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Abstract 

The lymphatic system and the sentinel lymph node (SLN) are a spreading relay 

for cancer cells in several cancer types, such as breast, cervical, head and neck, and 

pancreatic carcinomas, as well as melanomas. Before metastatic colonization, the tumor-

draining LN undergoes remodeling, forming a pre-metastatic niche (PMN) associated 

with an increased number of Foxp3+ regulatory T cells (Tregs). These modifications lead 

to the creation of an immune-suppressive microenvironment. One of the factors leading 

to immunosuppression is the transforming growth factor beta 1 (TGF-β1), secreted or 

bound at the cell surface to a transmembrane receptor known as glycoprotein A 

repetitions predominant (GARP). Several immune and non-immune cells are known to 

express GARP, and Tregs are the best studied GARP+ cells. Non-immune cells are known 

to play a significant role in the structure, organization, and function of LN. The cellular 

sources and the spatial distribution of GARP in LNs during the metastatic process have 

not been studied extensively. Through data mining of scRNA-Seq datasets of human and 

mouse LNs, we revealed GARP expression in blood (BEC) and lymphatic (LEC) endothelial, 

fibroblastic, and perivascular cells. Consistently, through immunostaining and in situ RNA 

hybridization approaches, GARP was detected in and around blood and lymphatic 

vessels, in αSMA+ fibroblasts, and in the ECM. GARP was also detected in LECs forming 

the subcapsular sinus and in high endothelial venules (HEVs), two vascular structures 

localized at the interface between LNs and the afferent lymphatic and blood vessels, 

respectively. Altogether, we provide the first report about the spatial distribution of non-

immune cells expressing GARP in human and murine metastatic LNs. These results 

suggest a role for these cell populations in the immunosuppressive microenvironment in 

the LN and open new perspectives for studying the secretion of active TGF-β1 by these 

cells. 

 

 

 

 

 



 

xxiv 

 

 

 

 

 

 

 

 

 

 

 

  



 

xxv 

Résumé 

Le système lymphatique et le ganglion sentinelle sont des relais de propagation 

des cellules cancéreuses dans plusieurs types de cancer, tels que les carcinomes du sein, 

du col de l’utérus, de la tête et du cou et du pancréas, ainsi que les mélanomes. Avant la 

colonisation métastatique, les ganglions drainant la tumeur subissent un remodelage, 

formant une niche pré-métastatique associée à un nombre accru de lymphocytes T 

régulateurs Foxp3+ (Tregs). Ces modifications conduisent à la création d’un 

microenvironnement immunosuppresseur. L’un des facteurs conduisant à 

l’immunosuppression est le facteur de croissance transformant bêta 1 (TGF-β1), sécrété 

ou lié à la surface cellulaire à un récepteur transmembranaire connu sous le nom de 

glycoprotein A repetitions predominant (GARP). Il est établi que plusieurs cellules 

immunitaires et non immunitaires expriment GARP, et les Tregs sont les cellules 

productrices les mieux étudiées. Les cellules non immunitaires sont connues pour jouer 

un rôle important dans la structure, l’organisation et la fonction du ganglion. Les sources 

cellulaires et la distribution spatiale de GARP dans les ganglions au cours du processus 

métastatique sont encore méconnues et n’ont pas été étudiées auparavant. Grâce à 

l’exploration de données de scRNA-Seq de ganglions humains et murins, nous avons 

observé l’expression de GARP dans les cellules endothéliales sanguines (BEC) et 

lymphatiques (LEC), fibroblastiques et périvasculaires. De même, grâce à des approches 

d’immunomarquage et d’hybridation d’ARN in situ, GARP a été détecté dans des 

vaisseaux sanguins et autour de vaisseaux lymphatiques, dans les fibroblastes (αSMA+) 

et dans la matrice extracellulaire. GARP est exprimé en particulier dans les LEC formant 

le sinus sous-capsulaire et des vaisseaux sanguins spécialisés (HEV), deux structures 

vasculaires localisées à l’interface entre les ganglions et respectivement les vaisseaux 

lymphatiques ou sanguins afférents. En résumé, nous rapportons la première 

observation de distribution spatiale de cellules non immunitaires exprimant GARP dans 

des ganglions métastatiques humains et murins. Ces résultats mettent en évidence un 

rôle de ces populations cellulaires dans la participation du microenvironnement 

immunosuppresseur dans les ganglions et ouvrent de nouvelles perspectives pour 

l’étude de la sécrétion de TGF-β1 actif par ces cellules. 
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1 Cancer and metastases 

1.1 Definition of Cancer 

1.1.1 The biological nature of Cancer 

Cancer, called the “Emperor of All Maladies”1, is a multifactorial disease in which 

some cells develop abnormally and acquire common features. Among them, cancer cells 

differ from normal cells in their ability to grow abnormally and uncontrollably, ignoring 

the regulatory signals that limit cell growth and division. While normal cells strictly follow 

the cell division rules, the acquired capabilities of cancer cells allow them to become 

autonomous and divide abnormally and continuously. Uncontrolled growth leads to the 

formation of tumors and, in the most severe cases, the dissemination and invasion of 

other organs. Cancer is a pathology with diverse origins, behaviors, and treatment 

responses. However, through extensive research, common characteristics among 

different types of cancer have been identified. These characteristics are referred to as 

the “Hallmarks of Cancer”, a term first proposed by Hanahan and Weinberg in 2000 (Fig. 

1)2. 

1.1.2 The hallmarks of Cancer 

Tumoral progression is a dynamic process characterized by the continuous 

evolution of the tumor and its microenvironment. This dynamic aspect is underscored by 

the work of Bert Vogelstein and colleagues, who proposed a multistep genetic model for 

colorectal cancer initiation and progression3. The initiation and progression involve the 

acquisition of driver mutations. These events endow normal cells with the potential for 

uncontrolled growth. Understanding the sequence and timing of these mutations is 

essential in comprehending tumor initiation. Tumors can evolve, acquiring additional 

genetic alterations that drive progression and lead to the distant dissemination known 

as metastasis. 
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Figure 1. Overview of Cancer Hallmarks 
Representation of the fundamental characteristics and key biological processes that define cancer 
cells. The six original cancer hallmarks (in grey) identified by Hanahan and Weinberg, are 
highlighted together with additional emerging hallmarks recently reported and the enabling 
factors (Adapted from4). 

Cancer cells are known for their adaptability through a process known as clonal 

evolution. The idea of clonal evolution was introduced by Peter Nowell in 1976 as the 

driving force behind cancer progression5. Within a tumor, cancer cells display a range of 

genetic changes, including mutations, deletions, and rearrangements of chromosomes. 

This diversity enables the selection of subclones with survival advantages contributing to 

the progression of the tumor. The process of clonal selection leads to the dominance of 

specific clones in the genetic composition of the tumor. It happens when some clones 

have advantages, such as resistance to treatment or a higher potential for metastasis. 

This process is similar to Charles Darwin's theory of natural selection, but it occurs on a 

smaller scale within the context of cancer5,6. 
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Healthy tissues are subjected to mechanisms of regulation that keep a balance 

between cell division and cell death. Normal cells have a limited lifespan and undergo 

apoptosis in response to DNA damage or aging7. However, this mechanism disturbs 

cancer cells, leading to uncontrolled cell growth and continuing to divide indefinitely. 

Cancer cells cannot limit their development and division, which usually occurs due to 

cellular regulatory signals and responses to the cellular environment8. Apoptosis, a 

programmed cell death, is a physiological process that controls cell proliferation as a 

barrier to uncontrolled cell growth9. Evidence from experimental models and clinical 

observations emphasize that cancer cells often acquire the ability to evade apoptosis. 

This resistance involves altering key regulator genes such as the tumor suppressor 

protein p53, c-MYC, B-cell leukemia/lymphoma 2 (Bcl-2) family members and ndm2310. 

p53 is a cellular gatekeeper that regulates the Bcl-2/Bcl-2–associated X (Bax) balance by 

down-regulating the expression of Bcl-211 and up-regulating Bax in favor of apoptosis12. 

Many types of cancer exhibit an alteration of this equilibrium, such as colorectal 

carcinoma, brain and lung cancer, mammary carcinoma, skin and bladder 

carcinomas13,14. C-MYC is a major regulator gene that plays a role in this regulation. The 

deregulation of the C-MYC gene often leads to its overexpression, affecting cell cycle 

entry, ribosome biogenesis and metabolism15. 

In the environment of healthy tissue, the proliferation of normal cells is 

meticulously regulated by a network of antiproliferative signals. These signals include 

cell growth inhibitors such as transforming growth factor beta (TGF-β) and the interleukin 

10 (IL-10), present in the extracellular matrix (ECM). They are essential to maintain 

cellular quiescence and tissue homeostasis. At the cellular level, p53, the cyclin-

dependent kinase inhibitor 1 (p21), and the retinoblastoma protein (pRb) are involved. 

It ensures that normal cells are either maintained in the G0 phase of the cell cycle or 

abandon their proliferative potential permanently. A key component of this regulation is 

the phosphorylation of the pRB, which governs the release of E2F transcription factors. 

E2F protein controls the transition from the G1 to the S phase of the cell cycle. The 

disruption of this regulatory pathway under abnormal conditions allows cancer cells to 

proliferate uncontrollably16. Furthermore, TGF-β plays a crucial role in preventing the 

deactivation of pRb by inhibiting its phosphorylation16. In certain neoplastic conditions, 
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these regulatory signals are compromised, leading to a loss of the ability of pRBb to 

regulate the cell cycle. Intriguingly, TGF-β, despite its antiproliferative role, can also 

facilitate the epithelial-to-mesenchymal transition in advanced tumors, highlighting the 

complex and context-dependent nature of signaling pathways in cancer biology (Fig. 2)17. 

 

Figure 2. Cell cycle regulation 
See the explanation in the text. Adapted from18. 

Cancer cells escape from regulation and become autonomous by secreting their 

growth factors or inducing surrounding cells to produce tumor-promoting factors19,20. It 

includes basic fibroblast growth factor (bFGF), members of the vascular endothelial 

growth factor (VEGF) family, platelet-derived growth factor (PDGF), epidermal growth 

factor receptor ligands, ILs, colony-stimulating factors (CSFs) and TGFβ21,22. The 

expression of integrins by cancer cells is correlated by a switch toward the pro-growth 

balance side and metastatic potential. For example, α2β1 in rhabdomyosarcoma or β1 

integrin in mammary carcinoma cells are overexpressed. Other integrins like α5β1 and 

α3β1 participate in the protection from apoptosis by the activation of the Shc protein23,24. 

Some target pathways triggered by growth signals implicating MEK/MAPK kinase are 

constitutively activated due to somatic mutation implicated in human melanoma tumors 
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with B-Raf protein modifications25. Besides these modifications, some other somatic 

mutations of phosphoinositide 3-kinase (PI3K)/PTEN and AKT or the loss of mTOR lead to 

the perturbation of its dedicated pathway26. 

The reactivation of the telomerase enzyme that maintains telomere size during 

cell division permits limitless proliferation in cancer cells27,28. Mice with a mutation in 

the p16INK4A gene are more likely to develop tumors29. Usually, during senescence, the 

shortening of the telomeres protects against abnormal cell growth, and cells stop 

dividing. The perturbations in cell death reveal modifications in DNA repair processes or 

the accumulation of oncogenes such as p53, c-MYC or E2F30. In a mouse model with B-

cell lymphoma, dysfunctional telomeres induce the senescence of premalignant cells 

decreasing the tumorigenesis potential31. 

Within the intricate tumor microenvironment (TME), cancer cells interact with 

diverse stromal cells, immune cells, and ECM components. These interactions shape 

tumor behavior and progression2. The presence of cancer-associated fibroblasts (CAFs), 

immune cells, and endothelial cells is referred to as TME. CAFs are a type of 

mesenchymal-like cell residing in proximity or direct contact with tumoral cells32. The 

tumor growth is enhanced by regulatory T cells (Tregs) and macrophages by the secretion 

of CSF, IL-10 and TGF-β. Macrophages associated with the tumor, called tumor-

associated macrophages in the TME, can either promote (M2) or inhibit tumor growth 

(M1) depending on their polarization33. The ECM provides structural support and serves 

as a reservoir of signaling molecules. Alterations in the ECM composition and stiffness 

impact tumor progression where enzymes like matrix metalloproteinases (MMPs) such 

as MMP-3, MMP-7, and MMP-14 play pivotal roles in ECM remodeling34. 

Blood vessels play a critical role in delivering oxygen and nutrients to cells 

during development. The formation of new vessels is a normal process. In adulthood, the 

vasculature is quiescent. The growth of new blood vessels is an abnormal process called 

angiogenesis. Some factors, such as VEGF-A and acidic/basic fibroblast growth factors 

(FGF-1/2), are promoting angiogenesis. The VEGF signaling pathway is regulated through 

multiple VEGF receptors (VEGFR-1-3). Moreover, thrombospondin-1 can counteract this 

effect with its suppressive signal through the activation of TGF-β35–37. Tumors activate 
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the angiogenic switch by altering the balance between angiogenesis inducers and 

inhibitors. Targeting angiogenesis can be an effective therapy for different tumor types 

but may require a combination of treatments38. Pericytes also play an essential role in 

neovascularization, where they are less present around tortuous vessels and are 

observed in almost all tumors39,40. 

1.1.3 Distinction between benign and malignant tumors 

During tumor growth, a subset of cancer cells undergoes alterations that impact 

their adhesive properties, enabling them to acquire a migratory phenotype. This shift 

facilitates the invasion of surrounding tissues. Tumors that exhibit such invasive behavior 

are classified as malignant and can proliferate, extend, and penetrate adjacent tissues. 

Cancer cells can disseminate to distant organs and this process, known as metastasis, is 

a critical factor in cancer progression. Indeed, metastasis is implicated in up to 90% of 

cancer-related deaths, highlighting its role in cancer lethality41,42. Cell-cell adhesion 

molecules (CAM) can be affected. The partners of these modifications are 

immunoglobulin proteins and the calcium-dependent cadherin families that mediate 

cell-cell attachment43. E-cadherin is a key adhesion molecule in epithelia frequently lost 

in human epithelial cancers and is implicated in carcinogenesis. Restoring the E-cadherin 

complex can reverse the cancer phenotype, leading to a switch from invasive to benign 

tumors. A study of pancreatic beta-cell carcinogenesis in a mouse model Rip1Tag2 

revealed that E-cadherin loss expression coincided with the transition from well-

differentiated adenoma to invasive carcinoma. Additionally, the expression of a 

dominant-negative form of E-cadherin in this model led to early invasion and the 

formation of metastases44. 

The invasion capacity is supported by the upregulation of a panel of proteases 

(MMPs and serine proteases)45 and the downregulation of protease inhibitors PAI-1 and 

TIMP-1. This leads to the degradation of ECM and the shedding of transmembrane 

proteins from the surface of cells. Due to their multiple roles in cancer progression, 

proteases were a target of anti-cancer drug development. Proteases are also produced 

by the stromal and inflammatory cells in the TME46. 
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1.2 Metastasis: a key stage in tumor progression 

Metastasis is the deadliest occurrence during the progression of tumorigenesis 

that can happen at an early or late stage47. The process of metastasis is not random; it is 

a highly organized, multi-stage process, and metastases are organ-specific48. This multi-

step mechanism is one of the reasons explaining therapeutic failure in the establishment 

of effective therapies. A lot of actors promoting metastasis have been identified49. The 

different steps have been established as follows: the escape of cancer cells from the 

primary tumor, intravasation, survival maintenance, and finally, extravasation 

(secondary site seeding) and outgrowth (colonization) (Fig. 3)49. 

 

Figure 3. Steps of metastasis 
(1) During the cellular escape, tumor cells acquire an epithelial-mesenchymal transition (EMT) due 
to the secretion of TGF-β by cancer-associated fibroblasts (CAFs), leading to their invasion 
phenotype. Macrophage M2 and CAFs modify the extracellular matrix (ECM), making it permissive 
to cell migration. (2) Vascular entry is possible via intravasation, and tumoral cells acquire 
circulating tumoral cells (CTC) phenotype. (3) The CTCs circulate in the bloodstream surrounded by 
CAFs and platelets, forming a protective shell. (4) Trans-endothelial migration permits access to 
the distant site during extravasation. (5) The CTCs colonize the new site, invading the pre-
metastatic niche, and after a MET phenotype acquisition, the CTCs become distant tumoral cells 
(DTCs). Adapted from49. 

1.2.1 Cell escape (invasion) 

Tumor cells become invasive by adopting plasticity, with somatic mutations or 

abnormal chromosome numbers selecting cells with metastatic potential50,51. The 

invasion starts at the interface between the tumor and the stroma by a cell alone or a 
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group of cells52. E-cadherin, a marker of cell-cell adhesion, is downregulated and 

correlated with epithelial-mesenchymal transition activation, leading to the invasiveness 

of the tumor cells53,54. The decrease in E-cadherin depends at least on the TGF-β-Smad 

signaling pathway55. The study of invasive ductal breast cancer reveals a correlation 

between E-cadherin expression and metastasis56. Epithelial-mesenchymal transition is a 

process known to be the start of metastasis57, where tumor cells communicate with 

CAFs58. Loss of E-cadherin is accompanied by the acquisition of markers such as vimentin, 

α-smooth muscle actin (αSMA), neural cadherin (n-cadherin), cadherin 11, osteonectin 

(SPARC), laminin and fascin. The physical barrier of the stroma made by the basal 

membrane can be mechanically deformed by the contractile forces of CAF cells, which 

help the invasion of group or single cells59. Various studies have observed CAF 

transformation, where normal or cancer epithelial cells undergo transdifferentiation60. 

1.2.2 Intravasation 

Once tumor cells enter the bloodstream, they become circulating tumor cells 

(CTCs). The process of entering the bloodstream, known as intravasation, involves 

internal and external signals. The intrinsic signals received are epithelial-mesenchymal 

transition and protease production, while external signals come from pro-tumoral N2 

neutrophils, CAFs and M2 macrophages61. Intravasation occurs when tumor cells pass 

through permeable vessels guided by chemokine gradients of CSF-1, EGF and TGF-β 

secreted by tumor-associated macrophages attracting tumoral cells and creating an 

immunosuppressive microenvironment62. Cancer cells use invadopodia to release 

proteases MMP-2 and MMP-963. They pass through the ECM, which is degraded by 

CAFs64 and tumor-associated macrophages65. This creates paths for invading tumor cells 

and promotes angiogenesis66, lymphangiogenesis67, and cancer cell extravasation68. For 

example, it is worth noting that the malignancy is supported and enhanced by CAFs PDGF 

receptors (PDGFR)α/β+ and integrin α11 (ITGA11), leading to the aggressiveness of 

breast cancer cells by activating Jun kinase (JNK) signaling. PDGFRα/βhigh CAFs are 

implicated in LN metastasis and invasion of lymphatic vasculature in ovarian cancer and 

pancreatic cancer leading to a poor prognosis69. 
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1.2.3 Survival maintenance 

CTCs have a short half-life of 2.4h in human circulation. During this time, they 

are exposed to a rich environment and various stressors in the circulation. The CTCs face 

oxidative stress, shear forces, and immune cell attacks. As a result, only a small number 

of CTCs can reach their destination. These stresses induce cell death in some tumor 

cells70,71. CTCs are shielded by platelets, protecting against immune attacks and 

environmental stress, and facilitating their colonization of secondary sites. When 

platelets meet tumor cells, it causes a mesenchymal-like phenotype which promotes 

metastasis. The TGF-β1/Smad and nuclear factor-kappa B (NF-κB) pathways control 

metastasis efficiency in cancer cells72. To prevent the attack from immune cells for 

instance natural killer (NK) cells, CTCs interact with NK cells and neutrophils to protect 

them. To suppress the immunogenicity of tumor cells in prostate cancer, tumoral cells 

inhibit interferon 1 signaling70. TGF-β1 maintains epithelial-mesenchymal transition and 

anoïkis in CTCs cells through the extracellular-signal-regulated kinase (ERK) activity 73. 

Due to the maintenance of an epithelial-mesenchymal transition state in circulating 

tumor cells (CTCs)17, the pathway promotes the upregulation of Slug and leads to the 

inhibition of E-cadherin74. 

1.2.4 Extravasation and colonization 

Upon reaching the distant organ, CTCs interact with the endothelium of the 

colonization site, along with partners that express CAMs75. The low-binding adhesion by 

integrin β3 and CD44 initiates transient vascular arrest. Then, a stronger adhesions by 

integrin β1 lead to stable bonds with the endothelium and extravasation76,77. CTCs create 

protrusions called invadopodia between cells at the junctions between endothelial cells 

to help trans-endothelial or transepithelial migration. The CTCs become disseminating 

tumor cells (DTCs) during invasion and acquire a MET phenotype for proliferation into 

forming secondary tumors78. 

It is estimated that only 0.01% of the cancer cells that enter the bloodstream 

survive to form the distant site of a secondary tumor79. DTCs will either become dormant 

or proliferate. Actin assembly plays a role in transitioning from a dormant to a 
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proliferative state, involving various factors. Indeed, actin cytoskeleton regulator 

myocardin-related transcription factor have a role in tumor cell survival and growth in 

breast cancer. Loss of this factor induces a reduction in the activity of Profilin-1, which is 

essential for actin network dynamics80. Other factors are involved in this process, such as 

6-phosphofructo-2-kinase/ fructose-2,6-biphosphatase 3 (Pfkfb3) and the p38/ERK ratio. 

The latter leads to dormancy when p38 is more present than ERK and, conversely, 

suppresses metastasis in breast cancer81. In addition, glypican-3 is involved in the p38-

mediated mesenchymal to epithelial switch82. 

Metastases follow two main dissemination routes: either through the 

bloodstream or through the lymphatic system. In this second route, metastases first 

reach LNs and then eventually return to the bloodstream. Pereira et al. and Brown et al. 

conducted studies and utilized different techniques to track the movement of tumor cells 

within LN83,84. They discovered that tumor cells could enter local blood vessels within the 

LN, exit the LN by entering the bloodstream, and eventually establish themselves in the 

lung. Furthermore, the presence of metastases in the sentinel LN (SLN) is often 

highlighted as a poor prognosis for the patient. These observations underline the 

importance of knowing the dissemination pathway, i.e., the lymphatic system and the 

LN, to understand how this dissemination is orchestrated. 
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2 The lymphatic system and cancer dissemination 

2.1 The lymphatic system network 

Multicellular organisms such as mammals require circulatory systems to 

distribute oxygen, nutrients, fluid, signaling molecules, hormones, cells and to collect 

waste products like carbon dioxide. The blood system comprises the heart and blood 

vessels, where blood pressure allows plasma to filtrate continuously into the interstitial 

space85. In parallel, the lymphatic system (Fig. 4), a unidirectional, blind-ended vascular 

network, comprises lymphatic capillaries, larger collecting vessels, and secondary 

lymphoid organs such as LNs, spleen and tonsils. 

The lymphatic system is essential for maintaining fluid homeostasis, absorbing 

dietary lipids, and transporting immune cells and soluble antigens from peripheral tissues 

toward LNs and the central circulatory system86,87. The reabsorption of interstitial fluid is 

permitted at 90% by the blood system and the other 10% by the lymphatic system. The 

left thoracic duct drains (i) both lower limbs, pelvis, and abdomen; (ii) the left half of the 

head, neck, and thorax; (iii) the left upper limb. The right lymphatic duct drains (i) the 

right half of the head, neck, and thorax (ii) the right upper limb. It terminates and goes 

back to blood at the junction of the right internal jugular vein and the right subclavian 

vein85. 
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Figure 4. The circulations of blood and lymph in mammals 
The filtered plasma creates interstitial fluid, which is transformed into lymph when entering the 
initial lymphatics. The lymph is mixed with dietary lipids in the intestine, resulting in a milky lymph 
called chyle. The lymph is carried by afferent collecting lymphatics to the LN for immune 
surveillance. It exits by efferent collecting lymphatics to larger trunks and returns to veins. Adapted 
from88. 

2.1.1 Lymphatic vessels 

Lymphatic vessels are present in many tissues, except for avascular tissues such 

as the cartilage, cornea, hair, and nails, as well as specific vascularized tissues such as the 

brain, spinal cord, bone and retina85,89. More recently, a lymphatic system in the eyes 

called Schlemm’s canal was discovered, which shared endothelial characteristics of initial 

lymphatics. Moreover, lymphatic-like vessels have been reported in the central nervous 
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system, such as glymphatic formed by the glial network and meningeal lymphatics, 

contributing to inflammatory reactions and immune surveillance90,91. The lymphatic 

vascular network consists of blind-ended capillaries that absorb interstitial fluid and cells 

connected to collecting vessels for the transport of the lymph to return into the 

bloodstream92 (Fig. 5). 

 

Figure 5. Schematic representation of the lymphatic system organization 
Blind-ended lymphatic capillaries remove fluid and immune cells from the interstitial space. 
Capillary LECs (capLECs) contain button-like intercellular junctions and a discontinuous basement 
membrane. Pre-collecting and collecting vessels effectively transport lymph toward the draining 
lymph node through zipper-like LEC junctions, continuous basement membranes, and intraluminal 
valves. In addition, contractile smooth muscle cells surround collecting LVs. Specific molecular 
markers of LECs from lymphatic capillaries (capLECs), collectors (collLECs), and vessels (vLECs) are 
shown. Once the lymph reaches the draining lymph node, it is transported to the following lymph 
nodes until it reaches the blood circulation. Issue from92. 

2.1.2 Lymphatic capillaries 

The lymphatic capillaries are the first initial part of the lymphatic network, 

consisting of blind-ended vessels, also characterized as a plexus of interconnected 

vessels. Their structural characteristics are defined by incomplete or absent intercellular 

junctions93. At the end of the capillaries, the lymphatic endothelial cells (LECs) have the 

shape of an oak leaf. They lack junctions at the tip with overlapping membrane 

extensions called flaps. Flaps act as valves referred to as “primary lymphatic valves” in 

contrast with the “secondary lymphatic valves” present in precollecting vessels (Fig. 5). 
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Discontinuous button-like junctions attach the lateral part of the capillary. All these 

structures and gaps allow influx through the LECs in one way due to the hydrostatic 

pressure94. LECs are in contact with the interstitial matrix, to which they are attached to 

elastic anchoring filaments95 (Fig. 6). The separation with the pre-collecting vessels is 

formed by LECs and connective tissue forming intraluminal valves. Capillaries in the 

lymphatic system comprise one layer of LECs and a non-continuous basal lamina. 

Although the lymphatic's composition is similar to blood capillaries, they differ in their 

basal membrane and lumina structure and the absence of pericytes in their walls96,97. 

 

It comprises one layer of lymphatic endothelial cells (LECs) 
with an oak leaf shape and no continuous basement 
membrane. The LECs are loosely connected by button-like 
junctions, which help to absorb interstitial fluid and 
macromolecules from the peripheral tissues. The initial 
lymphatics are anchored to the extracellular matrix by 
anchoring filaments, which open the primary valves formed 
by the button-like junctions in response to an increase in 
interstitial pressure. Issue from98. 

Despite the lack of a continuous basal lamina, intermittently “button-like” 

junctions form a barrier made of VE-cadherin and several tight junctions composed of 

Occludin, Claudin-5, zonula occludens-1, endothelial cell-selective adhesion molecule, 

and Junctional adhesion molecule A (JAM-A)88. In the tip region, where junctions are 

absent, two proteins are present: lymphatic vessel hyaluronan receptor-1 (LYVE-1) and 

PECAM-1 (CD31). PECAM-1 is known to be involved in the diapedesis process of 

leukocytes and has been demonstrated that dendritic cells (DCs) enter through these 

discontinued capillaries94,99. 

The connection between the LEC cytoskeleton and the ECM is mediated by 

anchoring filaments where fibrillin is the main component100 in addition to Collagen 

VII101,102, and Elastin Microfibril Interfacer 1 (EMILIN1)95. Those components connect with 

focal adhesion kinase simultaneously with the presence of the integrin α3β1100. 

Furthermore, EMILIN1 coupled with α9β1 is essential for forming and maintaining the 

lymphatic capillaries where its absence causes hyperplastic vessels95,103. Under 

physiological conditions, most lymphatic capillaries collapse. However, the anchoring 

Figure 6. The initial lymphatics 
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filaments allow these capillaries to open by transmitting physical forces when the 

surrounding pressure increases104 (Fig. 7). 

 

Figure 7. Mechanism of the opening of lymphatic capillaries 
Interstitial fluid, macromolecules and cells enter through the permeable gaps formed by oak-leaf-
shaped LECs sealed by filled vessels. Immunostaining of LYVE-1 in green shows a blind-ended 
capillary in a whole-mount preparation of the mouse ear skin. Issue from85. 

2.1.3 Lymphatic pre-collecting vessels 

The pre-collector lymphatic vessels serve as a connection between the 

lymphatic capillaries and the collector vessels. They consist of endothelial cells arranged 

in a single layer, with secondary valves that prevent the backflow of lymph. The shape of 

the cells in this area tends to be oak-leaf-like near the capillary tip, while they adopt a 

round shape near the collector. Furthermore, the junctions composed of LYVE-1 and VE-

cadherin become more continuous as they progress toward the collector. Lymphatic pre-

collecting vessels are the transition from vessels permeable to lymph fluid to non-

permeable lymphatics which transport the lymph85,88. 

2.1.4 Lymphatic collecting vessels 

The lymphatic collecting vessels are lymphatic vessels like tiny veins in their 

composition. The LEC has a thick basal membrane and a spindle shape, a layer of circular 

SMC, and continuous “Zipper-like” cell junctions to avoid any leakage into the interstitial 

space. To ensure that lymph only flows in one direction and to prevent any backflow, 

valves are present along the length of the collecting vessels88,94,105. These valves create 

compartments within the vessels and are bicuspid valves that effectively counteract any 

backward flow of lymph. The valves consist of two leaflets of endothelial cells folded in 

a bilayer, with their apical sides facing each other. Elastin fibers are present in the inner 
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supporting ECM that divides the basal sides of intraluminal valve endothelial cells88. The 

vessel is segmented into multiple small units separated by secondary valves. These units, 

known as lymphangions, can either contract independently or be synchronized with each 

other. The previous one synchronizes with the next one. The lymph travels from the 

collecting lymphatic vessel and enters the LN by afferent lymphatic vessels (Fig. 5). 

2.2 Lymph nodes (LNs) 

During immunosurveillance, the LN filters the lymph containing debris from 

apoptotic cells, proteins and peptide antigens and antigen-loaded DCs106. The B and T 

lymphocytes initiate and regulate adaptive immune responses in reaction to foreign 

pathogens107. Antigen presentation is controlled by specialized cells DCs called antigen-

presenting cells108. 

2.2.1 Lymph node development 

LN formation during fetal development is a topic of ongoing research. While the 

process is still not fully understood, various gene-deficient mice have been used to 

explore it in detail109. Lymphoid-tissue inducer (LTi) cells cluster from the earliest event 

in LN development and are attracted by CXCL13 expression. The first expression of 

CXCL13 depends essentially on the metabolic degradation product of retinoic acid. 

Lymphotoxin-αβ (LTα1β2) expression by LTi cells is necessary for interaction with 

lymphotoxin receptor-β (LTβR)-expressing stromal organizer cells or lymphoid-tissue 

organizer (LTo)110,111. The differentiation of LTi cells from precursors in the fetal liver and 

their local differentiation into LTαβ-expressing cells requires cytokines, such as TRANCE 

or IL-7. These cells are attracted to sites of lymphoid organ development by homeostatic 

chemokines, including CXCL13, CCL19, and CCL21, which also maintain surface LTαβ 

expression on LTi cells. The lymphotoxin signaling pathway is essential for the 

development of secondary lymphoid organs, leading to the differentiation of 

mesenchymal cells, the production of homeostatic chemokine expression, and the 

promotion of the differentiation of high endothelial venules (HEVs), stromal cells and 

DCs112 (Fig. 8). 
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Figure 8. Onset and Development of Secondary Lymphoid Organs 
(A) The events in the development of secondary lymphoid organs involve the release of initiating 
factors like retinoic acid (RET). (B) This leads to the expression of lymphoid chemokines and 
adhesion molecules, promoting the influx of various hematopoietic cells. (C) B and T cells are 
essential in maintaining the structure of lymphoid organs, as they regulate the expression of 
lymphoid chemokines, which is necessary for lymphoid tissue homeostasis. Issue from113. 

Using a mouse model, the LTi cells were shown to exploit gaps in venous mural 

coverage to transmigrate from veins to LN development sites. The lymphatic vessel 

transports LTi cells from blood capillaries and is a reservoir for LN expansion. The 

expansion leads to a lymphatic capsule comprising a LN capsule and a subcapsular sinus 

(SCS). Retention of CXCR5+ LTi cells is possible with the cooperation between LTαβ 

signaling and amplification of CXCL13 production114. The retention of LTi cells expressing 

LTα1β2 at their surface is permitted by communication with stromal cells that express 

the LTβR. This signalization leads to an upregulation of adhesion molecules such as 

intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule1 present 

on mesenchymal LTo112,115. LTβR signaling induces VEGF-C secretion by LTo cells, 

potentially attracting LECs into the developing organ. LECs surround LTi and LTo clusters 

and express CCL21, further drawing in LTi cells and activating LECs112. This activation was 

attributed to the expression of the receptor (RANK) activator of the NF-κB by LECs. 

Accordingly, the ablation of RANK expression in LECs blocks LTi organization and lymph 

node formation115. Collecting lymphatic vessels are essential for transporting LTi cells, 

forming the LN capsule, and SCS specialization in embryonic stages. Indeed, SCS 

specialization coincides with lymphatic vascular maturation and LECs are organized in a 
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bilayer. The outer LECs layer expressed FOXC2 (a marker for collecting vessels). In 

contrast, the inner layer expresses LYVE1, ITGA2B, and mucosal vascular addressin cell 

adhesion molecule 1 (MADCAM-1), specific markers of LECs lining the floor called floor 

LECs (fLEC). Furthermore, the absence of Foxc2 gene expression, in Foxc2lecKo mouse 

embryos, results in the absence of ITG2A expression in the SCS. This results in a defect of 

the LN capsule formation and a lack of smooth muscle cell coverage of lymphatic vessels 

(Fig. 9)114. 

 

Figure 9. Organization and development of lymph nodes 
(a) LECs of the collecting lymphatics in the future LN area (LN anlage) begin to form a cup around 
the anlage at embryonic day 12 (E12) in mice. LTo cells attract the first hematopoietic LTi cells to 
the anlage. Alternatively, the first LTi cells can enter the anlage through blood vessels and are later 
transported to the anlage by LEC-lined lymphatic vessels. By E17, LECs have completely engulfed 
the LN anlage and the LEC layers of the floor and the ceiling can be detected and begin to express 
the characteristic markers. LN LECs are also necessary to recruit smooth muscle cells to form the 
LN capsule. (b) The macrophage colony-stimulating factor 1 (CSF1) required for the SCS 
macrophages survival is produced by the floor and ceiling LECs. The marginal reticular cells, stromal 
cells located below the floor LECs (fLECs), synthesize receptor activators of nuclear factor-κB ligand 
(RANKL). This RANKL binds to its receptor RANK expressed by the fLECs, which supports their 
differentiation and allows them to maintain the subcapsular sinus (SCS) macrophages. Moreover, 
RANKL can directly bind to SCS macrophages and recruit myeloid precursor cells (CD11b+ cells) to 
the subfloor area. These pathways have been identified in mice LNs. ACKR4, atypical chemokine 
receptor 4; CSFR1, macrophage colony-stimulating factor receptor 1; CCL20, CC-chemokine ligand 
20; DC, dendritic cell (DC); FOXC2, forkhead box C2; LYVE1, lymphatic vessel endothelial hyaluronic 
acid receptor 1; MADCAM-1, mucosal addressin cell adhesion molecule 1; PDGFβ, platelet-derived 
growth factor-β. Issue from116. 

2.2.2 Lymph node organization 

LNs are immune organs with a complex network of lymphatic sinuses 

surrounding a highly organized parenchyma. The parenchyma comprises reticular fibers, 

supporting immune cells, specialized blood vessels, and fibroblast reticular cells (FRCs). 
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FRCs compartmentalize B and T cells within the LNs. Together, they represent between 

20 and 50% of the non-hematopoietic components. These specialized cells express 

molecules commonly found in myofibroblasts, such as desmin, vimentin, CD90, CD73, 

CD103, αSMA and the ERTR7 antigen117. FRCs form stellar-shaped cells connecting with 

other cells, creating a 3D network that allows leukocyte migration. This network enables 

smaller antigens and soluble molecules to reach the interfollicular zone and the 

paracortex of the SCS in the LN118. They also produce fibroreticular fibers, which play a 

role in transporting molecules and facilitating cell migration. These reticular fibers consist 

of collagen I119, III, IV120 and collagen VI (ER-TR7)121 core surrounded by microfibrils and 

a basement membrane119. In murine LNs, high heterogeneity in FRCs has been identified 

based on single-cell RNA sequencing (scRNA-Seq) by classifying them into nine subsets122. 

Marginal reticular cells, which produce CXCL13, were identified as a subset for B cell 

homing towards follicles123. In the paracortex, two different subsets with distinct levels 

of CCL19 expression, which regulates lymphocyte migration122, have been identified. This 

organization provides an optimal environment for immune response induction and 

regulation107. The LN is divided into three areas: the cortex, paracortex and medulla. 

Furthermore, recent studies have shown that these conduits can transport even larger 

molecules, such as immunoglobulins or virions124. (Fig. 10). 
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The LN is divided into three parts: 
the cortex (C), paracortex (PC) and 
medulla (M). (A) Dendritic cells 
(DCs) from all over the body arrive 
at the LN via afferent vessels and 
then migrate into the cortex (C). 
(B) B lymphocytes are in germinal 
follicles and interact with follicular 
dendritic cells (FDCs). (C) T 
lymphocytes are in the paracortex 
to interact with DCs. (D) DCs 
migrate on reticular fibers to the 
high endothelial venules (HEVs), 
interacting with naïve 
lymphocytes entering the LN from 
the HEV. Activated B and T 
lymphocytes crawl along the 
medullary sinus (MS) to leave the 
LN. Issue from125 (Annex 2). 

The cortex contains 

follicular dendritic cells (FDCs) 

and B cells mainly associated 

with germinal follicles. FDCs present antigens to naïve B lymphocytes, leading to 

antibody production by activated B cells. An interfollicular zone in the cortex separates 

the germinal follicles and the T cell zone in which antigen-presenting DCs prime naïve T 

lymphocyte forms the paracortex. The medulla contains a complex network of medullary 

sinuses, which converge into the efferent lymphatic vessel at the hilum 107,126. This region 

includes blood vessels, antibody-secreting B cells and macrophages expressing markers 

such as CD169, F4/80, MARCO and CD206127,128. 

Recent research revealed some interesting findings regarding LECs' plasticity, 

heterogeneity, and origins129,130. In humans and mice, different LEC subtypes have been 

identified in various anatomical sites131–134. Distinct features are observed in SCS LECs 

and medullary sinus LECs, such as differences in cellular organization, expression profiles, 

and roles131. Mouse SCS LECs produce macrophage scavenger receptors, which are 

involved in the transmigration of lymphocytes entering LNs from peripheral tissues. 

Medullary sinus LECs, which express high levels of programmed cell death-ligand 1 (PD-

Figure 10. Lymph node (LN) 
organization 
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L1), contribute to the deletion of alloreactive CD8+ T cells135. An additional subset 

expressing the C-type lectin CD209, which helps in the adhesion of neutrophils to the 

medulla, was identified in the medullary and cortical sinuses of humans. The NT5E, LYVE1 

and MFAP4 genes are expressed by the LECs lining the ceiling of the medulla, while the 

expression of PDPN, LYVE1 and CCL21 characterizes those from lymphatic capillaries134. 

Transcriptomic analysis of mouse LNs suggests the presence of two distinct LEC subsets 

in the SCS, indicating functional specialization131. fLECs of the SCS secrete neutrophil 

chemoattractant CXCL1-CXCL5, and cLECs express CCRL1, a chemokine receptor, creating 

a gradient favorable for DC migration136. In humans, these subsets can be distinguished 

by the expression of caveolin-1 in cLECs, while fLECs express TNFRSF9134. These data 

demonstrate a specific signature of LECs that varies depending on their location within 

the LN. The lymph enters the LN via the afferent lymphatic vessels, which penetrate in 

the SCS. The lymph contains lymphocytes, antigens and DCs scanned by macrophages 

when they arrive in the SCS137. It filters through the trabeculae, cortical sinuses and 

medullary sinus before leaving the LN via the efferent lymphatic vessel (Fig. 11 and Table 

1)119. 

The HEVs are involved in the recruitment of naïve B and T lymphocytes and the 

exit of metastatic cells83,138. The meshwork of FRCs progresses from fLECs towards the 

HEVs130, surrounded by pericytes embedded in a thick basement membrane139. HEV 

endothelial cells with a cuboidal shape express general endothelial markers including 

CD31, CD34, VE-cadherin and VEGFR-2, specific blood endothelial cell (BEC) markers like 

von Willebrand factor and peripheral node addressin (PNAd) and VEGFR1 (Table 1)140. 

This structural micro-anatomy, where hematopoietic cells can circulate, survive, and 

interact with each other and with their environment, allows the LN to carry out its task 

of an initial immune response site. FRCs produce CCL19/CCL21, which assists in the 

directional cell migration of naïve T cells, B cells and DCs expressing CCR7. During 

homeostasis and infection, this chemokine gradient helps lymphocyte homing and 

mediates interactions between T cells and DCs141. 



INTRODUCTION 

22 

 

Figure 11. Localization of lymphatic endothelial cell (LECs) subsets in human and mouse LN 
See explanations in the text (Adapted from142). 
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Table 1. Location, Functions and Genes Expression of the Different LEC Subsets in LNs 

Location LEC subset Functions Human133,134 Mouse132,133 

Lymphatic valves vLECs Prevent backflow of lymph97,143,144 FOXC2high CLDN11high Foxc2high Cldn11high 

Subcapsular Sinus (+ 

trabecular sinuses in 

humans) 

cLECs 

Structural role, chemokine gradient 

formation136,neuronal input sensory 

neurons145 

ACKR4, MMRN1, FOXC2, 

PDGFB, EDN1, CAV1, RANK 

(TNFRSF11A), NT5E 

 Ackr4, Mmrn1, Foxc2, 

Pdgfb, Edn1, Cav1, Rank 

(Tnfrsf11a), Cd36high 

fLECs 

Immune cell trafficking (entry and 

shuttling132–134), maintaining MF 

niche146–148, Ag-presentation 

(tolerance149,150), antigen archiving151,152 

CCL20, CD74, MHC-II: (HLA-

DRA/HLA-DRB1), PDL1 

(CD274), CSF1, LYVE1+/-, 

MADCAM1+/-, ACKR1 

Ccl20, Cd74, MHC-II: (H2-

Ab1), Pdl1(Cd274), Csf1, 

Lyve1, Glycam1, Itga2b, 

Madcam1 

Paracortical sinuses  

(+ central MSs in 

mouse) 

PTX3-LECs 

Exit routes for 

lymphocytes153, proliferation, and 

expansion in LN hypertrophy132–134 

PTX3, ITIH3, LYVE1, FLT4 

(VEGFR3)high, NRP2high, PDPN

high, CD36high 

Ptx3, Itih5, Lyve1, Flt4 

(Vegfr3)high, Nrp2high 

Medullary sinuses 

(perifollicular MSs in 

mice) 

MARCO-LECs 

Maintain MF niche146,147, scavenging of 

virus154, antigen archiving151,152, 

recruitment neutrophils (human134) 

MARCO, PDL1 (CD274), CSF1, 

LYVE1, ACKR1, CD209, 

CLEC4M 

Marco, Pdl1(Cd274), 

Csf1, Lyve1, Itga2b 

Ceiling of the medulla 

(human) 
MFAP4+ LECs Structural role?134 MFAP4 Not present 

Taken from142. 



INTRODUCTION 

24 

2.2.3 The extracellular matrix of the lymph node 

The ECM provides structural scaffolding, biochemical support for tissue function 

and mechanical integrity and regulates the availability of growth factors and cytokines. 

It comprises a network of biochemically distinct components, including fibrous proteins, 

glycoproteins, proteoglycans and matricellular proteins155. Although it has always been 

described as a support structure for tissue architecture, it is, in fact, a highly dynamic 

compartment that regulates many cell functions. One of the features of the ECM is its 

constant remodeling as ECM components are deposited, degraded, or modified by ECM-

modifying enzymes such as MMP and lysyl oxidase (LOX). 

Collagen accounts for the most significant ECM proteins, but its composition and 

structure vary across tissue types156. For instance, the basement membrane surrounding 

endothelial cells mainly consists of collagen type IV, while the fibroreticular stroma is, for 

the most part, composed of fibrillar types I119, III120, and VI (ER-TR7) collagen embedded 

in a meshwork of fibrillin collagen microfibers. In LNs, reticular fibers form the principal 

ECM fibers and support the lymphoid organ architecture. The reticular arrangement of 

those fibrils is particularly suited to form conduits, transport antigen and signaling 

molecules, and guide migrating cells157. Reticular fibers begin at the SCS and extend to 

the medullar sinus. fibrillin-1 and fibrillin-2 are essential matricellular proteins in the LN 

that connect collagen fibers and the basement membrane in tubular structures157. 

Fibrillin constitutes the structural backbone of microfibrils, found in many elastic and 

non-elastic tissues, carrying out diverse functions, including interactions with latent 

transforming growth factor binding proteins (LTBP) described below158. 

In the majority of organs, fibroblasts are the main source of ECM components, 

including at least type I and III collagens, elastin, fibronectin, tenascin-c and periostin 

(POSTN)159. Under physiological conditions, these cells produce fibrillary types I and III 

collagen, collagen type IV, laminin, fibronectin and tenascin-c, which allow cell migration 

within the LN160. A transcriptional analysis performed on murine LNs confirmed that FRCs 

expressed integrin subunits such as αV, α4, α5, α6, α9, β1, β3, and β5, enabling their 

adhesion to many ECM components161. For example, integrin α5β1 can bind to 

fibronectin, and αVβ3 interacts with fibronectin, vitronectin, fibrinogen, 
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thrombospondin and POSTN162,163. tenascin-c can attach to numerous integrins, including 

α2β1 and ανβ3, but the tenascin-c/integrin α9β1 interaction is considered to be of higher 

avidity164. 

2.3 Cancer dissemination through the lymphatic system 

Different types of cancer can spread through the lymphatic system, including 

melanoma, breast, oral, pancreatic, and cervical cancer165–169. The presence of cancer 

cells in the first draining LN also known as sentinel LN (SLN), is a sign of a poorer patient 

outcome170. Tumors induce changes in their microenvironment that facilitate their 

growth and dissemination to distant organs from the primary site to distant organ171. 

One of the most important modifications is the induction of angiogenesis and 

lymphangiogenesis, which consist of the formation of new blood and lymphatic 

vessels172. The two systems represent the two possibilities for tumor cells to enter the 

blood and lymphatic system and metastasize (Fig. 12). 

2.3.1 Tumor lymphangiogenesis and lymphatic metastases 

Metastases result from direct intravasation of tumor cells into the bloodstream 

associated with angiogenesis. However, LN metastases can be the initial stage of 

lymphatic vascular dissemination for some carcinomas, lymphomas and 

melanoma85,96,173. Several studies have highlighted a correlation between lymphatic 

vessel density in the primary tumor and the presence of LN metastases, leading to an 

unfavorable survival prognosis174,175. Indeed, in adults, the processes of angiogenesis and 

lymphangiogenesis occur in numerous pathological situations: wound healing, graft 

rejection, tumor development and metastasis176,177. Various studies show that the 

density of blood and lymphatic vessels increases in cancerous tissue178,179. 
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Figure 12. Pathways of Cancer Cell Dissemination: A Schematic Overview. 
Originating from the primary tumor, tumor cells orchestrate the assembly of various cell types to 
construct the local TME. The primary tumor excretes factors that promote the formation of new 
blood and lymphatic vessels, known as angiogenesis and lymphangiogenesis. The newly formed 
vessels serve as conduits for the cancer cells to disseminate. The black arrows indicate the direction 
of cancer cell circulation. These invasive cells have the potential to enter the bloodstream directly, 
migrating to distant secondary organs. Alternatively, they may infiltrate the lymphatic capillaries, 
journeying through the collecting vessels to reach the sentinel LN (SLN)—the initial LN that drains 
the site from which they emerged. Lymphangiogenesis, the new lymphatic vessel formation 
process, may also occur within this SLN. Subsequently, tumor cells can transition into the 
bloodstream via lymphatic vessels (Issue from Stacker et al.180). 

In addition to draining tissue fluids, lymphatic vessels linked to tumor 

lymphangiogenesis contribute to metastasis181,182. Tumor cells find the structure of 

lymphatic capillaries to be an ideal path for spreading. The lymphatic endothelium lacks 

a continuous basement membrane and has intermittent intercellular junctions, making 

it easier for leukocytes to enter and, therefore, providing favorable entry conditions for 

tumor cells. Passive dissemination also promotes the colonization of LNs by tumor cells. 

Tumor growth is associated with angiogenesis, leading to the formation of disorganized 

and permeable neo-blood vessels177. This abnormal structure increases the hydrostatic 

pressure responsible for the entry of the various elements supported by the lymphatic 

system183. This results in a semi-passive intravasation of the tumor cells into the 

lymphatic system184,185. 
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2.3.2 Distant lymphangiogenesis and role of 

lymphangiogenic factors 

In 2005, a study was conducted by Michael Detmar using transgenic mice that 

developed skin tumors due to an excess of VEGF-A. It revealed that lymphangiogenesis 

was present in the SLN even before the arrival of tumor cells, which gave rise to a "pre-

metastatic lymph node niche"186. Two years later, this hypothesis was confirmed using a 

model of transgenic mice overexpressing VEGF-C187. Several factors promoting 

lymphangiogenesis have been found to induce a premetastatic LN niche formation. This, 

in turn, increases the frequency of metastatic events in the SLN and promotes the 

formation of distant metastases. Additionally, studies have confirmed that injecting 

tumor cells can establish a premetastatic LN niche188,189. 

Pro-lymphangiogenic factors play a role in shaping the immunological 

phenotype of the surrounding environment. One such factor, VEGF-A has been found to 

have a significant impact on DC maturation. Specifically, DC exposed to conditioned 

tumor cell media or VEGF-A display a tendency toward generating immature DC190. LECs 

can secrete various immunosuppressive factors such as TGF-β93,191. LECs express high 

levels of the inhibitory receptor PD-L1, which represses T-cell activation and controls 

inflammation149. PD-L1 is overexpressed by tumor cells, which minimizes the immune 

response during tumor progression192,193. LEC can contribute to immunotolerance in the 

tumor microenvironment, by interacting with cytotoxic T-cells via PD-1/PD-L1 interaction 

and antigens cross-presentation (Fig. 13)150. These T cells are rapidly oriented either 

towards a process of apoptosis, or to secrete fewer inflammatory cytokines and remain 

inactivated. 
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Figure 13. Diagram representing the interactions between LECs and immune cells inducing 
immunotolerance during tumor progression 
(A) LECs use ICAM-1 to interact with dendritic cells (DCs) expressing MAC-1, inhibiting their 
maturation and ability to activate new lymphocytes. (B) Pro-inflammatory cytokines like TNF-α and 
IFN-γ activate LECs, causing them to produce immunosuppressive substances such as TGF-β, 
indoleamine2,3-dioxygenase (IDO), and NO that prevent the activation of cytotoxic T cells. (C) LECs 
can present tumor antigens directly to naïve T cells, leading to dysfunction of their activation and 
tolerance due to the expression of the inhibitory receptor PD-L1 (Adapted from Card et al.106). 

2.4 Consequences of metastasis on patient health and 

treatment options 

Metastatic disease has serious consequences, often indicating advanced cancer 

and a poor prognosis, with an increased risk of complications for patients194. Metastases 

can result in organ dysfunction, compromising vital physiological processes and causing 

severe patient symptoms. Moreover, the presence of metastatic disease poses complex 

treatment challenges, requiring a comprehensive approach that addresses both the 

primary tumor and the disseminated lesions. Understanding the impact of metastases 

on patient health and exploring innovative treatment strategies is crucial for improving 

patient outcomes. Understanding the formation of metastases is a key step171, and by 

knowing their consequences on patients' health. This will enable us to develop 

therapeutic options194. This knowledge forms the basis for further exploration of the 

complex mechanisms governing tumor evolution and the spread of metastases. This will 
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open new avenues for the development of new therapeutic approaches in cancer 

research. 
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3 The pre-metastatic niche and lymph node 

colonization 

3.1 First observations and definition of the pre-metastatic 

niche in lymph node 

At the end of the 19th century, Stephen Paget, a surgeon, reported his 

observations on breast cancer cases, revealing that the location of metastasis was not 

random. He proposed the hypothesis of Seed and Soil according to which tumoral cells 

can form metastases referred to as “seed” and invade well-defined organs referred to as 

“soil”195. Forty years later, J. Ewing disclaimed this idea and argued that the 

dissemination is attributable to the structure of vasculature and purely due to 

mechanical factors195. 

Fifteen years ago, the seed and soil hypothesis was confirmed by the first 

formulation of a pre-metastatic niche (PMN) concept by David Lyden and colleagues196. 

The authors discovered that tumor cells release factors that create an environment 

within the organ where metastases can grow. These factors prepare the target organ to 

support the survival and growth of disseminated tumor cells. The process includes the 

secretion of growth factors and chemokines/cytokines that promote metastasis and the 

release of extracellular vesicles (EVs) by the primary tumor. The factors transported by 

EVs recruit specific cell types, increase the number of immunosuppressive cells, and 

remodel the ECM in the PMN197,198. These changes create a unique environment that 

supports subsequent metastatic growth199,200. PMN formation has been previously 

described in detail for different organs such as lung201, liver202 and bone203. However, less 

is known about the PMN in LNs. Hirakawa et al. were the first to observe LN remodeling 

at a premetastatic stage in 2005204 and 2007205. VEGF-A and VEGF-C are crucial in 

inducing lymphangiogenesis in SLNs. Researchers have identified several distinct 

characteristics of premetastatic LNs, such as increased lymphangiogenesis and lymph 

flow, remodeling of HEVs, recruitment of myeloid cells, and reduced numbers and 

functionality of effector lymphocytes196,205,206. 
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3.2 Factors influencing the formation of the pre-metastatic 

niche 

3.2.1 Contribution of tumor-derived factors and extracellular 

vesicles 

EVs, including exosomes, are released by various cells and contain proteins and 

nucleic acids. Tumor cells produce them in larger quantities than normal cells (Fig. 

14)207,208. Metastatic cancers produce EVs that can prime a PMN. Cancer-derived EVs are 

thought to be involved in the suppression of innate immune responses through the 

mobilization of myeloid-derived suppressor cells (MDSCs) and the activation of tumor-

associated macrophages and neutrophils209,210. 

Metastatic breast cancer cells are known to express and secrete miRNA (microRNA or 

miR) 105 via extracellular vesicles which can be transferred to endothelial cells. Tumor-

secreted miR-105 targets zonula occludens-1, leading to increased vascular permeability 

and metastasis. This miR has been detected in the blood of tumor-bearing mice during 

the PMN formation211. miR-25-3P, helps to form a PMN by improving vascular 

permeability and angiogenesis. Additionally, miR-25-3P secreted by tumors can be 

transmitted to vascular endothelial cells, targeting KLF2 and KLF4. KLF2 reduces VEGFR2 

promoter activity, while KLF4 regulates the integrity of the endothelial barrier212.  
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Tumor-derived factors, including vascular 
endothelial growth factor (VEGF-A, VEGF-C 
and VEGF-D), extracellular vesicles, TGF-β 
and lysyl oxidase (LOX), induce an 
immunosuppressive microenvironment by 
recruiting macrophages, myeloid-derived 
suppressor cells (MDSCs) and regulatory T 
cells (Tregs). The proliferation of lymphatic 
endothelial cells (LECs) and fibroblastic 
reticular cells (FRCs) drives the production 
of LN factors such as chemokines (CCL19; 
CCL21; CXCL1, 2, 5, 8, and 12); TGF-β; 
matrix metalloproteinases (MMPs); 
indoleamine2,3-dioxygenase (IDO); and 
nitric oxide (NO), which induce high 
endothelial venule (HEV) remodeling, 
stimulate lymphangiogenesis and regulate 
tumor cells chemoattraction at the 
metastatic stage. Issue from125 (Annex 2). 

A recent prospective study 

has shown that tumor-derived 

extracellular vesicles from afferent 

lymphatic vessels can inhibit the maturation of DCs. These extracellular vesicles pass 

through LN subcapsular macrophages in the premetastatic SLN. By performing a 

proteomic analysis on lymphatic exudates taken from patients with primary melanoma, 

a signature of 18 immune-modulating proteins that include S100A9 was identified213,214. 

S100A9 is known to exert an inhibitory effect on DCs. In patients with melanoma, 

extracellular vesicles found in draining lymphatics can participate in forming the PMN. In 

early-stage melanoma, low S100A9 content in extracellular vesicles has been correlated 

with the non-metastatic stage of LNs213. In melanoma patients with metastatic disease, 

lymphatic exudate had an increased number of S100A9-containing extracellular vesicles 

as compared to plasma. This underlines the role of EVPs and S100A9 in PMN formation 

and provides a possible explanation for tumor progression215. 

Extracellular vesicles derived from early and advanced melanoma express 

protein signatures associated with different stages of the metastatic process. In the 

patient with melanoma, the lymphatic exudate contains more melanoma-derived 

Figure 14. Establishment of the lymph 
node (LN) pre-metastatic niche (PMN) 
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products such as lactate dehydrogenase, S100B, S100A8 and compared to extracellular 

vesicles in the plasma. In mice, lymphatic drainage or extracellular vesicles have been 

studied using transgenic mice (K14-VEGFR3-Ig) known to have a lymphatic drainage 

defect216. Injection of fluorescently labeled extracellular vesicles into the mouse ear 

dermis showed an absence at the distance from the injection compared with WT mice. 

Lymphatic vessels play an active role in the transport of extracellular vesicles. LECs were 

the primary stromal cells responsible for the uptake of extracellular vesicles in the tumor-

draining LNs215. Similar results were observed by Garcia-Silva et al.217, where lymphatic 

exudate had a higher level of S100A9 than plasma. Interestingly, the BRAFV600E mutation 

was detected in EV-associated nucleic acids from the exudate217. It is suggested that 

exudate-derived extracellular vesicles could represent a new prognostic tool for 

melanoma progression and the detection of melanoma mutations218. Moreover, active 

PD-L1 inhibiting activated T cells can be found in extracellular vesicles in plasma from 

individuals with head and neck cancer219. 

3.2.2 Creation of an immunosuppressive microenvironment in 

pre-metastatic lymph node 

The LN is a dynamic organ with significant changes in size, cellular composition 

and molecular structure when exposed to pathological conditions. In cancer, tumor 

antigens trigger an anti-tumoral response in the LNs, blocking tumor growth and 

metastasis formation. However, as the tumor progresses, immunomodulatory factors 

are drained to prime an immunosuppressive environment in the draining LN, leading to 

the survival of the tumor and its outgrowth (Fig. 14)220. Different types of 

immunosuppressive cells, such as MDSCs, tumor-associated macrophages, Tregs, and 

immature DCs promote tumor growth and metastasis. These cells accumulate in the LNs 

and inhibit the anti-tumor immune response of CD4, CD8 T cells, and NK cells221–223. The 

MDSCs are precursors of macrophages, DCs, granulocytes and other myeloid cells. They 

have an important role in the support of immunosuppression. A wide variety of 

molecules, such as granulocyte-macrophage colony-stimulating factor, macrophage CSF, 

IL-3, IL-6, and VEGF produced by tumor cells can promote myeloid differentiation and 

the expansion of MDSCs224. MDSCs exert immunosuppressive activity through various 
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mechanisms, including arginase 1, indoleamine-2,3-dioxygenase (IDO), nitric oxide 

synthase (NOS), reactive oxygen species (ROS), peroxynitrite, TGF-β and IL-10225,226. 

Different cell types, including DCs, can express IDO enzymes that metabolize tryptophan. 

IDO reduces T cell immune responses and promotes an immunosuppressive 

microenvironment in the LNs227. In SLNs, the co-expression of IFN-γ and IL-10 has already 

been correlated with the expression of IDO228. 

3.2.3 Contribution to the pre-metastatic niche by immune cells 

Macrophages are present throughout the LN but are classified into different 

subtypes according to location. A distinction is made between macrophages present in 

the SCS and medullary sinus from those residing in the LN parenchyma127. SCS 

macrophages can capture antigens and appear poorly phagocytic128. LECs play a role in 

maintaining these macrophages via RANKL production. Indeed, macrophages are lost 

with RANKL deficiency146. LECs produce CSF-1, which is crucial in maintaining the 

macrophages, especially the medullary sinus macrophages147. Macrophages are also 

present in the parenchyma adjacent to the medullar, known as the medullary cords127. 

The last subset of parenchymal macrophages resides in the T cell zone. They express 

CD11c, CX3CR1, CD64, and MER proto-oncogene tyrosine kinase but test negative for 

CD169 and F4/80229. Modifications in the CD169+ macrophage density have also been 

reported in premetastatic LNs. These macrophages capture tumor-derived antigens in 

the SCS and transfer them to CD8+ T cells to elicit an anti-tumor response. They can also 

capture extracellular vesicles derived from tumor cells218. In a pre-clinical model, mice 

lacking CD169+ macrophages failed to induce anti-tumor immunity230. The decreased 

presence of CD169 in premetastatic LNs has been associated with the advancement of 

metastatic disease and an undesirable prognosis in different types of tumors231. Tumor-

derived extracellular vesicles bind SCS CD169+ macrophages in tumor-draining lymph 

nodes. Macrophages interact significantly with extracellular vesicles in mice with tumors. 

In line with fewer tumor-derived macrophages in LNs, 3D imaging showed that 

extracellular vesicles can penetrate the cortex of LNs more efficiently. These findings 

indicate that macrophages in SCS play a crucial role in preventing cancer progression by 

acting as scavengers of extracellular vesicles232. 
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B cells and immunoglobulins (Igs) are studied in spontaneous breast cancer 

mice model to understand their roles in LN metastasis. Primary tumors were found to 

cause the accumulation of B cells in pre-metastatic tumor-draining LNs and the 

production of pathogenic IgG. This IgG targeted HSPA4, a glycosylated membrane protein 

in tumor cells, and led to the activation of integrin β5. The activation of integrin β5, in 

turn, triggers Src-NF-κB activation in cancer cells, which further promoted metastasis 

mediated by CXCR4/SDF1a233. 

PMN is an essential step in the establishment and colonization of LNs by 

metastatic cells. All immune cells mentioned in this section contribute to create a 

permissive environment within the LN and thus facilitate their colonization by metastatic 

cells222,234. In addition, the release of inflammatory cytokines, growth factors, pro-

angiogenic molecules and matrix-remodeling enzymes such as LOX and MMPs can 

remodel the LN microenvironment235. 

3.2.4 Lymphatic immunosuppression in the pre-metastatic 

lymph node 

LECs can play a role in the survival of metastatic cells and in creating an 

immunosuppressive environment in the PMN. Indeed, LECs express PD-L1, causing a 

marked reduction in the cytotoxic activity of CD8+ lymphocytes236. LECs in the LN may 

also present tumor antigens, helping to promote CD4 suppression. In addition, they 

produce immunosuppressive molecules such as NO, TGF-β1 and IDO106,237. They express 

major histocompatibility complexes class I and II (MHC-I and II)116,212, which play an 

important role in immunotolerance and immune response. They can modify thus the 

CD8+ T-cell response by cross-presenting tumor antigens via MHC-I116,238,239. In addition, 

fLECS expressing CD74 is involved in forming and transporting MHC-II antigenic 

complexes133. 
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3.2.5 Clinical study of the pre-metastatic niche as a biomarker 

of tumor progression 

Studying human lymphatic fluid may reveal valuable information about the 

body's immune responses. Sentinel LN samples from cancer patients were used in some 

clinical studies to observe PMN. These LN are frequently removed for staging and serve 

as reliable indicators of patient outcomes as they represent a common site of metastasis 

for most solid tumors. One of the defining features of PMNs, VEGFR1+ myeloid clusters, 

has been identified in premetastatic LNs of cancer patients196,240. A correlation was 

observed between lymphatic metastasis in oral cancer and ECM-remodeling enzyme 

MT1-MMP and LOX expression in LN macrophages241. In the early stage of cervical and 

oral squamous cell carcinoma, a comparison was made between non-metastatic and 

metastatic SLNs and non-metastatic distal LNs. It has been found that both non-

metastatic and metastatic SLNs had similar characteristics that were not present in distal 

LNs. The high lymphatic vessel density in both SLN groups suggested this trait could be a 

biomarker for LNs metastasis169,242. LNs exhibit high endothelial vessel remodeling linked 

to the aggregation of CCL21+ lymphocytes243. Nevertheless, the immunosuppression 

associated with LN pre-metastatic niche in patients is poorly understood244. 

3.3 Lymph node colonization by tumoral cells 

LNs drain soluble antigens, proteins and DCs passing through the afferent lymphatic 

vessels to enter the SCS. In this way, the drained elements meet fLECs and cLECs lining 

the SCS. Collagen scaffold formed by FRCs permits transport and leucocyte migration to 

cortical areas 245. The numerous lymphatic vessels in the tumor facilitate the drainage of 

the LNs. LN remodeling is characterized by the SCS expansion, LEC proliferation246, 

dilatation189 and dedifferentiation247 of the HEVs. It is also characterized by fibrosis 

adjacent to FRCs248. Lymphangiogenesis and, hence, the proliferation of LECs at different 

LN sites are mainly driven by VEGF (A, C, and D) produced both locally and in the primary 

tumor249. This leads to LEC proliferation in the SCS, interfollicular zone and medulla250. 

This proliferation occurs during inflammation, permitting the increase of DC migration, 

which is exacerbated during tumor drainage. 
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Subsequently, the SCS is an entry point for tumor cells into LNs 251, which can 

interact with LECs and macrophages. Despite strong immunosurveillance, it has been 

shown that CD169+ macrophages present in the SCS progressively disappear, favoring 

deeper drainage of tumor-derived vesicles reaching B lymphocytes. The drainage of 

factors induces changes in B cell response, promoting tumor progression252. The 

directional migration of tumor cells from SCS towards the paracortex is enabled by the 

expression of the chemokine CCL21 and ACKR4 expressed by cLECs253. 

In a tumor context, the directional migration is exploited by tumor cells expressing 

CCR7, enabling them to migrate along CCL21+ lymphatic vessels254. CD11c+ DCs 

participate in the metastatic potentiation of SCS by expressing cyclooxygenase 2 (COX-

2). COX-2-mediated production of prostaglandin E2 (PGE2) in SCS is used by tumor cells 

to migrate. The production of PGE2 in the SCS causes an accumulation of 

immunosuppressive Tregs cells in the draining LN255. It leads to an increase in reduced 

maturation of DCs256 and effector T cell activity, as well as an accumulation of Tregs256,257. 

This immunosuppressive environment in SCS has been observed in many cancers, 

including carcinomas and melanoma. The accumulation of Tregs in tumor draining lymph 

nodes increase with tumor burden, limiting adaptive antitumor immune responses258,259. 

Tregs can suppress the expansion and cytotoxic activity of CD8+ T lymphocytes in a TGFβ-

dependent manner, suggesting a suppressive function in draining LNs257,260. However, 

the accumulation of Tregs within draining LNs remains unresolved. 

In humans, tumor Tregs possess specificity for tumor antigens, and this is shown 

by analysis of their TCR receptor repertoire. Moreover, this diversity and expansion of 

Tregs with a TCR repertoire are also found in the tumor-draining LNs257. Moreover, TGF-

β in this context plays an important role by setting up the immunosuppressive 

environment represented by Tregs. Tumor cells can migrate and proliferate through the 

ganglion and reach the HEVs. HEVs in the paracortex of the LN express transmembrane 

glycoproteins required for adhesion, rolling and transmigration of naive CCR7+CD62L+ 

lymphocytes. Glycoproteins261 are peripheral lymph node addressins (PNAds). Dilation of 

the HEV at the tumor stage is well described, both before and upon arrival of tumor cells 

in LNs. This dilatory remodeling results in the loss of PNAds and perivascular expression 

of CCL21-related chemokine, which may block the recruitment of naive lymphocytes to 
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this site261. Ultimately, remodeling of the HEVs enables tumor cells to exit through the 

HEVs into the bloodstream and colonize another organ. Alternatively, the tumor cells will 

continue their journey, exiting the lymph node via the afferent lymphatic vessel to 

establish themselves in another LN in the lymphatic chain. 

Furthermore, despite numerous in-depth analyses of the origin of TGF-β in LN and given 

the secretion of TGF-β by LECs (chapter 2.3.3), no description has been made of the exact 

origin of TGF-β in LN apart from by immune cells and LECs. And thus, the exact nature of 

TGF-β secreted by LECs and its precise role in immunosuppression in LN. 
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4 Transforming growth factor beta 1 (TGF-β1) 

TGF-β is present in various species, including vertebrates and invertebrates. It 

involves multiple biological functions, particularly cell proliferation, tissue repair, cell 

growth, embryologic development, tissue homeostasis, epithelial-mesenchymal 

transition, and immune system regulation262. 

4.1 The TGF-β superfamily 

The TGF-β family comprises thirty-three human genes that encode homodimeric 

or heterodimeric cytokines263. These various members are separated into two sub-family 

members composed of the TGF-β-like cytokines and bone morphogenetic proteins 

(BMP). The former sub-family comprises the three isoforms of the TGF-β, TGF-β1, TGF-

β2, and TGF-β3264, activins A and B, Nodal, the growth differentiation factor 8 (GDF-8) or 

myostatin and some other members of GDFs (GDF-1, 3, 9 and 11)265. The BMP sub-family 

includes six BMPs (BMP-2, BMP-4, BMP-6, BMP-7, BMP-9 and BMP-15), GDFs: GDF-5 and 

9266 and the Müllerian inhibiting substance (MIS) also called anti-Müllerian hormone 

(AMH). Among those members, most of them are homodimers but several heterodimers 

exist such as TGF-β1/TGF-β2, TGF-β2/TGF-β3, BMP-2/BMP-7, BMP-2/BMP-6, BMP-

4/BMP-7, BMP-15/GDF-9, inhibin βA/inhibin βB (activin AB), and inhibin βB/inhibin βC 

(activin AC). They have been studied in vivo and in vitro267,268. In the induction of cellular 

functions, heterodimers are generally much more biologically active than 

homodimers268,269. 

4.2 The different isoforms of TGF-β 

TGF-beta cytokines are produced in three different isoforms, TGF-β1, TGF-β2, 

and TGF-β3, encoded by three separate genes on three different chromosomes (19q13, 

1q41, and 14q24). These isoforms share a sequence identity of 71-80%. The three 

isoforms have non-redundant and different functions. Indeed, replacing one isoform 

with another in the in vivo model did not restore the phenotype generated by the loss of 

one of the isoforms270. In addition, TGF-β1 is the most abundant isoform expressed in 

humans, the most widely expressed in the TME and among immune cells, and abundant 
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in serum. TGF-β2 and TGF-β3 are involved in embryonic development, and they have 

been shown to have essential roles in processes such as palate development and lung 

formation271,272. 

4.3 Transforming Growth Factor Beta 1 (TGF-β1) 

4.3.1 TGF-β1 protein synthesis 

All TGF-β isoforms are produced as pre-propeptide precursors during 

translation, and a N-terminal signal peptide enables its localization and trafficking. After 

removing the signal peptide, homodimerization occurs by forming interchain disulfide 

bonds. The resulting pro-TGF-β1 dimer is cleaved by the furin enzyme, a trans-Golgi 

network pro-protein convertase. This proteolytic event produces two homodimer 

fragments, which stay non-covalently connected in the so-called latent TGF-β1: the 

carboxy-terminal dimer (the mature TGF-β1) and the amino-terminal dimer LAP. The LAP 

is wrapped around the mature TGF-β1 to prevent its binding to its receptors. The 

complex of mature TGF-β1 and LAP is called "latent TGF-β1". It is produced in an inactive 

form that must be activated to exert biological effects (Fig. 15)273. 



INTRODUCTION 

41 

 

Figure 15. Schematic representation of TGF-β1 processing 
TGF-β1 is produced as a pre-pro-precursor, and after the signal peptide is cleaved and removed, it 
homodimerizes through disulfide bond formation. Furin, a pro-protein convertase, then cleaves 
pro-TGF-β1. The N-terminal dimer, also known as the Latency Associated Peptide (LAP), stays 
bound to the C-terminal dimer, or mature TGF-β1, to create latent TGF-β1, which is inactive. For 
mature TGF-β1 to connect to its receptor, it must be released from LAP, known as "TGF-β1 
activation" (Issue from274). 

4.3.2 Stored and secreted forms of latent TGF-β1 

Hematopoietic and immune cells are the primary sources of latent TGF-β1. It 

can exist in soluble forms or bound to other proteins through a residue Cys 33 to the 

LAP275. TGF-β1 can be attached to ECM components in a latent form with latent TGF-β1 

binding proteins 1, 3, and 4 (LTBP-1, LTBP-3, and LTBP-4), with the contribution of 

fibronectin and fibrillin. It can also exist attached to two different extracellular 

membrane proteins called GARP (encoded by the gene LRRC32) or LRRC33. TGF-β1 is 

present in a free form attached to the LAP or a soluble form of GARP (sGARP)276. 

LTBP-1, LTBP-3, and LTBP-4 are synthesized concomitantly with TGF-β1 

covalently attached to LAP. They lack a transmembrane cellular attachment domain. The 
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three distinct extracellular LTBP proteins are associated with the latent TGF-β1 to form a 

complex LTBP: latent TGF-β1. The complex formed by syndecan-4 and heparan sulfate at 

the cell surface captures the LTBP-1 to form multimers. LTBP4 binds fibulin-4 and -5 to 

assist in depositing elastin aggregates on fibrillin microfibrils during elastogenesis277,278. 

GARP is a member of the LRR (leucine-rich repeat) protein superfamily and is 

characterized by its horseshoe-shaped 3D structure279 due to leucine repeats. GARP 

facilitates the presentation of latent TGF-β1 at the cell surface. GARP covalently binds to 

the TGF-β1:GARP complex by forming disulfide bonds with LAP. GARP:latent TGF-β1 

complexes are expressed on the surface of TCR-stimulated Tregs280,281, B cell receptor 

stimulated B cells282, endothelial cells283,284, fibroblasts285, megakaryocytes and 

platelets281,284, mesenchymal stromal cells286,287, and hepatic stellate cells288. The group 

of Sophie Lucas has demonstrated that Tregs, B cells, and platelets can activate TGF-β1 

in a GARP-dependent manner280,282 (Fig. 16). 

LRRC33 is a protein that belongs to the LRR family and is highly similar to the 

protein GARP. It is responsible for facilitating the presentation of latent TGF-β1 on 

macrophages and microglia cells, i.e., macrophage-like cells in the nervous system289 (Fig. 

16). 

 



INTRODUCTION 

43 

 

Figure 16. The stock of TGF-β1 in different cell types 
Latent TGF-β1 is secreted by most cells. In certain cell types, latent TGF-β1 binds to proteins like 
LTBPs, which anchor it to the extracellular matrix (ECM). On the other hand, some cells can display 
latent TGF-β1 on their surface with the help of proteins such as LRRC32 (GARP) or LRRC33 (Inspired 
by the work of Charlotte Bertrand). 

4.3.3 TGF-β1 activation and signaling pathways 

After being activated and released from the LAP, the mature form of TGF-β1 can 

bind to the TGF-β receptors. These receptors consist of heteromeric transmembrane 

TGF-β receptor serine-threonine kinase. The complex is formed by the dimeric TGF-β 

type I receptor (RI, TβRI) (also known as activin receptor-like kinase or ALK), ALK5 and 

the dimeric TGF-β type II receptor (RII) TβRII273,290,291. After binding to TGF-β1, the RI 

receptor dimer is phosphorylated and recruits the RII receptors to form stable multimers. 

The RII serine/threonine kinase phosphorylates the GS domain composed of 30 amino 

acids (TSGSGSG sequence) of RI, leading to cross and autophosphorylation. This complex 

can be stabilized by co-receptors such as beta glycan (TGF-β type III receptor, TβRIII) or 

endoglin (CD105), which binds the TGF-β ligand and boosts the signaling. On the 

contrary, a protease can shed the co-receptors and decrease TGF-β1 signaling with 

scavenger properties290. 
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In the canonical TGF-β1 pathway, TβRII is a constitutively active receptor that 

phosphorylates the TβRI receptor. Phosphorylated ALK5/TβRI or ALK4 or 7 can 

phosphorylate R-Smad proteins, such as Smad2 and Smad3. Conversely, negative 

feedback leads to pathway regulation with the action of inhibitory (I-) Smads, Smad7 

through binding the GS domains of the RI receptor when the ligand is absent292. The 

phosphorylated dimer interacts with Smad4 and is transported into the nucleus to act as 

a transcription factor and regulate many target genes related to cycle arrest. The 

complex formed by Smad2/3/4 modifies DNA configuration at specific sites by modifying 

histones with acetyl and methyltransferases293–295. It is worth noting that in endothelial 

cells, TGF-β1 binding to its receptor composed of TβRI (ALK1 or 3 or 6), TβRII and the 

Endoglin co-receptor can induce the phosphorylation of Smad1/5/8, leading to cell 

proliferation and angiogenesis296. pSMAD 1/5/8 can also be activated by the receptor 

formed by BMPRI and BMPRII which bind other members of the TGF-beta family like 

BMPs297. Furthermore, the co-receptor called endoglin, or type III receptor, can modulate 

the activation of the TGF pathway in a SMAD-independent manner, regulating cell 

proliferation and adhesion only in endothelial cells298,299 (Fig. 17). 
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Figure 17. Canonical pathway of TGF-β1 signaling 
Mature TGF-β1 binds to the type II receptor (TGF-BRII), its phosphorylation leads to a heteromeric 
complex with the type I receptor, either ALK (left) or ALK1 (right). Depending on the ALK involved, 
a cascade of SMAD activation proteins is triggered, with either SMADs 2/3 and 4 for ALK5, or 
SMADs 1/5/8 and 4 for ALK1. The phosphorylated SMAD proteins then migrate into the nucleus 
via SMAD4 and regulate target gene expression. Adapted from264,296,298. 

In the non-canonical pathway, TGF-β receptors can activate MAP-ERK pathways 

through their tyrosine kinase activities. TAK1, or RAC1 then activate the MAPK pathway, 

phosphorylating the p38 and ERK effectors300,301. Furthermore, some non-canonical TGF-

β signaling pathways are independent of Smad, such as Jun kinase (JNK), p38 MAPK, NF-

κB, PI3K-Akt-mTOR, Raf-MEK1/2-ERK1/2 and Rho/Rho-dependent kinase302. Indeed, the 

canonical and non-canonical pathways are interconnected265. This is due to the low 

affinity for DNA binding at the activating and/or inhibiting sites of the protein complexes 

formed by Smad signaling proteins. Other independent transcription factors, such as T 
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cell factor and lymphoid enhancer factor (LEF), are involved in the downstream signaling 

of Wnt, YAP/TAZ, and myocardin-related transcription factor-A pathways294. Other 

pathways downstream of TGF-β signaling are regulated, including CDK and MAP kinase 

pathways through post-translational phosphorylation and dephosphorylation303. 

The opposite effects observed for TGF-β1 may be attributed to a diverse range 

of activated signaling pathways even within cells in the same environment. 

Consequently, while TGF-β1 inhibits the proliferation of epithelial cells, it stimulates the 

proliferation and growth of fibroblast and tumoral cells304. 
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5 Glycoprotein A Repetitions Predominant (GARP) 

5.1 The GARP protein encoded by the LRRC32 gene 

The protein GARP is encoded by the Leucine Rich Repeats Containing protein 32 

(LRRC32) gene, first identified in 1992 by Ollendorf et al. The gene was first discovered 

in human, in an altered chromosomal region located on chromosome 11 (11q13.5-q14). 

A cloning performed in mouse lead to identify the identification homologous sequence 

of this gene in the chromosome 7 (region 7E-7F)293,305. Using BLAST, nucleotide sequence 

analysis of the human LRRC32 and murine Lrrc32 genes shows over 81% sequence 

homology306. In 1994, Ollendorf et al. discovered two splice variants of GARP by cloning 

them from a human placental cDNA library. GARP comprises two coding exons, and the 

two splicing variants differ in their 5’UTR sequence. Northern blot analysis reveals the 

presence of a 4.4 and 2.8 kb transcript, which is strongly expressed in the placenta, lungs, 

and kidney. Lower expression was demonstrated in the heart, skeletal muscle, and 

pancreas but not in the brain307. After discovering the GARP gene, Ollendorf and 

colleagues provided evidence of GARP expression in different tissues, such as the 

placenta, lungs, and kidneys. The expression is less present in the heart, liver, skeletal 

muscle, and pancreas307.  

5.2 GARP protein domains 

The LRRC32 gene encodes a human GARP protein of 662 amino acids long with 

a molecular weight of 72 kD307, a leucine-rich repeat receptor. GARP is a type I 

transmembrane protein with a short cytoplasmic tail domain composed of 14 amino 

acids with no signaling activity and a large extracellular domain of 608 amino acids. The 

protein contains a PDZ-like domain formed by four amino acids, Gln-Tyr-Lys-Ala, located 

at the C-terminal region (homology with the PDZ class II binding motif)308. The 

extracellular domain of GARP contains two series of 10 Leucine Rich Repeats (LRRs) with 

a LRR C-terminal region (LRRCT)309. LRR domains comprise 2 to 45 LRRs with highly 

conserved regions of the sequence LxxLxLxxNxL or LxxLxLxxCxxL310. A form characterized 

by extracellular domain and LRR repeats is particularly described as interacting with 
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proteins311. Human proteins containing LRR domains perform multiple functions in 

innate immune responses with toll-like receptors to the proteins implicated in mRNA 

transport (NXF1 or proteins present in the synapses of neurons, LRRTM)312. GARP 

protein's folding and surface localization is supposed to be enhanced in the endoplasmic 

reticulum by a chaperone called gp96 (GRP94) like toll-like receptor313. GARP is linked to 

the LAP with disulfide bound between Cys-192 and Cys-331 present in two LRR regions 

and Cys-4 from LAP314. 

5.3 Tregs and the GARP:TGF-β1 complex 

Tregs are a specialized subset of CD4+ T cells that play a crucial role in 

suppressing the activation and proliferation of effector T cells, preventing excessive 

immune responses and autoimmunity. Thus, Tregs maintain immune homeostasis. In 

contrast, they can have a detrimental effect on cancer patients by reducing anti-tumor 

immune responses315. Treg function and differentiation require the expression of the 

forkhead box P3 (FoxP3) marker316, which is induced by the TGF-β1317. In immune cells, 

particularly immunosuppressive Tregs, TGF-β1 is the main TGF-β isoform expressed 

under normal physiological conditions279. Indeed, the expression of FoxP3 provokes the 

differentiation of T cells into induced Tregs (iTregs)318. It is also worth noting that TGF-β1 

can modulate the expression of cell cycle regulators (p21 and p27), preventing the 

proliferation of naïve T lymphocytes319. In the absence of TGF-β1 signaling, Treg 

differentiation is impaired, leading to the development of autoimmune diseases. In 

humans, FoxP3 deficiency leads to the development of a very serious disease known as 

IPEX syndrome (Immunodysregulation Polyendocrinopathy Enteropathy X-linked), 

characterized by autoimmune-mediated multi-organ inflammation. In mice, this 

deficiency leads to the development of the same phenotype known as “scurfy”316. 

Multiple research groups, including Sophie Lucas' team, have conducted studies 

demonstrating that Tregs in both humans and mice can activate TGF-β1 following TCR 

stimulation. This activation occurs through a mechanism that involves GARP and integrin 

αvβ8. Immunoprecipitation assays have shown that GARP and αvβ8 integrin interact with 

each other in human Tregs. In vitro, the activation of TGF- β1 by TCR-stimulated human 

Tregs is blocked by antibodies directed against the GARP-TGF-β complex or the β8 
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subunit. Additionally, these antibodies can block human Treg-mediated 

immunosuppression in a murine model of xenogeneic graft versus host disease 

(GvHD)285,320. 

5.4 Regulation of the protein GARP 

5.4.1 Relation between GARP and FoxP3 

An inactivation by RNA interference of FoxP3 in Tregs cells leads to the reduction 

of surface GARP, while the reverse does not affect the expression of FoxP3321. Other cells, 

such as human and mouse platelets and megakaryocytes, have been shown to 

constitutively express both GARP and the GARP/LAP complex. Thus, upon their 

activation, these cells show an increase in GARP and FoxP3. The presence of GARP at the 

surface of cells is enhanced by Protease-activated receptor 4 activating peptide, and the 

augmentation of FoxP3 expression is boosted by phorbol ester myristate acetate284. 

Moreover, GARP and FoxP3 were found recently to be expressed simultaneously in 

human melanocytes322. The use of shRNA against FoxP3 affects the expression of GARP, 

but if conversely, a shRNA against GARP is used, then the expression of FoxP3 is not 

affected as seen previously with knockdown321. Another marker, Helios has also been 

shown to identify Tregs, which express the transmembrane complex GARP/LAP323. The 

transcription factor, signal transducer, and activator of transcription 3 (STAT3) also 

regulate the expression of GARP. IL6 on CD4+ naive cells causes a decrease in the 

transcription and expression of GARP through the STAT3 signaling pathway324. As seen 

previously, GARP is a latent TGF-β receptor, and its expression is independent of both 

TGF-β and furin, which is involved in TGF maturation by the cleavage of pro-TGF-β325. 

5.4.2 Transcriptional Regulation of LRRC32 

The regulation of GARP also takes place at the level of its gene by the presence 

of two alternative promoters. GARP expression is induced in Tregs following TCR 

stimulation, but it is absent at the surface of human and mouse helper T (Th) cells308. 

These two promoters are called upstream promoter 1 (P1) and downstream promoter 2 

(P2) and pilot the transcription of the GARP gene. They show differences by their 
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methylation states, the P2 promoter is almost entirely demethylated in Tregs and Th cells 

and the P2 promoter is blocked only in Th cells by the presence of methylated CpGs 

islands in the downstream P1 promoter. Thus, the transcription factors cannot bind to 

the promoter sequence found in a closed chromatin configuration due to methylated 

CpG islands. This contrasts with Tregs cells, which have much less methylated CpGs that 

allow the binding of the transcription factor FoxP3 by remodeling the promoter region in 

an open configuration. An open configuration allows the fixation of the nuclear factor of 

activated T cells (NFAT) and NF-κB, which leads to the transcription of the GARP gene326. 

GARP is considered as a transdifferentiation-associated marker proving the involvement 

of FoxP3 in the induction of GARP expression with the change of Th17 cell from tumor in 

ex-Th17 FoxP3+ cells with augmentation of GARP at their surface327. 

5.4.3 Post-Transcriptional Regulation of the GARP mRNA 

GARP expression is known to be highly regulated at the post-transcriptional 

level. One such regulation involves small, single-stranded non-coding RNA (micro RNA or 

miRNAs), which are conserved between species. The translation inhibition occurs after 

the binding of the miRNA to the 3' UTR sequence of the mRNA by partial 

complementarity328. Within Tregs, numerous miRNAs have been shown to regulate 

various cell functions, such as differentiation, proliferation and immunosuppressive 

functions. This immunosuppressive function is regulated by miRNA miR-142-3p, which is 

negatively regulated by FoxP3329. Interestingly, miRNA regulation of GARP expression has 

been reported in activated Tregs. Following Treg activation, GARP mRNA synthesis is 

increased and a subsequent decrease is explained by the targeting of the mRNA by miR-

142-3p. The expression of miR-142-3p is particularly high in Tregs, as compared to Th 

cells and contributes to explain GARP regulation in Tregs 330. Other miRNAs such as miR-

24 and miR-335 can bind the GARP 3'UTR sequence. Different sets of miRNAs can explain 

differences in GARP regulation according to the cell and tissue types 331. 

5.5 Release of TGF-β1 from GARP 

In vivo, two mechanisms exist for the activation and the release of TGF-β1, 

which involve either thrombospondin-1 or RGD-binding integrins. Among the various 
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integrins that exist, only those that can bind to an RGD domain can activate TGF-β1332. In 

vitro, the latent-TGF-β1 can be bound by different integrins containing RGD domain, such 

as integrins αVβ1, αVβ3, αVβ5, αVβ6, and αVβ8. In the context of cancer, many cell types 

express RGD-binding integrins. Integrin αVβ1 is expressed by fibroblasts, αVβ3 and αVβ5 

are expressed by tumor cells and endothelial cells, αVβ6 by epithelial cells, and αVβ8 by 

DCs, monocytes, fibroblasts, tumor cells and Tregs320,333.  

 

Figure 18. The TGF-β1 release is like unwrapping a candy 
The small latent complex (SLC) is formed by the latency-associated peptide (LAP) and TGF-β1 
complex. One end of the LAP wrapper is crosslinked to the 8-Cys domain of GARP through two 
cysteine residues such as Cys211 and Cys350, which are linked to the protein GARP. This linkage 
provides resistance, and when the other end of the LAP wrapper is pulled via αvβ6 or αvβ8 
integrins, the TGF-β1 candy is released (Inspired by the work of Lodyga and Hinz294). 

Pulling forces exerted by integrin αVβ6 on immobilized latent TGF-β1 are 

believed to result from the cytoskeleton's contraction. It causes the formation of the 

latency lasso of LAP to unfold, which in turn leads to the release of mature TGF-β1334–336. 

For the integrin αVβ8, a different process is proposed, and the binding of these integrins 

to the LAP provokes a conformation change that unmasks the binding site of mature TGF-

β1337. Lodyga and Hinz suggest that activating latent TGF-β1 can be compared to 
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unwrapping a candy. The RGD domains present on the LAP are recognized by integrin 

αVβ6 and αVβ8 (Fig. 18)294. 

5.6 Role of GARP in disease 

The GARP protein is implicated in both autoimmune diseases and cancer. Thus, different 

treatments have been proposed depending on the pathology, as shown in figure 19338. 

 

Figure 19. Potential therapies for targeting GARP in autoimmune diseases, transplant rejection 
and cancer 
(Issue from338). 

5.6.1 Role of GARP in immune-related disease 

Single nucleotide polymorphisms present in the non-coding regions of GARP are 

related to the development of numerous diseases, which are immune-related diseases 

like asthma, allergic rhinitis, atopic dermatitis, or Crohn’s disease338. One of the most 

frequent variants in the coding region of GARP has been proposed to be associated with 

developing atopic dermatitis (rs79525962, C/T, T allele frequency in the 1000 genomes 

project = 0.04). In this variant, position 407 is implicated with a change of A to a T that 

affects the presence of GARP at the surface of transfected cells, such as CD4+CD25- T 

cells transfected with A407T-LRRC32339. Another variant (rs201431152, G/A, A allele 

frequency = 0.00023), changing an R in W at position 414, is segregated with Usher 

syndrome in an isolated inbred population cohort340. 
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5.6.2 Cancer and clinical trial 

LRRC32 is amplified in several cancers with an area encompassing 40kb around 

GARP in breast cancer, but has not been demonstrated as an oncogene305,341. A 

pronounced increase in the number of copies of GARP has been found in primary and 

metastatic neck LNs in oral squamous cell carcinoma342. In prostate cancer, genetic 

instability increases in many genes, including GARP, during the progression from 

hormone-sensitive to hormone-resistant cancer343. A large heterozygous deletion and 

rearrangement of the Lrrc32 locus region has been reported in two cases of benign 

hibernoma cancer344. Further work is required to determine the secretion and the 

contribution of GARP-TGF-β1 in this context and the contribution in LNs. It has been 

recently demonstrated that the use of blocking anti-GARP:TGF-β1 monoclonal antibodies 

to target Tregs expressing GARP can produce a positive outcome in terms of anti-tumor 

efficacy in mice. The tridimensional structure of GARP:TGF-β1 complexes bound to the 

antigen-binding fragment (Fab) of a blocking anti-human GARP:TGF-β1 mAb has been 

determined using X-ray crystallography. This development provides a better 

understanding of how these antibodies block TGF-β1 activation by Tregs283. Furthermore, 

when blocking anti-GARP:TGF-β1 mAbs are used, interactions between the Latency 

Associated Peptide (LAP) and integrin aVβ8 remain unaffected. It has been suggested 

that the anti-GARP:TGF-β1 mAbs are effective via targeting complex conformational 

epitopes that include amino acids from the GARP:LAP:mature-TGF-β1 complex. The 

hypothesis is that these antibodies prevent LAP from deforming following integrin aVβ8 

binding by restricting the movement of mature TGF-β1, which is bound by LAP279. Indeed, 

the development of monoclonal antibodies against GARP:TGF-β1 leads to the blockade 

of TGF-β1 activation and immunosuppression by GARP-expressing Tregs but not by cells 

that do not express GARP274,279,285. They are currently tested for the immunotherapy of 

cancer in patients with locally advanced metastatic solid tumors (clinicaltrials.gov 

NCT03821935 and NCT05822752)345. The immunomodulatory role of TGF-β1 in LNs has 

not been extensively studied. Understanding the role of GARP in Treg biology could have 

significant implications for the development of novel immunotherapeutic approaches 
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and the treatment of immune-related diseases. Thus, by extension, all the other cell 

populations in the LNs will be presented in the paper in the result section. 
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Aims of the study 

Our research team is investigating the tissue remodeling associated with the elaboration 

of pre-metastatic (PMN) and metastatic (MN) niches in the LNs of cancerous patients. 

We use human residual samples from a biobank (Biothèque Hospitalo-Universitaire de 

Liège, BHUL) and a mouse ear sponge assay model using melanoma B16F10Luc cells346, 

with the aim to identify new actors implicated in the LN remodeling and 

immunosuppression. Previous studies by different teams, including our laboratory, have 

highlighted changes in the lymphatic network in the primary tumor. Such 

lymphangiogenic responses also occur in the SLN during the establishment of the 

PMN83,138. Indeed, a denser lymphatic network has been revealed in patients with 

cervical, lung, breast, and oral cancer both in the primary tumor and the SLN167,169,347. We 

here focus our interest on TGF-β1 as a key immune suppressor. Most of the studies on 

TGF-β1 are investigating its role in the primary tumor, while TGF-β1 in the LNs is less 

studied. In LNs, the main described cellular source of TGF-β1 is the Tregs, which produce 

it as a GARP:LAP:TGF-β1 complex. Our aim is to address the possibility that non-immune 

cells could be additional sources of this complex in the LN. Thus, these cell populations 

could be novel actors of the immunosuppressive environment to be considered within 

the LNs, in addition to the classical Tregs. 

Our specific objectives are to: 

❖ Explore and map the GARP sources in non-immune cells within metastatic LNs 

of patients suffering from breast or cervical cancer. 

❖ To identify and cartograph the non-immune cell populations that express GARP 

in an experimental metastatic model using ear sponges containing B16F10 

melanoma cells. 

❖ To determine whether GARP production by non-immune cells (fibroblasts, 

endothelial cells) can contribute or not to TGF-β1 activation. 

The results of this work are organized in two parts: 

❖ The two first objectives are presented as an article published in 2023 in 

Cancers348, describing the spatial distribution of the different non-immune cell 
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populations that express GARP. We revealed for the first time that beyond 

Tregs, GARP is expressed in several types of non-immune cells in LN, including 

specialized LEC subtypes in the SCS such as cLECs and fLECs, HEVs, and matrix-

associated fibroblastic and perivascular cells. Through a combination of scRNA-

Seq data mining, immunostaining and in situ RNA hybridization approaches, a 

precise mapping of GARP expression is provided in murine and human (breast 

and cervical cancer) samples. 

❖ The results related to the third objective for the putative activation of TGF-β1 

by GARP in endothelial and fibroblastic cells in vitro are presented as additional 

data. 

During this thesis work, I also contributed to two articles that are presented in the 

Annexes: 

❖ An article published by Bertrand C, Van Meerbeeck P, de Streel G, Vaherto-

Bleeckx N, Benhaddi F, Rouaud L, Noël A, Coulie PG, van Baren N, Lucas S. in 

Frontiers in Immunology in 2021 entitled: “Combined Blockade of GARP:TGF-β1 

and PD-1 Increases Infiltration of T Cells and Density of Pericyte-Covered 

GARP+ Blood Vessels in Mouse MC38 Tumors”. The blockade of GARP:TGF-β1 

was combined with the blockade of PD-1 in MC38 tumor-bearing mice. This 

combination exerted anti-tumor activity and resulted in a densification and a 

normalization of intratumoral blood vasculature associated with increased T cell 

infiltration into the tumors. These data might be significant for the identification 

of cancer patients who could benefit from the combined blockade of GARP:TGF-

β1/PD-1 in clinical trials. The results are presented in Annex 1. 

❖ A review authored by Lionel Gillot, Louis Baudin, L. Rouaud, Frédéric Kridelka 

and Agnès Noël: “The pre-metastatic niche in lymph nodes: formation and 

characteristics” published in 2021 in Cellular and Molecular Life Sciences. This 

review is presented in Annex 2. 

 



 

 

Part-2 RESULTS



 

 



 

 

1 Spatial Distribution of Non-Immune Cells Expressing 

Glycoprotein A Repetitions Predominant in Human and 

Murine Metastatic Lymph Nodes 

Loïc Rouaud 1, Louis Baudin 1,†, Marine Gautier-Isola 1,2,†, Pierre Van 
Meerbeeck 3, Emilie Feyereisen 1, Silvia Blacher 1, Nicolas van Baren 3, 
Frédéric Kridelka 4, Sophie Lucas 3,5,‡ and Agnes Noel 1,5,*,‡ 

Cancers 2023 

 



 

 



RESULTS 

63 

Question 1: Which non-immune cells in the LN express 

the GARP protein in humans and mice? 

The presence or absence of metastatic tumor cells in the SLN, and thus the first 

tumor-draining LN, is a parameter clinicians use to establish the LN status, and it is 

strongly associated with poor clinical outcomes180. Various factors, such as cytokines and 

growth factors secreted by the tumor, are drained by the SLN, triggering its remodeling 

before the arrival of the tumor cells138,349. Changes in the proportions of immune cells 

have been reported 169, and an increase in the proportion of FoxP3+ Tregs in LNs 

contributes to the suppression of antitumoral immunity. The immunosuppressive 

microenvironment can be at least promoted by the secretion of TGF-β1 from Tregs. TGF-

β1 is known to be presented at the surface of Tregs by the protein GARP350. GARP is also 

expressed by other immune and non-immune cells, including megakaryocytes and 

platelets281, B cells282, mesenchymal cells351, and BECs284,345,352. Although GARP-

expressing immune and non-immune cells have been characterized, GARP production 

and distribution in human and murine LNs remains unexplored. 

The first objective was to identify non-immune cells expressing the protein GARP 

and, by extension, the GARP:TGF-β1 complex. These non-immune cells could potentially 

participate in the regulation of immunosuppressive tumor immunity and contribute to 

the spread of tumor cells through LNs. 

We mapped here GARP expression in non-immune cells in metastatic LNs of humans 

and mice. We used various techniques and analyses of both human and murine samples, 

combining bioinformatics, in-vitro and in-vivo analyses and immunolabeling. Through the 

study of existing scRNA-Seq datasets, it has been discovered that various types of cells, 

such as BECs and LECs, fibroblasts, and perivascular cells, express the gene encoding 

GARP in both humans (LRRC32) and mice (Lrrc32). In human scRNA-Seq analyses, we 

found very low GARP expression in LECs. The GARP protein was found by immunostaining 

in BECs forming CD34+/PDPN- blood vessels and not in, but around CD34-/PDPN+ 

lymphatic vessels, forming a shield-like structure. Furthermore, our study has revealed 

that GARP is also expressed by αSMA+ fibroblasts around blood vessels and in fibroblasts 
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closely associated within the ECM. In mice, we used Lrrc32 (Garp) mRNA hybridization 

(RNA scope approach) to overcome the lack of anti-mouse GARP antibodies suitable for 

immunostaining. An almost identical map of GARP expression was found in the ear 

sponge assay, highlighting similarities between species, and further supporting the 

relevance of the experimental model for further investigation. The mapping of new non-

immune cells expressing GARP opens new perspectives on the function of TGF-β1 in LNs.
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Question 2: Does the production of GARP protein allow 

the secretion of active TGF-β1 in non-immune cells? 

2.1 Introduction 

Our data presented in Part I revealed that besides the prominent expression of GARP 

by Tregs280, GARP is also produced by other non-immune cell types in the LN of humans 

and mice at a metastatic stage. We provided the mapping of GARP on other non-immune 

cells including BECs forming blood vessels, HEVs, αSMA+ fibroblast cells in the ECM, 

around lymphatic vessels348. Whether these non-immune cells contribute to TGF-β1 

activation and the anti-tumoral immune response remains to be determined.  

This part of my thesis aimed to determine whether these cells expressing GARP could 

contribute to the secretion of active TGF-β1. Our in vitro study was first carried out to 

identify the contributors and partners of TGF-β1 activation in BECs and LECs, as well as 

in fibroblasts. Primary cells were used as in Part I. Through western blot analyses, 

immuno-histological staining and reporting cells TMLECs, we searched for the presence 

of active TGF-β1. If these primary cells studied in vitro show active TGF-β1 secretion, we 

could then hypothesize that these cell populations contribute to the establishment of an 

immunosuppressive environment. Thus, their secretion of active TGF-β1 could 

contribute to the escape of the immune system at the SCS level, at the stroma level or 

via the exit constituted by HEVs. 

2.2 Materials and methods 

a. In Vitro Cell Culture 

We used primary human dermal lymphatic microvascular endothelial cells (HMVEC-

dLyAd, CC-2810, Lonza, Verviers, Belgium) and human umbilical vein endothelial cells 

(CC-2519A, Lonza, Verviers, Belgium), herein referred to as LECs and HUVEC, 

respectively. These cells were cultured as a monolayer in EGM2-MV medium (complete 

medium) (CC-3202 for LECs and CC-3162 for HUVEC, Lonza, Verviers, Belgium) until 

confluence. Primary human lymphatic fibroblasts (HLFs from ScienCell, #2530, Carlsbad, 
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CA, USA) were cultured in a complete fibroblast medium (FM, Cat. #2301, ScienCell) until 

confluence was achieved, according to the manufacturer’s instructions. TMLEC cells were 

cultured in DMEM medium containing 10 % FBS and 1% of penicillin-streptomycin at 37°C 

with 5%CO2. TMLEC cells were supplied by the team of Sophie Lucas (de Duve Institute, 

UCLouvain, Brussel, Belgium).  

 

b. Measure of active TGF-β1 using TMLEC reporting cells and recombinant 

TGF-β1 

TMLEC cells are transformed mink lung epithelial cells stably transfected with a 

cDNA construction containing a truncated and functional human PAI-1 promotor fused 

with the gene of luciferase. This model is based on the TGF-β1 pathway known to activate 

PAI-1353. The TMLEC cells express luciferase in response to active TGF-β1 and have been 

described as robust in measuring TGF-β1 activation354,355. TMLECs cells were stimulated 

with human recombinant TGF-β1 (#11409-BH, R&D Systems) at 5000 pg/mL as positive 

control or cultured with cells of interest. After the culture of TMLEC in a 96-well plate for 

6 hours, with or without cells of interest for the desired time, the luciferase enzyme was 

released using cell lysis kit Bright-Glo (Bright-Glo™ Luciferase Assay System – E2650, 

Promega), including the luciferase substrate or luciferin and the luminescence was 

measured by a plate reader (Fig. 20). 
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Figure 20. Explanatory protocol for measuring luminescence resulting from the release of active 
TGF-β1 using TMLEC reporter cells 
(Description in the text) 

c. Blocking antibodies 

The blocking antibody 1D11.16.8 (#BE0057, InVivoMAb antimouse / human / rat / 

monkey/ hamster / canine / bovine TGF-β) was used in vitro and in vivo to block the 

action of all TGF-β isoformes.To block the complex GARP:TGF-β1, the clone MHG-8 was 

used in vitro on human primary cells, and clone 58A2 was used for in vivo experiments 

(all antibodies against the GARP:TGF-β1 complex were provided by the team of Sophie 

Lucas).  

d. Western Blot 

Cells were lysed with cell lysis buffer 1x composed of 20 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 

mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin (#9803, Cell Signaling, 

Danvers, MA, USA), and 1× protease/phosphatase inhibitor cocktail (Complete and 

phosSTOP, Roche, Indianapolis, IN, USA). Lysate samples were separated on acrylamide 

gels (10%) in a reducing condition with SDS at 20 µg/well and then transferred onto PVDF 
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transfer membranes (88518, ThermoScientific, Waltham, MA, USA). Membranes were 

probed by overnight incubation at 4 °C with the indicated antibodies followed by 1 h 

incubation at room temperature with horseradish peroxidase-coupled secondary 

antibody 1/2000 (Anti-mouse 7076 or anti-Rabbit 7074, Cell Signaling, Danvers, MA, USA) 

and enhanced chemiluminescent substrate (NEL104001EA, PerkinElmer, Waltham, MA, 

USA) using an Amersham ImageQuant 800 (GE Healthcare, Chicago, IL, USA). The 

following antibodies were used: GARP (1/1000; LRRC32 monoclonal antibody, Plato-1, 

ALX-804-867-C100, Enzo Life Sciences, Farmingdale, NY, USA), pSMAD2 (1/1000, #3108, 

Cell Signaling), pSMAD3 (1/1000, #9520, Cell Signaling), SMAD2 (#3122, Cell Signaling), 

SMAD3 (1/1000, #9523, Cell Signaling) and GAPDH (1/10,000; MAB 374, Millipore, 

Burlington, MA, USA). 

e. Ear-sponge assay model 

C57Bl6 female mice (6 to 8 weeks old) were used throughout this study. The animals 

were maintained under a 12 h light–dark cycle with free access to food and water. Gelatin 

sponges were incubated with tumor cells (2 × 105 B16F10 cells/sponge) or control 

medium (serum-free DMEM without tumor cells) for 30 min in serum-free-DMEM, 

embedded with collagen, and implanted into mouse ears as previously described 346,356. 

Bioluminescence was detected in animals bearing ear sponges soaked with luciferase-

expressing cells using the in vivo Imaging System IVIS 200 (Xenogen Corp.; Alameda, CA, 

USA). At the end of the experiment, the sponges and cervical LNs were harvested, 

incubated in 4% formol (11699408, VWR, Leuven, Belgium) for 16 h, dehydrated in 

ethanol, and fixed in paraffin (X881.2, Leica, Frankfurt, Germany). 
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2.3 Results 

a. Study of LEC and HLF responses to the TGF-β1 stimulation 

We first demonstrated the presence of GARP and integrins that can contribute to 

the release of active TGF-β1 from the cell surface, by flow cytometry and western blot 

analyses. We found that the primary cells used (LECs, HUVECs, and HLFs) expressed αVβ6 

and αVβ8 integrins at their surface, two important GARP partners involved in TGF-β1 

activation (Fig. 21, Fig. A1 from part I)348. 

 

Figure 21. Evaluation of GARP integrins partners in HUVEC, LEC, and HLF cells cultured in basal 
condition 
(a) Flow cytometric analyses were conducted to evaluate the expression of αV (green), β3 (blue), 
β6 (orange), and β8 (purple) integrins in the different cells. The isotype control is depicted in grey, 
and positive signals for each integrin are shown in color (described above) as a percentage of the 
maximum. (b) The relative MFI is represented with a bar graph for each integrin shown on the left 
panel; n is at least equal to 4 (n ≥ 4, means ± SD, n.s, no significance, determined by one−way 
ANOVA). (Figure A1 from the article in part I) 

 

For the remainder of our study, HUVECs were no longer used, as the work carried 

out by Charlotte Bertrand of Sophie Lucas' team showed no secretion of active TGF-β1 
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by these cells. Western blot analyses were conducted on LECs and HLFs to check whether 

these cells can respond to TGF-β1 stimulation (Fig. 22). The analyses were focused on 

the phosphorylation of two SMADs, SMAD2 and SMAD3, which were detected through 

western blot. Using recombinant TGF-β1 to stimulate both LECs and HLFs, we showed 

that both cell types responded to the stimulation. Furthermore, using a TGF-β blocking 

antibody (clone 1D11) significantly decreased the amount of phosphorylated SMAD2 and 

SMAD3 (pSMAD2/3) and thus the activation of the pathway. These data indicate that 

fibroblasts and LECs express two integrin partners of GARP and can respond to TGF-β1 

stimulation. 

 

Figure 22. Evaluation of pSMAD2/3 in LEC and HLF cells cultured with or without recombinant 
TGF-β1 
Western blot analysis of pSMAD2 was performed on LECs cells after stimulation with recombinant 
TGF-β1 at 250 to 1000 pg/mL or pSMAD2/3 on HLFs cells after stimulation with recombinant TGF-
β1 at 5000 pg/mL with or without the presence of an anti-TGF-β antibody (clone 1D11). 

 

b. Analysis of the release of active TGF-β1 by HLF and LEC cells in 

monoculture and co-culture 

First, we cultured LEC, HUVEC, and HLF cells alone in the presence of TMLEC reporter 

cells. In this assay, we tested whether these primary cells alone could secrete active TGF-

β1. This technique proved very specific for TGF-β1 by adding recombinant TGF-β1 to the 

TMLECs alone, where a luminescence of approximately 1000 RLU was detected 
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compared with unstimulated cells. In addition, the use of the anti-TGF-β blocking 

antibody 1D11 results in a decrease in luminescence to a level without stimulation. Each 

cell type used alone and confronted with reporter cells failed to activate TGF-β1, as 

luminescence was identical to that detected without TGF-β1 stimulation. We also 

observed the same result using a GARP-blocking antibody (MHG-8) known to block the 

release of active TGF-β1 in vitro in a GARP-dependent manner. The fact that we do not 

observe the presence of active TGF-β1 using cells alone in vitro might suggest that a 

necessary partner in this activation may be missing (Fig. 23). 
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Figure 23. Culture of primary cells with the TMLEC reporting cells 
Human LEC, HUVEC, and HLF were co-cultured with reporter TMLEC alone, stimulated by 
recombinant TGF-β1 (5000pg/mL) in the presence or absence of anti-TGF-β1 (1D11) or anti-GARP 
(MHG-8) antibody. After 24 hours, luciferase activity is assessed by adding Bright-Glo, and the 
luminescence signal is quantified using a luminescence plate reader. Each condition was tested in 
triplicate. Bars represent the mean. Error bars represent standard deviation (n=2). 

 

We postulated that the missing partners could be 1) another cell type expressing the 

integrins that could contribute to TGF-β1 activation in a paracrine manner or 2) an 

extracellular matrix protein that could control GARP or integrin conformation at the cell 

surface. (Fig. 24). 
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Figure 24. Working hypothesis of the interaction between LEC and HLF cells or the extracellular 
matrix components 
Representation of the expression of GARP at the surface of HLF and LECs, and the possible 
cooperation between them. We postulate that interaction between both these cells can contribute 
to the release of TGF-β from GARP-expressing cells. 

We conducted co-culture assays by combining LECs and HLFs in the presence of 

reporting cells TMLECs. In this test, an anti-TGF-β antibody decreased the positive control 

from 4200 to 1500 RLU in luminescence. While a slight luminescence was detected in the 

co-culture condition between LEC and HLF, it was not inhibited by anti-TGF-β or anti-

GARP (MHG-8). These assays did not reveal any collaboration between the two cell types 

in TGF-β1 activation (Fig. 25). So far, we have not tested the combination of HUVECs and 

HLFs, despite a possible interaction given their production of GARP and the necessary 

integrin partners. It would be worth performing co-cultures between these two cell types 

with TMLECs to evaluate active TGF-β or no active TGF-β and confirm the results of 

Charlotte Bertrand on HUVECs. 
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Figure 25. Co-cultures between LEC and HLF is not able to activate TGF-β1 
Human LEC and HLF were co-cultured with reporter TMLEC, in the presence or absence of anti-
TGF-β1 (1D11) or anti-GARP (MHG-8) antibody. After 24 hours, luciferase activity is assessed by 
the addition of Bright-Glo, and the luminescence signal is quantified using a luminescence plate 
reader. Each condition was tested in triplicate. Bars represent the mean. Error bars represent 
standard deviation (n=2). 

We next addressed the possibility that ECM components could play a role in 

TGF-β1 activation and the modulation of GARP/TGF-β1 and/or integrin interaction at the 

cell surface. Different tests were carried out using two different types of coating: collagen 

I and periostin. Collagen I is found in the fibrous meshwork of LNs, as well as periostin. 

In addition, the periostin has been demonstrated in our laboratory for its involvement in 

the LN remodeling357 (Annex 2). LEC or HLF cells were grown in the presence of both 

TMLEC and Coll I or periostin coating (Fig. 26). The monoculture of LEC and HLF led to 

similar results with or without collagen coating. Moreover, POSTN appeared to block the 

action of TGF-β1, the latter possibly being trapped by periostin. Thus, these two matrix 

components failed to modulate TGF-β1 activation by LEC or HLF. 
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Figure 26. Human primary cells LEC, HUVEC and HLF are not able to activate the TGF-β1 in the 
presence of POSTN or Collagen I 
Human LEC, HUVEC and HLF were co-cultured with reporter TMLEC, in the presence or absence of 
anti-TGF-β1 (1D11) or anti-GARP (MHG-8) antibody, on a substrate coated or not with periostin or 
Coll I. After 24 hours, luciferase activity was assessed by the addition of Bright-Glo, and the 
luminescence signal was quantified by using a luminescence plate reader. Each condition was 
tested in triplicate. Bars represent the mean. Error bars represent standard deviation (n=2). 

c. Study of SMAD2 and SMAD3 phosphorylation resulting from the TGF-β1 

pathway activation 

Next, we attempted to detect TGF-β1 pathway activation through the 

phosphorylation of downstream effectors such as SMAD2 and SMAD3. Western blot 

analyses were performed on co-cultures. HLF cells were cultured for 24 hours, and then 
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LEC cells were seeded on them for 2 hours (Fig. 27). Despite several attempts, in these 

co-culture conditions, we observed a weak presence of pSMAD2/3 in a non-reproducible 

manner. Recombinant human TGF-β1 was used as a positive control. 

 

 

Figure 27. TGF-β signaling activity. 
Western blot of pSMAD2/3 on co-culture between HLF and LEC (n=6) 
Western Blot analysis of phospho-SMAD2 and phospho-SMAD3 on co-culture between HLF and 
LEC cells. The total amount of Smad2/Smad3 and GAPDH were taken as loading control. 

It should be noted that the pSMAD2/3 pathway is not the unique pathway 

activated in endothelial cells with TGF-β1. Indeed, pSMAD1/5/8 could be involved in 

endothelial cells298,299. Therefore, experiments should be repeated with an antibody to 

reveal the phosphorylation of SMAD1/5/8 by western blot. (Fig. 28). 
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Discussion and perspectives 

GARP plays a role in maintaining the immune system homeostasis by regulating 

the availability of latent TGF-β1 and modulating its activation358. GARP particularly 

mediates TGF-β1 activation by Tregs in tumor-bearing mice. These findings underscore 

the significance of GARP in immune regulation and highlight its potential as a therapeutic 

target. A neutralizing anti-GARP:TGF-β1 mAb has been generated and blocks the release 

of TGF-β1. Interestingly, this antibody is able to induce the regression of tumors resistant 

to anti-PD-1 immunotherapy283. Previous work by Bertrand et al. showed tumor rejection 

using the combination of GARP:TGF-β1/PD-1 blockade. Of note, the observed effects of 

this anti-GARP:TGF-β1 mAb, in MC38 tumor-bearing mice, required the presence of the 

complex on Tregs, but not on platelets283 (Annex 1352). These data further underline the 

importance of Treg-derived GARP:TGF-β1 complex in cancer-related immune 

suppression. Clinical trials in patients with locally advanced or metastatic solid tumors 

are currently tested (NCT03821935 and NCT05822752). 

GARP overexpression has been observed in various types of primary tumors, 

including breast cancer, lung cancer, melanoma, bone sarcoma, gastric, and colon 

cancer359,360. These studies were primarily focused on Treg-derived GARP function in 

primary tumors. Despite strong interest in this protein, few studies have been carried out 

on LN. The originality of our work is to focus on non-immune cells in tumor-draining LN, 

which represents the first site of metastatic dissemination for a large range of cancers. 

In Part I of the results, we identified a panel of non-immune cells expressing GARP, 

including fibroblastic and endothelial cells. We aimed to identify and localize these non-

immune cells that could secrete the GARP protein and, by extension, the complex 

GARP:TGF-β1 in humans and mice LNs. By combining complementary methodologies 

including cytometry, western blot, in situ hybridization and immunostaining, we mapped 

the spatial distribution of the GARP protein within human LNs and its RNA expression 

within murine LNs. Notably, GARP was present in blood vessels, surrounding lymphatic 

vessels, within αSMA+ fibroblasts, and in the ECM. Most remarkably, GARP was identified 

within endothelial cells that form the SCS and HEVs, which are vascular structures at the 
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interface between LNs and afferent lymphatic or blood vessels. In addition, perivascular 

cells and fibroblasts in the stroma were shown to express GARP. 

 

1. What would be the relevance of GARP expression 

in endothelial cells? 

The presence of GARP in LECs within the SCS suggests a potential role in 

modulating lymphocyte trafficking and creating immunosuppressive barriers in LN232. 

Thus, GARP-producing LECs in the SCS could participate in the creation of an 

immunosuppressive landscape at LN entry. Sc-RNASeq dataset analyses in mice revealed 

that ceiling and floor LECs strongly express Lrrc32 mRNA348. In humans, GARP was 

detected around lymphatic vessels, suggesting a potential role in forming a “protective 

shield” toward immune cell attack around these vessels. Nevertheless, a higher number 

of clinical samples, in different cancer types, would be necessary to confirm and 

strengthen our observations.  

GARP expression by LECs underlines the multifunctionality of these poorly 

known cells in cancer. While LECs have been considered mainly as building blocks of 

lymphatic vessel walls, additional roles recently emerged. LECs play an important role in 

the regulation of immunity and antigen distribution in many diseases, including 

cancers132. LECs have also been shown to secrete potent pro-inflammatory cytokines 

such as IL-6361. Tumor-exposed LECs play a crucial role in promoting primary tumor 

growth. According to a recent study, performed by Van de Velde and Ebroin et al.361 when 

exposed to tumor, LEC cells, undergo morphological and molecular changes that enhance 

cancer cell invasion in 3D cultures and tumor cell proliferation in vivo. One of the most 

modulated molecules in tumor-exposed LECs was IL6, produced in negligible quantities 

by unexposed LECs. Notably, the mitogenic effect of tumor-exposed LECs on tumor cells 

was abrogated in vivo by a neutralizing anti-human IL6 antibody. These results suggest 

that tumor-exposed LECs can exert "fibroblast-like properties" and contribute in a 

paracrine manner to the control of tumor cell properties. This discovery, combined with 
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our findings, provides a new paradigm in which LECs should be considered as key stromal 

determinants in tumor progression361. In this context, the production of GARP by LECs 

extends the role of these cells in immunosuppression with a putative effect on TGF-β1 

activation, which however remains to be demonstrated, as discussed below. 

Different subtypes of LEC have been recently identified through Sc-RNAseq 

analyses, both in human and mouse LNs134,362. The different LEC subtypes are known for 

expressing PROX1, a transcription factor. Other markers are now used for a sub-

classification of LECs that includes at least: LECs of the valves (vLECs, FOXC2+, CLDN11+), 

subscapular sinus located at the floor (fLECS, CCL20+), or the ceiling (cLECs, ACKR4+), the 

paracortical sinuses (PTX3-LEC, PTX3+) and the medullary sinuses (MARCO-LECs, 

MARCO+)133. It would be interesting to determine the exact location of GARP in those 

different LEC sub-populations. Despite different attempts using antibodies raised against 

MARCO and ACKR4, we failed to detect GARP in the corresponding LEC populations. 

Further studies are required to characterize the different GARP-producing LECs in the 

whole LNs more precisely.  

HEV vessels serve as specialized structures that enable the entry of circulating 

lymphocytes into LNs, a crucial process in immune surveillance. They contribute to the 

recruitment of naive CD62L+ lymphocytes261. They contribute to tissue inflammation in 

chronic inflammatory diseases such as, rheumatoid arthritis, Crohn's disease, atopic 

dermatitis, psoriasis and asthma. In cancers, HEV could have a beneficial effect by 

facilitating the entry of lymphocytes into solid tumors 363. However, HEVs undergo 

changes in tumor-draining LNs that could modify their functions40. We here provide the 

first evidence that HEVs express GARP, both in our mouse and human analyses.  

A better understanding of GARP implication in endothelial cells would 

potentially help to understand how tumor cells can survive and progress in the hostile 

environment of the LN. 
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2. What could be the function of GARP expression in 

fibroblastic cells and its association to the ECM? 

Our data highlighted a surprising expression of GARP by fibroblasts, as well as a 

strong labeling in the associated ECM, both in human and mouse samples. Noteworthy, 

the antibody used could potentially recognize a cleaved and soluble form of GARP 

referred to as sGARP. It can be derived from various cellular sources such as activated 

Tregs, activated platelets and cancer cells 364. Its capability to enhance the activation of 

latent TGF-β has been reported in autoimmune diseases and cancer contexts365. This 

soluble form of GARP can modulate immune responses by suppressing the proliferation 

and cytokine production of effector T cells (Teff), while inducing the differentiation of 

naive T cells into Tregs. Additionally, it promotes a tumor-associated "M2-like" 

macrophage phenotype 364. sGARP also contributes to the endothelial to mesenchymal 

(EMT) process, enhancing tumor cell proliferation and migration capacities, further 

implicating its role in tumor progression and metastasis366. The mechanism underlying 

sGARP-mediated effects partially involves the TGF-β signaling pathway, as evidenced by 

the phosphorylation of Smad2/3 in sGARP-treated naive CD4+ T cells. However, 

inhibition of TGF-β signaling only partially attenuates sGARP effects, suggesting the 

involvement of additional signaling pathways364. One can postulate that the proteolytic 

degradation of ECM components during cell migration367 can induce the release of sGARP 

and thereby influence the immune landscape within the LN. Further studies are required 

to validate or invalidate this hypothesis. 

 

3. Do non-immune cells expressing GARP contribute 

to TGF-β1 activation in LN? 

The identification of GARP expression by non-immune cell populations suggests 

their contribution to the creation and maintenance of an immunosuppressive TME by 

modulating TGF-β1 activation. However, the capacity of these cells to activate TGF-β1 in 
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a GARP-dependent manner remains to be established. We then conducted in vitro 

studies with the aim to determine whether GARP protein expressed by fibroblasts and 

endothelial cells can generate active TGF-β1. Our initial step involved the demonstration 

of the presence of GARP at the surface of LEC, HUVEC and HLF. Cytometry analyses also 

revealed the presence of the integrins αVβ6 and αVβ8, which can contribute to TGF-β1 

release from the complex GARP: TGF-β. The expression of all those molecular 

determinants by the different cell types tested suggests their capacity to activate TGF-β1 

via GARP. Moreover, stimulation of LECs and HLFs with human recombinant TGF-β1 

demonstrated their responsiveness to this cytokine, as assessed by SMAD2 and SMAD3 

phosphorylation, as part of the canonical TGF-β1 pathway. Despite multiple attempts, 

we did not detect in vitro the production of active TGF-β1 from LECs or fibroblastic cells, 

by western blot analyses. Our efforts also fell short in demonstrating the secretion of 

active TGF-β1 by using TMLEC reporter cells in the presence of LECs, HLFs (“mono-

culture”), or both LECs and HLF (“co-culture”). Importantly, SMAD1/5/8 phosphorylation 

are worth considering for future analysis. Indeed, in endothelial cells, these SMADs are 

implicated in TGF-β1 activation through the participation of the co-receptor ALK1. It 

would be interesting to further investigate this pathway in the LEC/HLF crosstalk and the 

release of active TGF-β1. An alternative and unexplored approach in our study involves 

the use of wells directly coated with αVβ8 integrin as proposed by Seed and Nishimura 

(Fig. 34)368. This method offers a potential solution to address the question of whether 

active TGF-β1 can be released from the GARP:TGF-β1 complex present in these different 

human primary cells (i.e., LECs, HUVECs, and HLFs). In this experiment, we could measure 

the release of TGF-β1 from primary cell cultures or cells that would have been isolated 

using FACS. 
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Figure 28. Assay design to assess the ability of recombinant αvβ8 ectodomain for promoting cell 
intrinsic TGF-β1 signaling, from both releasable and non-releasable forms of L-TGF-β1 

(A) Cartoon depiction of TMLC TGF-β reporting cells (Abe et al., 1994). TGF-β. 
Downstream of TGF-β signaling, pSMAD drives the expression of luciferase, and TGF-β 
signaling can be reported following cell lysis and assessment of luciferase activity using 
luciferase assay buffer (containing the luciferin substrate). (B) Culture of TMLEC/cells 
expressing GARP with the presence of immobilized αvβ8 ectodomain. (C) An assay format 
was used to evaluate whether αvβ8 can activate TGF-β1 in cells. Negative controls were 
immobilized alongside αvβ8 ectodomain and TMLC cells were plated onto various 
substrates for comparison. (D) The assay assesses αvβ8's ability to promote cell intrinsic 
TGF-β signaling of non-releasable TGF-β. Controls of TMLC L-TGF-β1 alone, TMLC L-TGF-
β1(R249A) alone, and TMLC L-TGF-β1/GARP were included. A standard curve of each cell 
type treated with known concentrations of recombinant human TGF-β1 was used to 
normalize TGFβ responsiveness between cell lines. Data was presented as concentration 
(ng/mL) of TGF-β1 signaling. 

 

4. Can GARP be used as a biomarker in LN? 

GARP protein expression has been observed in various types of cancer, including 

melanoma and oral squamous cell carcinoma. In melanoma, increased GARP expression 

has been associated with disease progression360. Similarly, in oral cancer, GARP 

expression may play a role in regulating tumor immunosuppression, thereby promoting 

cancer progression359. These observations performed in primary tumors suggest that 

GARP could serve as a potential biomarker for these types of cancer. It is also viewed as 
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a promising therapeutic target and clinical trials are ongoing (NCT03821935 and 

NCT05822752). Our study suggests the interest also to consider GARP expression in the 

LNs of cancerous patients. We here focused on LNs derived from patients with breast 

and cervical cancer. It would be most interesting to extend our study to other cancers 

using the lymphatic system to disseminate (for instance, melanoma, pancreatic, head, 

and neck cancers). Our study paves the way for future investigations on GARP production 

as a prognostic and/or predictive marker for LN and distant metastases. 

 

Conclusion 

The identification of non-immune cell populations expressing GARP and secreting 

GARP:TGF-β1 in LN opens new perspectives. Our research has brought attention to 

new cell populations producing GARP mRNA and protein, in human and mouse LNs. 

We have identified and mapped non-immune cell populations that express GARP in 

tumor draining LNs. Provided that they can activate TGF-β1, these cells could play a 

significant role in establishing an immunosuppressive landscape in metastatic LNs. 

Therefore, these cells, along with Tregs, should be considered as targets of the anti-

blocking antibodies used in clinical trials. Their role in TGF-β1 activation and likely to 

other yet unknown biological functions remain to be established.  
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Supplementary Table 1. Primers sequences
Sequence (5' - 3') Definition

TCAAGTGGCATAGATGTGGAAGAA Forward primer in mIfng  mRNA

TGGCTCTGCAGGATTTTCATG Reverse primer in mIfng  mRNA

TCACCATCCTTTTGCCAGTTCCTCCAG Taqman probe in mIfng  mRNA

AAGAGAGCAAGGACAACACTC Forward primer in mGzmb  mRNA

CATGTCCCCCGATGATCTC Reverse primer in mGzmb mRNA

ACAAGGTCAGCAGTAGCAGGAGGA Taqman probe in mGzmb  mRNA

CAGTAGAGTGTCGCATGTACAG Forward primer in mPrf1  mRNA

GATGAGCCTGTGGTAAGCAT Reverse primer in mPrf1  mRNA

TCGCCTGGTACAAAAACCTCCACTC Taqman probe in mPrf1  mRNA

CATCTTCTCAAAATTCGAGTGACAA Forward primer in mTnfa  mRNA

GGGTTGTACCTTGTCTACTCCCA Reverse primer in mTnfa  mRNA

CACGTCGTAGCAAACCACCAAGTGGA Taqman probe in mTnfa  mRNA

ATAGGAAGGCCAAGGCCAAG Forward primer in mCd3e  mRNA

TTGCGGATGGGCTCATAGTC Reverse primer in mCd3e  mRNA

ACCCGAGGAACCGGTGCTGGT Taqman probe in mCd3e  mRNA

GTGGTTGATGTCCTTCCTACAA Forward primer in mCd8b  mRNA

TCCGCACACAGTAAAAGTAGAC Reverse primer in mCd8b  mRNA

AATGCCAGCAGAAGCAGGATGCAGACTA Taqman probe in mCd8b  mRNA

CGTGATAGCTGTGCTCTGAA Forward primer in mCd4  mRNA

GTTCTCTCCATGTCCAACCTAA Reverse primer in mCd4  mRNA

ACTGAGAGTGTCATGCCGAACCAG Taqman probe in mCd4  mRNA

GGTCCTTGCCTACTTGCTG Forward primer in mIcam1  mRNA

CTGTGCTTTGAGAACTGTGG Reverse primer in mIcam1  mRNA

CCGCTACCATCACCGTGTATTCGTT Taqman probe in mIcam1  mRNA

CCATCCTTTCTTGAGATTTCTTGC Forward primer in mSell  mRNA

CTTCATTCCTGTAGCCGTCAT Reverse primer in mSell  mRNA

TTAACCGCCTTGCCAGCCAAATG Taqman probe in mSell  mRNA

GTCCTTCCGACAGTTTCTCTC Forward primer in mLfa1  mRNA

GGAGTCATGGAGTGTGGTATC Reverse primer in mLfa1  mRNA

TCCCAATGTAGCCAGACTCACACC Taqman probe in mLfa1  mRNA

AGTTCATTTCCTGCTGTCTTCA Forward primer in mSele  mRNA

ATGTGCCTTCTTACAACGTCT Reverse primer in mSele  mRNA

CCACGATGCATTTGTGTTCCTGATTGTT Taqman probe in mSele  mRNA



 

 

 



 

 



ANNEXES 

171 

Annex n°2: The pre-metastatic niche in lymph 

nodes: formation and characteristics 

Lionel Gillot, Louis Baudin, Loïc Rouaud, Frédéric Kridellka, Agnès Noël 
Published in Cellular and Molecular Life Sciences (2021) 

http://dx.doi.org/10.1007/s00018-021-03873-z 



 

 

 

 

 

 

 



ANNEXES 

173 

 



ANNEXES 

174 

 



ANNEXES 

175 

 



ANNEXES 

176 

 



ANNEXES 

177 

 



ANNEXES 

178 

 



ANNEXES 

179 

 



ANNEXES 

180 

 



ANNEXES 

181 

 



ANNEXES 

182 

 



ANNEXES 

183 

 



ANNEXES 

184 

 



ANNEXES 

185 

 



ANNEXES 

186 

 



ANNEXES 

187 

 



ANNEXES 

188 

 


