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Pathogens continuously enter our body via the skin, lung and gastro-intestinal tract. The 
lymphocytes that form the adaptive immune system have to find these pathogens to 
efficiently raise an immune response to eliminate these pathogens. Additional generation 
of memory cells will allow a faster response upon reinfection with the same pathogen. 
Although the variety of antigen specific immune cells is tremendous, the number of 
immune cells that recognize a specific antigen is very low. Hence, because of their 
small numbers, antigen specific immune cells need to expand before they can mount 
an efficient immune response. Lymph nodes, which belong to the secondary lymphoid 
organs, facilitate the congregation of pathogens and rare antigen specific immune cells 
because of their strategic locations throughout the body, thereby increasing the odds 
of an interaction between antigen specific immune cells and their cognate antigen. 
Additionally, they create an environment which allows the expansion of rare antigen 
specific immune cells upon antigen recognition and they provide survival signals for 
immune cells 1-11. 
While the majority of the cells present in the lymph nodes are hematopoietic, the non 
hematopoietic stromal cells, which provide the infrastructure to the lymph nodes, are 
crucial to lymph node functioning. These stromal cells can grossly be subdivided into 
lymphatic endothelial cells (LEC), blood endothelial cells (BEC) including specialized high 
endothelial venules (HEV), and non endothelial derived stromal cells that associate with 
either the T cell zone, the fibroblastic reticular cells (FRC), or the B cell zone, the follicular 
dendritic cells (FDC) 4;12-16. Recent identification of marginal reticular cells (MRC) and 
stromal cells that can present antigen have further broadened our view of the important 
contributions that stromal cells make to the functioning of our immune system 7;17-25.

From progenitor to lymphoid tissue stromal organizer
Which progenitor cells give rise to these various types of stromal cells and which factors 
regulate their differentiation, is currently under intense investigation. In chapter 2 we 
demonstrated that the precursor for lymph node stromal cells is derived from nestin-
expressing precursors. Although nestin was originally identified to be expressed 
by neuronal progenitors, we clearly showed that early in lymph node development 
(embryonic day 14.5), nestin-expressing cells, that do not express neuronal markers, can 
be identified within presumptive lymph nodes among clusters of lymphoid tissue inducer 
(LTi) cells. These non-neuronal nestin-expressing cells expressed intermediate levels of 
MAdCAM-1 which is characteristic for lymphoid tissue organizer (LTo) cells. Upon analysis 
of LTo subsets shortly after birth, we demonstrated that all LTo subsets express nestin. 
Remarkably, only the cells identified as LTo cells showed mesenchymal stem cell activity 
while cells identified as endothelial cells, which also expressed nestin at that time, were 
unable to form colonies under the same culture conditions. This mesenchymal stem cell 
activity is preserved in adult lymph nodes and with immunofluorescence we showed 
that nestin-expressing cells localized throughout the entire lymph node and they were 
often associated with bloodvessels. Most interestingly, with lineage tracing studies we 
unequivocally demonstrated that lymph node stromal within the T cell area, B cell area 
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and the subcapsular sinus are derived from nestin-expressing precursors. The unexpected 
observation that high endothelial venules (HEVs) as well as lymphatic endothelial cells 
(LECs) but not other vasculature, share this nestin-expressing precursor challenges our 
current view of the development of specialized vasculature in lymph nodes. Overall, we 
show that one type of precursor can give rise to different types of stromal cells within 
lymph nodes, while a reservoir of precursors remains present within the adult lymph 
nodes thereby enabling lymph node remodeling upon inflammation. Further studies are 
needed to identify which factors induce differentiation of nestin-expressing precursors 
into fibroblastic reticular cells, follicular dendritic cells and marginal reticular cells and 
what signals induce differentiation into (lymphatic) endothelial cells. Furthermore, with 
the use of inducible lineage tracing in adult lymph nodes, future studies would allow to 
delineate the contribution of nestin-precursors to the various lymph node stromal subsets 
including endothelial cells upon lymph node remodeling. 
In chapter 3 we provide evidence that early in lymph node development differential 
exposure to retinoic acid and lymphotoxin β receptor (LTβR) ligands dictates the 
differentiation into various lymphoid tissue stromal organizers that ultimately give rise 
to the lymph node stromal compartment. Both retinoic acid and LTβR serve crucial 
roles in lymph node development which starts during embryonic life in both mice 
and humans 26-30. The earliest stage of murine lymph node development involves the 
stimulation of resident mesenchymal cells with retinoic acid upon which they start 
to produce CXCL13, resulting in the attraction of lymphoid tissue inducer (LTi) cells to 
the presumptive lymph node site31. Upon clustering together, these LTi cells interact 
with each other through their expression of TRANCE and the corresponding TRANCE-R, 
which leads to the first lymphotoxinα1β2 expressing LTi cells. Lymphotoxinα1β2 on their 
surface will subsequently allow the interaction with mesenchymal stem cells that express 
the corresponding lymphtoxin β receptor (LTβR) 32. Signaling via LTβR leads to the 
differentiation of mesenchymal stem cells towards lymphoid tissue organizer (LTo) cells. 
Through the activation of Nf-κB signaling pathways via LTβR stimulation, the expression 
of homeostatic chemokines, cytokines and adhesion molecules are induced to attract 
and retain more LTi cells ultimately leading to a lymph node aggregate that is populated 
with immune cells after birth 33-40. We have shown that mesenchymal stem cells, derived 
from embryonic day 13.5 (E13.5) cell fractions enriched for peripheral lymph node cells, 
started to produce CXCL13 upon exposure to retinoic acid in vitro. Production of CXCL13 
upon retinoic acid exposure is characteristic for the first mesenchymal cells that attract 
LTi cells at locations where lymph nodes will form. In vitro stimulation of mesenchymal 
stem cells  with the agonistic LTβR mAb induced the expression of CCL19, CCL21, IL-7 and 
MAdCAM-1, molecules that are involved in the attraction, survival and retention of LTi 
cells, respectively. However, only simultaneous exposure to retinoic acid and the agonistic 
LTβR mAb resulted in the mRNA expression profile for CXCL13, CCL19, CCL21, IL-7 and 
MAdCAM-1. All these molecules are typically found in lymph node stromal organizer 
cells isolated from mesenteric and peripheral lymph nodes around day of birth41. Since 
exposure to retinoic acid likely precedes signaling via LTβR in vivo during embryonic 
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lymph node development, we also performed experiments where mesenchymal stem 
cells were sequentially stimulated with retinoic acid and LTβR agonistic mAb. To our 
surprise, retinoic acid specifically prevented gene transcription of CCL19, CCL21 and IL-
7, but not other LTβR dependent genes. The observed stromal cell differentiation as a 
result of either simultaneous or sequential stimulation via retinoic acid receptors and 
LTβR provides an elegant explanation for the mechanism by which the various stromal 
subsets within lymph nodes arise. This model suggests that stromal cell differentiation 
is spatiotemporally determined since not all cells will be exposed to retinoic acid and/or 

Figure 1 Model of lymph node stromal cell development
During embryonic lymph node development, nestin-precursors (presumably mesenchymal stem cells) are 
differentially stimulated with retinoic acid and/or lymphotoxin resulting in precursors for FRCs, FDCs, and 
MRCs. Upon postnatal lymph node development, these cells receive additional signals that mediate their 
terminal differentiation into the various stromal subsets. These stromal subsets in turn interact with common 
lymphoid progenitor-derived immune cells and this interaction is crucial for the development and maintenance 
for functional microdomaions, which in turn are crucial for the generation of an efficient immune response. In 
addition, nestin-precursors also give rise to high endothelial venules (HEV) and lymphatic endothelial cells (LEC) 
in lymph nodes, although their differentiation requirements needs further study.
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lymphotoxin at the same time and not all cells in the presumptive lymph node site will 
encounter both. 
Our observations also indicate that the earlier described stromal organizer cells 
are heterogeneous with respect to expression of molecules involved in lymphoid 
organogenesis, since only cells that have been stimulated with retinoic acid and LTβR 
simultaneously produce all these molecules which is unlikely to occur in all cells. Hence, 
future experiments with single cell or clonal analysis of LTo cells will need to be carried out 
to provide more insight into this heterogeneity. 
In conclusion, we propose that during lymph node development differential stimulation 
with retinoic acid and/or LTβR dictates the differentiation of mesenchymal stem cells 
towards various stromal organizers that ultimately give rise to the various stromal subsets 
that can be found in mature lymph nodes (Fig. 1). 

Mesenchymal stem cells in human lymph nodes
Most of our knowledge on human lymph node development is derived from observational 
studies performed decades ago 42-44. Although these studies have been very instrumental 
with respect to morphology and cells that constitute the primordial lymph node structures, 
they do not give insight in the signaling pathways that are crucial for human lymph node 
development. Morphologically, human and murine lymph nodes show comparable key 
components like high endothelial venules (HEVs), lymphatic endothelial cells (LECs), FRCs 
and FDCs together with separated T and B cell domains.
Recently, the human equivalent for LTi cells was discovered based on the expression 
of characteristic LTi markers such as cell surface CD127 and RORC mRNA transcripts 45. 
Phenotypically, these cells are very similar to murine LTi cells as they do express TRANCE 
and its corresponding receptor together with transcripts for lymphotoxin α, lymphotoxin 
β and Id2. However, they lack the expression of CD4, which is found on murine LTi cells. 
Human LTi cells can be found as early as 8 weeks after gestation in fetal mesenteric lymph 
nodes 45.
So far, only signaling through the common y-chain has been shown to be crucial for human 
lymph node development since patients with a mutation in the gene coding for the 
common y-chain were also reported to lack lymph nodes. These observations are in line 
with data obtained from common y-chain deficient mice in which both peripheral lymph 
nodes and gut associated lymph nodes were absent 46;47. Other naturally occurring genetic 
aberrations that affect human lymph node development have not been documented.
Interestingly, upon in vitro co-culture with fetal human mesenchymal stem cells, human 
LTi cells were also able to upregulate the expression of adhesion molecules ICAM-1 and 
VCAM-1 which appeared to be dependent on signaling through both LTβR and TNRFII, 
showing that these cells have indeed the functional capacity that LTi cells should have. 
However, stimulation of fetal human mesenchymal stem cells with fetal human LTi cells 
or with LTα1β2 or TNF did not result in upregulation of the lymphorganogenic molecules 
CCL19, CCL21 and CXCL13 45. Whether this is caused by the inability of these mesenchymal 
precursors to differentiate towards LTo cells or whether these chemokines are not involved 
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in human lymph node development is currently not known. Furthermore, the role of 
retinoic acid in human lymph node development remains to be determined.

Mesenchymal stem cells in adult lymph nodes
Within resting adult lymph nodes the number of mesenchymal stem cells declines with 
age although substantial numbers of precursors are still present in adult lymph nodes. 
In chapter 2 we showed that based on the expression of nestin, MSC could be identified 
throughout the lymph node in the FRC area, the FDC cell area as well as the subcapsular 
sinus where MRCs reside. The frequency of Nes-GFPpos cells was high when compared to 
the number of CFUs we observed, suggesting that not all Nes-GFPpos are MSC and indicates 
that GFP may remain to be expressed upon differentiation in vivo, while nestin expression 
has declined.
 In chapter 4 we showed that MSC accumulate within lymph nodes upon immune 
activation which is characterized by extensive remodeling of B and T lymphocyte domains 
48. Together with our observations that mesenchymal stem cells can differentiate into LTo 
cells and subsequently give rise to the stromal compartment 49, these data indicate that 
mesenchymal stem cells may contribute to the enlarged stromal compartment upon lymph 
node remodeling. To our surprise, mesenchymal stem cells disappeared in a coordinated 
fashion from the perinodal adipose tissue, and could therefore potentially serve as a 
reservoir for mesenchymal stem cells that are called upon during acute inflammation. 
Although the bone marrow is the major source for mesenchymal stem cells, we showed 
that numbers of bone marrow mesenchymal stem cells were not affected during an acute 
immune response in lymph nodes.
We speculate that the incoming mesenchymal stem cells are exposed to and respond to 
the same differentiation signals as embryonic mesenchymal stem cells during lymph node 
development namely, retinoic acid and lymphotoxin, and perhaps also TNF-α. During 
immune activation, lymphotoxin as well as TNF-α are expressed by lymphocytes which 
may instruct mesenchymal stem cells to differentiate towards stromal cells that associate 
with the T cell zone. Furthermore, retinoic acid can be released by lymph node stromal 
cells present in mesenteric lymph nodes 50 but fat tissue constitute a valid alternative 51, 
although it remains unknown how the retinoic acid release in adipose tissue is regulated. 
Additionally, nerve endings that innervate lymphoid tissue 52 may also serve as a source 
for retinoic acid and influence the differentiation of mesenchymal stem cells. The question 
still remains however which signals would be involved in release of retinoic acid from 
nerve cells. It was shown that vagal nerve stimulation resulted in the induction of CXCL13 
expression, which could be inhibited by blocking the retinoic acid receptor 31. Furthermore, 
it remains to be determined whether mesenchymal stem cells can respond directly to 
incoming bacteria, viruses or other pathogens via pattern recognition receptors, which 
subsequently leads to their differentiation into stromal cells.
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Mesenchymal stem cells during inflammatory diseases
Mesenchymal stem cells derived from various organs have been shown to exhibit 
immunomodulatory functions upon systemic injection during several chronic 
inflammatory mediated diseases. In animal models resembling either inflammatory 
bowel disease (IBD) or multiple sclerosis (MS), infusion of mesenchymal stem cells 
results in amelioration of the disease (reviewed in 53). Both diseases are associated with 
the formation of ectopic lymphoid like structures 54;55. These so called tertiary lymphoid 
organs (TLO) or ectopic lymphoid tissues arise as the result of prolonged inflammation 
in the target tissue leading to infiltration of immune cells. These cellular infiltrates often 
organize into structures that show great anatomical similarity with secondary lymphoid 
organs in that they have distinct T and B cell areas. Several crucial processes can take 
place in these TLO including B and T cell priming, clonal expansion, antigen retention, B 
cell maturation and maintenance 54. Whether peripheral tolerance can be induced in TLO 
remains to be determined. 
The immunological consequences of TLO formation is largely unknown and might depend 
on the cause of the disease. During autoimmunity, self antigen would be presented 
locally in TLO and probably contributes to the exacerbation of the disease. This would 
be a probable scenario for MS, although it remains elusive whether MS is a true primary 
autoimmune disease 56. However, during chronic inflammation as a result of persistent 
pathogen, local production of antibodies in ectopically formed lymphoid tissue may be 
beneficial for the host, as has been shown for viral infection in the lung 54;55;57. Therefore, 
TLO formation during colitis may also be beneficial to the host, since it brings the lymphoid 
tissue closer to the place where it is needed, namely the damaged epithelium.
So far, there is no data available on the role of mesenchymal stem cells in the development 
of tertiary lymphoid structures. The cellular and molecular requirements for tertiary 
lymphoid structure formation show overlap with secondary lymph node organogenesis 
54;55. Studies in mice have indicated that signaling through LTβR is involved in the induction 
of ectopic lymphoid structures and involves the production of lymphorganogenic 
molecules like CCL21 and CXCL13 whereas the production of CCL19 and CXCL12 promotes 
leukocyte attraction. However, expression of CCL21 is not always sufficient to induce 
lymphoid neogenesis as was shown for the central nervous system parenchyma 58. In this 
study transgenic overexpression of CCL21 in oligodendrocytes induced an inflammatory 
response in the central nervous system, but did not result in recruitment of lymphocytes 
and subsequent lymphoid neogenesis into the central nervous system.
LTi cells are mandatory for lymph node development but their role in TLO formation is 
less clear although several studies in mice indicate that recruitment of LTi cells before the 
formation of TLO occurs (reviewed in 59). However, during lymph node development, LTi 
cells provide mesenchymal stem cells with lymphotoxin signaling, while during chronic 
inflammation these signals can be provided by activated lymphocytes arguing against 
the need for LTi cells. Intriguingly, TLO formation can occur independently of lymphotoxin 
signaling. It was demonstrated that inflammation in the lung induced the formation of 
inducible bronchus associated lymphoid tissue (iBALT) and these structures could also be 
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observed in mice deficient for lymphotoxin-α 60. Additionally, during DSS induced colitis, 
when mice suffer from chronic inflammation of the colon, TLO are generally observed. DSS 
induced colitis in lymphotoxin alpha deficient mice showed that these tertiary lymphoid 
structures were also present despite the absence of lymphotoxin signaling (Olivier, B.J. 
manuscript in prep).
The formation of TLO in the CNS during multiple sclerosis (MS) has been contradictory. 
Whereas some report the presence of ectopic lymphoid structures containing B cells in 
the meninges of a subset of secondary progressive MS patients, others did not observe 
these follicle like structures 61-63. This difference may be caused by variations in tissue 
sampling, handling and processing as well as the multiple sclerosis cohort 64. In chapter 
5, we describe a substantial decrease in the number of bone marrow mesenchymal stem 
cells at the peak of clinical EAE, the mouse model for MS. Concomitantly, we observed the 
appearance of mesenchymal stem cells in the meninges of these mice. Although we did 
not observe lymphoid structures, we speculate that the presence of mesenchymal stem 
cells makes the local environment permissive for the development of ectopic lymphoid 
structures but that additional signaling is required for the development of TLO in the 
brain. It was reported that within the group of MS patients that develop meningeal B 
cell containing cellular infiltrates, numerous B cells could also be observed within the 
perivascular infiltrates detected in the white matter lesions. In contrast, perivascular 
infiltrates of patients without meningeal B cell follicle like structures hardly contained 
B cells while perivascular infiltrates mainly consisted of T cells and macrophages. 
Furthermore, it is reported that patients with meningeal associated B cell follicles appear 
to have a more aggressive clinical course of the disease when compared to patients that 
do not have these meningeal cellular structures 64. Therefore, the severity of inflammation 
and subsequent interaction with immune cells might be necessary for the differentiation 
of mesenchymal stem cells towards lymphoid stromal cells that mediates retention of B 
lymphocytes. Whether a developmental window for TLO formation during the course of 
the disease exists, as is the case for embryonic lymph node development, is unclear but 
might explain the formation of TLO in only a subset of MS patients.
How mesenchymal stem cells are mobilized from the bone marrow will need further study. 
In chapter 5, we speculate that activated T cells play a role in this mobilization. Recent 
research suggests that, at least in the bone marrow, mesenchymal stem cells are directly 
innervated 65. This would open up new strategies for mobilization of mesenchymal stem 
cells by chemical compounds that mimic sympathetic nervous system signaling in order 
to ameliorate inflammatory diseases. Whether mesenchymal stem cells upon mobilization 
migrate to and contribute to the stromal compartment of either secondary lymphoid 
organs or localize to the site of chronic inflammation and support the formation of tertiary 
lymphoid organs will also need further study.
To summarize, based on the data presented in this thesis, we conclude that lymph node 
stromal cells are derived from a precursor that expresses nestin. During early lymph 
node development, signaling via retinoic acid and/or LTβR dictates the differentiation of 
mesenchymal stem cells towards different lymph node stromal organizers that ultimately 
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give rise to the various different lymph node stromal cell subsets. These mesenchymal 
stem cells are present in low numbers in resting adult lymph nodes, but upon immune 
activation, they are stimulated to differentiate while additionally mesenchymal stem cells 
are recruited from surrounding fat tissue to the inflamed lymph node. Upon acute brain 
inflammation, mesenchymal stem cells are mobilized from the bone marrow, which we 
speculate is mediated by activated T cells.
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