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ABSTRACT 

The thymus is a conserved organ among vertebrates, derived from the endoderm of different 

pharyngeal pouches (PP), according to the species. In mammals, it derives from third PP (3PP) 

endoderm and in avian, from third/fourth PP (3/4PP) endoderm. Together with accessory thymi 

reports, this suggests a conserved potential to make a thymus in the different PP, independent 

of their specific anatomical location.  

This thesis was included in a research project that aims to explore noncanonical pouches 

capacity to participate in thymus formation and the role of local mesenchyme of pharyngeal 

arches (PA) in regulating this thymic potential.  

To start, heterospecific embryonic tissue associations in vitro and in vivo were performed, in 

stages prior to thymus formation. Then, I performed the histological analysis of the explants 

obtained. Our results showed, for the first time, the capacity of a noncanonical pouch (2PP) 

endoderm forming a thymus when associated with permissive mesenchyme. Additionally, we 

observed inhibitory properties in the dorsal (d) region of 2PA mesenchyme to the formation of 

the thymus, which confirmed regulatory properties of local mesenchyme.  

To unravel the molecular signalling crosstalk during thymus formation, we mapped the 

transcriptomes of several isolated tissues: the 2PP and 3/4PP endoderm (thymic potential); and 

the 3/4PA and 2PAd mesenchyme (potential regulation). After initial bioinformatic analysis of 

the data, I performed further data analysis aiming to confirm gene identity and functional 

classification.  

The transcriptomic analysis helped us to identify a common genetic program for thymic 

potential within the PP endoderm. Interestingly, the 3/4PP endoderm transcriptomic profile 

unveiled a previously undescribed Hox-code. We also identified the activation of distinct 

signalling pathways in different PA mesenchymal environments and in the context of specific 

endoderm-mesenchyme interactions.  

Together, our results provided new data to the molecular signature involved in the initial 

specification of thymus primordium in the embryo. 

 

Keywords: Thymic molecular signature; local mesenchymal modulators; high-throughput 

sequencing data. 
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O Trabalho Final é da exclusiva responsabilidade do seu autor, não cabendo qualquer responsabilidade à 

FMUL pelos conteúdos nele apresentados. 

RESUMO 

O timo é um órgão linfático primário conservado apenas nos vertebrados. A sua origem 

embrionária provém da endoderme das várias bolsas faríngeas (BF) dependendo das espécies. 

Nos mamíferos, deriva da endoderme da terceira BF (3BF) e nas aves, da endoderme da 

terceira/quarta BF (3/4BF). Considerando ainda a existência de timos acessórios, tal sugere a 

existência de um potencial para formar timo conservado nas diferentes BF, independentemente 

de sua localização anatómica específica. 

Esta tese inclui-se num projeto de investigação que procura explorar a capacidade de BF não-

canónicas formarem timo e o papel do mesênquima local dos arcos faríngeos (AF) na regulação 

deste potencial tímico. 

Inicialmente realizaram-se associações heteroespecíficas in vitro e in vivo de tecidos 

embrionários, em estadios prévios à formação do timo. De seguida, analisei a histologia dos 

explantes obtidos. Os resultados demostraram, pela primeira vez, a capacidade da endoderme 

de uma bolsa não-canónica (2BF) formar timo quando associada a mesênquimas permissivos. 

Adicionalmente, mostrou-se que a região dorsal (d) do mesênquima 2AF inibe o 

desenvolvimento tímico, demonstrando as propriedades reguladoras do mesênquima local. 

Para descodificar a sinalização molecular ativada durante a organogénese do timo, mapeámos 

os perfis transcricionais de vários tecidos previamente isolados: a endoderme das 2BF e 3/4BF 

(com potencial tímico); e o mesênquima 3/4AF e 2AFd (regulador deste potencial). Após a 

análise bioinformática inicial do transcriptomas, investiguei mais detalhadamente os genes 

obtidos com o objetivo de validar a sua identidade e de os classificar funcionalmente. 

A análise transcriptómica desvendou pistas para o programa genético conservado na 

endoderme das BF. Curiosamente, o perfil transcricional da endoderme 3/4BF revelou um 

código de genes Hox, não descrito anteriormente. Identificou-se, ainda, a ativação de distintas 

vias de sinalização, dependendo dos ambientes mesenquimais e de interações endoderme-

mesênquima específicas. 

Concluindo, estes resultados forneceram novas informações sobre a assinatura molecular da 

especificação inicial do primórdio tímico. 

 

 

Palavras-chave: Assinatura Molecular do Timo; Moduladores do mesênquima local; 

Sequenciação de alto rendimento 
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             1 

INTRODUCTION 

 

THYMUS FUNCTION AND ARCHITECTURE 

The thymus is a primary lymphoid organ, essential for T lymphocyte development and 

maturation. Only jawed vertebrates present this organ, which is one of the cornerstones 

of a functional adaptive immune system. During development, Lymphoid Progenitor 

Cells (LPC) migrate to the thymus, where they differentiate into T-cells and acquire the 

capacity to recognize and mount an immune response against foreign antigens (self-

reactive) without being deleterious to the host tissues (self-tolerant) (Figueiredo et al., 

2020; Hamazaki, 2015). This is called central immune tolerance. The inadequacy in 

developing a functional thymus can lead to immunodeficiency and/or autoimmunity 

(Rodewald, 2008). 

In mammals, post-natal thymus is a bilobate organ located intrathoracically above the 

heart. The lobes are divided into lobules separated by mesenchymal septae, which 

continue as an enclosing capsule (Figure 1A). Each lobe is organized in two distinct 

histological regions exhibiting different microenvironments: cortical and medullary 

areas where final mature peripheral T cell repertoire is progressively selected (Anderson 

& Jenkinson, 2001; Nitta & Takayanagi, 2021; and Figure 1B).  

Thymus consists in developing T cells (thymocytes) in intimate connection with the 

surrounding thymic stroma (Duah et al., 2021; Hamazaki, 2015). Thymic stroma is a unique 

microenvironment, mainly constituted by Thymic Epithelial Cells (TEC). Other stromal 

components are populations of hematopoietic cells, such as dendritic cells and 

macrophages; and mesenchymal cells, as endothelial cells and fibroblasts (Nitta & 

Takayanagi, 2021; Rodewald, 2008).  

Thymus function is directly dependent on the complex architecture and variety of 

molecular microenvironments produced by TEC (Figure 1C). This epithelium exhibits 

unusual features, starting from its atypical three-dimensional meshwork shape that 

creates a scaffold while supporting the thymocytes migration (Ewijk et al., 1999). TEC also 
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releases crucial cues for thymocyte survival and proper differentiation and presents self-

peptide/MHC complexes that guide lymphocytic selection (reviewed by Manley et al., 

2011). TEC are divided according to morphology and functionality into cortical TEC, 

responsible for orchestrating the positive selection of immature T cells that recognize 

the self MHC; and medullar TEC, that enable the elimination of the autoreactive 

lymphocytes, preserving self-tolerant T cells (Klein et al., 2014; Rodewald, 2008; and Figure 

1C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structure and cellular components of Post-natal Thymus. A) Thymus presents a 

mesenchymal capsule, and it is divided into two histological regions: the cortex and the medulla. 

B) Histology of a neonatal thymus – microscope image of haematoxylin-eosin-stained section C) 

Schematic representation of T-cell development and interactions with thymus stromal cells, 

mainly TEC. Immature hematopoietic progenitors enter via CMJ blood vessels and migrate 

through the stroma, from cortex to medulla. During migration, thymocytes establish intimate 

contact with TEC, which promotes immature lymphocytes selection and maturation. In the 

cortex, thymocytes differentiate from CD4-CD8- (DN) to CD4+CD8+ (DP). DP cells are then 

positively selected into either CD4+ or CD8+ (SP). Finally, in the medulla, self-reactive SP are 

negatively selected, the final stage of maturation to form the peripheric T-cell repertoire.  

CMJ, corticomedullary junction; DN, Double Negative; DP, Double Positive; SP, Single Positive; TEC, Thymic 

Epithelial Cells. [Adapted from Figueiredo et al., 2020 and Gordon & Manley, 2011] 

 

 

A.  Thymus Structure C.  T-Cell development in Thymic Stroma  

m 

 

B.  Thymus Histology 

c 
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Vertebrate organism models such as mouse, chicken, and zebrafish have been crucial 

for studying thymus development, namely by providing morphological data and 

functional experimental approaches. In particular, later stages of thymus organogenesis, 

involving TEC and thymocyte maturation, have been extensively studied in the past 

decades. Although the mechanisms governing the earlier stages of thymus formation, 

involving endoderm-mesenchyme interactions, are still poorly understood, some 

important advances have been made. 

 

EMBRYONIC ORIGIN OF THE THYMUS 

Thymic Epithelium (TE) derives from the endoderm of the Pharyngeal Pouches (PP). 

During embryonic development, PP endoderm appear sequentially as bilateral 

structures outpocketing from lateral portion of the foregut  (Rodewald, 2008; Vaidya et al., 

2016; and Figure 2B).  

 

 

 

 

 

 

 

 

Figure 2.  Schematic coronal section of the Pharyngeal Region. PAs are lined by an outer 

ectoderm layer and an inner endoderm layer. B) The endoderm evaginates towards ectoderm, 

forming the PP, that separates each PA. C) In human, the endoderm of the PP originates the 

Eustachian Tube (1PP), Tonsil (2PP), Parathyroid (3/4PP), Thymus (3PP), thyroid parafollicular 

cells - Ultimobranchial body (4PP). PA, Pharyngeal Arch; PP, Pharyngeal Pouch. [Adapted from Gilbert, 

S. F., & Barresi, M. J. F. (2016). Developmental biology (11th ed.)] 
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In 1975, Le Douarin and Jotereau proved for the first time the embryological origin of TE  

in the single endodermal germ layer of PP, using the chick-quail chimaera system (Le 

Douarin & Jotereau, 1975). The precise PP location of the thymus varies among different 

vertebrates (Figure 3).  

 

Figure 3.  Phylogenetic comparison of thymus origin in jawed vertebrates. Vertebrate species 

present a flexible positioning of thymus rudiment along the pharyngeal pouches endoderm. 

Cartilaginous fish (Shark) is the most primitive vertebrate forming a thymus, which derives from 

the endoderm of 2PP to 6PP. In frogs, thymus rudiment derives from 2PP; in reptiles, from 2PP 

and 3PP; in mammals, birds and bony fish from 3PP and/or 4PP. PP, Pharyngeal Pouch [Adapted 

from Rodewald, 2008] 
 

In chicken (and quail), TE derives from the 3/4PP endoderm, whereas in mammals it 

derives from the 3PP endoderm (Farley et al., 2013; Figure 2C). In addition, mesenchyme 

cells that surround the organ rudiment derive from the neural crest (NC) (K. Foster et al., 

2008; Le Douarin & Jotereau, 1975).  

Interestingly, despite the markedly distinct functions, TE shares the same embryologic 

origin to PT epithelium (common primordium rudiment) (Gordon et al., 2004; le Douarin & 

Jotereau, 1975; Neves, Dupin, Parreira, & le Douarin, 2012; and Figure 2C). 
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The major developmental stages of thymus formation are conserved among vertebrates 

(Rodewald, 2008). Thymus organogenesis initiates with the patterning of the pouches 

followed by rudiment specification (Figueiredo et al., 2016). Generally, thymus 

organogenesis can be divided into the following stages: 1) pouch positioning; 2) budding 

and outgrowth of thymus (and PT) rudiment; 3) detachment of primitive thymus from 

endodermal tube and 4) differentiation and migration of thymus towards its final 

position (Rodewald, 2008).     

Epithelial-mesenchymal interactions are particularly important for early-stages of 

thymus organogenesis, the PP endoderm specification into thymus and parathyroid 

glands epithelia [between the aforementioned stages 1) and 2)] (Neves, Dupin, Parreira, 

& Le Douarin, 2012). Hereafter, TEC and lymphocytes interact synergistically promoting 

mutual growth and maturation, known to as “thymic crosstalk” at late-stages of thymus 

organogenesis (Bleul et al., 2006). 

   THYMUS DEVELOPMENT IN MOUSE 

Thymus organogenesis is better detailed in the mouse model. On mouse (m) Embryonic 

(E) day 9.5 (mE9.5), the 3PP endoderm starts to proliferate to form bilateral primordia, 

initially as a single cell layer of columnar epithelium continuous to the pharynx (Gordon 

et al., 2004). At the same time, this epithelium (future T/PT common primordium) is 

surrounded by NC-cells that promote its development and, later-on, will form the 

thymus capsule (reviewed by Figueiredo et al., 2020 and Gordon & Manley, 2011). From 

mE10.5-E11.5, pouches develop into a multi-layered pseudostratified epithelial 

structure, with a central lumen (Figure 4A).  

On mE11.5 in mice, T/PT primordium is patterned into ventral thymus´s domain and 

dorsal PT´s domain (Gordon et al., 2004; Gordon & Manley, 2011; Manley et al., 2011). 

Simultaneously, LPC colonize the thymus rudiment and the later starts to detach from 

the pharynx, guided by NC cells that promote endodermal apoptosis (Bleul et al., 2006; 

reviewed by Figueiredo et al., 2020 and Gordon & Manley, 2011; and Figure 4B). 

Around mE12.5 signals from NC cells and cellular intercalation promote thymus and PT 

rudiments separation, directing thymus migration (Figure 4C). In mice, the developing 
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thymus has two successive waves of LPC colonization. The first wave occurs around 

mE11.5 and the second one at mE15, which leads to final thymic maturation (Nowell et 

al., 2007; Ramond et al., 2014).  

 

 
 

Figure 4.  Embryonic and adult stages of thymus development in mice. A) In E9.5-10.5, a single 

layer of 3PP endoderm proliferates surrounded by NC-derived mesenchymal cells. B) Around 

E11.5, the T/PT primordium is formed and patterned into the thymus domain and parathyroid 

gland domain. At the same time, lymphoid progenitors start to colonize the thymic rudiment. C) 

On E12.5, NC-derived cells promote thymus and parathyroid rudiments separation. D) A fraction 

of mesenchyme cells migrates into the epithelial rudiment, as the other part remains in the 

periphery to form the future thymic capsule. E) In the adult, thymus is enclosed with a capsule. 

Thymic stroma has a highly organized configuration that promotes T-cell development, through 

TEC and mesenchymal cells maintain close functional and spatial interactions. TEC and 

mesenchymal cells interact functionally and spatially. A, Anterior; D, Dorsal; capFb, Capsular 

Fibroblast; E, Embryonic day; mFb, Medullar Fibroblast; mTEC, Medullar Thymic Epithelia Cell; NC, Neural 

Crest; PP, Pharyngeal Pouch; P, Posterior; V, Ventral. [Adapted from Nitta & Takayanagi, 2021] 
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                 THYMUS DEVELOPMENT IN CHICKEN 

In avian embryos, thymus and parathyroids epithelia derive from the 3/4PP endoderm. 

TE detach from the pharynx as a cord of epithelial cells, at chicken (c) embryonic day 5 

(cE5) [Hamburger and Hamilton-stage 26, HH26 (Hamburger & Hamilton, 1992)] (Neves, 

Dupin, Parreira, & le Douarin, 2012). NC cells surround the endodermal primordium 

forming a mesenchymal capsule and, at c6.5 (HH-stage 29),  LPC start colonizing the TE 

(Neves, Dupin, Parreira, & le Douarin, 2012). In chicken, TE colonization by LPC occurs in 

three waves: the first wave at cE6.5, before thymic rudiment vascularization, and the 

other two at cE12 and cE18 (reviewed by Garcia et al., 2021). 

 

All the described events rely on a crosstalk of several signalling pathways and 

transcription factors (reviewed by Abramson & Anderson, 2017), detailed in the following 

section. 

 

MOLECULAR REGULATORS OF THYMIC EPITHELIUM COMMITMENT  

Recently, major efforts have been made to unveil the molecular signals involved in 

pharyngeal endoderm specification into thymus fate. 

The thymic rudiment specification is dependent on the transcription factor Fork-head 

Box N1 (Foxn1). Foxn1 was identified as the first marker of TE (Nehls et al., 1994), known 

to be essential for its proliferation and differentiation (Blackburn et al., 1996; Nehls et al., 

1996). Foxn1 starts to be expressed at mE11.25 in the thymic rudiment. 

Foxn1-deficiency mutant mice (Nude) were described as having congenital athymia 

while exhibiting severe immunodeficiency (Flanagan, 1966). Although mutant mice lack a 

functional thymus, a thymic primordium is formed and reaches the final adult thymus 

location (Nehls et al., 1994; Nehls et al., 1996). Since there is no TE colonization by LPC, the 

thymus rudiment fails to properly differentiate into TEC and degenerates into cysts 

(Vroegindeweij et al., 2010; reviewed by Vaidya et al., 2016).  

PT rudiment specification and differentiation is known to lean on the expression of 

parathyroid specific marker, glial cells missing homolog 2 (Gcm2) (Liu et al., 2007). Gcm2 

starts to be expressed in the 3PP at E9.5 (Figure 5A) and at E10.5 it defines the T/PT 
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common primordium (Gordon et al., 2001; and Figure 5B). During T/PT primordium 

patterning (at E11-E11.5, as described above), Foxn1 and Gcm2 occupy complementary 

domains of 3PP endoderm, ventral and dorsal regions, respectively (Gordon et al., 2001; 

and Figure 5C).  

 

 

Figure 5. Schematic representation of the sequential thymic and PT markers expression 
domains in PP and respective rudiments (in mice). A) Around E9.5, Gcm2 starts to be expressed 
in the 3PP endoderm. B) At E10.5, the 4PP is formed. C) In 3PP, at E11.5, the common 
primordium patterns into two domains, ventral domain (thymus rudiment) and dorsal domain 
(parathyroid rudiment). These domains express Foxn1 and Gcm2, respectively. D) By E12.5, the 
organ rudiments that have detached from the pharynx, separate from each other. E) At E13.5, 
the rudiments migrate to their final positions. A, Anterior; D, Dorsal; E, Embryonic day; PP, Pharyngeal 

Pouch; P, Posterior; V, Ventral. [From Gordon & Manley, 2011] 

 

In chicken embryos, the organ rudiments are inverted and consequently Foxn1 is 

expressed on the dorsal domain of both 3/4PP endoderm at cE4.5 (HH-stage25). 

Conversely, Gcm2 locates in the ventral domain of the 3/4PP endoderm, at cE3.5 (HH-

stage 22) (Neves, Dupin, Parreira, & le Douarin, 2012). The early expression pattern of Gcm2 

prior to T/PT common primordium formation may represent the evolutionary legacy or 

may suggest the need to preserve the PT fate in the PP endoderm (Figueiredo et al., 2020).  

Even though Foxn1 and Gcm2 are the first recognized markers of thymus and PT 

differentiation, respectively, upstream factors directly involved in lineage commitment 

of these organs are largely unknown.  

Some transcription factors known to act upstream of Foxn1 and Gcm2 are Tbx1 and the 

Hox-Eya-Six-Pax network (Hoxa3, Eya1, Six1, Pax1, Pax9), whose abnormalities lead to 

impaired thymus organogenesis (Vaidya HJ et al., 2016; and Figure 6).  
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Tbx1 is a transcription factor expressed in both PP endoderm and mesodermal core of 

Pharyngeal Arch (PA), since mE8.0 (Jerome & Papaioannou, 2001; Figure 6). Tbx1 mutations 

are responsible for DiGeorge syndrome in humans, which displays agenesis of 2-4PP and 

concomitant malformation of PP-derivate organs (Vitelli et al., 2002). Consequently, this 

syndrome presents cardiovascular defects, abnormal facial features, aplasia or 

hypoplasia of the thymus and PT glands (Jerome & Papaioannou, 2001). This gene plays a 

significant role in PA segmentation and PP formation, by interacting with several 

signalling pathways through various effectors, such as Fgf8 and Foxi3 (reviewed by 

Figueiredo et al., 2020; and Figure 6). 

The Hox-Eya-Six-Pax network genes are involved in early 3PP endoderm patterning and 

T/PT primordium development, as null mutants for each gene have normal pouch 

formation but hypoplastic organs (reviewed by Figueiredo et al., 2020; and Figure 6).  

Hoxa3 belongs to the homebox family of transcription factors and is expressed in 3/4PP 

endoderm and adjacent NC cells from E8.5-E9.5, in mice (Gordon, 2018) . Hoxa3 null 

phenotype shares similarities with DiGeorge Syndrome phenotype (Ivins et al., 2005). 

Although normal 3/4PP is formed and both Foxn1 and Gcm2 initiate their expression, 

the primordium undergoes apoptosis (Chojnowski et al., 2014). Hoxa3 is placed upstream 

in the network cascade, above Eya1/Six1 and Pax1/Pax9 (reviewed by Figueiredo et al., 

2020; Figure 6).  

Eya1 is a transcription co-activator, expressed from mE9.5 in the pharyngeal endoderm, 

NC-derived mesenchyme and ectoderm (Xu et al., 2002; review in Figueiredo et al., 2020). 

Eya1 mutant lack thymus and PT gland, with absence expression of Foxn1 and Gcm2 (Xu 

et al., 2002). Six1 is a transcription factor, whose expression is Eya1-dependent (X. Li et 

al., 2003; Xu et al., 2002; review in Figueiredo et al., 2020). Six1 mutant phenotype is similar 

to Hoxa3 null mutants (Zou et al., 2006).  

The transcription factors Pax1 and Pax9 have their expression restricted to the 

pharyngeal endoderm at mE8. Their expression is maintained during further 

development of TEC (review in Figueiredo et al., 2020; and Figure 6). Pax1-/- mutant presents 

hypoplastic thymic and PT glands; in Pax9-/- mutant, the T/PT primordium does not 

detach from the pharynx, developing into a polyp-like structure (Hetzer-Egger et al., 2002; 

Su et al., 2001). Despite being colonized by LPC, this structure is filled with apoptotic cells 
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(reviewed by Figueiredo et al., 2020). Gata3 is initially expressed in T/PT primordium, 

becoming restricted to the Gcm2 domain later, when the Foxn1 domain is also 

established (Figueiredo et al., 2016; reviewed by Figueiredo et al., 2020; and Figure 6). 

 

 

 
 

Figure 6. Schematic diagram of factors potential interactions in the early steps of the thymus 
development. Tbx1 and Hox-Eya-Six-Pax regulatory network of transcription factors operate 
during early initiation of T/PT primordium formation and act upstream Foxn1 and Gcm2.  
Color code of the different tissue compartments: Endoderm—from yellow to dark brown; mesoderm—
rose; NC mesenchyme—blue. Solid and dashed lines indicate known and hypothetical interactions, 

respectively. Bold font—transcription factor. Regular font—signalling molecule. E, Embryonic day; m, 

Mice; NC, Neural Crest [From Figueiredo et al., 2020] 

 

In addition to the transcriptional factors portrayed, major signalling pathways like bone 

morphogenetic protein (BMP), fibroblast growth factor (FGF), Wingless-int (Wnt), 

Notch, and Hedgehog, were also shown to be involved in the 3/4PP patterning and the 

early phases of thymus organogenesis (reviewed by Figueiredo M et al., 2020; and Figure 6). 



18 
 

During the past years, H. Neves and collaborators at the Instituto de Histologia e Biologia 

do Desenvolvimento (IHBD)-FMUL took advantage of the chicken model and chick-quail 

chimaera system to study epithelial-mesenchyme interactions at early stages of thymus 

organogenesis. This line of research shown the importance of Notch signalling for TE 

specification and parathyroid epithelium differentiation, in a Hedgehog dependent 

manner (Figueiredo et al., 2016). In addition, Foxn1 expression was unexpectedly detected 

in the 2PP endoderm (not a canonical pouch for thymus formation in avian), and its 

expression was modulated by Hedgehog signalling, in a similar manner to 3/4PP 

(canonical pouch for thymus formation in avian) (Figueiredo et al., 2016).  

These findings suggest that Foxn1-expression domains in the distinct endodermal 

pouches may embody a conserved potential to develop a thymus. In agreement, thymus 

derives from different pouches among jawed vertebrates (Rodewald, 2008), as well as the 

number of thymus organs per animal and the final anatomical positions of thymic lobes. 

Furthermore, accessory thymi were found in the cervical region in humans (Norris, 1938; 

Van Dyke, 1941) and mice (Dooley et al., 2006; Terszowski, 2006). 

As 2nd year medical student (2017/2018), my passion for Histology and interest for 

research inspired by H. Neves classes, headed me to the IHBD. When I arrived, H. Neves 

and her colleagues were just starting to seek this hypothesis. My work in the project 

started the year after, with the first application for the 22nd Program “Education for 

Science” (2018/2019).  
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2 

OBJECTIVES 

 

Considering the known diversity of PP location of thymic rudiment among vertebrates 

along with the previous findings of our Lab (Foxn1 expression in non-canonical pouches), 

we hypothesised the existence of a phylogenetically conserved genetic program to 

"make a thymus" embodied in the endoderm of different PP, independent of their 

specific anatomical location. In addition, this program may be (or not) restricted by 

differential, yet unknown, molecular cues provided by the adjacent pharyngeal arch (PA) 

mesenchyme. 
 

This thesis was included in a project of our research team aiming to investigate:  

1) if the potential to “make a thymus” is conserved in the endoderm of all pharyngeal 

pouches; if so, to unveil the conserved genetic program to “make a thymus” and 

2) if the mesenchyme of the pharyngeal arches regulates thymus formation; if so, to 

identify the signals responsible for this regulation. 

To achieve these objectives, we used the modified chick-quail chimaera system 

(Figueiredo et al., 2016; Figueiredo & Neves, 2018, 2019), in a stage of development prior to 

Foxn1 expression. Heterospecific associations of isolated embryonic tissues from quail 

PP endoderm (2PP and 3/4PP) and chicken mesenchyme (from several locations) were 

performed to evaluate the capacity to form a functional thymus. After in vitro and in ovo 

development, explants derived from the associated-tissues were collected and analysed 

by conventional histology and immunochemistry.  

During the first part of the project, I have participated in the preceding steps of the 

functional assays (in particular, eggs preparation for tissue isolation) and actively 

followed the running in vitro and in ovo experiments. My major contribution was 

performing all histological analysis. Briefly, all serial sections of the heterospecific 

associations samples (around 50) were qualitatively and quantitatively examined. I’ve 

learned to identify all growing embryonic tissues in the samples and, in particular, the 

thymus and PT glands.  
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Afterwards, we proceed to the transcriptomic analysis of isolated embryonic tissues by 

RNA sequencing, to find the genetic program to “make a thymus” and its regulatory 

signals.  

In this part of the project, I attended to the multiple meetings and contributed to the 

discussions of the results obtained after bioinformatic analysis. I’ve learned with our 

bioinformatic expert how these data are obtained and analysed. My major participation 

was to confirm gene identity and functional classification of the final set of genes 

obtained in the different tissues (total of ~2100 genes). For this analysis, I employed 

several bioinformatic platforms such as Ensembl, GEISHA (Gallus Expression In Situ 

Hybridization Analysis), MGI (Mouse Genome Informatics), UniProtKB, g:Profiler, Enrichr and 

inBio Discover. 
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   3 

MATERIALS AND METHODS 
 

This section is a modified version of the correspondent one found in: 
Isabel Alcobia, Margarida Gama-Carvalho, Leonor Magalhães, Vitor Proa, Domingos Henrique, Hélia Neves 
(2022). Thymus formation in uncharted embryonic territories. Available in BioRxiv   
doi:10.1101/2022.03.09.483697 https://biorxiv.org/cgi/content/short/2022.03.09.483697v1 

 

FUNCTIONAL ASSAYS 

Isolation of quail and chick embryonic tissues 

Fertilised Japanese quail (Coturnix coturnix japonica) and chicken (Gallus gallus) eggs 

were incubated at 38 °C in a humidified incubator and embryos were dissected at 

specific times of development. Embryos were staged by microscopic examination 

according to Hamburger and Hamilton stages (HH, Hamburger and Hamilton, 1951) in the 

chick and to corresponding HH-stages in the quail. Isolation of 1PP, 2PP and 

3/4PP endoderm was performed at embryonic day 3 (E3, HH-stage 21) of quail embryos 

and at E2.5 (HH-stage 19-20) of chick embryos, as previously described (Figueiredo & 

Neves, 2019; Le Douarin & Jotereau, 1975; Neves, Dupin, Parreira, & Le Douarin, 2012) (Figure 

7). Briefly, pharyngeal tissues were obtained by treating the wall of the 

embryonic pharynx  with a solution of pancreatin (8 mg/ml, Sigma) for 30–90 min on 

ice, which allowed separation of pure endoderm from the pharyngeal mesenchyme. 

Mesenchymal tissues of E2.5–E3 (HH-stages 18–19) chick embryos were dissociated 

from endodermal and ectodermal tissues by enzymatic digestion with pancreatin using 

the same procedure described above. Somatopleura tissues were obtained from the 

embryonic territories at the level of somites 19–24 (Figueiredo & Neves, 2019). 

 

In vitro tissue culture assay 

1PP, 2PP and 3/4PP endoderm were isolated from E3 quail embryos and grown in 

association with mesenchymal tissues isolated from E2.5 chick embryos, as described 

(Figueiredo & Neves, 2019; Neves, Dupin, Parreira, & Le Douarin, 2012; and Figure 7). Different 

sources of mesenchymal tissues were isolated: Somatopleura mesoderm; 3/4PA 

mesenchyme; 2PA mesenchyme; ventral territory of 2PA mesenchyme (2PAv); dorsal 

https://biorxiv.org/cgi/content/short/2022.03.09.483697v1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/coturnix-japonica
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gallus-gallus
https://www.sciencedirect.com/science/article/pii/S0012160611013285?via%3Dihub#bb0100
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endoderm
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pharynx
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pancreatin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mesenchyme
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territory of 2PA mesenchyme (2PAd); 1PA mesenchyme. In brief, 2–3 

endodermal explants (1PP, 2PP or 3/4PP endoderm) were combined with 2–3 

mesenchymal explants on Nucleopore membrane filters (Millipore) supported by fine 

meshed metal grids (Goodfellows). The grids were then placed into culture dishes and 

partly immersed in RPMI-1640 (Sigma) supplemented with 10% FBS (Invitrogen) and 1X 

Pen/Strep (Invitrogen). The heterospecific associated tissues were cultured for 48 h at 

37 °C in a humidified incubator containing 5% CO2. Following the incubation period, 

cultured tissues were either used for RNA isolation or grafted on the chorioallantoic 

membrane (CAM) of E8-chick embryos (Figure 7). Grafted tissues were allowed to further 

develop in ovo for 10 days in a humidified incubator at 38 °C, as described (Le Douarin & 

Jotereau, 1975; Neves, Dupin, Parreira, & Le Douarin, 2012; and Figure 7). 

 

Immunohistochemistry 

CAM-derived explants were fixed overnight in 4% paraformaldehyde/PBS at 4°C. 

Samples were then processed for immunohistochemistry, as described (Figueiredo et al., 

201; and Figure 7). Paraffin sections of explants developed in ovo for 10 days were 

analysed by haematoxylin-eosin staining (H&E) to determine the number, size and 

morphology of thymic lobes and parathyroid glands formed. Sections of CAM-explants 

were further treated for immunocytochemistry with the mAb Quail PeriNuclear (QCPN) 

antibody (for labelling of quail cells), CD3 antibody (Dako M725429-2, for labelling T-

lymphoid cells) and anti-pan [Lu-5] Cytokeratin antibody (Pan CK) (Abcam; for labelling 

epithelial cells), as described (Figueiredo & Neves, 2018; Neves, Dupin, Parreira, & Le Douarin, 

2012) .  

 

Microscopy 

H&E and immunohistochemistry images were collected using Software Leica Firewire 

and Leica DM2500 microscope with Leica DFC420 camera.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/explant
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/incubation-time
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rna-isolation
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Figure 7. Schematic representation of the functional assays, using modified chick-quail 

chimera system. Isolation of endodermal tissue from a quail (E3) and mesenchyme tissues from 

chicken (E2.5) was performed. Several combinations of endoderm and mesenchyme tissues 

were in vitro associated for 48h. The heterospecific cultured tissues were then grafted into the 

CAM of a chicken embryo (E8) and allowed to develop in ovo for further 10 days. The explants 

were then collected and analysed by conventional histology and immunochemistry. c, Chicken; 

CAM, Chorioallantoic Membrane; D, Dorsal Territory; E, Embryonic day; H&E, Haematoxylin-Eosin stain; 

PA, Pharyngeal Arch; PP, Pharyngeal Pouch; q, Quail; SM, Somatopleura Mesoderm; V, Ventral Territory. 

 

 

TRANSCRIPTOMIC PROFILE ACQUISITION AND ANALYSIS 

    This part of the project was done in collaboration with, Margarida Carvalho, at FCUL, who 
performed the bioinformatic analysis.  

 

RNA library preparation 

Total RNA from the samples was extracted using a combination of TRIzol reagent 

(Invitrogen) and RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions 

(Figueiredo et al., 2016). RNA samples were obtained from freshly isolated embryonic 

tissues of quail endoderm at E3 and chicken mesenchyme at E2.5. The isolated 

endoderm tissues were 2PP endoderm, 3/4PP endoderm and central pharynx region 

(Pharynx). The isolated mesenchyme tissues were 3/4PA mesenchyme and dorsal 

territory of 2PA mesenchyme (2PAd). Three replicates of 15-20 explants per sample 

were generated for each condition. Total RNA samples were validated for concentration 

and integrity (RIN ≥ 7) and 1 µg of total RNA was used to prepare libraries with the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/trizol
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Stranded mRNA Library Preparation Kit according to manufacturer’s instructions. 

Libraries were sequenced on an Illumina Novaseq platform with paired end 150bp reads 

(acquired as a service to STAB Vida), with an average yield of 25M reads per sample 

(R1+R2). The raw RNA-Seq datasets are available through the European Nucleotide 

Archive under the study accession number PRJEB51508 (Gallus gallus dataset) and 

PRJEB51507 (C. coturnix dataset). 

 

RNA-Seq data analysis 

Following quality assessment using FastQC version 0.11.5 (https://www.bioinformatics. 

babraham.ac.uk/projects/fastqc/), Cutadapt was used to remove sequencing adaptors 

and trim the first 10 nucleotides (Martin, 2011). The trimmed data was then filtered using 

in-house developed Perl script in order to remove reads with unknown nucleotides, 

homopolymers with length ≥50 nt or an average Phred score <30 (Amaral et al., 2014). 

Remaining reads, corresponding on average to 80% of the raw data, were aligned to the 

Ensemble genome references Coturnix_japonica_2.0 (GCA_001577835.1) or GRCg6a 

(GCA_000002315.5) for quail or chicken libraries, respectively.  Alignment was 

performed using STAR version 2.5.0 with the following options: –outFilterType BySJout 

–alignSJoverhangMin 8 –alignSJDBoverhangMin 5 –alignIntronMax 100000 –

outSAMtype BAM SortedByCoordinate –twopassMode Basic –

outFilterScoreMinOverLread 0 –outFilterMatchNminOverLread 0 –outFilterMatchNmin 

0 –outFilterMultimapNmax 1 –limitBAMsortRAM 10000000000 –quantMode 

GeneCounts (Dobin et al., 2013). Gene counts were determined using the htseq-count 

function from HTseq (version 0.9.1) (Anders et al., 2015) in union mode and discarding 

low quality score alignments (–a 10), using the Ensembl Coturnix_japonica_2.0 or 

GRCg6a genome annotations. On average, 67% and 77% of the filtered reads from quail 

and chicken samples mapped to a single genomic location, corresponding to ~14 500 

and ~15 400 detected genes, respectively. Dataset 1 presents the summary information 

of the RNA-seq datasets.  

Clustering of normalized gene counts and Principal Component Analysis (PCA) for 

exploratory data analysis were performed with the pheatmap R package using the 

euclidean distance matrix computation of the dist function, and the ggfortify:plotPCA 

function, respectively. 



25 
 

Differential Expression Analysis (DEA) for RNA-Seq gene counts was performed with the 

limma Bioconductor package using the voom method to convert the read-counts to 

log2-cpm, with associated weights, for linear modeling (Law et al., 2014; Ritchie et al., 

2015). Differential gene expression analysis was performed by making all possible 

comparisons between the three C. japonica experimental conditions or by comparing 

the two G. gallus experimental conditions, using all available replicate data. Genes 

showing up or down-regulation with an adjusted p value <0.01 and a log2 fold change 

(log2FC) of |log2FC|>0.6 were considered differentially expressed.  

GO analysis to elucidate potential biological processes associated to up-regulated genes 

was performed using inBio Discover (T. Li et al., 2017) and g:Profiler (Reimand et al., 2007). 

Heatmaps for differentially expressed genes were generated using the pheatmap 

function from the R pheatmap package with the ward.D or complete clustering method, 

for all genes or only transcription factors, respectively. 

 

Functional Enrichment Analysis 

Functional annotations were downloaded from Ensembl Genes 105 for the quail 

(Coturnix_japonica_2.0) and chicken (GRCg6a) genes using the integrated Biomart 

interface. Functional enrichment of differentially expressed genes was performed with 

the GOfuncR package version 1.14.0 using all the detected genes in our dataset as 

background and the core function goenrich with default parameters (hypergeometric 

test, 1000 randomizations), considering as significant as FDR < 0.01. 

 

Identification and Classification of the Differentially Expressed Genes 

For the identification of the differentially expressed genes, for which the Ensembl 

genome annotation did not provide a Gene Symbol alias (422 genes), the correspondent 

ENSEMBL gene ID was manually searched in Ensembl and NCBI Gene resources. When 

this approach did not identify a match, the Ensembl Database was searched for highly 

similar sequences using BLAST alignment and the gene symbol for the top scoring gene 

alignment was used as alias. Genes functions were further studied using the respective 

bioinformatic platforms: Ensembl (Kuleshov et al., 2016), GEISHA (Gallus Expression In Situ 

Hybridization Analysis, Darnell et al., 2007), MGI (Mouse Genome Informatics, Bult et al., 2019), 

UniProtKB , g:Profiler (Reimand et al., 2007) and Enrichr (Kuleshov et al., 2016).  
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          4 

                             RESULTS AND DISCUSSION 

 

This section is a modified version of the correspondent one found in: 
Isabel Alcobia, Margarida Gama-Carvalho, Leonor Magalhães, Vitor Proa, Domingos Henrique, Hélia Neves 
(2022). Thymus formation in uncharted embryonic territories. Available in BioRxiv   
doi:10.1101/2022.03.09.483697 https://biorxiv.org/cgi/content/short/2022.03.09.483697v1 

 

 

GENERAL FUNCTIONAL ASSAYS RESULTS – ENDODERM AND MESENCHYME DERIVATIVES 

The first results of this study were obtained after extensive histological analysis of 

explants derived from associations of PP endoderm and mesenchyme. For this process, 

I’ve learned to identify and characterize all embryonic tissues grown in the explants. 

Besides the major focus on thymus and PT glands formation, and as expected, 

associations derived explants originated several other embryonic tissues/organs (Figure 

8). Namely, all the associations of endoderm from different PP (1PP, 2PP, 3/4PP) 

presented the thyroid gland (Figure 8a). During the isolation procedure, thyroid rudiment 

was intentionally kept in the dissected endoderm, to be used as a quality control for 

endoderm development in vitro and in ovo. Additionally, simple columnar to simple 

cuboidal epithelium were found in the samples, revealing the initial developmental 

stages of the future digestive and respiratory tract epithelium, respectively. Caliciform 

cells were also identified in these epithelia. All epithelial cells (except for vessels) derived 

from quail endoderm (QCPN+ cells). Most of the samples displayed eosinophilic infiltrate 

(Figure 8b), as well as cartilage (Figure 8d). Other recurrently recognized tissues were 

bone (Figure 8c), smooth muscle (Figure 8e), skeletal muscle, and specialized conjunctive 

tissue derived from chicken tissues (QCPN- cells). These results showed the capacity of 

associated tissues (endoderm and mesenchyme) to differentiate in vitro and in ovo. 

Occasionally, feathers (QCPN+ cells) were also identified revealing some ectoderm 

contamination during endoderm isolation procedure (Figure 8f).  

 

https://biorxiv.org/cgi/content/short/2022.03.09.483697v1
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Figure 8. Sections of embryonic tissues and organs found in heterospecific associations 

explants (H&E stain). Heterospecific associations supported the development of several 

embryonic tissues/organ, such as thyroid gland (a); eosinophil cells (b, arrowheads); bones (c); 

cartilage (d); smooth muscle (e, arrowheads) and feathers (f, arrowhead). Scale bars, 100µm. 
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ENDODERM FROM DIFFERENT PHARYNGEAL POUCHES CONSERVES THYMIC POTENTIAL 

The 2PP endoderm has similar thymic potential to the 3/4PP endoderm 

During chicken embryonic development, TE derives from the 3/4PP endoderm 

(canonical pouch). To evaluate the capacity of non-canonical pouches to form a thymus, 

we started by removing them from their natural environment and associate with a 

permissive mesenchyme, the somatopleura mesoderm (SM) (in Materials and Methods, 

Figure 7). The SM capacity to support thymus development at ectopic locations in the 

embryo was previously demonstrated when grafting 3/4PP endoderm into the body wall 

of a chicken embryo (Le Lièvre & Le Douarin, 1975; Neves, Dupin, Parreira, & Le Douarin, 

2012).  

Using a modified chick-quail chimera system, 2PP endoderm was isolated from quail (q) 

embryos at E3 and in vitro associated with chicken (c) E2,5 SM, for 48h (Figueiredo & 

Neves, 2019; Neves, Dupin, Parreira, & Le Douarin, 2012). To evaluate the capacity of this 

heterospecific association to form a thymus, the 48h-cultured tissues were then grafted 

into the chorioallantoic membrane (CAM) of a chicken embryo (E8) and allowed to 

develop in ovo for further 10 days (Figueiredo et al., 2016; Figueiredo & Neves, 2018; Figure 

7). The CAM behaves as a vascular supplier of nutrients and allows gas exchanges to 

grafted tissues, enabling their development in ovo for longer periods of time. In parallel, 

associations of 3/4PP endoderm (qE3) with SM (cE2,5) were used as positive control.  

Morphological analysis of tissues formed in CAM-explants was performed by 

conventional histology and immunohistochemistry, as previously described (Figueiredo 

et al., 2016; Figueiredo & Neves, 2018). Endoderm-derived cells were identified by 

immunohistochemistry using quail-specific antibody, mAb Quail PeriNuclear (QCPN).  

Similar to control associations of 3/4PP endoderm, the 2PP endoderm-derived CAM-

explants contained fully formed chimeric thymus with cortical and medullary 

compartments (Figure 9a and Figure 9d). Quail-derived thymic epithelium displayed a 

reticular architecture (QCPN+, Figure 9b and Figure 9e) and it was colonized by lymphoid 

progenitor cells of donor origin (chicken) (Figure 9c and Figure 9f). The presence of CD3+ 

T-lymphocytes was also confirmed in these ectopic thymic structures. Considering 

pairwise developmental stage (qE12 and cE15), one in four lymphoid cells of chimeric 
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thymus should express the CD3 marker (data not shown, results from Carlota Lucena Master 

thesis; Ainsworth et al., 2010). Similar CD3+ cell numbers were observed in chimeric 

thymus from 2PP or 3/4PP endoderm-derived CAM-explants (Figure 9c and Figure 9f).  

 

 

Figure 9. Thymus formation in CAM-derived explants of PP endoderm and somatopleura 

mesoderm associations. Serial sections of thymi stained with H&E (a and d), and 

immunodetected with QCPN (quail cells) (b and e) and CD3 (T-cells) (c and f) antibodies. Top 

panel (a-c) - Thymus derived from associations of quail 3PP endoderm with chicken SM. Bottom 

panel (d-e) - Thymus derived from associations of quail 2PP endoderm with chicken SM. 

Arrowheads point immunostaining positive cells for QCPN (quail thymic epithelium) and for CD3 

(chicken T-cells differentiated in the thymus). CAM, Chorioallantoic Membrane; PP, Pharyngeal 

Pouch; SM, Somatopleura Mesoderm. Scale bars, 100µm. 

 

The 2PP endoderm-derived CAM-explants with a fully formed thymus (n=6/6) were 

identical to those obtained when canonical 3/4PP was tested under the same conditions 

(n=5/5) (Table 1).  

 

Heterospecific association of tissues 2PP endoderm 3/4PP endoderm 

Somatopleura mesoderm 6/6 5/5 

3/4 PA mesenchyme 3/3 3/3 

2 PA mesenchyme ND 2/3 

2 PA mesenchyme - Ventral territory ND 3/3 

2 PA mesenchyme - Dorsal territory ND 1/5 

 

Table 1. Chimeric thymus in CAM-explants. Number of samples with thymus per total number 
of samples. ND, Not Done; PP, Pharyngeal Pouch; PA, Pharyngeal Arch 
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As demonstrated, the 2PP endoderm is capable of forming a fully arranged and 

functional chimeric thymus in similar way as 3/4PP endoderm, when exposed to same 

permissive mesenchymes. These results point to the existence of a conserved program 

to form a thymus embodied in the endoderm of different PPs, independently of their 

specific anatomical location.  

Remarkably, the 2PP endoderm-derived explants also gave rise to parathyroid glands 

(n=4/6; Table 2), suggesting an extended conservation mechanism in the formation of 

both organs, within distinct pouches. 

 

Heterospecific association of tissues 2PP endoderm 3/4PP endoderm 

Somatopleura mesoderm 3/6 2/5 

3/4 PA mesenchyme 0/2 3/3 

2 PA mesenchyme ND 2/2 

2 PA mesenchyme - Ventral territory ND 2/3 

2 PA mesenchyme - Dorsal territory  ND 5/5 

 
Table 2. Chimeric parathyroids in CAM-explants. Number of samples with parathyroids per 
total number of samples. ND, Not Done; PP, Pharyngeal Pouch; PA, Pharyngeal Arch 

 

Still, no thymus was formed when 1PP endoderm was associated with SM. Only small 

epithelial clusters were observed (n=5/6), with scarce CD3+ cells, suggesting a residual 

potential of this pouch endoderm to develop a thymic-like epithelium (Figure 10).  

 

Figure 10. Lymphoid clusters in CAM-derived explants of 1PP endoderm and Somatopleura 

mesoderm associations. Serial sections of thymi stained with H&E (a), and immunodetected 

with QCPN (quail cells) (b), CD3 (T-cells) (c) and anti-pan cytokeratin (CK) antibody (epithelial cell 

marker) (d) antibodies. Lymphoid clusters derived from associations of quail 1PP endoderm with 
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chicken SM. Arrowheads point immunostaining positive cells for QCPN (quail thymic epithelium) 

and for CD3 (chicken T-cells differentiated in the thymus). CAM, Chorioallantoic Membrane; PP, 

Pharyngeal Pouch; SM, Somatopleura Mesoderm. Scale bars, 100µm. 

 

The 2PP and 3PP endoderm share a conserved genetic program    

Considering the capacity of 2PP endoderm to give rise to thymus epithelium, we then 

asked if this endoderm tissue could share a common genetic program with the 3/4PP 

endoderm.  

To evaluate this, the anterior endoderm region at qE3 was isolated (Figueiredo & Neves, 

2019; Neves, Dupin, Parreira, & Le Douarin, 2012) and separated in three regions (Figure 11a): 

2PP, 3/4PP and the central territory of anterior endoderm (pharynx), the latter as a 

negative control to thymic potential. Total RNA was isolated from three biological 

replicate samples of each region and used to generate libraries for Illumina paired-end 

mRNA-seq. High quality sequencing datasets were obtained for all samples, with an 

average 7 million reads mapping uniquely to the quail genome, corresponding to the 

detection of ~14 500 genes (Dataset 1).  

Analysis of this dataset identified the differentially expressed (DE) genes between the 

three tissues (Figure 11b). In general evaluation and as expected, a greater similarity of 

transcription profiles is displayed between the 3/4PP and 2PP, when compared with the 

central portion of the pharynx endoderm (Figure 11b). 

In particular, comparing the pouches’ endoderm to pharynx, 492 and 555 up-regulated 

transcripts (log2FC >0.6, adj pval <0.01) were detected in 3/4PP and 2PP endoderm, 

respectively (Figure 11c and Figure 11d; the complete list of DE genes can be found in Dataset 

2). Each group of the above upregulated transcripts, 41 (of 492 genes in 3/4PP 

endoderm) and 56 (of 555 genes in 2PP endoderm) did not display Gene Symbol, which 

was then manually search (see Material and Methods).  
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Figure 11. Transcriptional profiles of isolated pharyngeal endoderm tissues. a) Schematic 

representation of distinct endoderm tissues isolated from the embryonic pharyngeal region at 

qE3. b) Heatmap showing differentially expressed genes in the pharynx, 3/4PP and 2PP 

endoderm (Log2 Fold Change (FC) >0.6 and <−0.6, and P-value <0.01). c) and d) Volcano plots 

depict differentially expressed transcripts of 3/4PP and 2PP, respectively, comparing with the 

pharynx. Red dots highlight transcripts passing the log2FC and adj pvalue cut-offs and blue dots 

highlights transcripts with adj pval <0.01. A, Anterior; L, Left; P, Posterior;  PP, Pharyngeal Pouch; R, 

Right. 
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Of these, 262 transcripts were commonly up-regulated in both 2PP and 3/4 PP pouches, 

with 31 of these genes annotated as encoding Transcription Factors and Regulators 

(TF&R) (Figure 11c-d and Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Schematic representation of the genetic profile of distinct PP progenitors. The 

enrichment of up-regulated transcription factors and regulators when comparing PPs with the 

pharynx. Schematic view of a cascade of transcription profiles as the common PP endoderm 

progenitor increases in thymic potential. PP, Pharyngeal Pouch 

 

A closer examination uncovered 31 up-regulated transcripts encoding Transcription 

Factors and Regulators (TF&R) common to PP endoderm (Figure 12). Considering the 

ability shown by the 2PP endoderm to mimic 3/4PP endoderm developmental potential, 

the set of commonly enriched transcripts should reflect a shared genetic program 

regulating the establishment of a general PP endoderm progenitor population (Figure 12). 

One may wonder if a conserved thymic potential is embodied within this genetic 
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program. In effect, various of these up-regulated transcripts encodes TF&Rs that have 

been shown to play crucial roles in early stages of T/PT organogenesis in mouse, chicken 

and human, namely EYA1/SIX1 (X. Li et al., 2003); and Figure 6) and NOTCH1/GLI3 

(Figueiredo et al., 2016; and Figure 6). Figueiredo et al demonstrated that Notch signalling 

operates in a Hh-dependent manner during early development of T/PT common 

primordium. The most evident expression of GLI3 (Hedgehog target gene), in situ, was 

found in dorsal tip of the 3PP endoderm, at E3-E4 (Figueiredo et al., 2016). NEUROD1, 

another up-regulated transcription factor that was recently found to be expressed in 

later stages of thymic development, by neuroendocrine cells, a subset of mTEC (Bautista 

et al., 2021; Park et al., 2020). 

 

In addition, we found 3 transcripts encoding other TF&Rs, MEOX1, MAFB and FOXI2, 

which, despite being common to both PP, show higher expression in 3/4PP endoderm 

when compared to 2PP endoderm. This suggests the existence of an “intermediate” 

stage of commitment into 3/4PP endoderm, starting from the common progenitor 

(Figure 12). MABF and MEOX1 were mainly identified in parathyroid development. MABF 

has been described to regulate later steps on parathyroid development, mainly in PT 

separation and migration from the thymus. MAFB is also involved in PTH secretion, 

acting synergically with Gcm2, by binding to PTH promoter (Kamitani-Kawamoto et al., 

2011; Magaletta et al., 2022). MEOX1 is classically known to be required for somitogenesis, 

especially sclerotome formation, and for vascular cell proliferation regulation (Nguyen et 

al., 2014; Reijntjes et al., 2007). FOXI2 was shown to be expressed in PA mesenchyme of 

chicken embryos (Khatri & Groves, 2013).  

Conversely, we found 6 transcripts encoding TF&Rs with higher expression in 2PP 

endoderm (DLX3, EMX2, MSX1, TFAP2A, VGLL and TLX1), which might pinpoint to a 

similar “intermediate” stage of commitment into 2PP endoderm (Figure 12). 

Interestingly, TFAP2A acts up-stream of MSX1 and MAFB in neural crest progenitors 

(Enkhmandakh & Bayarsaihan, 2015), and mutations in this gene cause branchio-oculo-

facial syndrome.  

Lastly, our data also revealed the existence of a set of 23 transcripts encoding TF&Rs up-

regulated in 2PP versus 3/4PP endoderm, and 33 TF&Rs upregulated in 3/4PP versus 
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2PP (Figure 12 and Figure 13). These two gene-sets may represent a further step into the 

gene cascade that regulates the acquisition of 2PP and 3/4PP identities. 

Several up-regulated transcripts in 3/4PP endoderm encode TF&Rs like GCM2, HOXA3, 

GATA3, PAX1 and PAX9, which are known to be crucial in 3/4PP patterning and T/PT 

common primordium specification in various animal models (reviewed by Figueiredo et al., 

2020; and Figure 6). Other transcripts, encoding TF&Rs HOXA2, NKX2-5, MYC, GBX2, SALL1 

and PRDM1, were recently detected in immature pharyngeal cells and thymic 

epithelium progenitors (Magaletta et al., 2022). In particular, NKX2-5 acts as a Foxn1-

independent early marker of thymus fated cells, having its expression restricted to the 

endoderm of the presumptive thymic domain, at mE10.5 (Wei & Condie, 2011). GBX2 is 

required for normal arch artery development (specially 4PA artery), as null GBX2 mutant 

displays similar cardiovascular defects to DiGeorge Syndrome - TBX1 mutation 

phenotype (Calmont et al., 2009; Ivins et al., 2005). GBX2 was recently described to be a 

downstream of TBX1 and PAX9. The three genes are expressed in the pharyngeal 

endoderm at E9.5 and E10.5, in mice (Stothard et al., 2020).  

We note a strong enrichment of transcripts encoding Hox genes in the 3/4PP endoderm, 

when compared to 2PP endoderm (Figure 13). Hox (Homeobox) genes are a cluster of 

transcription factors responsible for positional identity along the Anterior-Posterior axis 

of the embryo. Specific combinations of Hox-genes code define the distinct regions on 

AP-axis (Gordon, 2018). Besides the well described HOXA3 (reviewed by Figueiredo et al., 

2020), the enrichment in Hox genes (HOXA2, HOXA4, HOXB2, HOXD4) suggests the 

existence of a specific Hox boundary at the interface between the second and 

third/fourth pharyngeal arches, likely important to define the identity of each pouch.  

Finally, we detected up-regulation of three Notch-targets transcripts in 3/4PP 

endoderm, HEYL, HES5, and the already mentioned GATA3, pointing to an overlooked 

involvement of Notch activity in these early stages of thymus organogenesis (Figueiredo 

et al., 2016; Figure 12 and Figure 13).  
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Figure 13. Heatmap of Transcription Factors and Regulators Differentially Expressed in the 

pharyngeal endodermal tissues. Depicts the most up-regulated transcripts in 3/4PP (Log2FC 

>0.6 and <−0.6, and P-value <0.01, and P-value <0.01). PP, Pharyngeal Pouch. 

 

 

The genetic signature of prospective thymic rudiment in 3/4PP endoderm. 

While the previous analysis focused on examining gene expression changes that might 

underlie the initial acquisition of a thymic potential in the PP endoderm, understanding 

how thymus development is restricted to the 3/4PP endoderm might be better 

approached by directly comparing the transcriptomes of the 2PP and 3/4PP endoderm. 

This analysis revealed that 165 transcripts are upregulated in 3/4PP endoderm when 

comparing with 2PP endoderm, whereas 353 transcripts are downregulated (Figure 14a-

b, and Dataset 2). From the total 518 transcripts, only 31 were manually searched for 

Gene Symbol (see Material and Methods). 

inBio Discover analysis of these differentially expressed genes revealed GO-term 

enrichment mainly in morphogenesis and vascular development (Figure 14c). This 

analysis also revealed an association of 2PP endoderm up-regulated genes with GO-

terms of negative regulation of developmental processes (Figure 14c).  
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Figure 14. Differential gene expression analyses reveal discrete transcriptomic signature of 

2PP and 3/4PP endoderm. a) Heatmap showing differentially expressed genes in 3/4PP and 2PP 

endoderm (Log2FC >0.6 and <−0.6, and P-value <0.01). b) Volcano plot depicts differentially 

expressed transcripts of 3/4PP endoderm comparing with the 2PP endoderm. Red dots highlight 

transcripts passing the log2FC and adj pvalue cut-offs and blue dots highlights transcripts with 

adj pval <0.01. c) Bar plot depicting inBio Discover analysis of Top 5 Gene ontology (GO) – 

Bio.Process for 518 genes differentially expressed in 3/4PP and 2PP endoderm. ASF, Anatomical 

structure formation; PP, Pharyngeal Pouch. 

 

Functional gene annotation identified 34 transcripts encoding TF&Rs specifically up-

regulated in 3/4PP endoderm. 10 of these encode HOX TFs (Figure 14b and Figure 15), and 

this strong enrichment in Hox gene expression in 3/4PP endoderm reinforces the 

hypothesis that there is a clear identity boundary between 2PP and 3/4PP, probably 

critical for correct thymus specification. Indeed, HOXA2 and HOXA3 have been 

associated to T/PT formation, and HOXB1, HOXB2, HOXB4 and HOXB5 were recently 

associated to ultimobranchial body formation in mouse 4PP endoderm (Magaletta et al., 

b. a. 

c. 

c. 
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2022). Of the remaining 24 up-regulated TF&Rs in 3/4PP endoderm, SOX3 was shown to 

be required for PP formation and consequently to craniofacial morphogenesis (Rizzoti & 

Lovell-Badge, 2007). 

The analysis of TF&R genes in 2PP endoderm revealed a set of 40 up-regulated 

transcripts (Figure 14b and Figure 15). Of these, GRHL3, TP63, TFAP2A, MSX1, MSX2, 

TBX10, DLX5 and SOX9 are known to be involved in orofacial cleft disease (Reynolds et 

al., 2019, 2020). Namely, GRHL3 was found to be a putative new transcriptional 

regulator of the medullary thymic epithelial sub-lineage (Park et al., 2020; Magaletta ME et 

al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Transcriptomic Signature of 3/4PP and 2PP endoderm. a) Heatmap showing the 

selected transcription factors and regulators differentially expressed in 3/4PP and 2PP 

endoderm (log2FC >0.6 and <−0.6, and P-value <0.01). PP, Pharyngeal Pouch. 
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MESENCHYME FROM PHARYNGEAL ARCHES REGULATES THYMIC FORMATION 

The mesenchyme of the PA modulates thymic potential of PP endoderm. 

The capacity of 2PP endoderm to form a thymus when associated with ectopic 

mesenchyme reveals not only the thymic potential in this region but also that signals 

from adjacent PA mesenchyme are important to regulate such potential in PP 

endoderm. The fact that 2PP does not normally give rise to thymus might indicate that 

the underlying 2PA mesenchyme is unable to promote thymus development, or that it 

can even provide a local repressive environment for thymus formation. Conversely, the 

mesenchyme of 3/4 PA is expected to produce signals that promote thymus formation 

in the overlying endoderm. 

To test these hypotheses, 2PP endoderm was isolated from chicken embryos and 

associated in vitro with 3/4 PA mesenchyme, followed by growth in ovo, as described 

above. As expected, thymus was formed in 2PP endoderm-derived CAM-explants 

(n=3/3; Table 1) with the typical thymic characteristics (Figures 16a-c). Similarly, thymus 

was formed in 3/4 PP and 3/4PA associations (n=3/3, Figures 16d-f, Table 1). These results 

confirm the capacity of 3/4PA mesenchyme to promote thymus development.  

To test for the presence of thymus-repressive signals in 2PA mesenchyme, this was 

associated with 3/4PP endoderm. Surprisingly, normal thymus was formed in CAM-

explants derived from these associations (n=3/3, Figures 16g-I, Table 1). Considering that 

thymic rudiments in chicken embryos emerge at the dorsal domain of 3/4PP, we asked 

whether the mesenchyme of the arches could have regionalized properties along the 

dorso-ventral axis. The 2PA mesenchyme was isolated and further sectioned into dorsal 

(2PAd) and ventral (2PAv) regions, by microsurgical procedures (Figueiredo & Neves, 

2019). These sub-regions were then associated with 2PP or 3/4PP endoderm. CAM-

explants derived from 3/4PP endoderm and 2PAv mesenchyme associations displayed 

normal thymus formation (n=3/3, Figures 16j-l, Table 1). Conversely, only one in six CAM-

explants presented thymus when 3/4PP endoderm was associated with 2PAd 

mesenchyme, revealing its inhibitory properties for thymus formation. This property 

seems restricted to thymus potential, as parathyroid glands develop in the presence of 

2PAd mesenchyme (n=5/5, Table 2). Of notice, the 1PA mesenchyme also showed 
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permissive properties to thymus formation. Tissue associations of 3/4PP endoderm with 

1PA mesenchyme were able to form a thymus (n=5/6).  

Together, these results show that the local mesenchyme of the pharyngeal arches 

regulates the potential thymic outcome in distinct pouches.  

 

 

 

Figure 16. Thymus formation in CAM-derived explants of PP endoderm and mesenchyme 

associations.  Serial sections of thymi stained with H&E (a, d, g and j), and immunodetected with 

QCPN (quail cells) (b, e, h and k) and CD3 (T-cells) (c, f, i and l) antibodies. First panel (a-c) - 

thymus derived from associations of quail 2PP endoderm with chicken 3/4PA mesenchyme. 

Second panel (d-f) - thymus derived from associations of quail 3/4PP endoderm with chicken 

3/4PA mesenchyme. Third panel (g-i) - thymus derived from associations of quail 3/4PP 

endoderm with chicken 2PA mesenchyme. Fourth panel (j-l) - thymus derived from associations 

of quail 3/4PP endoderm with chicken ventral territory of 2PA mesenchyme. Arrowheads point 

immunostaining positive cells for QCPN (quail thymic epithelium) and for CD3 (chicken T-cells 

differentiated in the thymus). CAM, Chorioallantoic Membrane; E, Embryonic day; PA, Pharyngeal 

Arch; PP, Pharyngeal Pouch; PT, Parathyroid gland. Scale bars, 100µm. 
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PA mesenchymal signals that regulate PP thymic potential. 

To unravel the mesenchyme-derived signals that modulate thymus formation, we 

performed an unbiased, in-depth transcriptome analysis of isolated mesenchymal 

tissues from distinct PAs at cE2.5: 3/4PA, corresponding to a microenvironment 

favouring thymus formation; and the dorsal region of 2PA (2Pad), which we 

demonstrated as having inhibitory properties to thymus development (Figure 17a). Total 

RNA was isolated from three biological replicate samples from the two regions and 

mRNA libraries were generated for paired-end illumina sequencing. High quality RNA-

seq datasets were recovered for all samples, with an average of 7.7 million reads 

mapping uniquely to the Gallus gallus genome, corresponding to an average detection 

of ~15 400 genes (Dataset 1).  

Of these, 532 transcripts were found to be differentially expressed between 3/4PA and 

2PAd with a log2FC >0.6 (adj pval <0.01) (Figures 17b-c, a complete list of genes in Dataset 

2). From these 532 transcripts, 294 transcripts needed the Gene Symbol to be searched 

(see Material and Methods). 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 17. Transcriptional profiles of pharyngeal mesenchyme tissues. a) Schematic 

representation of distinct mesenchyme tissues isolated from the embryonic pharyngeal region 

at qE3. b) Heatmap showing differentially expressed genes in the 2PAd and 3/4PA (fold change 

>0.6 and <−0.6, and P-value <0.01). c) Volcano plot depicts differentially expressed transcripts 

b. c. 

a. 
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of 3/4PA comparing with 2PAd. Red dots highlight transcripts passing the log2FC and adj pvalue 

cut-offs and blue dots highlights transcripts with adj pval <0.01. A, Anterior; D, Dorsal; L, Left; P, 

Posterior; PA, Pharyngeal Arch; PAd, Pharyngeal Arch - dorsal territory; PP, Pharyngeal Pouch; R, Right; V, 

Ventral. 

 

The inBio Discover analysis of Top 5 Gene ontology (GO) – Bio.Process of the 317 

upregulated genes in 3/4PA mesenchyme, revealed an enrichment in GO-terms related 

to vascular development processes (Figure 18). Similar results were obtained for the 176 

upregulated genes in 2PAd mesenchyme. Still, an enrichment in GO-terms related to 

epithelial to mesenchymal transition (EMT) processes was also identified for these 

transcripts (Figure 18).  

 

 

Figure 18. Bar plot depicting inBio Discover analysis of Top 5 Gene ontology (GO). Bio.Process 

for 317 genes differentially expressed in 3/4PA mesenchyme versus 2PAd mesenchyme. EMT, 

Epithelial to Mesenchymal Transition; PA, Pharyngeal Arch; PAd, Pharyngeal Arch - dorsal territory. 

 

A detailed inspection of major signalling pathways (VEGF, Retinoid Acid, BMP, Wnt, 

Notch, EPH-Ephrin, FGF and Hedgehog) was also performed (Figure 19a and Table 3). We 

found a clear difference in gene enrichment for distinct signalling pathways when the 

two tissues were compared. All the major signalling pathways, with exception for Wnt, 

were enriched in the 3/4PA when compared to 2PAd (Table 3).  
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Figure 19. Treemaps depict up-regulated transcripts of major signalling pathways. VEGF, 

Retinoid Acid, BMP, Wnt, Notch, EPH-Ephrin, FGF and Hedgehog expression in 3/4PA vs 2Pad (a) 

and 3/4PP vs 2PP (b). PA, Pharyngeal Arch; PP, Pharyngeal Pouch; RA, Retinoic Acid. 

 

As expected, several transcripts for BMP ligands were up-regulated in the 3/4PA 

mesenchyme (Bleul & Boehm, 2005; Gordon et al., 2010; Jerome-majewska et al., 2002; Neves, 

Dupin, Parreira, & Le Douarin, 2012; Patel et al., 2006), when compared to 2PAd 

mesenchyme. Namely, one of BMP ligands detected was BMP4. In avian model, BMP4 

expression by mesenchymal cells adjacent to 3/4PP is necessary for early development 

of thymic and PT rudiments from these PP. This mesenchymal expression is limited in 

time and maintained until the endoderm of these PP starts expressing BMP4. This is a 

good example of one of many epithelial-mesenchyme interactions occurring in thymus 

development (Neves, Dupin, Parreira, & Le Douarin, 2012). Interestingly, the only transcript 

from the BMP pathway found upregulated in 2PAd was CHRDL1 (Table 3). CHRDL1 is 

known to be a secreted antagonist of BMP4 activity (reviewed by Bragdon et al., 2011). 

Regarding Notch signalling, the observed enrichment of JAG1 expression in the 3/4PP 

endoderm confirms previous data from our lab (Figueiredo et al., 2016), suggesting an 

endogenous paracrine effect regulating 3/4PP specification, possibly via NOTCH1, 

whose expression is enriched in PP endoderm, when comparing with anterior Pharynx 

endoderm (Figure 12).  

Considering the number of genes found to be annotated to different signalling 

pathways, we find that the highest number in the 3/4PA mesenchyme is associated to 

the VEGF pathway followed by the Retinoic acid, BMP and Wnt pathways (in decreasing 

order). 

a. b. 
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In contrast, Wnt signalling seems to be the main up-regulated signalling pathway in 2PAd 

mesenchyme, suggesting its involvement in the inhibitory properties of this tissue (Figure 

19a). The exception is WNT5A, which shows much higher expression in 3/4PA 

mesenchyme. In a comparable developmental process, it was shown that WNT5A 

secretion by dermal cells leads to autocrine FGF7 expression and consequent induction 

of FOXN1 expression in hair follicular cells (Hu et al., 2010). Our data also reveals FGF7 as 

the most enriched FGF-related transcript in 3/4PA mesenchyme, pointing to a similar 

WNT5A/FGF7/FOXN1 cascade in thymus induction at 3/4PP endoderm, probably 

mediated by fibroblast growth factor receptor R2-IIIb (Revest et al., 2001). 

When comparing the heatmap of transcription profiles from 3/4PA mesenchyme with 

the 2PAd mesenchyme (Figure 17b), it became apparent their possible opposing roles. 

Examples of this dichotomy are INHBA, found upregulated in 3/4PA; and FST, 

upregulated in 2PAd.  

INHBA encodes a subunit of Activin A, mainly expressed by pericytes (Bautista et al., 2021; 

Lepletier et al., 2019) and it was recently shown to be relevant for TEC differentiation 

(Lepletier et al., 2019). Conversely, FST (Follistatin) is an activin A antagonist and it was 

described to inhibit TEC differentiation (Lepletier et al., 2019). FST is mostly expressed by 

adult mesenchyme cells and subset of epithelial cells (Bautista et al., 2021).  
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 3/4PA mesenchyme 2PAd mesenchyme 

Signalling by VEGF 
(R-HSA-194138) 

VEGFA 

KDR 

PAK1 

CYFIP2 

HSPB1 

MAPK11 

MAPK12 

Vascular endothelial growth factor A 

Vascular endothelial growth factor receptor 2 

Serine/threonine-protein kinase PAK 1 

Cytoplasmic FMR1-interacting protein 2 

Heat shock protein beta-1 

Mitogen-activated protein kinase 11 

Mitogen-activated protein kinase 12 

VEGFD Vascular endothelial growth factor D 

Signalling by Retinoic Ac. 
(R-HSA-5362517) 

RARA 

CRABP1 

ALDH1A2 

DHRS3 

RDH10 

CYP26A1 

Retinoic acid receptor alpha 

Cellular retinoic acid-binding protein 1 

Retinal dehydrogenase 2 

Short-chain dehydrogenase/reductase 3 

Retinol dehydrogenase 10 

Cytochrome P450 26A1 

CYP26C1 Cytochrome P450 26C1 

BMP signalling pathway 
(GO:0030509) 

 

BMP2 

BMP4 

BMP6 

BMP7 

BMP10 

GDF6 

Bone morphogenetic protein 2 

Bone morphogenetic protein 4 

Bone morphogenetic protein 6 

Bone morphogenetic protein 7 

Bone morphogenetic protein 10 

Growth/differentiation factor 6 

CHRDL1 Chordin-like protein 1 

Wnt signalling pathway 
(GO:0016055) 
 

 

 

 

 

 

WNT2 

WNT2B 

WNT5A 

FZD8 

SFRP2 

DKK3 

CTNND2 

Protein Wnt-2 

Protein Wnt-2b 

Protein Wnt-5a 

Frizzled-8 

Secreted frizzled-related protein 2 

Dickkopf-related protein 3 

Catenin delta-2 

WIF1 

SFRP1 

APCDD1 

AXIN2 

DAB2 

NKD1 

TLE1 

LGR4 

 

DIXDC1 

CPZ 

LEF1 

Wnt inhibitory factor 1 

Secreted frizzled-related protein 1 

Protein APCDD1 

Axin-2 

Disabled homolog 2 

Protein naked cuticle homolog 1 

Transducin-like enhancer protein 1 

Leucine-rich repeat-containing G-protein 

coupled receptor 4 

Dixin 

Carboxypeptidase Z 

Lymphoid enhancer-binding factor 1 

Notch signalling pathway 
(GO:0007219) 

HES5 

HOXD3 

NEURL1B 

Transcription factor HES-5 

Homeobox protein Hox-D3 

E3 ubiquitin-protein ligase NEURL1B 

SNAI2 Zinc finger protein SNAI2 

Ephrin signalling 
(R-HSA-3928664) 

EPHA4 

PAK1 

Ephrin type-A receptor 4 

Serine/threonine-protein kinase PAK 1 

 

EFNB1 Ephrin-B1 

Signalling by FGFR 
(R-HSA-190236) 

FGF7 

FGFRL1 

SPRY2 

Fibroblast growth factor 7 

Fibroblast growth factor receptor-like 1 

Protein sprouty homolog 2 

FGF19 

FLRT3 

Fibroblast growth factor 19 

Leucine-rich repeat transmembrane 

protein FLRT3 

Hedgehog Signalling Pathway 
(WP4249) 

                   -                          - 

 

Table 3. Genes of main signalling pathways differentially expressed in PA mesenchyme. PA, 

Pharyngeal Arch. 

 

To search for other signals that may regulate epithelial-mesenchymal interactions 

during PP endoderm specification, we performed a similar approach exploring gene 

enrichment for distinct signalling pathways by comparing the 3/4PP and 2PP endoderm 

(Figure 19b, and Table 4).  

Notably, the most represented signalling pathways in 3/4PP and 2PP endoderm (Figure 

19b) almost mirror the 3/4PA and 2PAd mesenchyme pathway profiles (Figure 19a). 

Again, transcripts for Wnt signalling components are enriched in 2PP endoderm, in 

comparison to 3/4PP endoderm. Together, these results reinforce the hypothesis of the 

Wnt pathway acting as a silencer at this developmental stage, similar to what is 

observed in later stages of thymus formation (Swann et al., 2017). As detailed above, a 

strong correlation was established between up-regulated genes in 2PP endoderm and 

GO-terms of negative regulation of developmental processes (Figure 14c). 
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In contrast, VEGF and Retinoic Acid pathways show the highest transcript enrichment in 

3/4PP and 3/4PA tissues, suggesting an essential role of these pathways during 

epithelial-mesenchymal interactions to promote thymus formation. Retinoic acid is a 

diffusible mesodermal signal, described to positively regulate expression of factors like 

FGF8, PAX1, PAX9, early markers of PP endoderm; and Tbx1 and Hoxa3, involved in PP 

formation (Figueiredo et al., 2020; Quinlan et al., 2002). The up-regulation of transcripts for 

RARB and other RA pathway components (Table 3), accompanied by strong up-regulation 

of HOX-gene expression (Figure 14b and Figure 15) in 3/4PP endoderm, clearly point to a 

critical role of the RA/Hox gene pathway in establishing the identity of this pharyngeal 

pouch.  

A closer examination of secreted VEGF ligands shows a differential enrichment of VEGFA 

and VEGFD transcripts in the 3/4PP-3/4PA and 2PP-2PAd environments, respectively 

(Figure 19). This finding suggests a distinct activation of VEGF pathway to either promote 

or repress thymus formation. In agreement, VEGFA deletion from thymic epithelial cells 

disrupts organ blood vessel architecture (Mü et al., 2005).  

Finally, specific ligand-receptor interactions of Ephrin signalling are suggested when 

analysing Ephrin related transcripts that are differentially expressed in 3/4PA – 3/4PP 

and 2PAd – 2PP environments (Tables 3 and 4). Ephrin signalling is known to participate 

in several thymus developmental scenarios, including epithelium-mesenchyme 

interactions that determine epithelial cell polarity, positioning and proliferation 

(reviewed by Muñoz et al., 2011). EFNB2 null mice showed thymic defects, due to abnormal 

TECs morphology and differentiation, with consequent perturbation of thymocyte-TEC 

interactions (Cejalvo et al., 2015). EFNB2 ligand was shown to be required for thymus 

migration during organogenesis (K. E. Foster et al., 2010). Herein, we identify transcript 

enrichment for EPHB1 in 3/4PP endoderm, suggesting Ephrin signalling activation by this 

receptor during 3/4PP endoderm specification.  
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 3/4PP endoderm 2PP endoderm 

Signalling by VEGF 
(R-HSA-194138) 

VEGFA 

NRP1 

PIK3CB 

 

PTK2 

Vascular endothelial growth factor A 

Neuropilin-1 

Phosphatidylinositol 4,5-bisphosphate 3-

kinase catalytic subunit beta isoform 

Focal adhesion kinase 1 

VEGFD 

PIK3R1 

Vascular endothelial growth factor D 

Phosphatidylinositol 3-kinase regulatory subunit 

alpha 

Signalling by Retinoic Ac. 
(R-HSA-5362517) 

RARB 

CRABP1 

RDH10 

Retinoic acid receptor beta 

Cellular retinoic acid-binding protein 1 

Retinol dehydrogenase 10 

  

BMP signalling pathway 
(GO:0030509) 

 

CHRDL1 Chordin-like protein 1 GREM2 

GDF6 

SOSTDC1 

TGFBR3 

Gremlin-2 

Growth/differentiation factor 6 

Sclerostin domain-containing protein 1 

Transforming growth factor beta receptor type 3 

Wnt signalling pathway 
(GO:0016055) 
 

  WNT2B 

WNT3A 

WNT6 

WNT7B 

WNT7A 

WNT9B 

FZD10 

WIF1 

AXIN2 

APCDD1 

DAB2 

LEF1 

RNF43 

KREMEN1 

TRABD2A 

NXN 

ROR1 

 

TLE1 

Protein Wnt-2b 

Protein Wnt-3a 

Protein Wnt-6 

Protein Wnt-7b 

Protein Wnt-7a 

Protein Wnt-9b 

Frizzled-10 

Wnt inhibitory factor 1 

Axin-2 

Protein APCDD1 

Disabled homolog 2 

Lymphoid enhancer-binding factor 1 

E3 ubiquitin-protein ligase RNF43 

Kremen protein 1 

Metalloprotease TIKI1 

Nucleoredoxin 

Inactive tyrosine-protein kinase transmembrane 

receptor ROR1 

Transducin-like enhancer protein 1 

Notch signalling pathway 
(GO:0007219) 

JAG1 

HEYL 

Protein jagged-1 

Hairy/enhancer-of-split related with 

YRPW motif-like protein 

TP63 

SNAI2 

KAT2B 

Tumor protein 63 

Zinc finger protein SNAI2 

Histone acetyltransferase KAT2B 

Ephrin signalling 
(R-HSA-3928664) 

EPHB1 

DNM1 

PTK2 

Ephrin type-B receptor 1 

Dynamin-1 

Focal adhesion kinase 1 

EFNB2 

EPHA1 

NGEF 

KALRN 

Ephrin-B2 

Ephrin type-A receptor 1 

Ephexin-1 

Kalirin 

Signalling by FGFR 
(R-HSA-190236) 

  ANOS1 

PIK3R1 

Anosmin-1 

Phosphatidylinositol 3-kinase regulatory subunit 

alpha 

Hedgehog Signalling Pathway 
(WP4249) 

  SHH 

PTCH1 

PTCH2 

HHIP 

LRP2 

Sonic hedgehog protein 

Protein patched homolog 1 

Protein patched homolog 2 

Hedgehog-interacting protein 

Low-density lipoprotein receptor-related protein 2 
 

Table 4. Genes of main signalling pathways differentially expressed in PP endoderm. PP, 

Pharyngeal Pouch. 
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       5 

CONCLUSION 

This project intended to enlighten the PP endoderm capacity to originate thymus and 

how this potential may be controlled by the microenvironment, the mesenchyme of the 

PA. Ultimately, we aimed to identify the conserved genetic program (s) that control 

thymic potential and to bring to light the molecular cues that render the mesenchyme-

endoderm communication and interaction. 

Our results showed that non-canonical pharyngeal pouches are able to generate 

morphological and functional thymus when interacting with permissive mesenchyme. 

This indicates a conserved program embodied in the endoderm of different PP, 

independent of their specific anatomic location. The transcriptomic analysis revealed a 

previously unnoticed Hox-code in the endoderm of the prospective thymus rudiment, 

besides the already well-characterized participation of HOXA2 and HOXA3. This high 

enrichment of Hox genes combinations in 3/4PP suggests their contribution to pouches 

identity and thymus fate specification.  

In parallel, regulatory properties to thymus formation were identified in distinct PA 

mesenchyme. The 3/4PA mesenchyme has permissive properties to thymus formation 

while the dorsal region of 2PA mesenchyme holds inhibitory properties to the organ 

formation. The transcriptomic analysis revealed a clear contrast between the activated 

signalling pathways in the two mesenchyme, stressing their opposite roles. The Wnt 

signalling pathway was the main signalling pathway activated in the latter, pointing to 

its may involvement in the inhibitory properties of this mesenchyme.  

Interestingly, RA pathway upregulation in 3/4PA mesenchyme and 3/4PP endoderm, 

revealed a possible epithelium-mesenchyme molecular cross-talk occurring early in 

development.  Additionally, along with an expressive Hox code, RA/Hox pathway denote 

their importance in PP identity.  

This research provided new insights into the molecular/genetic circuits controlling 

endoderm commitment into thymic epithelium during the early epithelium-

mesenchyme interactions. A better knowledge of early thymus organogenesis not only 
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enriches fundamental biology, as it may also open new avenues to ex vivo generation of 

thymic organoids. Ultimately, this knowledge may enable new medical strategies 

targeting deficient thymus or generating functional T lymphocytes in vitro. 
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