance at p� .05.
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viability assessment on exposed microtissues (Supplementary
Figure 3 and Table 6).

T4 hormone levels, normalized to plate-based DMSO solvent
controls, were normally distributed with a coefficient of varia-
tion of 17.9%, indicating acceptable sampling variability �20%
(Figure 7A). Methimazole (IC50: 0.129 mM) significantly reduced
T4 output to 53.0% at the maximum effect level relative to
DMSO controls (Figure 7B). 6-Propyl-2-thiouracil (IC50: 0.172 mM)
had similar effects with maximum inhibition at 49.3% of solvent

controls (Figure 7C). The NIS inhibitor, sodium perchlorate (IC50:
3.233 mM), was less potent with T4 levels dropping to 60.5% of
control (Figure 7D). VA-K-14 (IC50: 5.614 mM) was cytotoxic at the
highest concentration (Supplementary Figure 3) but signifi-
cantly reduced T4 levels to 72.3% of control at the 1 mM concen-
tration (Figure 7E). As expected, the negative control compound
benzophenone 3 did not significantly reduce T4 output
(Figure 7F) during the exposure period. Summary values for
chemical potency (IC50), maximum efficacy (Emax), and lowest

Figure 6. Thyroid hormone secretion in 2D and 3D culture models. Thyrocytes seeded from passage 0 live-isolate cultures were periodically monitored for (A)

Monoiodothyronine (MIT), (B) Diiodothyronine (DIT), (C) 3,5,30-Triiodothyronine (T3), and (D) Thyroxine (T4) accumulation from days 10–20 of culture. Analytes were

measured by LC/MS/MS from conditioned h7H culture medium collected in 2-day intervals from samples exposed to 0, 1, or 5 mU/ml TSH. Plate-based culture medium

from control wells with no cells (Medium) was used for background measurements in both culture formats. Data are mean 6 SEM of a single experimental replicate

from 3 independent donors (n¼3).
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significant effect concentration (LEC) are noted in Table 4. Given
the 3D model recapitulates a broad array of MIEs integral to TH
biosynthesis, validation by these reference antagonists demon-
strates utility in anchoring target-specific effects to an apical
hormone phenotype with physiological human relevance.

DISCUSSION

Considerable progress has been made in the development and
application of HTS assays for thyroid-related MIEs, resulting in
the identification of hundreds of potential TDCs (Hallinger et al.,
2017; Hornung et al., 2018; Olker et al., 2019; Paul et al., 2014; Paul
Friedman et al., 2016; Titus et al., 2008; Wang et al., 2018, 2019). An
in vitro screening model that better recapitulates the intrinsic bi-
ology of the thyroid gland may prove useful for orthogonal

confirmation of tissue-level effects on the TH biosynthesis path-
way, thus reducing the uncertainty associated with HTS assays.
In this study, primary human thyrocytes isolated from euthyroid
donors were used to conduct parallel characterization of the mor-
phological and functional features of 2D and 3D thyroid culture
models. Consistent with previous reports, thyrocytes in a con-
ventional 2D monolayer were able to reproduce some aspects of
native thyroid function such as TSH-dependent gene expression
and TG production. However, the 2D culture format was clearly
deficient for all integral components needed for thyroid hormo-
nogenesis. Adaptation to a 3D hydrogel culture model using me-
dium optimized for human thyrocytes restored production of
iodothyronine hormones for up to 20 days in a stable, long-term,
in vitro culture model. Moreover, by establishing the 3D microtis-
sue model in a 96-well culture format, inhibition of TH synthesis
could be reproducibly interrogated using a reference set of known
TDCs to directly assess the efficacy and potency of TH disruption
in a concentration-dependent manner.

Unlike many immortalized cell lines, primary cells often
have fastidious requirements for optimal growth in cell culture.
One of the most commonly used medium formulation for pri-
mary thyroid cell culture is based on the composition initially
optimized for FRTL rat thyrocytes (Ambesi-Impiombato et al.,
1980). The formulation is comprised of Ham’s F-12 base medium
supplemented with calf serum and 6 additives: insulin, hydro-
cortisone, transferrin, glycl-L-histidyl-L-lysine acetate, somato-
statin, and TSH. Both the choice of hormone components and
concentrations has been deemed suboptimal for human thyroid
cell culture. A recent publication investigating the utility of h7H
medium identified a formulation with additives adjusted to the
relative normal homeostatic serum ranges in humans (Bravo

Figure 7. Evaluation of reference chemical inhibition of thyroid hormone synthesis in a 3D microtissue culture model. Human thyroid microtissues were matured in a

96-well 3D culture model for 10 days with exposure to 1 mU/ml TSH starting at day 2. Reference chemicals targeting TPO (Methimazole, 6-Propyl-2-thiouracil), NIS

(Sodium Perchlorate), TSHR (VA-K-14), or negative control (Benzophenone 3) were administered in concentration response (10 pM to 100mM) at days 10 and 12, for a to-

tal exposure duration of 4 days. Conditioned medium was collected on day 14 to measure thyroxine (T4) concentrations, with cytotoxicity concurrently evaluated by

measuring cellular ATP levels. Values were normalized to plate-based solvent controls (DMSO) and plotted across experimental replicates (n¼ 4) from a single donor.

An ordinary one-way ANOVA with Dunnett’s multiple comparison test was conducted to determine statistical significance at p� .05. Test compound concentrations

deemed significant are denoted by an asterisk. A 3-parameter Hill model was fit to chemicals with significant T4 depletion, up to the highest viable concentration

tested, and used to derive the half-maximal inhibition concentration (IC50). Plate-based mean T4 levels (red) and cytotoxic concentrations (blue) are shown.

Table 4. Reference Chemical Evaluation for Thyroid Disruption

Chemical IC50 (mM)a Emax (% T4)b LEC (mM)c

Methimazole 0.129 53.0 1
6-Propyl-2-thiouracil 0.172 49.3 1
Sodium Perchlorate 3.23 60.5 10
VA-K-14 HCl 5.61 72.3 10
Benzophenone 3 — — —

Thyroid disrupting chemicals screened for inhibition of thyroxine (T4)

synthesis.
aHalf-maximal inhibition concentration (IC50) derived from the curve fit.
bMaximum effect (Emax) observed for mean T4 accumulation relative to DMSO

solvent controls (% T4).
cLowest effect concentration (LEC) deemed significant at p� .05.
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et al., 2013). In addition to a mixture of serum, it contains hor-
mones, transferrin, iodine, trace elements, antioxidants, and
metabolites optimized for human cells. This base formulation
was adequate for maintaining and expanding cells in 2D cul-
ture. However, for optimal performance, TSH levels greater than
the specified concentration of 0.04 mU/mL (Bravo et al., 2013)
were necessary to maximize cellular responses, particularly in
the 3D culture format. Effects on gene expression, TG protein
production, and TH output were most consistent when cultures
were maintained at markedly higher levels of 1 mU/ml TSH, so
this concentration in h7H medium was considered optimal for
maximizing the dynamic range in the 3D microtissue assay.
Another important consideration in the assay medium was the
substitution of normal sera for charcoal-stripped sera at the 8–
10 day transition point (Figure 1B). Fetal bovine and newborn
calf sera are rich in TH and would interfere with measurements
for TH levels when conducting the assay. The transition to
hormone-depleted CS-FBS enabled clear determination of iodo-
tyrosine and TH accumulation, not present in the 2D model,
that could be directly attributed to hormonogenesis from the
human microtissues (Figure 6). It is unclear if the entire assay
could be performed in CS-FBS to circumvent the transition pe-
riod, or if TH accumulates earlier than 10 days, so future work to
optimize the assay would focus on these parameters.

The ECM plays an important role in modifying cellular func-
tion (Humphrey et al., 2014). In the case of thyrocytes, standard
tissue culture plates can result in abnormal polarization and loss
of a differentiated phenotype. The major basement membrane
constituents naturally synthesized and secreted by porcine thy-
rocytes are collagen type I, III, and IV (Wadeleux et al., 1985).
Development of in vitro follicles from monolayer cultures embed-
ded in collagen type I was initially reported for porcine
(Chambard et al., 1981) and rat (Garbi et al., 1984) thyrocytes.
Human follicles have been developed in a similar manner where
reorganization of cells seeded into a collagen matrix revealed fol-
licular structures with increased TSH-dependent cAMP induction,
as well as accumulation of free T4 and T3 in the media superna-
tant (Massart et al., 1988; Thomas-Morvan et al., 1988). More re-
cently, Matrigel, a mixed ECM composition of laminin, collagen,
and entactin, has been utilized to stimulate follicle formation
from primary murine thyrocytes, as well as the rat FRTL thyro-
cyte cell line (Koumarianou et al., 2016). The collective evidence
suggested a 3D culture system comprised of a native ECM com-
posed predominantly of collagen would be suitable for model de-
velopment of human 3D microtissues. Indeed, inclusion of a
thick Matrigel basement membrane provided an adequate sub-
strate for human thyrocytes to migrate and self-assemble into
microtissues (Figure 3A). Over time, the microtissues matured to
form follicular structures that attained lumen-like cavities that
were stable for the duration of the culture (Figure 3B). Coinciding
with consistent output of TH, the morphology suggests the
microtissues had matured to a functional state that could be
probed for compound disrupting effects.

TSH had a notable impact on expression of several genes in
the TH synthesis pathway between the culture formats. For in-
stance, maximal expression of several TH-related genes was ob-
served when cultures were stimulated at a TSH concentration of
1 mU/ml (Figure 4). Most notably, the expression of SLC5A5 (NIS)
exhibited expression almost exclusively in the 3D microtissue
model when TSH was supplemented in the medium. A similar
observation has been made in reconstituted thyroid follicles of
porcine thyrocytes where both NIS transcript and protein levels
were only detected when cells had undergone histotypic mor-
phogenesis in a 3D culture model stimulated by TSH (Bernier-

Valentin et al., 2006). In humans thyrocytes, conditions stimulat-
ing follicle formation with concurrent TSH exposure significantly
increased iodide uptake despite no change observed in NIS tran-
script or protein levels (Kogai et al., 2000). NIS expression appears
late in thyroid development and is a limiting step toward full thy-
roid function in the human fetus (Szinnai et al., 2007), so it is rea-
sonable to conclude that the 3D microtissues represent a more
mature state of differentiation and function by day 8 of culture.
An additional gene, Dual Oxidase Maturation Factor 2 (DUOXA2),
is required for the proper subcellular localization and maturation
of Dual Oxidase 2 (DUOX2), an apical membrane protein impor-
tant for TPO-catalyzed oxidation of iodide in the follicular lumen
(Grasberger and Refetoff, 2006). Like NIS, DUOXA2 expression was
predominantly observed in the 3D microtissue model. Together,
the results suggest the absence of TH observed in 2D monolayer
cultures (Figure 6) may be, in part, due to insufficient iodide up-
take and organification.

Formation of nascent TH is a multi-step process that begins
with concentrating serum iodide in thyrocytes via basal mem-
brane transporters. A coordinated reaction of iodide oxidation and
organification is catalyzed by thyroperoxidase and dual oxidases
present along the apical membrane border of the lumen where io-
dine is subsequently conjugated to tyrosyl residues present within
TG protein to form iodotyrosines MIT and DIT (Kopp and Solis-S,
2009). This process of iodide organification is a critical mechanism
for iodine storage within the follicular lumen. Interestingly, both
MIT and DIT were present above background levels in conditioned
culture medium only in 3D cultures stimulated with TSH
(Figure 6). Although DIT is generally considered to be the major
product, it was detected in considerably lower levels than MIT,
with mean concentrations 24- and 22-fold higher at 1 and 5 mU/
ml TSH, respectively, across all time points (Supplementary Table
4). The coupling of iodotyrosine residues results in DIT–DIT and
DIT–MIT containing peptides that will undergo hydrolysis to the
TH products T4 and T3, respectively (Kopp and Solis-S, 2009). Like
the iodotyrosine products, a similar trend was observed for T4 and
T3, where the presence of these hormones above background in
the culture medium was restricted to the 3D model in the TSH-
treatment groups (Figure 6). Daily thyroid-derived production, as a
function of body surface area, for T4 is 56.2mg/day/m2 and for T3 is
3.3mg/day/m2, yielding a T4/T3 ratio of 16.8 (Pilo et al., 1990). In the
3D microtissue model, T4 was present at a mean T4:T3 ratio of
2.6- and 2.4-fold at 1 and 5 mU/ml TSH. Based on these observa-
tions, the human microtissue model appears to synthesize T4 and
T3 in a manner that trends toward the in vivo stoichiometric pro-
duction ratio but is considerably lower than expected for reasons
that are not clear. Additional characterization of TH regulation by
thyroid-specific deiodinases (eg IYD, DIO1) in the 3D culture model
may provide additional insight into this variability. Deiodinase
enzymes have been identified as potentially relevant targets in
HTS assays for TH disruption by environmental chemicals
(Hornung et al., 2018; Olker et al., 2019), so evaluation of activity
within this culture model would be necessary to determine the
utility in orthogonal screening of these putative TDCs. Despite
some donor-dependent variability in TH analyte concentrations,
T4 secretion over the 10–20 sampling period was fairly stable,
pointing to the utility of the 3D microtissue model for long-term
culture monitoring of T4 biosynthesis.

Adverse outcome pathways (AOPs) provide a framework for
understanding the relationship of MIEs to adverse toxicity out-
comes based on biological relationships of mechanistic, mea-
surable events (Ankley et al., 2010). Thyroid-related AOPs
mapping the MIE relationship of TSHR, TPO, and NIS to toxicity-
mediated thyroid dysgenesis, reduction in serum thyroxine (T4)
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levels, and altered neurodevelopmental outcome have been
proposed (EPA, 2017; Miller et al., 2009; Perkins et al., 2013). Here,
several reference chemicals for thyroid-specific targets were
evaluated in an optimized 3D microtissue culture model. The
thionamides methimazole and 6-propyl-2-thiouracil inhibit the
TPO enzyme in humans and are clinically approved for use in
hyperthyroid patients (Emiliano et al., 2010). The relative po-
tency of T4 inhibition (Table 4) for methimazole in the 3D micro-
tissue model (IC50: 0.129 mM, LEC: 1 mM) was in the range
previously reported for TPO inhibition assays from rat (IC50:
0.025–2.22 mM; Paul et al., 2013, 2014), porcine (IC50: 0.67–1 mM;
Hornung et al., 2015; Paul et al., 2013; Tietge et al., 2013), and hu-
man (IC50: 0.8–2.7 mM; Jomaa et al., 2015; Nagasaka and Hidaka,
1976) microsomes, and considerably more potent than TPO in-
hibition observed in ex vivo models of rat thyroid (LEC 10 mM;
Vickers et al., 2012), porcine follicles (LOEL 100 mM; Sugawara
et al., 1999), or human organotypic culture slices (LOEL 10 mM;
Vickers et al., 2012). The potency was also considerably higher
than in a Xenopus laevis thyroid gland explant model of T4 inhi-
bition (IC50: 10–13 mM; Hornung et al., 2015, 2010). As expected, 6-
propyl-2-thiouracil potency (IC50: 0.172 mM, LEC: 1 mM)) was less
than methimazole and more similar to ranges observed in rat
(IC50: 0.12–1.28 mM; Paul et al., 2013, 2014), than porcine (IC50:
10.7–18.4 mM; Jomaa et al., 2015; Paul et al., 2013), or human (IC50:
2–35.2 mM; Jomaa et al., 2015; Nagasaka and Hidaka, 1976) TPO
assays. Likewise, inhibition of T4 synthesis was more effective
than a X. laevis explant model (IC50: 8.6 mM; Hornung et al., 2010).
For NIS inhibition, sodium perchlorate reduced T4 output (IC50:
3.233 mM, LEC: 10 mM) with a potency that was only slightly less
than NIS inhibition evaluated in engineered hNIS-HEK293(T)
cells (IC50: 0.866–1mM; Hallinger et al., 2017; Lecat-Guillet et al.,
2008) and immortalized rat FRTL-5 thyrocytes (IC50: 0.1–0.2 mM;
Lecat-Guillet et al., 2008; Waltz et al., 2010). Lastly, VA-K-14 (IC50:
5.614 mM, LEC: 10 mM) exhibited comparable potency as in vitro
assays for hTSHR measuring inhibition of cAMP induction and
downstream signaling (IC50: 12.3 mM; Latif et al., 2016). The simi-
lar potencies observed across these 3 MIEs in the 3D microtissue
assay to other target-specific HTS assays highlights the sensitiv-
ity in detecting target-level perturbations but suggests there
may be greater value in orthogonal confirmation of molecular
effect to TH synthesis, rather than extrapolation of tissue-level
potency. Although the microtissue assay does not take into ac-
count serum hormone protein binding or peripheral tissue up-
take and metabolism, the effect on relative T4 levels in the
medium may provide some context to decreases in serum T4
levels measured in animal models. Transient decreases in se-
rum T4 of 28–50% during critical periods of fetal development
have been noted to produce adverse effects on brain develop-
ment in rodents (Auso et al., 2004; Crofton, 2004; Gilbert and Sui,
2008; Sharlin et al., 2008) and each of the reference compounds
in this study produced decreases in the range of 28–51%, sup-
porting the likelihood of inducing an adverse in vivo outcome.
Additional screening with other prioritized test compounds is
necessary to further evaluate the predictive utility of the assay.

Continuing in the framework of the EDSP Comprehensive
Management Plan (EPA, 2014), there have been ongoing efforts to
address needs in thyroid screening (EPA, 2017) with development
and application of thyroid-related HTS assays. Similar efforts
have been made within the OECD and member countries in the
European Union with identification of in vitro and ex vivo test
methods (OECD, 2017), as well as potential gaps that need to be
filled (Kortenkamp et al., 2017), to appropriately identify TDCs.
Although useful for prioritization, it is less clear if chemicals
identified by HTS assays alter thyroid function in vivo or elicit

adverse outcomes. Key components to interpreting these data
will rely on understanding the efficacy, potency, statistical uncer-
tainty, and biological relevance of TDCs identified across the
high-throughput platforms. Here, a 3D culture model of the hu-
man thyroid that recapitulates TH biosynthesis provides initial
evidence of an in vitro assay that can bridge high-throughput data
to apical effects in the human thyroid. Through careful system-
atic review of bioactive chemicals from HTS assays, chemicals
deemed to pose the greatest risk to thyroid function can be
screened for orthogonal evaluation. Generated data may enable
more direct interpretation of molecular perturbation effects on
TH production. Since alterations in serum TH levels are one of
the most common biomarkers in EDSP guideline studies, this 3D
microtissue assay may provide an alternative to more expensive
and time-intensive Tier 1 and 2 in vivo thyroid tests (rat pubertal,
amphibian metamorphosis assay, rat extended one-generation
reproductive toxicity study, and larval amphibian growth and de-
velopment assay), ultimately reducing the number of animal
tests required while providing some context for evaluating ad-
verse thyroid-related outcomes in human populations for regula-
tory decision-making.

SUPPLEMENTARY DATA
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online.
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