
VU Research Portal

Mesenchymal stem cells in lymph node development and disease

Koning, J.J.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Koning, J. J. (2013). Mesenchymal stem cells in lymph node development and disease. [PhD-Thesis - Research
and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/fd353b60-7f49-4379-bf2b-821e17f3624a


Chapter 1

General Introduction

Jasper J. Koning and Reina E. Mebius

Department of Molecular Cell Biology and Immunology, VU University Medical Center, 

Amsterdam, 1081BT, The Netherlands

parts of the general introduction are published in Trends and Immunology, June 2012, 

Volume 33, Issue 6





9

Introduction

1
General Introduction

Pathogens invade our body via the skin, gastro-intestinal tract or the lungs. Secondary 

lymphoid organs, like the spleen, lymph nodes, tonsils and Peyer’s patches are key 

structures in our defense against these infectious agents1-3. To better understand how 

secondary lymphoid organs function and how they are formed, we here focus on lymph 

nodes, which can serve as a blueprint for other secondary lymphoid organs such as Peyer’s 

patches and tonsils. However, the formation and functioning of the spleen is distinct and 

will not be discussed. 

Functioning of lymph nodes

Lymph nodes can be found throughout the body and are strategically located to facilitate 

immune responses against pathogens that have entered the body. Lymph nodes serve 

various functions in our !ght against infections. Firstly, since lymphocytes continuously 

pass through lymph nodes, they facilitate the interaction of antigen bearing antigen 

presenting cells (APC) with rare pathogen speci!c lymphocytes, allowing the induction 

of an antigen speci!c immune response. Antigen presenting cells that have encountered 

pathogens within the tissue will di"erentiate and start to migrate to the draining 

lymph node, where they will present the processed antigen. It has been estimated that 

for a speci!c antigen only a few hundred speci!c T lymphocytes exist within the body, 

thereby stressing the importance of these immunological crossroads4, 5. Secondly, lymph 

nodes provide a survival niche for lymphocytes that scan the lymph node in search for 

their cognate antigen6-8. Thirdly, upon encounter of their speci!c antigen, the lymph 

node environment enables the proliferation of antigen speci!c lymphocytes and their 

di"erentiation into e"ector cells that are well equipped to !ght the infection8, 9.

It is not only the location of lymph nodes but also the architecture of these organs that 

facilitates e#cient immune responses. Pathogenic antigens enter the lymph node via 

a"erent lymphatics into the antigen sampling area located underneath the subcapsular 

sinus of a lymph node. These antigens are either freely $oating in lymph or captured 

by APCs. Large freely $oating antigens are trapped in the subcapsular sinus by resident 

macrophages and it has been shown that subcapsular sinus macrophages can transfer 

captured antigen to B cells in order to mount an adaptive immune response10, 11. Small 

antigens (less than 70kDa) are transported via the conduit system into the T cell area 

where they can be picked up by resident dendritic cells, or they are transported to the 

B cell follicle where they can be taken up by B cells12, 13. Antigen bearing APCs that enter 

via a"erent lymphatics subsequently migrate to the T cell area where they line up around 

high endothelial venules through which naive T cells enter the lymph node. The APCs 

either present their antigen to T cells in the area around the high endothelial venules or 

they migrate to the paracortical region to present antigen to B cells14-16.

The non hematopoietic, stromal cells have emerged as cells that facilitate the lymphocytes 

to e#ciently screen for their cognate antigen by providing not only the “highway” for 

lymphocytes to migrate on, but also by providing guidance signals to e#ciently !nd 

and scan resident APCs, which tend to adhere to the stromal cells. Furthermore, the 
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compartmentalization into distinct zones is mediated by these non hematopoietic stromal 

cells through their production of chemokines, which attract either B lymphocytes towards 

the B cell follicles and T lymphocytes towards the paracortical T cell area17-22.

Embryonic lymph node development

Lymph node development is a complex process involving various cell types and signaling 

pathways and most of our knowledge is obtained from studies with mice. Many of the 

cellular and molecular interactions that are mandatatory for lymph node development are 

understood, and will be discussed here. Dependent on location within the embryo, murine 

lymph node development starts between embryonic day 11 and 14 after conception23. 

The initial trigger for the start of peripheral lymph node development is the stimulation 

of mesenchymal cells by retinoic acid24. Retinoic acid is a metabolic breakdown product 

of vitamin A and it has been hypothesized that the nerve !bers, which are located in 

the vicinity of developing peripheral lymph nodes and express the enzymes needed for 

vitamin A conversion into retinoic acid, release retinoic acid in the particular location 

where lymph nodes form. Interestingly, lymph nodes mostly develop at predestined 

locations throughout the body, and in particular at locations where blood vessels branch. 
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Figure 1 Embryonic lymph node development

During embryogenesis, the earliest event in lymph node development is exposure of mesenchymal precursors to 

retinoic acid which results in the production of CXCL13. This leads to the attraction of the !rst LTi cells at the site 

where lymph nodes develop (1). When su#cient LTi cells have clustered, signaling via TRANCE-R by TRANCE, which 

are both expressed on LTi cell, results in the expression of lymphotoxinαβ (LTαβ) by LTi cells (2). LTαβ expression by 

LTi cells now enables interaction with mesenchymal precursors which express the lymphotoxinβ receptor (LTβR). 

These cells subsequently di"erentiate into lymphoid tissue organizer cells and start to express chemokines and 

adhesion molecules to attract and retain more LTi cells together with the cytokine IL7 which mediates the survival 

of LTi cells and induces LTαβ expression (3). The attraction of more LTi cells, which will subsequently start to express 

LTαβ, creates a positive feedback loop which ultimately results in the formation of a functional lymph node (4).
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Therefore, it is tempting to speculate that blood vessel branching and release of retinoic 

acid from outgrowing nerve !bers are linked such that one may induce the other, especially 

since development of the circulatory system depends on neuronal guidance25, 26. Upon 

stimulation with retinoic acid, the mesenchymal cells start to produce CXCL13 which 

attracts lymphoid tissue inducer (LTi) cells as well as their precursors. During embryonic 

development, LTi cells originate from common lymphoid progenitors that can be isolated 

from the fetal liver27. These precursors circulate through the body and migrate in response 

to CXCL13 to the presumptive lymph node site where they !nally di"erentiate into LTi 

cells. Their di"erentiation requires the regulator of transcription Id2 as well as the nuclear 

receptor RORyt28-30. When enough LTi cells have clustered, triggering of TRANCE-R on LTi 

cells by juxtaposed TRANCE expressing LTi cells results in the expression of lymphotoxinαβ 

(LTαβ), which is part of their di"erentiation. LTαβ expressing LTi cells can now mediate 

the interaction with mesenchymal precursors that express the lymphotoxinβ receptor 

(LTβR)31. Upon interaction with LTi cells, mesenchymal precursors di"erentiate into lymph 

tissue organizer (LTo) cells which produce, in addition to CXCL13, the chemokines CCL19 

and CCL21 for attracting more LTi cells and other hematopoietic cells, the cytokine IL-7, 

for mediating their survival and further induction of LTαβ expression, and the adhesion 

molecules VCAM-1, ICAM-1 and MAdCAM-1 for retaining the cells at the place of lymph 

node development32. The attraction of more LTi cells, which will subsequently start to 

express LTαβ, creates a positive feedback loop which ultimately results in the formation of 

a functional lymph node.

Genes involved in lymph node development

As mentioned, studies in mice have been very instrumental for our understanding of the 

sequential steps in lymph node formation and they have helped us to identify which genes 

and signaling pathways are crucial for proper lymphoid organogenesis. The di"erentiation 

of common lymphoid progenitors towards LTi cells requires the transcriptional regulator 

Id2 and the nuclear receptor RORyt. Consequently, genetic deletion/disruption of Id2 or 

RORyt results in a complete absence of lymph nodes due to the lack of LTi cells28-30, 33.

Expression of genes belonging to the tumor necrosis factor superfamily (TNFSF) also play 

prominent roles in lymph node development as mice de!cient for lymphotoxinα (LTα) or 

the receptor for LTαβ, LTβR, show complete absence of lymph nodes34-36. However, in mice 

de!cient for LTα the early clusters of LTi cells can normally form, however these clusters 

are not maintained as a result of the lack of LTβR mediated signaling in mesenchymal 

cells32. During lymph node development, lymphotoxin is exclusively expressed on LTi 

cells as a membrane bound heterotrimer, formed by one α and two β molecules (LTα
1
β

2
). 

Expression of LTα
1
β

2
 can be induced via signaling through the receptors for the cytokine 

IL-7, as well as TRANCE, a TNF super family member31, 37, 38. Hence, mice lacking IL-7Rα, 

TRANCE, TRANCE-R, as well as mice that lack the major TRANCE-R adapter TRAF6 fail to 

develop lymph nodes38-42. Whereas Id2 and RORyt de!cient mice show a complete lack 

of LTi cells, TRANCE de!cient mice show a strong reduction of LTi cells at day of birth in 

mesenteric lymph nodes. Reduced numbers of LTi cells in mesenteric lymph nodes may 
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be a result of reduced expression of adhesion molecules, needed to retain them in place, 

which depends on lymphotoxin mediated signaling32, 39. Indeed, in both LTα/LTβR as well 

as TRANCE/TRANCE-R mutants the subsequent stages that involve the di"erentiation of 

mesenchymal precursors towards organizer cells and the development of endothelial cells 

to support leukocyte attraction do not occur, since these stages depend on LTαβ mediated 

triggering through LTβR expressed on these cells. Di"erentiation of mesenchymal cells 

towards stromal organizer cells is characterized by the induction of chemokines (CXCL13, 

CCL19, and CCL21), adhesion molecules (ICAM-1, VCAM-1, MAdCAM-1), as well as IL-7 

and TRANCE31, 32, 39. While signaling via LTβR or TRANCE-R is not mandatory for LTi cell 

development and early clustering, it is critical for further lymph node development, since 

the features of stromal organizer cells safeguards the retention and survival of more 

hematopoietic cells, which is needed for the establishing the developing lymph node 

structure.

Nuclear factor κB and lymph node development

Signaling through the LTβR, expressed on mesenchymal precursor cells and stromal 

organizer cells, leads to the activation of the Nf-κB transcription factor pathway. This 

transcription factor was identi!ed 25 years ago and has evolved as a major regulator of 

both innate and adaptive immune responses43-47. Five Nf-κB transcription family members 

Figure 2 Nuclear factor κB path-

ways
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have been identi!ed: Nf-κB1 (or p50, processed form of p105 subunit), Nf-κB2 (or p52, 

processed form of p100 subunit), relA (p65), relB and c-Rel48. Although p50 and p52 are 

necessary for nuclear transport together with DNA binding, these two subunits do not 

have transcriptional activities. However, in the absence of ligands, p50 and p52 can form 

dimers, either homo or heterodimers, and bind to speci!c gene sequences that leads to 

transcriptional repression48. Nf-κB activity is regulated via inhibitory proteins that belong 

to the IκB family. In resting cells, these inhibitors associate with Rel/Nf-κB proteins that 

are subsequently retained in the cytoplasm in an inactive form, thereby preventing 

translocation to the nucleus and eventually gene transcription49, 50. 

Upon ligation of the LTβR, two Nf-κB signaling pathways can be activated: the classical 

pathway and the alternative pathway51 (Fig. 2). The classical pathway is associated with 

in$ammatory immune responses and is rapidly activated, whereas the alternative pathway 

is induced slower and mainly involves developmental processes50, 52. Activation of the 

classical pathway primary results in the downstream e"ects via relA, while activation of 

the alternative pathway is relB mediated. Both relA and relB are required for proper lymph 

node development but de!ciency for either relA or relB does not a"ect the presence of 

LTi cells, but rather a"ects stromal cell di"erentiation53, 54. Although mice that lack relA 

show lethality early in development, TNFR1/relA double de!cient mice are viable but 

lack all lymph nodes, while TNFR1 single de!cient mice show no defects in lymph node 

development, indicating the importance of relA for lymph node development53. Upon 

LTβR mediated activation of the classical pathway, relA and p50 primarily dimerize, 

followed by translocation to the nucleus and subsequent transcription of ICAM-1 and 

VCAM-1 amongst other genes, together with the synthesis of the p100 subunit51. This 

newly synthesized p100 can be processed into p52 which is necessary for dimerization 

with relB and subsequent translocation of relB:p52 to the nucleus55, 56. Processing of p100 

into p52 occurs via phosphorylation of p100 by the Nf-κB inducing kinase (NIK) and the 

catalytic activity of IκB kinase alpha (IKKα), leading to partial degradation of p100 into 

p52 by an ubiquitin ligase complex57-59. Upon translocation of the major alternative Nf-

κB dimer relB:p52 to the nucleus, it can bind to target genes ultimately leading to the 

expression of CCL19, CCL21 and CXCL13, which are important molecules involved in 

lymph node development51. As mentioned, it appeared that mainly activation of the 

alternative pathway is important for lymph node development50, 51, since lymph nodes 

are completely absent in mice carrying a spontaneous alymphoplasia mutation (aly/aly 

mice), which involves a point mutation in NIK60, 61, as well as in NIK de!cient mice62. Gene 

knockout experiments also revealed partial abnormal lymph node development in p52 

de!cient mice, where mesenteric lymph nodes were normal and most lymph nodes could 

be identi!ed, although they were poorly developed63

Retinoic acid signaling and lymph node development

Whereas the lymphotoxin pathway was shown to be crucial for early lymph node 

development, it is not required for the early clustering of LTi cells, since mice that lack 

lymphotoxin signaling still show accumulation of LTi cells at sites where lymph nodes 
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would normally develop29, 31, 32. This accumulation was shown to depend on retinoic acid 

mediated expression of CXCL13 by mesenchymal precursors24.

Retinoic acid is the active, metabolized form of Vitamin A (retinol) which plays a crucial role 

in many aspects of embryonic development64, 65, as well as in proper functioning of the 

adult mucosal immune system66. Vitamin A needs to be absorbed via the diet because of 

the inability of vertebrates to synthesize their own67, 68. After uptake by enterocytes, retinol 

is stored in the liver, but upon cellular need, retinol, bound to Retinol Binding Protein-4 

(RBP4), is transported through the bloodstream from where it becomes available to the 

various tissues (Fig. 3). Delivery to target cells occurs via binding of this complex to the cell 

surface receptor STRA-6, which takes over the retinol and transports it into the cells64. In 

the target cell, retinol is converted to retinaldehyde which is catalyzed by various alcohol 

dehyrdrogenases (ADHs) and retinol dehydrogenases (RDHs). The subsequent step 

involves oxidation of retinaldehyde to retinoic acid via retinaldehyde dehydroxygenases 

(RALDH). These enzymes can occur in three forms; RALDH1, RALDH2 and RALDH3, all 

with their own tissue speci!c expression at least during embryogenesis65, 69. Breakdown 

of retinoic acid, necessary to prevent toxic cellular excess of retinoic acid, is carried out by 

Cytochrome P450 enzymes (CYP26A1, CYP26B1, and CYP26C1), which also show unique 

tissue speci!c expression during embryonic development70-72.

Upon cellular entrance, retinoic acid can bind to several di"erent proteins which determine 
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Figure 3 Cellular Vitamin A pathway

Vitamin A (retinol) is transported via the blood by Retinol Binding Protein (RBP). Subsequent up-

take by cells is mediated through expression of STRA-6 that binds retinol and transports it into the cy-

toplasm where it is bound by cellular RBP (CRBP) (1). Cells that are equipped with the right machin-

ery metabolize retinol via retinal into retinoic acid (2). Subsequent nuclear transport of retinoic acid 

into the nucleus is mediated by cellular retinoic acid binding protein 2 (CRABP2). Once in the nucleus, 

retinoic acid binds retinoic acid receptors (RAR and RXR) which heterodimerize and bind speci!c tar-

get DNA sequences, retinoic acid response elements (RARE). This activates transcription of target genes 

(3). Binding of retinoic acid to CRABP1 induces degradation of retinoic acid into inactive metabolites (4).
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the fate of the response. Binding to CYP26 proteins does not result in retinoic acid signaling, 

whereas binding to cellular retinoic acid binding protein 2 (CRABP2) mediates transport 

to the nucleus. Upon nuclear entrance, retinoic acid binds to retinoic acid receptors (RAR 

and RXR) leading to the activation of speci!c gene transcription via binding to retinoic 

acid response elements (RAREs)73-75. To bind RAREs with highest a#nity, RAR need to 

heterodimerize with RXR76-78. In the absence of retinoic acid, retinoid receptors are found 

mainly in the nucleus where they bind speci!c DNA sequences which cause repression of 

genes. This occurs via the recruitment of corepressors, like nuclear receptor corepressor 

(NCoR) and silencing mediator of retinoid and thyroid hormone receptor (SMRT). NCoR 

and SMRT mediate recruitment and binding of histone deacetylases (HDACs), which leaves 

the chromatin in a condensed state thereby preventing gene transcription. Upon ligand 

binding, the chromatin remodels and corepressors are released, leaving the chromatin 

susceptible for binding of transcription machinery, resulting in gene expression79.

Retinoic acid mediated signaling appeared to be crucial for lymph node development as it 

was shown that mice that lack one of the retinol converting enzymes (RALDH2) are not able 

to cluster LTi cells at the speci!c locations, thereby failing to form lymph nodes. The early 

clustering of LTi cells depends on CXCL13 expression which is induced in mesenchymal 

precursors upon retinoic acid stimulation and mediated via the retinoic acid receptor β 

(RARβ). The RALDH2 expressing cells that are located near the presumptive lymph node 

sites are also positive for neuronal markers, suggesting that an early instructive interaction 

between the nervous system with mesenchymal cells may start the development of lymph 

nodes24. However, whether indeed nerve !bers release retinoic acid to induce CXCL13 

expression in mesenchymal cells during formation of lymph nodes has not been proven, 

and will need further study. 

Lymph node stromal cells

Although the majority of the cells that populate lymph nodes are of hematopoietic origin, 

i.e. T- and B lymphocytes, as well as various antigen presenting cell subsets, the non 

hematopoietic cells ful!ll important functions and contribute substantially to immune 

responses3, 80-82. These non hematopoietic cells are collectively referred to as stromal 

cells and include various subsets that originate either from endothelial cells or from 

mesenchymal precursors. These stromal subsets will be discussed here.

Within the T cell area of a lymph node, specialized venules are present, which allow the 

entrance of lymphocytes from the bloodstream into the lymph nodes83. These specialized 

venules are lined by endothelial cells that have a characteristic “cobblestone” appearance, 

hence called high endothelial venules (HEV)84. The HEV express high levels of lymphoid 

chemokines and uniquely express peripheral node addressins (PNAd) in peripheral 

lymph nodes, or mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) in gut 

draining mesenteric lymph nodes. Circulating lymphocytes express either L-selectin that 

recognizes PNAd on peripheral lymph node HEV or α
4
β

7
 that binds MAdCAM-1, expressed 

on HEV in gut draining lymph nodes84, 85. These uniquely expressed adhesion molecules 

and the expression of lymphoid chemokines are involved in lymphocyte entry into the 
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lymph nodes. Upon migration across the HEV, lymphocytes enter the lymph node where 

antigen presenting cells are located in the vicinity of HEV to allow optimal antigen scanning 

and antigen recognition by lymphocytes17, 86. Lymphatic endothelial cells originate from 

venous endothelium by budding and sprouting mediated by expression of the homeobox 

gene prox1 during embryonic development87, 88. LECs form the capsule of the lymph node, 

as well as the a"erent lymphatic vessels, which provide the entrance for antigens, either 

freely $oating in lymph or captured by antigen presenting cells. In addition, they facilitate 

the egress of lymphocytes via e"erent lymphatics located in the medullary region.

The major part of mesenchymal stromal cells (Fig. 4A) are subdivided into stromal cells 

that associate with the T cell area, the follicular reticular cells (FRC), and stromal cells that 

associate with the B cell area, the follicular dendritic cells (FDC). Both subsets harbor 

heterogeneity and identi!cation of new stromal cell subsets has further highlighted the 

role of stromal cells in lymphocyte homeostasis, control of peripheral tolerance and the 

induction of immune responses. One of the stromal cell subsets that has been identi!ed is 

formed by the marginal reticular cells (MRC)89. They localize at the outer rim of the lymph 

node where a"erent lymphatic $uids arrive and they are therefore among the !rst stromal 

cells that encounter antigen. These cells produce CXCL13, express TRANCE and together 

with their cell surface expression of adhesion molecules (VCAM-1highICAM-1highMAdCAM-

1high) these cells resemble LTo cells, which can be found during lymph node organogenesis. 

Whether these cells have stromal precursor capacity and are necessary for stromal cell 

homeostasis has not been studied.

FDCs are stromal cells that support the function of B cells in the lymph node90. Shortly after 

mice are born, precursors to FDCs are already present in the still developing lymph node91. 

They need the interaction with B lymphocytes to fully mature, although T cells might also 

play a role in this process91-93. FDCs express speci!c markers that allow for histological 

identi!cation however, their isolation for in vitro studies has been very di#cult. FDCs 

change their phenotype rapidly upon in vitro culture, while they tightly interact with B 

cells, making it hard to obtain large numbers with high purity90, 94. FDCs produce CXCL13, 

which attracts incoming B cells as well as follicular T helper cells to the follicular area. 

FRCs form the major subset of stromal cells present in adult lymph nodes and are 

organized as a 3-dimensional reticular network which contain collagen !bers that the FRC 

are wrapped around86. Upon intradermal injection of neonatal lymph nodes it was shown 

that FRCs are derived from LTo cells91. Upon postnatal interaction with T lymphocytes 

the stromal cells start to produce extracellular matrix and form the reticular network, a 

process that depends on both TNF and LTβR signaling95. The production of homeostatic 

chemokines by FRCs and FDCs mediates the segregation of T and B lymphocytes into their 

own microdomains86, 96, 97. FRCs are the main producers of CCL19 and CCL21, which attracts 

naïve, CCR7 expressing T lymphocytes upon their entry into the lymph node after crossing 

the CCL21 expressing HEV83-85. Dendritic cells also express CCR7 and they enter both via 

HEV and a"erent lymphatics. Upon response to CCL19 and CCL21 they localize near HEV to 

directly interact with incoming T cells which increases the likelihood that antigen speci!c 

T cells encounter their cognate antigen17, 98, 99. In addition to the homeostatic chemokines, 
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FRCs are also the exclusive producers of IL-7 within the lymph nodes6. Under homeostatic 

conditions, T cells need IL-7 in order to survive and lack of IL-7 leads to a gradual loss of 

peripheral T cells6, 100, 101.

Lymph node stromal cells have the capacity to create an environment which is instructive 

for T cells. It was shown that stromal cells from the mesenteric lymph node in cooperation 

with DC, induce gut-homing molecules on T cells, which appeared to be mediated by 

retinoic acid produced by lymph node stromal cells102, 103. Other studies have shown that 

lymph node stromal cells from cervical lymph nodes are instructive for the induction of 

regulatory T cells upon intranasal administration of antigens, thereby inducing antigen 

speci!c tolerance104, 105. Whether this is mediated by direct interaction with the T cells, or 
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Figure 4 Stromal subsets in lymph nodes 

Schematic representations of the di"erent 

stromal subsets that can be identi!ed within 

lymph nodes by immuno$uorescence or 

FACS analysis. (A) Schematic representation 

of the localization of the mesenchymal de-

rived stromal subsets in lymph nodes. Follicu-

lar dendritic cells (FDCs) associate with B cell 

follicles and are further characterized by the 

expression of podoplanin (GP38), CD35 and 

CXCL13. Fibroblastic reticular cells (FRCs) re-

side in the T cell area and can additionally be 

identi!ed based on the expression of podo-

planin together with CCL21 and IL-7. Margin-

al reticular cells (MRCs) can be found in the 

subcapsular sinus and are further character-

ized by the expression of podoplanin, CXCL13, 
MAdCAM-1 as well as TRANCE. (B) FACS-analysis of lymph node single cell suspension reveals at least 4 di"erent 

stromal subsets within the CD45 negative population upon staining with podoplanin and CD31 which are indicat-

ed in the schematic drawing of the FACS-plot. All lymph node endothelial cells express CD31, with blood endothe-

lial cells (BECs) expressing CD31 only and lymphatic endothelial cells (LECs) co-expressing podoplanin. Mesen-

chymal derived stromal cells are either podoplanin single positive or lack both podoplanin and CD31 expression.
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through the instruction of antigen presenting cells is not known.

Only recently it has been identi!ed that lymph node stromal cells, particularly stromal 

cells that are associated with the T cell zone of a lymph node, are able to present peripheral 

tissue antigens and induce tolerance against these antigens106-110. This capacity was not 

con!ned to a single stromal cell subset and subsequent research to identify which subsets 

were responsible for the induction of tolerance revealed the Achilles heel of lymph node 

stromal cell research, namely the lack of cell surface markers and very limited number of 

cells to work with106, 111, 112.

Phenotypic pro"le of the di#erent stromal cell subsets

Grossly, the major lymph node stromal subsets can be identi!ed by the combination 

of GP38 and CD31 within the CD45 negative compartment present within lymph node 

single cell suspension (Fig. 4B). All lymph node endothelial cells express CD31, with blood 

endothelial cells expressing CD31 only and lymphatic endothelial cells co-expressing 

GP38. Mesenchymal derived stromal cells are either GP38 single positive or lack both 

GP38 and CD31 expression6, 113. Although FRCs can be further identi!ed by the expression 

of VCAM-1 and ICAM-1 together with BP3 and several other markers, none of these 

markers is exclusive for FRCs. The recently identi!ed antigen presenting stromal cells can 

be found within the GP38posCD31neg as well as the GP38negCD31neg stromal cell subsets, 

and bind additionally the lectin Ulex europaeus agglutinin-1 (UEA-1) or express epithelial 

cell adhesion molecule (EpCAM), respectively107, 112. Future e"orts that will identify speci!c 

cell surface markers are needed to increase our knowledge on this newly identi!ed 

feature of lymph node stromal cells. Additionally, although it is believed that the various 

stromal subsets are LTo derived, it is unclear whether a common precursor di"erentiates 

into the various stromal subsets or whether several precursors exists for the di"erent 

stromal subsets. And thus, unique markers for the stromal cell subsets will allow lineage 

tracing studies, enabling the identi!cation of precursor-progeny relationships as well as 

the analysis of kinetics of their turnover. Since LTo cells di"erentiate from mesenchymal 

cells as a result of retinoic acid or LTαβ encounter, mesenchymal stem cells (MSC) are 

considered as their precursors.

Mesenchymal stem cells

Mesenchymal stem cells (MSC) were discovered more than 50 years ago by Friedenstein 

who reported that bone marrow stromal cells were able to generate bone, fat and 

cartilage together with reticular cells114. These cells could easily be obtained through 

plastic adherence and showed great expansion potential upon in vitro culture while they 

preserved tri-lineage potential115-118. Subsequent research using these two capacities, 

namely adherence to plastic and tri-lineage potential as hallmarks for MSCs, showed that 

these cells could be isolated from virtually any tissue119-121. Although MSC numbers are 

highest in the bone marrow, their frequency is low in every tissue, which is a characteristic 

of precursor cells.

In the bone marrow, MSCs serve important functions in regulating the niche for 
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hematopoietic stem cells (HSC)122. It was visualized that transferred HSCs engraft near 

nestinpos MSCs and that depletion of nestinpos MSCs rapidly reduces HSC numbers in 

bone marrow123. However, subsequent research demonstrated that other cell types also 

contribute to the HSC niche, since deletion of stem cell factor (SCF), a critical HSC-survival 

factor, from nestinpos cells did not a"ect HSC frequency in the bone marrow 124. Indeed, 

both endothelial as well as leptin receptor-expressing perivascular cells were identi!ed as 

the source of SCF. Subsequent deletion of SCF in either population clearly reduced HSCs 

numbers in bone marrow124. Therefore, multiple cell types within the heterogeneous bone 

marrow stroma support HSC-niche maintenance under homeostatic conditions. Another 

interesting observation was that these nestinpos MSC were directly innervated and could 

respond to signals derived from the sympathetic nervous system (SNS). Activation of the 

SNS by β-adrenoreceptor agonists reduced the expression of genes that regulate HSC 

maintenance. These data add the cellular and molecular mechanism to the observations 

that HSCs were mobilized upon neuronal signals123, 125, 126.

Mesenchymal stem cells and disease

MSCs have been designated to have great clinical potential both in tissue regeneration 

and in dampening immune responses122, 127. In vitro, bone marrow derived MSCs were 

shown to have the ability to suppress T cell proliferation and nowadays it has been 

well established that MSCs possess the capacity to modulate both innate and adaptive 

immune responses122, 128, 129. These immunomodulatory features of MSCs have also been 

documented in vivo upon administration of MSCs in diverse animal models resembling 

human diseases such as multiple sclerosis (MS) and In$ammatory Bowel Disease (IBD). 

Therefore, MSCs have gained particular interest as a biological agent in the treatment of 

various in$ammatory diseases.

Multiple sclerosis (MS) is a chronic in$ammatory disease resulting in demyelination and 

axonal loss throughout the central nervous system (CNS), with unknown cause and 

only limited treatment options130-132. Spontaneous remyelination that contributes to 

functional recovery is limited, resulting in a relentless increase in disability during disease 

progression133-135. The most common used animal model for MS is murine experimental 

allergic encephalomyelitis (EAE), a model that resembles both the in$ammatory and the 

neurodegenerative phase of the disease136. Administration of MSCs before clinical onset of 

disease in this animal model reduced clinical symptoms and decreased the autoimmune 

response indicated by decreased in!ltration of T cells, B cells and macrophages into 

the central nervous system (CNS)137, 138. However, it has not been addressed whether 

endogenous MSCs are activated during the course of the disease and whether they are 

involved in modulation of the disease.

Crohn’s disease and Ulcerative Colitis, the two major forms of in$ammatory bowel disease 

(IBD), are caused by an aberrant mucosal immune response against normal intestinal 

$ora as a consequence of defects in the barrier of the intestinal epithelium139-142. Dextran 

sodium sulfate (DSS) induced colitis is one of the most commonly used animal models 

for IBD. In this model, oral administration of this chemical compound induces epithelial 
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damage and an increased permeability of the epithelial barrier resulting in an immune 

response against the intestinal micro$ora143, 144. Also in this disease model the in$uence 

of administration of MSCs was studied and it was shown that infusion of MSCs resulted 

in decreased disease severity, which could be attributed mainly to immunomodulatory 

actions of the administered MSCs. However, it has been shown that bone marrow 

derived non hematopoietic cells are incorporated into in$amed areas of the colon upon 

chemical induction of colitis and thus injected MSCs could in addition contribute to tissue 

regeneration145-148. Whether endogenous MSCs are part of the natural recovery during 

colitis has not been addressed.

One of the major limitations of MSC research in vivo is the low frequency of MSCs and the 

lack of a speci!c consensus immunophenotype. Additionally, the selection of mesenchymal 

precursors through plastic adherence allows the outgrowth of heterogeneous populations 

of precursors as identi!ed by morphology. Strikingly, cell surface markers appeared to be 

homogenously expressed amongst these morphologically di"erent populations selected 

through plastic adherence, suggesting that culture conditions in$uence the phenotype 

of MSCs in vitro. Many of the cell surface molecules described to be expressed by MSCs 

are determined after long term cultures149. Upon analysis of MSCs in the bone marrow, 

not all indicated cell surface markers are expressed by MSCs in vivo (our unpublished 

observation). Additionally, transfer of MSCs leads to limited engraftment into target tissues, 

which con!nes the studies addressing their in vivo contribution to disease modulation150. 

The recently identi!ed MSC marker Nestin might provide researchers with new tools to 

overcome part of the elusive nature and function for at least bone marrow MSCs, since 

this may allow lineage tracing studies of transferred MSCs and their progeny. In addition, 

future studies are necessary to provide insight in whether Nestin is also expressed by 

MSCs present in peripheral tissues other then the bone marrow. If expressed, this will 

allow further insight in their localization within the tissue as well as identi!cation of the 

cells that they interact with.

Thesis Outline

Lymph node organogenesis is a complex process which involves various cell types and 

signaling pathways. The importance of the di"erent signaling pathways is only partially 

understood. The central function of lymph nodes is to start the adaptive immune response 

to !ght pathogens and build up memory allowing a rapid immune response upon 

repeated antigen encounter. In addition, lymph nodes have a central role in establishing 

immune tolerance against non harmful foreign antigens that enter the body through 

the mucosa, as well as towards peripheral tissue self antigens. For all these lymph node 

functions it has become evident that stromal cells within the lymph nodes are crucial and 

this notion has urged researchers to unravel the cellular subsets present in lymph nodes 

during development as well as in adult life. This has increased our understanding of their 

mode of action and their potential to in$uence the outcome of immune responses, which 

may in the future have therapeutic bene!ts. One of the important unanswered questions 

is which precursor cells give rise to the various lymph node stromal subsets present within 
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the adult lymph nodes. Since MSCs are considered as precursors for stromal cells present 

within the lymph node, these cells are the centre of interest in my research described in 

this thesis.

In chapter 2 we provide evidence that non-neuronal nestin-expressing cells are the 

precursors for mesenchymal and endothelial lymph node stromal cells. Using a $uorescent 

reporter mouse that expresses GFP under the nestin-promotor, we show that early in 

lymph node development, nestin-expressing cells are already present in the presumptive 

lymph node site where LTi cells already clustered. During subsequent stages of lymph 

node development nestin-expressing cells could still be identi!ed within lymph nodes. 

At day of birth, these cells were contained within the population of stromal organizer 

cells and only these populations show Colony Forming Unit capacity upon in vitro culture, 

indicating a trait of mesenchymal stem cell activity. Within adult lymph nodes, nestin 

expressing precursors could be identi!ed throughout the lymph node. Lineage tracing 

experiments unequivocally showed a lineage relationship between nestin-expressing 

precursors and !broblastic reticular cells, follicular dendritic cells and marginal reticular 

cells. The unexpected observation that both HEVs and lymphatic endothelial cells are also 

derived from a nestin expressing precursor, challenges our current understanding on the 

origin of (lymphatic) endothelium within lymph nodes. These results identify the long 

sought after a population of cells which gives rise to the lymph node stromal compartment 

and demonstrate that one type of precursor can give rise to various di"erent stromal 

subpopulations.

In chapter 3 we describe the di"erentiation of embryonic mesenchymal precursors 

towards lymphoid tissue organizer (LTo) cells. Hereto, we cultured embryonic day 13.5 

MSCs and stimulated these cells with retinoic acid, agonistic anti-LTβR monoclonal 

antibody or both and analyzed mRNA levels for chemokines, cytokines, and adhesion 

molecules which are indispensable for lymphoid organogenesis. We observed that 

di"erential stimulation of E13.5 MSCs with retinoic acid and LTβR resulted in di"erent 

populations of stromal organizer subsets. Additionally, we observed that retinoic acid 

signaling prevented subsequent LTβR mediated expression of FRC associated molecules, 

while allowing their di"erentiation towards CXCL13 expressing stromal cells, which are 

typically associated with B cell follicles. We propose that the various stromal subsets that 

can be found in fully developed lymph nodes arise from mesenchymal precursors that, 

already early in lymph node development, are di"erentially exposed to retinoic acid and 

LTβR mediated signaling.

We have shown that nestin expressing precursors, presumably MSCs, are contained 

within the LTo populations and give rise to the stromal compartment of lymph nodes 

upon signaling via either the lymphotoxin receptor or the retinoic acid receptor. Together 

with the knowledge that MSCs have immunomodulatory capacities, we studied whether 

endogenous MSCs were a"ected during disease using animal models that resemble either 

Colitis (chapter 4) or Multiple Sclerosis (chapter 5).

We observed that during the acute phase of intestinal in$ammation (chapter 4), MSCs 

accumulate exclusively in intestinal draining lymph nodes, while distant lymph nodes did 
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not show this transient increase in MSC numbers. Additionally, this increase in absolute 

numbers of MSCs was only observed in mice that exhibit the most severe form of colitis, 

and thus required a strong in$ammatory response. Together with our observations that 

local immune activation of peripheral lymph nodes also resulted in an increase of MSCs in 

these peripheral lymph nodes and a concomitant decrease of MSCs from the surrounding 

perinodal adipose tissue, our data suggest that immediate recruitment of MSCs during a 

severe in$ammatory response occurs from local sources, rather than from a more central 

source, the bone marrow. Only upon prolonged immune activation, as seen at the chronic 

phase of DSS induced colitis, we could observe an increase in MSC numbers within the 

bone marrow.

In the EAE animal model for multiple sclerosis (chapter 5) we observed di"erent kinetics 

of MSC mobilization from the bone marrow when compared to the DSS induced colitis 

model. Instead of an increase in bone marrow MSCs as seen at the chronic phase of DSS 

induced colitis, we observed a dramatic decrease in the numbers of MSCs at the peak 

of clinical disease. We noticed that numbers of CD4 and CD8 T cells in the bone marrow 

inversely correlated with the number of MSCs. The decrease in bone marrow MSC numbers 

was also observed in a transgenic mouse model with a constitutive activated immune 

system and appeared to be dependent on IFN-y production suggesting that IFN-y 

producing T cells are able to reduce the number of MSCs in the bone marrow. Indeed, 

transfer of wild-type T cells into double transgenic CD27-/-CD70TG mice showed that the 

decrease in MSC numbers was dependent on T cells. However, transfer of IFN-y knockout T 

cells into the same recipient mice demonstrated that this decrease was not dependent on 

IFN-y production by T cells. We therefore speculate that activated T cells are able to reduce 

the number of MSCs in the bone marrow by an unknown mechanism and suggest that 

during chronic immune activation, activated T cells which are present within the bone 

marrow, produce IFN-γ which prevent the recovery of the MSC pool.

In chapter 6 our !ndings are summarized and discussed. Together with the recent 

literature, new perspectives concerning MSCs in lymph node development and disease 

are considered. Furthermore some of our data is discussed in the context of human lymph 

node development and disease.
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