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Abstract

The ability to derive functional thyroid follicular cells from embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs) would provide potential therapeutic benefit for patients
with congenital or post-surgical hypothyroidism. Furthermore, understanding the process by which
thyroid follicular cells develop will also provide great insight into the key steps that regulate the
development of other tissues derived from endoderm. Here we review the advances in our
understanding of the process of thyroid follicular cell development including the creation of two
models that have allowed for the rescue of hypothyroid mouse recipients through the
transplantation of thyroid follicular cells derived from mouse ESCs. Rapid progress in the field
suggests that the same success should be achievable with human ESCs or iPSCs in the near future.
Additionally, the availability of ESC or iPSC-derived thyroid follicular cell models will provide
ideal systems to explore how genetic mutations, drugs or illness impact thyroid function in a cell-
autonomous fashion.

Introduction

The development of novel modalities of thyroid hormone replacement have been considered
for years given the issues with clinical efficacy of L-thyroxine replacement. Indeed, it is now
clear that a significant number of patients requiring thyroid hormone replacement therapy do
not feel well on replacement therapy. With the advent of stem cell technologies it is now
possible to envision cellular replacement therapies for those with either congenital or post-
surgical hypothyroidism who are dependent on exogenous replacement therapy. In contrast
regenerative therapy may be difficult in patients with autoimmune thyroid disease given
issues with tissue rejection and the likelihood that transplanted cells would be destroyed if
autoimmunity is not first addressed. While the clinical merits of exogenous therapy versus
the production of endogenous thyroid hormone by a transplanted gland can be debated it is
clear that insights gained from a better understanding of follicular cell development may
lead to clinical treatments for some that may be preferred over pharmacologic therapy. This
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is especially the case for children with congenital hypothyroidism whose genetic defects
could potentially be corrected ex vivo in their cultured stem cells prior to transplantation of
stem-cell derived thyroid follicular cells (1, 2). Additionally, cellular models that
recapitulate follicular cell development will be able to provide key insight into
developmental milestones as well as provide ex-vivo models to test the role of novel
pathways or drugs on thyroid development and function. In the following article we will
review the progress made in the development of functioning thyroid follicular cells from
embryonic or induced pluripotent stem cells to date.

Early Thyroid Development

The fully developed thyroid gland contains two endocrine cell types. The minority
component is made up of parafollicular cells (C cells) which secrete calcitonin and derive
from the neural crest. The majority component within the thyroid gland are endodermally
derived follicular epithelial cells and the focus of this review. Indeed, as will be discussed,
the derivation of fully functioning thyroid tissue from embryonic stem cells in now way
requires the presence of calcitonin-secreting C cells.

Beginning at E20 in humans and E8.5 in mice, the follicular cell development program
begins in the anterior foregut endoderm as a small subset of endodermal progenitor cells
commit to a thyroid cell fate through a process referred to as “lineage specification”.
Follicular cell fate is defined by the co-expression of the transcription factors Nkx 2-1 and
Pax8, the earliest known markers of thyroid lineage specification within developing
endoderm (3-6). Indeed, while these transcription factors are expressed in other cell-types it
is their co-expression at a unique developmental stage that first identifies the developing
endodermal thyroid primordium and is required for normal, subsequent follicular cell
development (7-9). What extrinsic factors cause the initial thyroid cell fate decision have not
been completely defined but a role for factors released by the adjacent cardiac mesoderm has
been implicated by some studies (10-15) and our recent work suggests combinatorial BMP
and FGF signaling as two likely pathways that induce thyroid fate in the developing foregut
endoderm of xenopus, mice, and humans. Close to the time of this cell fate decision
additional transcription factors including Foxel and Hhex are expressed in the thyroid
primordium, which together with Nkx2-1 and Pax8 form a core network of transcriptional
regulators leading to differentiation, migration and maturation of the developing follicular
cells (2, 6). The importance of these transcription factors is further underscored by the fact
that mutations in Nkx2-1, Pax8 and Foxel lead to congenital hypothyroidism in humans
(16-18). In addition to these key transcription factors, roles for the Hox genes and Eyal
gene have been implicated in thyroid development (19-21). While growth factors that induce
FGF and BMP signaling appear to regulate the thyroid cell fate decision TSH which is a
major growth factor for the gland is not required for lineage specification but does play a
role in thyroid gland growth and function (22). Mice lacking a functional TSH receptor are
hypothyroid but possess a hypoplastic gland that contains a normal structure (23-25). A
similar phenotype is seen in humans with inactivating TSH receptor mutations (26, 27).
Given the understanding of the transcriptional pathways employed in follicular cell
development it became logical to try and re-create follicular cell development by activating
these genes or pathways in vitro in cell-based models.
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Thyroid Function in Embryonic Stem Cells — Initial Studies

Since the discovery of the pluripotency of embryonic stem cells (ESCs) there has been much
focus on the derivation of specific cell types for potential therapeutic application. In the
thyroid field initial studies focused on whether ESC-derived embryoid bodies, which contain
the three germ layers of the embryo could express thyroid follicular genes. Lin etal
developed embryoid bodies from a mouse ESC line which in the undifferentiated state
expressed no follicular cell markers (28). After 6 days in culture they began to see the
expression of the sodium iodide symporter (NIS), the thyrotropin stimulating hormone
receptor (TSHr) and Pax8 which persisted in culture. They were able to validate TSHr
expression using immunohistochemistry and subsequently by demonstrating an increase in
cAMP production in response to recombinant TSH and an enhancement in Pax8, thyroid
peroxidase (Tpo) and NIS gene expression (Figure 1). Although these early cells did not
express thyroglobulin (Tg), a developmental marker of thyroid maturation known to occur
earlier than Tpo or NIS in vivo, still this proof of concept study demonstrated that
differentiating ESCs had the capability to express both thyroid follicular specific
transcription factors and a subset of the genes required for thyroid hormone synthesis.

To follow-up on this work this same group next used an ES cell line that expressed green
fluorescent protein (GFP) under the control of the TSHr genomic locus on one allele
(TSHrCGFP) (29). These same ES cells had been used to generate a TSHr knockout mouse
which had severe congenital hypothyroidism which was fatal by 4 weeks of life (24).
Importantly, though hypothyroid these animals developed a hypoplastic thyroid with some
thyroid follicles demonstrating that neither thyroid lineage specification nor initial follicular
cell development requires TSH signaling. Importantly, these genetically altered ESCs
functioned similarly in the undifferentiated state as wild-type ES cells and when
differentiated into embryoid bodies upregulated both GFP and TSHr production indicating
that the expression of GFP could be used as a marker of TSHr transcription. Next these
investigators sorted day 4 TSHrCFP positive cells and cultured them in TSH and Matrigel to
allow for a 3-dimensional structure to occur (30). Although the sorted cells and their
progeny did not express thyroglobulin, after 21 days in culture these cells appeared to form
thyroid follicle-like structures and demonstrated by immunohistochemistry correct spatial
localization of both NIS and the TSHr (Figure 1). Furthermore, when cultured in the
presence of TSH these cells could take up 122 | and this process was specifically inhibited by
perchlorate. Finally, there was extensive induction in these cultured cells of Pax8, NIS, Tpo
and the TSHr when compared to undifferentiated cells. Thus, further enhancement of the
differentiation process was obtained by sorting the cells based on TSHrSFP expression as
well as the use of Matrigel and TSH. Still the surprisingly rapid in vitro expression of TSHr,
a marker that is not expressed in vivo until late in thyroid development, and the absence of
Tg expression in this system, highlighted the ongoing challenges facing investigators
attempting to achieve full follicular cell development from stem cells in vitro.

Finally, given that thyroid follicular cells could develop in the absence of a TSH signal,
these investigators set out to understand what pathways delineated follicular cell
development prior to the onset of TSH-signaling. To do this Ma et al employed activin A a
known inducer of endoderm to determine if follicular cell development could be enhanced
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(31). Activin A was added to embryoid bodies and as expected caused a dramatic
upregulation of endodermal markers such as Gata4 and FoxA2. However, the addition of
TSH and IGF-1 to Activin A did not enhance the appearance of endoderm (32). Exposure of
cells to 5 days of Activin A allowed for the enhanced detection of NIS in TSHr¢FP positive
cells even though TSHr expression was low and Tg was absent. After more prolonged
exposure to Activin A increases in Pax8 was also seen. Interestingly, synergy between
Activin A and TSH was not evident but the developed cells did respond to TSH as evidenced
by cAMP production. These experiments confirmed the notion that endodermal development
of follicular cells could occur independently of a TSH signal, but the exact paradigm for
differentiating ESCs into endoderm competent to express all the markers or differentiation
kinetics typical of developing thyroid follicular tissue (e.g. foregut endodermal Nkx2-1 and
Pax8 expression prior to Tg or TSHr) was not yet established.

Follicular Cells Can be Derived From Overexpression of Nkx2-1 and Pax8

Because the approach was still unknown for differentiating ESCs into thyroid follicular cells
via endoderm, the Costagliola group set out to determine if co-expression of Nkx2-1 and
Pax8 could allow for follicular cells to develop from ESCs without needing to first optimize
their differentiation into anterior foregut endoderm (33). In this way the specific steps
needed to activate endodermal expression of both Nkx2.1 and Pax8 could be bypassed. To
accomplish this recombinant mouse ESCs were engineered that contained doxycycline
inducible integrated expression cassettes for either Nkx2.1, Pax8 or both (Figure 1).
Importantly, this manipulation did not impair the pluripotency of these lines. Using these ES
cells this group used doxycycline-induced forced over-expression of both transcription
factors for three days at the embryoid body stage of development. Stunningly, induction of
both Nkx2-1 and Pax8 at this time point were enough to induce the strong expression of
follicular cell markers such as 7SHr, NIS, Tgand Foxel as well as endogenous Nkx2.1 and
endogenous Pax8, suggesting the presence of an auto-regulatory loop inducing their
expression. Despite driving follicular cell development using this protocol the authors were
unable to see the morphological development of thyroid follicles. To try and overcome this
barrier and based on the role of TSH, described previously in follicular cell growth, the
investigators altered their protocol to follow the transient induction of Nkx2-1 and Pax8 with
TSH treatment. Importantly, Matrigel was included for 3 dimensional growth. Remarkably
after a total of 22 days of culture, 60 percent of these cells co-expressed Nkx2.1 and Pax8 as
well as expressing high levels of Tg, NIS, Tpo and Tshr. In addition these cells organized
into follicular like structures and stained appropriately using immunohistochemistry for Tg,
Nis and Nkx2-1 (Figure 1).

To determine whether the expression of both transcription factors was necessary, Antonica et
al next used identical ESC lines but with only Nkx2-1 or Pax8 incorporated. Interestingly,
the transient induced expression of Nkx2-1 but not Pax8 could induce some degree of
follicular cell gene expression. However, despite inducing follicular cell specific genes the
transient expression of Nkx2-1 followed by TSH exposure could not induce the 3-
dimensional follicular structures seen with the co-expression of both transcription factors.
This is likely due to the fact, at least in part, that Nkx2-1 expression alone was not able to
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induce a high enough level of expression of the TSHr to allow significant signaling and
growth.

Because the transient expression of both Nkx2-1 and Pax8 followed by TSH treatment was
able to induce the formation of anatomically correct follicular structures, Antonica et al next
tested the ability of these cells to organify iodine, a critical step in thyroid hormone
synthesis. Using immunohistochemistry with an antibody that recognizes iodine complexed
to TG they were able to see Tg-lodine complexes in the lumen of follicular units in culture.
In addition, they determined that only cells exposed to transient co-expression of both
transcription factors coupled to TSH treatment were able to take up and organify radioactive
iodine (12°1). Thus, taken together these data clearly demonstrated that the over-expression
of Nkx2-1 and Pax8 in ES cells, coupled with TSH treatment, could induce functioning
thyroid follicular cells in culture.

Based on these provocative results the authors next tested whether these cells could function
in vivo. Using 1311 to ablate all endogenous thyroid follicular tissue in mice, as published by
Abel et al (34), hypothyroid mice were generated to serve as recipients of the ESC-derived
follicles. Four weeks after the administration of 1311 and the confirmation of severe
hypothyroidism, mice received either ESCs that had been pre-treated in vitro with
doxycycline (to over-express Nkx2-1 and Pax8) followed by TSH treatment or control ESCs
that had no doxycycline exposure. All transplanted cells were placed underneath one kidney
capsule. Four weeks after receiving the transplanted cells eight out of nine mice that
received the treated ESCs had substantial recovery of their hypothyroidism with increased
T4 secretion, decreased TSH levels and recovery from hypothyroid-induced hypothermia. To
confirm that the transplanted cells were in fact responsible for the recovery from
hypothyroidism, mice were imaged with 99m-Tc-pertechnetate (hereafter Tc) which is used
clinically to image human thyroid tissue and is known to be taken into thyroid follicular
cells through the sodium-iodide symporter (35). Transplanted mice exhibited markedly
decreased Tc uptake in the region of the thyroid due to its ablation but displayed significant
Tc uptake in the region of the kidney where the transplanted cells had grafted. Finally, to
confirm that the transplanted cells could respond directly to TSH /n vivo, recombinant TSH
was administered to transplanted mice and a significant rise was seen in endogenous T4
production. Taken together these /in vivo data confirmed that the transplanted ESC-derived
follicles could fully function and rescue mice from hypothyroidism.

While the work of Antonica et a/addressed the differentiation of mESCs into functional
follicular cells they did not attempt the same experiments in human ESCs to determine if a
similar process could be effective. Using lentiviral vectors expressing NKX2-1 and PAX8,
Ma et al have recently tried to address this issue in a human ESC line (36). The human H9
line was successfully transduced with integrating lentiviral vectors that stably introduced
expression cassettes for NKX2-1 tagged with mCherry, PAX8 tagged with GFP, or both.
Under basal conditions forced over-expression of both transcription factors was able to
stimulate the moderate expression of follicular cell-specific genes such as NIS and TSHr, but
not Tg or Tpo. Interestingly, the co-expression of NKX2-1 and PAX8 did not abrogate the
expression of the pluripotent markers OCT4, SOX2 and NANOG. Next these investigators
tested activin A and TSH treatment of these cells, an approach that had been used previously
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with mouse ESCs. At the embryoid body stage the transfected line was exposed to activin A
to further induce endoderm and then stimulated with TSH. This protocol resulted in
moderate expression of some follicular cell genes, although TG and TPO levels were far
below control tissue levels. Still this protocol allowed for the generation of a follicular
structure that exhibited some degree of immunostaining for NIS and TG. Finally, when these
differentiated cells were exposed to TSH, cAMP was produced and radioiodine uptake was
seen. Transplantation of these cells was not attempted, however, from the work completed it
appears that the forced over-expression of NKX2-1 and PAX8 can also promote some degree
of thyroid-like gene expression in human ESCs in vitro.

The work of Antonica et a/was a pivotal landmark in the field as this group demonstrated
for the first time that functional thyroid follicular cells could be derived from pluripotent
ESCs. Furthermore these cells could structurally organize into follicular units, organify
iodine in culture, and fully function /in vivo. However, despite proving that ESCs had the
capability to be differentiated into functional thyroid tissue the process developed was
entirely reliant on the forced over-expression of Nkx2.1 and Pax8. Clearly, further
advancement in the field would require on an understanding of the biological pathways that
could activate endogenous Nkx2.1 and Pax8 expression without the need for transgenic
over-expression.

Derivation of Functional Thyroid Follicular Cells Using Developmental
“Directed Differentiation” of ESCs and iPSCs

The embryonic development of the thyroid from primordial endoderm is a tightly controlled,
unique outcome given that the adjacent developing endodermal gut tube also gives rise to the
lung, liver, pancreas, and intestinal tract (37, 38). Thus, understanding the pathways that
regulate endodermal fate in the developing embryo in vivo via the use of ESCs in vitro has
the potential to reveal an efficient paradigm to generate thyroid follicular cells without the
need for the overexpression of exogenous transcription factors. To begin to understand
endodermal development with an initial focus on lung development, Longmire et a/
developed a murine ESC line in which a GFP cassette was inserted into the Nkx2-1 genomic
locus on one allele (39). The targeting strategy used to create this line effectively replaced
the coding sequence of one allele of Nkx2-1 causing haploinsufficiency of this transcription
factor. However, this line created a valuable tool to sort and purify cells expressing Nkx2-1,
thus providing access to candidate precursors for lung or thyroid epithelial cells given that
within the developing endoderm in vivo, only lung and thyroid lineages are known to
express Nkx2-1. After demonstrating that both this ESC line as well as a knock-in
Nkx2-1GFP mouse colony made with this line indeed express GFP coincident with
endogenous Nkx2-1 expression, the investigators were now in position to explore strategies
to generate endodermal Nkx2-1* progenitors potentially destined to become lung or thyroid,
or ectodermal Nkx2-1+ progenitors potentially destined to become forebrain neural lineages
(39).

Initial work using this cell line and others demonstrated issues with a paucity of Nkx2-1
expression, perhaps related to a lack of anterior-posterior patterning of the developing ESC-
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derived endoderm. To bypass this issue and given a described role for TGFp and BMP (bone
morphogenic protein) signaling in patterning of both the developing mouse embryo and
human ESCs Longmire et a/ inhibited these signals with SB431542 (SB) and Noggin
respectively early after endodermal induction (40). Using this approach with the Nkx2-1GFP
line, ~20% of cells were found to express GFP. Further treatment of the cells with Wnt3a,
FGF10, KGF, BMP4, FGF2 and heparin (WFKBE+F2/H) further induced cells that also
expressed Pax8 (40). Finally, Longmire et a/ optimized their protocol by sorting GFP+ cells
after WFKBE treatment and then treating further with FGF 2 and 10 followed by treatment
with dexamethasone, IBMX, cAMP and KGF (DCI +K). Remarkably after 25 days of
culture these cells demonstrated the expression of lung markers such as SPC (surfactant
protein ¢) and CC10 (club cell 10) as well as thyroid follicular cell markers Tg and TSHr.
Furthermore, these cells were able to assume lung alveolar morphology when seeded on a
murine lung structure where cellular structures had been removed. Interestingly, when the
maturation DCI +K media was replaced with TSH, sodium iodine and IGF-1 there was
significant increase in the mRNA expression of follicular cell markers such as TSHr and Tg.
Taken together these data demonstrated that it was possible to sequentially recapitulate /n
vivo sequences of endodermal development to re-capitulate lung and thyroid lineage
specification followed by early follicular gene expression. Further work could then focus on
the exact components required to firmly derive thyroid follicular cells.

To engineer a program that could enhance thyroid follicular cell development Kurmann et a/
first modified the protocol established by Longmire ef a/and determined that the
specification of endodermal development with WFKBE+F2/H could be narrowed down just
to BMP4 and FGF2 using the Nkx2-1GFP ESC line which produced maximal numbers of
GFP+ cells that could be then be purified to express follicular cell markers (22). Next,
because the Nkx2-16FP ESC line likely is haploinsufficient for Nkx2-1, as discussed
previously, Kurmann ef a/ compared this line to a novel Nkx2-1 ESC line where a
fluorochrome reporter gene (mCherry) had been inserted in the 3 untranscribed region
(UTR) of Nkx2-1 thus allowing for the expression of both endogenous Nkx2-1 alleles (41).
While both lines showed similar Nkx2-1 lineage specification efficiencies, the
Nkx2-1MChery [ine showed a 2-fold elevation in Nkx2.1 mRNA expression and after sorting
and further culturing for 25 days significantly increased expression levels of Pax8, Tg, Tpo,
TSHr and NIS. This is consistent with expression of both alleles of Nkx2.1 being necessary
for full thyroid development in humans and mice (16, 42, 43). Thus, the potential for
successful derivation of functional thyroid follicular cells was expected to be enhanced by
the use of the Nkx2-1MChery Jine. A description of the differentiating protocol used by
Kurmann et alis shown in Figure 1.

To determine if the same cells expressing Nkx2-1 were able to be precursors for both thyroid
and lung epithelia or whether distinct Nkx2-1 groups developed during endodermal
development, Kurmann et a/ used a second reporter system that would mark both Nkx2-1
and Pax8 and thus co-label cells that expressed both loci (39, 44). When exposed to the
thyroid protocol a small subset of cells (5% of the Nkx2-1+ cells) co-expressed both labels.
Remarkably, only this distinct subgroup (Nkx2-1+/Pax8+) was competent to express
differentiated follicular cell markers but not lung markers. Thus, it is likely that the thyroid
lineage is specified by a unique group of Nkx2-1 endodermal cells.
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To conclusively determine the role of BMP and FGF signaling in thyroid lineage
specification Kurmann et a/employed a number of strategies to block either pathway or
remove each BMP4 or FGF2 ligand. Importantly, the combinatorial actions of BMP4 and
FG2 were required for the maximal induction of thyroid follicular cell lineage specification
and gene expression. Furthermore, the actions of these ligands were independent of Wnt
which was not required for thyroid specification. Since BMP and FGF actions are
transmitted through signaling cascades that include: 1. SMADs (for BMP signaling) ; 2. p38
MAPK (for BMP signaling); 3. PI3-Kinase (for FGF2 signaling) and 4. MEK 1/2 (common
to both BMP and FGF signaling) the investigators next utilized specific inhibitors of each of
these pathways (45). Remarkably, the SMAD1/5/8-inhibitor dorsomorphin and the PI3-
Kinase inhibitor LY 294002 inhibited the emergence of Nkx2-1* cells prior to sorting and
overall follicular cell specific gene expression after 28 days of culture confirming the
importance of BMP4 and FGF2 in thyroid lineage specification. To test whether these
mechanisms revealed by the in vitro stem cell model were also those regulating thyroid
development in vivo in embryos, developing mouse foreguts were isolated prior to the
induction of Nkx2-1 in the thyroid field and treated with a BMP inhibitor. This treatment
blocked the phosphorylation of SMAD 1/5 in the region of the developing thyroid and
prevented the induction of Nkx2-1 and Pax8.

To determine if these pathways were conserved across species Xenopus embryos were
employed as they undergo a similar process of thyroid development (46). Embryos were
incubated in the presence or absence of inhibitors of the BMP or FGF signaling pathways.
Almost all embryos that were treated with either inhibitor failed to exhibit thyroid
specification. Furthermore, the addition of both FGF2 and BMP4 to Xenopus foregut
explants successfully induced the development of follicular cell specific genes confirming
the essential nature of these two signaling pathways. Importantly, FGF2 and BMP4 were
able to induce thyroid fate even when only the endoderm of Xenopus embryos (dissected
free of any contaminating mesoderm) was exposed to these growth factors, suggesting that
these pathways acted intrinsically on foregut endoderm to induce thyroid fate, rather than
acting secondarily through mesodermal or other neighboring developing tissues. Thus,
Kurman et a/had successfully identified the key components of a directed differentiation
protocol that could potentially develop functioning thyroid follicular cells. The use of a
sorting marker (Nkx2-1MChery) also allowed the purification of unlimited numbers of
endodermal Nkx2-1+ precursors.

With these reagents in hand Kurmann et al next set out to determine if ESC-derived thyroid
follicular cells could actually function /in vivo. Before doing this they further optimized their
protocol to enhance thyroid follicular cell development and fitness. The role of TSH was
first studied and found to have no effect on lineage specification before sorting Nkx2-1+
cells, consistent with published /n vivo observations(25). However, during the maturation
phase after sorting Nkx2-1 positive cells, TSH treatment further augmented the expression
of genes important in thyroid hormone synthesis ie NIS and TSHr. Furthermore, the
presence of insulin, IGF-1 and selenium was also included in this base medium in
conjunction with FG2 and FG10. In the last few days of the protocol maturation media
containing TSH and dexamethasone was included in addition to IBMX and KGF (see Figure
1). This final protocol was found to result in the highest degree of follicular cell expression.
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At this point most of the experiments performed had been in a 2 dimensional system. Given
the history of thyroid follicular cell growth being enhanced by a 3D matrix such as Matrigel,
Kurmann et al compared 2D culture conditions to 3D conditions after sorting of the cells
(30, 33, 47). Strikingly, the addition of 3D Matrigel culture promoted the formation of
follicular organoids that structurally resembled thyroid follicles and showed the presence of
Tg in the lumen of cells co-expressing Nkx2-1 and Pax8. Furthermore, these organoids
could be maintained in culture for at least 52 days and showed the ability to produce
thyroxine both by immunolabelling and by ELISA which quantified the production of a
small amount of T4 in the organoids in vitro.

To test functional capacity /7 vivo, Kurmann et al followed the paradigm of Antonica et a/
(33) and transplanted hypothyroid syngeneic mouse recipients (following radioactive iodine
exposure) with ESCs that were differentiated with their protocol for 30 days vs.
undifferentiated (day 0) ESCs. Approximately 2—3 million cells were transplanted under the
left kidney capsule of each mouse. Beginning 2—4 weeks after transplantation both T4 and
T3 levels started to rise in mice that had received the day 30 cells while mice receiving day 0
cells or those who underwent sham operations remained hypothyroid. By 8 weeks after
transplantation, recipients of ESC-derived follicles had returned to a euthyroid state with
normal thyroid hormone and TSH levels consistent with the transplanted cells being fully
functional and responsive to TSH. The interpretation that a normal set point of TSH
secretion had been established following transplantation was also confirmed in vivo by
testing the direct response of the grafted cells to exogenously administered TSH. Imaging of
the grafts in vivo revealed they remained strongly avid for Tc-99 pertechnetate and
histological analysis of the grafts after several months revealed persistent follicular
structures (see Figure 2) and expression of the mCherry reporter confirming these follicles
derived from the transplanted cells. In contrast , mice that received control undifferentiated
ESCs cells grew teratomas without evidence of any regeneration of thyroid follicular
structure or function. Thus, using a protocol that recapitulates /7 vivo development ESC-
derived thyroid follicles were capable of rescuing hypothyroid mice by regenerating in vivo
thyroid function.

The last step for Kurmann et a/was to explore the ability of their protocol to generate
thyroid cells from human pluripotent cells. The investigators employed 3 separate types of
human stem cell lines: normal human ESCs, normal induced pluripotent stem cells (iPSCs)
and three separate iPSC lines this team engineered from three hypothyroid children carrying
NKX2-1 point mutations known to result in haploinsufficiency (42, 48, 49). After
endodermal induction with activin A anterior patterning was induced with inhibition of both
TGFp and BMP signaling followed by a variety of doses of BMP4 and FGF2 that resulted in
the induction of NKX2.1 and PAX8 double positive cells in all lines tested. Addition of
BMP4 or FGF2 alone resulted very rarely in the double positive expression of both
transcription factors. Further treatment of these now double positive lines in the same
thyroid specific medias used in the mouse protocol for 42 days in culture allowed for the
induction of follicular cell specific genes including TG, TPO and TSHR as well as the
persistence of NKX2-1 and PAX8 expression. These data suggest that, as in developing
Xenopus and mouse embryos, the role of BMP4 and FGF2 in thyroid specification is
evolutionarily conserved in human stem cell populations. Whether their protocol results in
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functional thyroid follicular cells, either in vitro or after transplantation in vivo remains
unknown.

Summary and Conclusions

The development of regenerative therapy based on stem cell technology is becoming a
reality as many protocols are becoming available for the development of differentiated cell
types. In the thyroid field significant advances have been made in the last 15 years as has
been detailed in this review. It now appears clear that protocols that allow for the rapid
induction of Nkx2.1 and Pax8 in an endodermal environment will allow for the development
of cells that can become functional thyroid follicular cells /n vivo. However, the
development of such cells is not a frequent event in ESC models or /n vivo and successful
generation of thyroid organoids currently requires the overexpression of Nkx2.1 and Pax8 or
targeted alleles which allow for the sorting and purification of cells destined to become
thyroid follicular cells. Still the advances made are striking and suggest that regenerative
therapy for congenital or post-surgical hypothyroidism remains a distinct possibility. Given
issues with therapeutic success or compliance in some patients with these disorders,
regenerative therapy coupled with genome editing to correct mutations could be a preferred
alternative to life-long pharmacologic thyroid hormone replacement therapy. Indeed,
regenerative therapy would provide such patients with physiologic replacement of both T4
and T3 without a reliance on an external source.

While regenerative therapy for hypothyroidism remains a long-term goal the availability of
differentiation protocols for the development of thyroid follicular cells should provide in the
short-term key insight into endodermal and thyroid development. For example what are the
signal(s) that delineate the development of a double positive Nkx2-1/Pax8 precursor from
early endoderm destined to become a follicular cell versus a single positive Nkx2.1 cell
destined to become lung epithelia? Additionally, how mechanistically do BMP/FGF
signaling pathways specify thyroid development versus lung development and from where /n
vivoin the developing embryo do these signals emanate? Finally, the availability of thyroid
organoids that are replicates of /n vivothyroid tissue will provide investigators with
outstanding cell autonomous models to study the influence of drugs and toxins on thyroid
dysfunction. Furthermore, these organoid model systems will be invaluable for elucidating
other genetic modifiers of thyroid development given that only a small percentage of the
causes of congenital hypothyroidism have been ascertained.
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Figure 1. Schematic overview of mouse thyroid differentiation protocols
(A) Lin et al (28) induced formation of embryoid bodies (EBs) for 6 days in suspension in

the presence of serum. To form monolayers, EBs were re-plated on gelatin-coated dishes
(2D) and treated with TSH in serum-free conditions. (B) Arufe et a/(29) initiated EB
formation with mESCs that carry GFPtargeted to the 7SHR locus (7SHR*") in serum-
containing EB differentiation medium (EBDM) for 2 days followed by TSH treatment. GFP-
positive cells were sorted and reaggregated in suspension to form EBs before replated on
Matrigel-coated dishes. EBs were then further differentiated in EBDM and treated again
with TSH. (C) Antonica et a/ (33) generated EBs using tetracycline-inducible mESC lines
by culturing in hanging drops for 4 days. EBs were then embedded in Matrigel and re-plated
followed by the sequential treatment with doxycycline (Dox) and TSH for 3 and 15 days,
respectively. (D) Ma et al (47) cultured mESCs that stably express Nkx2-1 and Pax8 for one
day in LIF and then removed mESC medium to induce EB formation. EBs were then treated
with activin A for 5 days and re-plated in Matrigel embedded drops for further
differentiation in the TSH-containing medium. (E) Kurmann et al (22) induced EB
formation in complete serum-free differentiation medium for 2.5 days followed by definitive
endoderm induction with activin A treatment for additional 2.5 days. After anteriorization of
endoderm, Nkx2-1* endoderm induction was performed in BMP4 and FGF2 containing
thyroid specification medium for 6 days in a gelatin-coated 2D culture system. The sorted
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Nkx2-1MChery+ cells on day 12 were embedded in Matrigel for 3D culture for further
differentiation and maturation over 18 days.
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Merge DAPI
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Figure 2. Transplanted Thyroid Organoids Fully Function in vivo
Shown is immunostaining of differentiated Nkx2-1MCherTy cells that have been used to from

thyroid organoids in culture. The organoids were stained with DAPI or with antibodies
directed against Nkx2-1 or Tg. The merged image shows Tg in the lumen of a thyroid
follicular structure. Images by Anita Kurmann, MD
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