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Abstract

Numerous epithelia undergo tubulogenesis and branching morphogenesis during their
development (i.e., lung, salivary gland, pancreas) in order to establish sufficient available
surface for their proper functioning. The thymus is a primary lymphoid organ consti-
tuted by pharyngeal-derived epithelium necessary to produce immunocompetent lym-
phocytes whose mechanisms of development are not fully known. In the current chapter,
we review histological, cellular, and molecular mechanisms governing early thymic
epithelium development emphasizing its resemblance with the process of branching
morphogenesis and tubulogenesis occurring in other epithelial organs in which epithe-
lial-mesenchyme interactions determine the tissue patterning through specific combina-
tions of common molecular signaling pathways.

Keywords: branching morphogenesis, epithelium, tubulogenesis, thymus, thymic
epithelium

1. Introduction

Many epithelia, particularly those derived from the gut, organize tubular structures (i.e., mammary
gland, salivary glands, lungs, kidneys, pancreas) that repeatedly fold to reach an enlarged area
necessary to perform their major functions (i.e., gas exchange, excretion, nutrient transport, etc.).
Whereas a branching morphogenesis pattern of development is well established in the case
of the respiratory system or in the exocrine glands, it appears to be less evident for other
endoderm-derived organs, such as the endocrine glands or the lymphoid organs.
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In the present chapter, we will examine prior studies supporting the claim that the develop-
ment of other branching organs as lung, salivary gland, pancreas, or kidney, despite their
morphological and functional differences, follows common patterning programs under the
control of epithelium-underlying mesenchyme interactions governed by a few families of
molecules (FGF/FGFR, Wnt, BMP/TGEp, Shh), and that the thymus, an epithelial primary
lymphoid organ derived from the ventral endoderm of the third pharyngeal pouch, despite
following the same pattern, constitutes a special case. Remarkably, its functions are not
related to those of other epithelia of similar origin but rather to the establishment of a 3D
epithelial network necessary for the functional maturation of thymocytes. Before acquiring
their specific features, distinct epithelial organs, therefore, follow a common complex pattern
of development which includes different processes. After a first step of specification from the
original embryonic layer, they undergo a process of tubulogenesis consisting of outgrowth
and extension of the epithelial primordium forming a tubular structure. A complex program
of branching morphogenesis helps to increase the functional area of the organ. Finally, ter-
minal epithelial differentiation prepares the primordium to become a functional organ.

2. The early development of endodermal epithelial organs

2.1. Specification and primordium development

The process of development followed by these epithelial tissues is well exemplified by the
early development of salivary glands. The primordium of submandibular glands raises from
an evaginated thickening of ectoderm-derived oral epithelium into the neural crest-derived
mesenchyme at the base of tongue [1]. The evaginated epithelium proliferates forming an
epithelial “stalk” and a terminal bud. The stalk will evolve into excretory duct cells, and the
buds will establish the named “pseudoglandular” area by repeated elongation and branching
morphogenesis, which will finally differentiate into functional acini (Figure 1) [2].

In mice, mammary placodes are visible at E11-E12 and become buds at E13 when surrounded
by several layers of mesenchyme. Signals from the mesenchyme of cardia and septum trans-
versum determine the hepatic fate in the foregut endoderm, [3] inducing expression of the
transcription factor Hhex, but not Pdx1, whereas the Hhex-Pdx1+ foregut endoderm will dif-
ferentiate into the extrahepatic bile ducts and the ventral pancreas [4]. Apart from this ventral
area, the embryonic pancreas in vertebrates forms from a dorsal protrusion of the primitive
gut epithelium, which express Mnx1 [5]. These two pancreatic buds grow, branch, and fuse
to form a multilayered epithelium (E9.0 to E11.5), which forms the definitive pancreas. This
stratified epithelium consists of two domains: an outer layer of semipolarized “cap” cells,
which express only basal markers, and an inner “body” of nonpolarized cells [6, 7] (Figure 1).

At E9.0-E9.5, Nkx2-1, a transcription factor specific of the lung, is determined on the ventral
side of the anterior foregut by Wnt ligands expressed in the surrounding ventral mesoderm
that activates the canonical Wnt pathway in the epithelium. One day later, Nkx2-1+ cells
extend ventrally forming a primitive trachea and two lung buds, whereas Sox 2 expression
restricted on the distal foregut endoderm will determine the esophagus. Next, the trachea
and the esophagus become fully separated [8] (Figure 1). Thus, absence of Wnt signaling
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Figure 1.Different models of branching morphogenesis occurring during development of lung (branching of
tubes), salivary gland (branching of an unpolarized primordium and later de novo lumen formation), and pancreas
(polarization and remodeling of an unpolarized mass resulting in more synchronous branching, lumen formation, and
differentiation). Modified from [5, 6, 140].
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courses with lack of Nkx2-1 expression, absence of tracheal morphogenesis, and lung agen-
esis [9]. BMP expression in the ventral mesoderm is necessary to establish a proper location
of the lung along the proximal distal axis of the foregut [8]. Also, FGF molecules expressed in
the ventral mesoderm reinforce early lung specification of the foregut endoderm [8]. Murine
embryos deficient in either FGF10 or FGFR2b exhibit a stopped salivary gland development at
the initial bud stage [10], and conditioned deletion of FGF8 in the ectoderm results in arrest of
salivary gland development [11]. The process could be more complex because specific overex-
pression of FGF7 in the salivary gland epithelium produces small glands that exhibit delayed
differentiation [12], and elimination of FGF signaling antagonists, Sprouty 1 and 2, impairs
salivary epithelium development [13]. Indeed, multiple branching organs undergo agenesis
after deletion of either FGF10 or its receptor FGFR2b [10].

2.2. Tubulogenesis

Both mono- and pluristratified epithelia have the capacity to fold and form tubes [14]. Distinct
mechanisms of cellular binding have been reported, including the orientation of cells via cell-
to-cell and cell-ECM interactions, the establishment of apical-basal polarity, changes in the
cellular shape and migration capacities, and formation and expansion of the luminal spaces,
which eventually fuse establishing a unique cavity [14, 15].

Although some tubules show lumens surrounded by a single cell, they normally consist of
multicellular lumens sealed by cell junctions. In addition, tubules may branch (see later) and/
or differentiate into end buds or cap-like structures, as acini (pancreas, mammary, and salivary
glands) or alveoli (lung) [16] (Figure 1). Further variability in the process of tubulogenesis is
provided by the distinct mechanisms used for the formation of lumens. Budding, wrapping,
entrapment, cavitation, and hollowing have been described in organs, which undergo tubulo-
genesis during their development. Budding or wrapping occur in polarized epithelia, as is the
case of the lung, whereas the formation of tubules by entrapment, cavitation, or hollowing is
performed by nonpolarized cells [16]. In the entrapment, migrating cells trap an extracellular
space and form a lumen [17]. By contrast, the formation of lumens by cavitation, reported in
mammary and salivary glands, implies programmed cell death to create a cell-free space [18],
whereas in the hollowing, the luminal space is organized de novo via exocytosis of intracel-
lular vesicles [19]. The salivary glands, the liver, or the pancreas undergo polarization from
unpolarized primordia (Figure 1). In the pancreas, E10.5-11.5 individual cells within the inner
body of pancreatic buds acquire apico-basal polarity and rearrange to form microlumina by
fusion of apical membrane-containing vesicles with the cell membrane. During this process,
the asynchronous apical constriction of individual polarized cells generates rosettes with a
central lumen that later expand and eventually fuse to generate an immature, highly inter-
connected tubular plexus, consisting of stratified epithelial cells surrounded by an epithelial
periphery [7]. Their reorganization will form the ductal system and primordial endocrine
islets and the acinar exocrine cells, respectively (Figure 1) [5, 6].

In the salivary gland, lumen formation takes place and evolves along the forming branched
structure, following branching progression. Initially, epithelial cell polarization results in
multiple microlumens that fuse to form a contiguous lumen [20] (Figure 1). The signaling
events controlling microlumen fusion to establish a common single lumen are just beginning
to emerge [15].
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As above indicated, the establishment of cell polarity, in which cues provided by neighboring
cells and ECM play major roles, has particular relevance for epithelial tubulogenesis. These
cues activate signaling pathways, particularly those mediated by Wnt ligands and their recep-
tors [15], which modify the cytoskeleton, cell contractibility, and trafficking, as well as the
transcription program. Wnt ligands and receptors arrange in the epithelial cells in a polarized
manner. Wnt5a and 3a are released specifically throughout the basolateral cell surface, where
their specific receptors, Fz2, LRP6, and Rer2 are expressed [21]. In the embryonic midgut,
Wntba is produced by mesenchyme cells under the basement membrane and it activates
Wntba receptor (Fz2, Rer2) on the basolateral domains of epithelial cells, resulting in Rac-
dependent adhesion, establishment of apical/basal polarization, formation of cell junctions,
and organization of intracellular molecule trafficking necessary to establish different apical
and basal domains.

The developing submandibular gland expresses numerous Wnt ligands and receptors, as well
as antagonists in both epithelium and mesenchyme and are accurately regulated spatially
and temporally [13]. Wnt signaling promotes duct development by coordinating canonical
and noncanonical pathways. Canonical activation through Wnt/p-catenin signaling inhibits
end bud formation, whereas Wnt 5b activates the noncanonical Wnt pathway to determine
duct formation with the concourse of the transcription factor, TFCP2L1. Inhibition of end
bud formation is a consequence of the absence of Wnt distally, regulated by FGF signaling
that represses Wnt5b expression and upregulates the Wnt inhibitor, SFRP1, (secreted related
frizzled protein 1), which sequesters Wnt proteins [22].

Likewise, retinoid acid produced by foregut mesenchyme before lung specification [23] sig-
nals through retinoid acid receptor B in the mesoderm to regulate FGF expression [24]. Shh
signaling in the mesoderm is also a regulator of the initial lung bud outgrowth [25].

Distinct members of the EGF family (EGF, TGFa) and their receptors (EGFR 1, 2, 3) as well
as heparin-binding EGF (HBEGF) and neuregulin are differentially expressed in the salivary
glandular epithelium and mesenchyme, and the activation of EGF receptors modulates ductal
morphogenesis by governing progenitor cell differentiation and expansion [26].

Hedgehog proteins, mainly Shh and their receptors Patched1 and Smoothed, also participate
in the organization of a salivary duct and a preacinar end bud (prostate, sebaceous glands,
mammary glands, lung) [11], but its effects on these organs are indirect because Hh signals in
the mesenchyme, whereas in the salivary gland, the action is directly exerted on duct epithe-
lium [26]. On the other hand, overexpression of Gli-1, one effector of Hh pathway in keratin+
epithelial cells, results in large lumens, duct expansion, and loss of acini [27]. Again, Hh and
FGF8 appear to cooperate in these processes. FGF is a Gli3-mediated target of Hh signaling
pathway. Both FGF8 and Shh positively upregulate each other [28], and the former rescues
defects in salivary gland development produced by cyclopamine, a blocker of Hh signaling
[11]. Shh could collaborate with other molecules, such as ectodysplasin [29] or TGFf [30] in
the formation of the salivary gland duct, but results are contradictory.

2.3. Branching morphogenesis

Branching morphogenesis constitutes a developmental program that induces the building
of an arborized network, in which new tubules arise from the pre-existing ones by repeated
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rounds of sprouting [15]. Two morphological models can be distinguished: de novo branching
from the surface of a primordial epithelium or the lateral side of a pre-existing branch (bud-
ding) and the splitting of a pre-existing branch tip into several tips (clefting) [31]. Moreover,
branching morphogenesis can be stereotypic as occurs in the kidney branches [32] or sto-
chastic, without a defined pattern, as reported in mammary gland or salivary gland [31]. At
the cellular level, new branch formation can be driven by collective cell migration, patterned
cell proliferation and differential growth, coordinated cell deformation or epithelial folding,
and/or cell arrangement and matrix-driven branching [31]. Budding in blood vessels and
Drosophila trachea follows an invasive form of collective cell migration, whereas in mamma-
lian epithelial organs (i.e., mammary gland) budding appears to be powered by a noninvasive
form of collective cell migration along with cell proliferation [33].

Cell proliferation is related to organ growth, and differential cell proliferation may be related
to branched budding [31]. Blocking cell proliferation abolishes budding in cultured mouse
lung [34] and mammary gland [33], whereas clefting in salivary gland still proceeds [35]
mediated by cytoskeleton and ECM remodeling [36]. Clefting at the branch tip in lung and
kidney requires proliferation to enlarge the tip, which deforms and splits [37]. In kidney,
other factors contribute because less mesenchyme cells correlate with less branching [38],
and studies on the 3D morphology of fetal organs demonstrate that the local geometry of the
epithelial buds determine the pattern of branching [32].

In lung, branching involve cytoskeleton-mediated constriction of the apical surface of cells
[39], with the concourse of Rho GTPases and the involvement of Wnt-dependent planar cell
polarity pathway [15].

ECM elements also play an important role in branching morphogenesis. Thus, fibronectin
accumulates at branch point constriction and its block inhibits cleft formation [40]. In addi-
tion, the loss of f1 integrin that interacts with fibronectin blocks the branching morphogenesis
inducing a multilayered epithelium [41]. Degradation of collagen 1 and collagen 3 reduces
cleft formation and, therefore, branching [42], and the blockade of laminin «l or y1 inhibits
branching in culture [43], whereas laminin a5—/— embryos show reduced branching [44].

In many organs, branching occurs through repetitive clefting and elongation of epithelial end
buds at distal ends, but whereas in some of them, such as the pancreas, lumen formation
occurs concomitantly with branching [7]; in others (i.e., salivary glands), there is a substantive
delay between the two processes [45] (Figure 1). In pancreas, lumen formation gives rise to
a plexus and, at the same time, the epithelial bud is progressively transformed into a lobu-
lated surface of multiple minor protruding tips interrupted by epithelial ridges. Progressive
remodeling of the pancreatic plexus in an outside-in continuous manner, eventually leading
to a single-layered epithelial network surrounding a single lumen [6, 46] (Figure 1).

In the same manner as previous stages of epithelium development, branching morphogen-
esis is controlled through epithelial-mesenchyme interactions mediated by a network of
signaling pathways that includes largely Wnt, FGF, Shh, and TGF/BMP. Mammary glands
undergo several processes of branching morphogenesis, associated with their physiologi-
cal cycle, under control of Wnt signaling [15]. In virgin glands, Wnt2, Wnt5a, and Wnt7b
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are strongly expressed but downregulated in pregnancy [47] and overexpression of Wnt 4
increases branching while lacking results in delayed ductal branching [48].

Both canonical and noncanonical Wnt signaling pathways are necessary for lung branching
morphogenesis. Reduced canonical Wnt/B-catenin signaling in the pulmonary epithelium
causes enlarged bronchioles and reduced epithelial branches and alveoli [49], and conditional
deletion of B-catenin or overexpression of Wnt inhibitor Dickkopf 1 severely impairs branch-
ing morphogenesis [49, 50] by regulating FGFR2 and BMP4 effects on lung epithelium [50].
BMP4 seems to limit FGF10-mediated lung epithelial outgrowth [51]. Wntba appears to be a
key for determining the effects of noncanonical Wnt pathway in lung branching morphogene-
sis. Wnt5a—/— mice exhibit increased formation of peripheral airways [52]. In this case, effects
of Wntba are mediated through Shh: Wnt5a regulates Shh expression in the lung epithelium
and, in turn, Shh regulates FGF10 signaling in the mesenchyme [52].

Several members of the FGF family and their receptors are expressed in the renal stroma
whereas FGF stimulation induces the appearance of branched tubular structures [53], and the
lack of FGFR2b generates significantly smaller kidneys with reduced branches [54].

FGFR1 and FGFR2 are expressed in pubertal and adult mammary glands, and the specific
deletion of FGFR1 in keratin 14+ cells produces a transitional delay of the gland develop-
ment with reduced ductal outgrowth and branch points [55], whereas the deletion of FGFR2
produces an incomplete branching [56]. In addition, FGF10 directs the early stages of epithe-
lial migration and branching, whereas FGF2 is responsible for epithelial expansion and duct
elongation [57].

FGF/FGER signaling is also a key for generating new branches in the developing lung [58].
FGFR2b, which binds four ligands (FGF1, FGF3, FGF7, and FGF10) detected on mesenchymal
cells [58] is largely expressed in the airway epithelium, and FGF signaling in lung is associ-
ated with Shh pathway [59]. Activation of FGFR2b on epithelial cells by FGF10 secreted by
mesenchyme cells induces Shh expression that creates a negative feedback loop by regulating
FGF10 levels [60].

Recently, results on the effects of TGFp1 have been contradictory. TCFB1 that accumulates
in mesenchyme inhibits the branching by inducing components of ECM [61], but its in vivo
elimination does not result in altered branching, perhaps due to the existence of other similar
factors as TGFp2 and TGFp3 [62].

2.4. Cell differentiation

At the end of the development, specialized epithelial cell types appear and gradually mature.
In the case of salivary glands, final differentiation of end buds into secretory acini is followed
by further growth and functional differentiation [26] (Figure 1).

Complex signaling established between lung epithelium, mesenchyme, ECM and vasculature
is essential for normal alveolar space organization. Between E16.5 and 3-5PN, lungs develop
at the distal end of branches saccules that finally form alveoli (3-14PN in mice) establish-
ing a proximal-distal polarity in the just formed branches (Figure 1). Thus, whereas Sox-2
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expressing endoderm progenitors that differentiate into ciliated cells, secretory cells and basal
cells concentrate in the proximal zone, pluripotent Sox9/Id2+ progenitor cells that will form
types 1 and 2 alveolar cells do so in the distal zone [63].

Pancreatic progenitors simultaneously proliferate and differentiate into the endocrine, ductal
and acinar cell lineages. In the E9.5, early primordium, multipotent, unipotent endocrine, and
duct-endocrine bipotent precursor cells are present, while a wave of acinar precursor differ-
entiation takes place at the peripheral portion around E11.5-12 as branching morphogenesis
initiates and tip differentiation is induced [46] (Figure 1). Mesenchymal factors and ECM
components increase acinar/tip formation, whereas the interconnection between epithelium
and endothelial cells favors trunk development [46].

In both organs, lung and pancreas, notch signaling plays an essential role in the differentiation
of distinct cell types. Its chemical inhibition in lung causes expansion of distal progenitor cells
and decreased numbers of proximal precursors [64]. On the other hand, during development,
increased notch signaling correlates with preferential production of secretory cells versus cili-
ated and neuroendocrine cells [65]. In addition, activation of Notch in keratin 5+ basal cells
promotes secretory cell fate whereas its inhibition favors the differentiation toward ciliated
cells [66]. In pancreas, Notch activity regulates tip-trunk patterning. Inducing trunk forma-
tion via Nkx6.1 activation and blocking tip fate through Ptfla repression [6] and regulates the
differentiation of Ngn3/Pdx1-positive endocrine progenitors versus Sox9/ Hnflb-expressing
ductal cells from trunk bipotent precursors. The specification, differentiation, and mainte-
nance of acini from tips are regulated mainly by Ptfla [6, 67].

After branching morphogenesis, there are changes in the epithelial cells and cap mesenchyme
cells of the developing kidney [32]. Remarkably, Wnt ligands are asymmetrically distributed
in the epithelial branches. Wnt 9d is extensively expressed in the ureteric epithelium but
downregulated in the tips where Wnt 11 is expressed. Also, Six 2-expressing cells show zona-
tion in the cap mesenchyme: a slow dividing Six 2" cell population occurs in the periphery of
cap, whereas fast cycling Six 2 cells are intimately associated with the pretubular aggregate
that will govern the nephron formation [32]. Moreover, at the beginning of branching morpho-
genesis, four Six 2+ cap cells exist for every one of the epithelial tip cells, but during branching,
the ratio falls to 2:1 and continues to decrease until the end of nephron formation [32].

3. The development of the thyroid

The condition of endocrine tissues is special because they do not show a ductal system, and the
secretion is closely associated with the vascular system. Thyroid fate is induced in the anterior
endoderm by the concerted action of FGF2 and BMP4 [68], probably derived from cardiogenic
mesoderm [69]. A thyroid initial bud is generated in the midline of the pharyngeal floor under
control of Tbx1/FGF8 dependent signals [70]; later it detaches from endoderm, cells prolifer-
ate and the primordium bifurcates and grows laterally to generate a bilobulated organ with
two lateral thyroid bodies formed by fusion with the paired ultimobranchial bodies (UBB),
which provide C cell precursors to the embryonic thyroid [71].
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Afterward, at a prefolicular growth stage, the thyroid grows by branching morphogenesis
of epithelial cords radiating from the UBB remnant, reminding the pseudoglandular stage
of salivary gland before duct generation [72]. Finally, cells polarize locally forming cystic
lumens leading to cords of back-to-back connected follicles. This folliculogenesis occurs
synchronously, not in a proximal/distal direction and is related to Sox9 expression, which is
firstly expressed in some cells in the placode and finally accumulates in the distal portions as
in other branching organs, remaining in mature follicular cells [72].

Therefore, thyroid development is equivalent to that of an exocrine gland (i.e., salivary gland)
in which the ductal system is not fully differentiated but is regressed, and the endocrine por-
tion detached. An initially forming continuous branching structure polarizes locally leading
to isolated cystic lumens and to the generation of isolated follicles [72].

4. The early development of the thymus: phases and involved
molecules

Similarly, the thymus follows a pattern of development whose stages resemble the speci-
fication, tubulogenesis, and branching morphogenesis previously described. Remarkably,
they appear to be regulated by many molecular families reported to be involved in the early
development of other branching epithelial organs. Although the thymus development has
been profusely studied [73-75], few studies have highlighted its resemblance with a process
of tubulogenesis and branching morphogenesis the way we do in this review. As known, thy-
mus development occurs in two steps: an early organogenesis, independent of the transcrip-
tion factor Foxnl, in which the pharyngeal endoderm is specified to thymus fate and a later
organogenesis in which thymic epithelium differentiates and is organized under the control
of Foxnl and the lymphoid progenitor cells that seed the thymic epithelial primordium [76].

4.1. Early thymus development

The first step for the thymic rudiment formation is the segmentation of the posterior phar-
ynx that culminates with the specification of endodermal cells into thymic epithelial cells
(TECs) [75]. At these early stages, an inner sheet of endodermal tissue of the third pharyn-
geal pouch and an outer layer of ectodermal cells of the third branchial cleft contact and
fuse [77]. Although pioneer morphological studies pointed out that the thymic epithelium
derived from these two embrionary layers [78, 79], further experiments in birds and mice
demonstrated that all TECs have an endodermal origin [80, 81]. Moreover, clonal analysis
determined the existence of a bipotent common thymic epithelial progenitor cell capable of
giving rise to both cortical (c) and medullary (m) TECs [82]. In fact, many of ectodermal cells
die in the contact limits with the endoderm and they could just be inductors of thymus tissue
or even not contribute to the thymus rudiment [80].

Thymic rudiment appears at E10-11 in mice constituting a simple epithelial structure sur-
rounded by mesenchyme largely derived from the neural crests (NC). Earlier (E9.5), the
endoderm evagination has formed a common primordium that expresses Glial cells missing
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homolog 2 (Gem?2), the earliest marker of parathyroid, in the anterodorsal domain. In the
ventral domain, Foxn1 expression will be detected at E11 [80, 83]. From E 11.5, the common
primordium initiates the detachment from the lateral surface of the pharynx through apop-
tosis [80]. Presumably, NC-derived mesenchyme cells are actively involved in this process
because Splotch mutants that lack NC cells show delayed or no pharyngeal detachment of
parathyroid/thymus rudiment [84, 85]. Nevertheless, other molecules are also concerned
because mutants deficient in either Shh, Pax 9, or Frs 2a also maintain the pharynx connection
[86-88]. At E12, the rudiment is totally separated from the pharynx and begins to individual-
ize into two different organs. Then, the lateral thymic lobes descend caudally and medially
until the midline, above the heart and behind the sternum. NC-derived mesenchyme as well
as BMP4, Ephrin B2, and Hoxa3 are involved in the migration of thymic lobes [84, 85, 89].

In the branchial arches, the mesenchyme derives from both mesoderm and neural crests [90],
although presumably the role of NC-derived cells is more important [91]. NC-derived mesen-
chyme contributes to organize the outer connective tissue capsule and interlobular septae of
developing thymus [92], but their relevance decreases in the adult thymus where mesenchyme
could derive from mesoderm [91]. Accordingly, NC-derived mesenchyme is not required for
the initial specification of endoderm but, as in other branching suffering epithelial organ, it is
important for thymus development participating in the determination of the third pharyngeal
pouches, the establishment of the limits between thymus and parathyroid domains, and the
signaling necessary for the separation from common rudiment of the pharyngeal endoderm
and later of the parathyroid and thymic lobes [85]. Finally, NC-derived cells are involved in
the migration of thymic lobes into the thoracic cavity [93].

4.2. Molecules involved in early thymic development

Itis difficult to establish the temporal sequence of functioning of distinct molecules, particularly
because any defect in the formation and/or organization of pharyngeal pouches or arches will
finally affect the thymus development, even though this development is not regulated directly
by it. Furthermore, several molecules act at different stages of the thymus development even
exerting opposite effects. Two main systems seem to govern the early thymus development: the
one constituted by Hoxa3 and Pax1/9, together with other related molecules, Eya 1 and Six1/4
[73], and Tbx1. Tbx1 is related to human defects in chromosome 22q11.2, responsible of three
phenotypes: Di George syndrome (DGS), velocardiofacial syndrome, (SCFS) and conotrun-
cal anomaly face syndrome [94]. Both systems target morphogens of the families FGF, BMP/
TGEFp, Shh, and Wnt, which in turn regulate transcription factor activity making it difficult
to establish a conclusive picture. As in other branching organs, many of these molecules are
regulated by retinoid acid that would diffuse from adjacent NC-derived mesenchyme specify-
ing pharyngeal endoderm [95]. In support of this, treatment with retinoid acid antagonists or
mutant deficient in retinoid acid signaling courses with thymus agenesis [95, 96].

4.2.1. The Tbx1 complex

Tbx1 is expressed in the third pharyngeal pouch endoderm and surrounding mesenchyme,
and its lack produces thymic hypoplasia and defects in other derivatives of third and fourth
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pharyngeal pouches [97]. Apart from retinoid acid, Pbx1, which acts in cooperation with sev-
eral Hox proteins, regulates Tbx1 expression [98]. Also, BMPs appear to affect Tbx1 indirectly.
Mice deficient in Chordin, a BMP antagonist, shows reduced Tbx1 expression in both pha-
ryngeal endoderm and head mesenchyme [99]. In addition, FGF8 expression disappears in
the pharyngeal endoderm of these mice, suggesting a relationship between Tbx1 and FGFS.
Indeed, the FGF family is a target of Tbx1. The expression of Tbxland FGF8 overlap within
the secondary heart field [100] and Tbx1-deficient mice exhibit reduced FGF8 expression in the
pharyngeal endoderm but not in tissue where Tbx1 is not expressed [101]. The lack of FGF8
courses with failure of mesoderm to migrate at the primitive steak and then absence of embry-
onic endoderm tissue [102]). Therefore, Tbx1 acts downstream of Chordin/BMPs but upstream
of FGF8. Thus, specific deletion of FGF8 in Tbx1-expressing cells phenocopies the DG and VCF
syndromes [103]. Presumably, FGF8 models pharyngeal arches and pouch-derived structures,
additionally affecting survival of pouch endoderm and NC cell migration [104].

Consequently, Tbx1 homozygous mutants show thymus aplasia [94] but indeed, the lack of
Tbx1 results in absence of pharyngeal pouches. As a result, the thymus absence seems to be
rather a consequence of this defective pouch formation. More recent studies demonstrate that
ectopic Tbx1 expression in the ventral third pharyngeal pouch, the domain in which thymic
primordium will be formed, suppresses Foxnl expression and inhibits TEC proliferation and
differentiation but does not reverse thymus fate [105]. Moreover, Tbx1 is downregulated in the
ventral domain of wt third pharyngeal pouch [98, 101] and ectopic activation of Shh signaling
in the third pharyngeal pouch endoderm (see later) induces Tbx1 expression that results in
Foxnl blockade [105]. All these results suggest that actually Tbx1 negatively regulates TEC
growth and differentiation and its disappearance from third pharyngeal pouch endoderm is
a requisite for proper thymic organization.

4.2.2. The Eya/Hoxa/Pax complexes

There are nine Pax (Paired box) proteins in mammals, subdivided in four groups. Pax 1 and
Pax 9, belonging to the same group, and Pax 3 are necessary for early thymus development
[88, 106]. In addition, Pax function is closely related to that of Hoxa3, Eyal, and Tbx1, sug-
gesting that they share common signaling pathways or follow parallel, complementary routes
[107, 108].

Pax 3 specifies third pharyngeal pouch endoderm to TEC fate [109]. Pax3—/— mice (Splotch
mutants), that have severe deficiency of NC cells, organize the thymus and the parathyroid
normally but from E11.5 onward a change in the limits of parathyroid/thymus domains pro-
duces an enlarged thymus and a small parathyroid. In addition, the common rudiment does
not detach from the pharynx [85].

Pax1 appears firstly in the foregut endoderm (E 8.5) and 2 days later in the endoderm of the
third pharyngeal pouch remaining in the developing thymus. In the adult thymus, Pax1+
cells are restricted to a small group of cTECs [106]. Pax9 expression follows the same pattern
but is also detected in NC-derived mesenchyme [110]. Pax1 mutants exhibit smaller thymic
than those of wt mice and contain large cysts accumulating DP thymocytes [106], whereas
Pax 9—/— embryos do not fold away from foregut and the thymus rudiment does not move
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vetrocaudally remaining in the larynx. Although the primordium is colonized by lymphoid
progenitors, it shows decreased proportions of proliferating cells and increased apoptosis
finally resulting, as Pax1-deficient thymi, in small thymi [111].

The control exerted by Pax1, perhaps also by Pax 9, and Hoxa3 on early thymus development
presumably follows a common pathway [107, 108]. Hoxa 3 is expressed in both endoderm
of third pharyngeal pouch and NC-derived mesenchyme [107]. When this expression is
downregulated in E10.5-11 Hoxa3—/— mice, the formation of parathyroid/thymus rudiment
is blocked, increases the proportion of apoptotic endodermal cells and there is reduced pro-
liferation of mesenchyme cells [112]. More importantly, the expression of both Pax1 and Pax9
decreases in the third pharyngeal pouch of E10,5 Hoxa3-deficient embryos [107], suggesting
that Pax 1/9 act downstream of Hoxa3 but all three molecules have synergistic and dose-
dependent effects on early thymus maturation [88, 113, 114]. Thus, Hoxa3+/— Pax1+/— double
heterozygous mice have a similar phenotype as Pax1—/— mutants, but Hoxa3+/— Pax1—-/-
hypoplastic thymi exhibit a more severe phenotype than Pax1—/— [114].

Eyal is involved in the regulation of genes controlling cell growth, activating the repressor
Six (Sine oculis). The expression of Eyal, Six, and Pax genes colocalizes in the NC cells and
the pharyngeal endoderm [115]. In the absence of Eyal, the third pharyngeal pouch does
not detach from the pharyngeal endoderm, and consequently, the thymic primordium is not
formed. Foxnl, Pax1, and Pax3 are not expressed in the thymic area, but Hoxa3, Pax1, and
Pax3 appear in the E10.5 pouch endoderm [115]. On the other hand, endodermal Six expres-
sion is Eyal dependent, and loss of Six1 in Eyal—/— embryos contributes to the induced thy-
mic defects [116]. Accordingly, Six1 acts downstream of Eyal, whereas Hoxa3, Pax1, and Pax3
do it upstream or independently of Eya 1 [117].

4.2.3. FGF family

FGF is an extensive family of molecules that influences cell survival, proliferation, and
differentiation of many epithelial organs, as repeatedly mentioned in this review. FGFS8 is
expressed in the pouch epithelium, whereas FGF10 is produced by underlying NC-derived
mesenchyme both being involved in the maturation of endoderm [104]. After pouch forma-
tion, FGF7 and again FGF10, activate FGFR2iiib receptor on fetal TECs for inducing their
proliferation. Accordingly, deficient mice either in the receptor or FGF10 show severe thymic
hypoplasia and reduced TEC proliferation [118-120]. Likewise, removal of surrounding mes-
enchyme from E12 fetal thymus inhibits the growth but not the differentiation of epithelial
cells [119, 121]. Other studies demonstrate that FGF7 produced by thymic blood vessels also
promotes expansion but not differentiation of TECs [118].

4.2.4. Shh

Shh is a promoting factor for parathyroid development via Tbx1 [122], whereas negatively
regulating the growth of thymus domain. Consequently, Shh functions as an antagonist of
BMP4 signaling [87]. Shh is expressed early in the posterior endoderm of second pouch and
then in the third arch endoderm, acting upstream of Tbx1 [123] and affecting the patterning
of pharyngeal pouches [77].
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4.2.5. BMP family

Particularly relevant is the role played by BMPs and Wnt molecules in the early thymic devel-
opment, as direct controllers of Foxn1 expression, the key transcription factor mandatory for
the late embryogenesis of thymus [124]. In addition, both signaling pathways constitute the
major means for NC-derived mesenchyme to signal thymic epithelial rudiment [93, 124, 125].
Possibly, FGF8 produced by the primordial endoderm signals to the adjacent mesenchyme
inducing BMP4 expression [126]. BMP4 and its antagonist Noggin govern the parathyroid/
thymus individualization and the Foxnl-dependent TEC maturation. In general, BMP4 is
essential for the early stages of thymus development prior to the onset of Foxnl expression
[93]. BMP4 is expressed in the ventral domain of the pouch and Noggin in the dorsal area
colocalizing with Gem?2 in the parathyroid domain [83]. Furthermore, BMP4 seems to be also
involved in the full parathyroid/thymus separation, as BMP4 deletion delays the process [93].
Inhibition of BMP signaling provokes decline of Foxnl expression in the zebrafish thymic
primordium [83, 125], and BMP4 signaling promotes Foxnl expression in early chicken thy-
mus [126], as well as in mouse FTOCs [127]. Loss of BMP4 from pharyngeal endoderm and
underlying mesenchyme prior to the onset of Foxnl expression does not affect patterning,
separation from the pharynx, or initial organ formation, although it alters some important
morphogenetic processes such as lumen closure, organ separation and migration, initial lym-
phoid seeding, and formation of mesenchyme thymic capsule [93]. The sequence established
between BMP and Foxn1 is the following: FGF8-mediated mesenchymal BMP signaling initi-
ates the expression of both Foxnl and BMP4 in the endodermal cells [126]. Then, endodermal
BMP4 expression targets a regulatory feedback loop [128] for maintaining BMP4 and Foxnl
expression in the future thymic epithelium rather to directly affect Foxn1 [129]. In these condi-
tions, if BMP signaling is blocked, the expression of both molecules ceases and nonfunctional
Foxn1-TECs would remain in the thymus. If this occurs during concrete periods of midgesta-
tion, thymopoiesis will irreversibly fail [129]. Therefore, the balance between BMP4 and its
inhibitors (i.e., Noggin) becomes critical for a proper maturation of thymic epithelium.

4.2.6. Wnt family

Wnt family members are extensively expressed in developing and adult thymi in both TECs
and fibroblasts [130], whereas their receptors are only detected on TECs [124]. Particularly,
the noncanonical Wnt4 and Wnt5b, but also the canonical Wnt10b, coexpress with Foxnl in
third pharyngeal pouch and later in E13 and adult thymus [131] and are involved in its control
[124]. Thus, overexpression of Dkk1, a Wnt4 inhibitor, in TECs induces thymic atrophy with
reduced epithelial progenitors and TEC proliferation and appearance of TEC proliferation
[132]. However, recent results indicate that a proper thymus development can only occur when
pB-catenin-dependent Wnt signaling is low or lacking [133]. Thus, B-catenin-deficient thymi
exhibit Foxnl expression, and stabilized B-catenin overexpression shows decreased rather
than increased Foxnl transcripts [133, 134]. Therefore, these results suggest that p-catenin is
dispensable for Foxn1 expression in fetal TECs. Remarkably, during branching morphogenesis
of lung and lacrimal glands, Wnt overexpression, stimulated Wnt signaling and conditional
overexpression of p-catenin all result in decreased branching morphogenesis [135]. However,
it is important to remark that sustained Wnt signaling promotes the production of secreted
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Wnt antagonisms [136] that block thymocyte development in FTOCs [137]. On the other hand,
other signaling pathways involved in TEC differentiation, such as those mediated by BMPs,
modulate the effects produced by Wnt4 overexpression [133].

5. After acquisition of thymus fate, thymic primordium undergoes
tubulogenesis and branching morphogenesis

E11.5 thymic primordium consists of a bi/pluristratified epithelium polarized with respect
to a ramified central lumen resulting from the evagination of pharyngeal epithelium where
K5+ Cld 3/4+ cells line the lumen [138, 139]. In the following days, the thymus grows and the
K5+ CId 3/4 + cell cords increase their total length and branching degree. At the same time,
external clefts determine an incipient lobulation that became clearly evident by day E14.5.
Beyond E12.5, the initial lumen is almost totally closed although a central lumen is still visible
at E12,5 and to some extent at E13,5 [139]. Secondary forming lumens can be observed in the
K5 + Cld 3/4+ branching cell cords up to E13.5 (Figure 2) [139]. Thus, in these initial steps of
thymus development, its histological organization is quite similar to that of organs undergo-
ing branching morphogenesis in which the lumen formation and elongation take place within
a proliferating bud (Figure 2) [20, 140]. These results indicate that between E11.5 and E13.5, a
primary lumen connects with secondary and growing order lumens through branched micro-
lumens or polarized canals, giving rise to a continuous formed or forming luminal structure
that grows hierarchically (Figure 2). Therefore, in the thymus, clefting/branching and lumen
formation seems to be more synchronic and not as regionally separated as in the salivary
gland, similar to the pancreas condition (Figure 2).

However, in the thymus, a definitive duct is not developed, nor is terminal end buds, acini or
other differentiated distal secreting structures, but instead the thymus remains as a concen-
tric structure in which the central Cld + K5+ cells will differentiate into the thymic medulla
[138, 139]. This central medulla does not apparently present lumen and is surrounded by
the thymic cortex differentiated from Cld 3/4- cells (Figure 2) [139]. On the other hand, the
fact that the branching pattern of the K5 + Cld 3/4+ cell cords appears to be similar between
different mice [139] and that rat adult thymic medulla has also been described as a 4-5 order
ramified structure in which the ratio of branches sizes is mathematically constant [141], sug-
gesting that thymus development follows a programmed branching pattern.

If, as above indicated, the branching morphogenesis of the developing thymus has some
particular features, as the lack of a definitive duct or terminal end buds or acini, the early
lymphoid seeding introduces in the thymus development other important differences with
respect to other epithelial organs inducing the specific three-dimensional network formed by
dendritic-shaped TECs. Thymocyte precursors enter the thymus at around E11.5 through the
surrounding mesenchyme [142], and at E12.5 CD45*, lymphoid progenitors appear associated
with nonpolarized TECs that express little or no K5 [139]. This 3D arrangement of thymic epi-
thelium is, to some extent, precluded in the absence of thymocytes [143] in which the presence
of medullary luminal or cystic structures becomes more evident, presumably representing a
default pathway of epithelial differentiation when thymocytes are missing [143].
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Figure 2. Thymus development follows a branching morphogenesis process similar to those of salivary gland and
pancreas (see Figure 1).

On the other hand, in the absence of Foxnl, the existence of a tubular-branched structure in
which both ductal and acinar components can be distinguished [144] and that cannot be colo-
nized by lymphoid progenitors [76] is clearly evident. This is the situation of Nude (Foxnl-/-)
thymi, in which the transcription factor Foxnl central for thymic epithelial differentiation,
lacks. The earliest stages of Foxnl—/— thymus development appear to occur in the same way
as those of wt thymus, and the expression of claudin 3/4 and wt thymus takes place in similar
ways [145], suggesting that wt thymus organogenesis might be considered as a modification of
the tubulogenesis and epithelial branching morphogenesis, which occur in the nude thymus
(Figure 2). Thus, FoxN1 expression would preclude lumen formation and generate concen-
tric layers of distinct TEC subsets (Munoz et al., 2018 submitted). Moreover, the conditioned
removal of FoxN1 in K14+ epithelial cells results in the progressive polarization of medullary
cells, Cld3/4 expression, and lumen formation [146]. Other defects affect mainly thymic branch-
ing morphogenesis without importantly altering thymic-specific differentiation. Transgenic
expression of Noggin under the control of a FoxN1 promoter leads to a hypoplastic spheric
thymus always containing big cystic structures [125]. These structural alterations seem to be
the result of a branching defect in consonance with the known role of BMP signaling in regulat-
ing branching morphogenesis of different organs [26] and to affect Foxn1 expression [147].
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