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Abstract

Lymph node development relies on the intimate interaction between lymphoid tissue 

inducer (LTi) cells and lymphoid tissue organizers. Retinoic acid receptor mediated 

signaling in mesenchymal precursors is essential for the earliest attraction of LTi cells, 

while subsequent maturation towards lymphoid tissue organizer cells that attract 

and retain more incoming LTi cells is mediated via lymphotoxin β receptor signaling. 

These lymphoid tissue organizer cells ultimately give rise to the stromal compartment 

of the B- and T lymphocyte areas of the lymph nodes. Here we provide evidence that 

di�erential stimulation of embryonic mesenchymal cells via retinoic acid receptor and 

lymphotoxin β receptor resulted in three di�erent stromal organizer cell subsets. Whereas 

retinoic acid receptor signaling induced the expression of only CXCL13, associated with 

follicular dendritic cells, lymphotoxin β receptor signaling induced CCL19, CCL21 and IL-7, 

associated with "broblastic reticular cells. Interestingly, retinoic acid receptor signaling 

prevented the induction of the T cell stromal cell associated molecules upon subsequent 

lymphotoxin β receptor signaling while combined signaling resulted in the generation of 

stromal cells that produced CXCL13, CCL19, CCL21, as well as IL-7, a feature of lymphoid 

organizer cells. These results suggest that di�erential signaling through these receptors is 

su#cient for the di�erentiation towards di�erent lymphoid organizer cells that have the 

functional features of the various stromal cell subsets present in adult lymph nodes. 
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Introduction

Lymph nodes (LN) are strategically located to enable quick and e�ective interactions 

between antigen presenting dendritic cells (DC) and lymphocytes leading to antigen 

speci"c immune responses. Although lymph nodes mainly contain cells that belong to the 

hematopoietic compartment, the non hematopoietic cells present within this organ are 

also being recognized as important contributors to immune responses. Non hematopoietic 

stromal cells provide an architecture with distinct microdomains for both  B and T 

lymphocytes, they provide survival signals for hematopoietic cells1-3, they are important 

for mediating tolerance to self antigens in the periphery4-8, while in addition they can 

crucially in�uence ongoing immune responses9-12. The non hematopoietic compartment 

can be subdivided into blood endothelial cells (BECs), including the specialized high 

endothelial venules (HEVs), lymphatic endothelial cells (LECs), in addition to various 

stromal subsets based on their phenotype, localization and functional properties2. The 

di�erent stromal subsets include "broblastic reticular cells (FRCs), follicular dendritic cells 

(FDCs) and marginal reticular cells (MRCs), which are all mesenchymal derived.

FRCs associate with the T cell area and provide the 3 dimensional network on which T 

cells, B cells and dendritic cells can migrate. They are the main producers of CCL19 and 

CCL21 which attracts circulating CCR7 expressing naïve lymphocytes that enter the lymph 

node across CCL21 expressing HEVs. FRCs have been shown to provide IL-71, which is 

important for the long term survival of naïve and memory T cells13. Upon tissue injury 

or in�ammation, peripheral tissue dendritic cells also express CCR7 that allows their 

migration to lymph nodes for antigen presentation to T or B lymphocytes. Most DCs 

entering the lymph node, localize near HEVs and closely associate with FRCs to form a 

network14-16 to facilitate e#cient and direct interaction between dendritic cells and T cells. 

The FRC population is the major stromal subset that can be found in adult lymph nodes. 

FDCs are stromal cells that are localized within the B cell area of a lymph node, supporting 

the functioning of B cells. The production of CXCL13 by FDCs attracts B lymphocytes into 

the follicular area as well as follicular T helper cells. Additionally, FDCs also mediate the 

homeostasis of B cells by providing the B-cell activating factor of the TNF family (BAFF)17. 

The production of homeostatic chemokines by FRCs as well as FDCs mediates the 

segregation of T and B lymphocytes into their own microdomains16;18;19. MRCs are localized 

at the outer rim of the lymph node where a�erent lymphatic �uids arrive and are therefore 

probably the "rst stromal cells that encounter antigen. These cells have been proposed 

to contain developmental potential for di�erent stromal subsets in adult lymph nodes20.

From previous studies we know that precursors for FRCs and FDCs are already present in 

mesenteric lymph nodes of newborn mice21. More recently, we have shown that nestin-

expressing precursors give rise to the various mesenchymal derived lymph node stromal 

cells (chapter 2). So far, it has remained elusive how the various di�erent stromal subsets 

develop during lymph node development. 

Lymph node development during embryogenesis is a complex, multifactorial process 

involving direct crosstalk between lymphoid tissue inducer (LTi) cells and stromal 
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organizer cells22. Recently, we have shown that the "rst phase in lymph node development 

involves the CXCL13 dependent attraction of LTi cells to the presumptive lymph node 

site. CXCL13 is produced by mesenchymal cells upon their exposure to retinoic acid23. 

Initial clustering of LTi cells leads to the "rst lymphotoxin αβ (LTαβ) expressing cells, which 

interact with lymphotoxin β receptor (LTβR) expressing mesenchymal cells which are 

present at the presumptive lymph node side24. Signaling through LTβR on mesenchymal 

cells results in the activation of the classical Nf-κB pathway leading to the upregulation of 

the adhesion molecule VCAM-1 (and pro-in�ammatory molecules like MIP-1ß and MIP2), 

via RelA:p50 Prolonged activation induces the alternative Nf-κB pathway and results in 

the upregulation of chemokines and cytokines such as CCL19, CCL21, CXCL13, IL-7 and 

TRANCE25-27. Expression of these molecules is central to the function of stromal organizers, 

which mediates attraction, retention and survival of more LTi cells, "nally leading to the 

development of a functional lymph node.

Using gene de"cient mice it has been shown that various signaling routes, which are 

operational in mesenchymal cells, are crucially involved in lymph node development: mice 

lacking one of the retinoic acid converting enzymes, RALDH2 de"cient mice, are unable 

to support retinoic acid mediated signaling during embryogenesis and consequently 

lack almost all initial lymph node aggregates, since CXCL13 expression in mesenchymal 

cells is not induced in these mice23. Additionally, mice lacking family members of the 

alternative Nf-κB pathway (relB-/-, Nf-κB2-/-, aly/aly) also show severely impaired lymph 

node development28;29. Although the earliest clustering of LTi and mesenchymal cells 

occurs in the absence of LTβR triggering, subsequent retention of LTi cells in these places 

requires signaling through this receptor26. Owing to these observations, we hypothesized 

that during lymph node development mesenchymal cells are exposed to various stimuli, 

i.e. retinoic acid mediated signaling as well as signaling through LTβR, which may form the 

basis for stromal cell di�erentiation towards various LN stromal cell subsets.

Here we provide evidence that indeed di�erential stimulation of embryonic mesenchymal 

cells with retinoic acid and LTβR resulted in di�erent populations of stromal organizer 

cell subsets, based on expression of cytokines, chemokines and adhesion molecules. 

Additionally, we show that retinoic acid signaling prevents LTβR mediated expression of 

FRC associated molecules.
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Results 

Di erential stimulation via RAR and LTβR induces distinct gene expression pro#les in 

mesenchymal cells

During embryonic development, mesenchymal cells within the presumptive lymph node 

(LN) site are initially exposed to retinoic acid after which LTα1β2 expressing LTi cells will 
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trigger LTβR mediated signaling in these 

cells, allowing their maturation towards 

stromal organizer cells. Whether these 

signaling pathways also will contribute to 

the di�erent fates of stromal cell subsets 

present in adult LN is unknown and will 

be addressed here.

To determine the contribution of retinoic 

acid versus LTβR mediated signaling for 

di�erentiation of mesenchymal precursor 

cells towards stromal organizers, we set 

up in vitro cultures of early passage E13.5 

embryonic mesenchymal cells enriched 

for mesenchymal stem cells (E13.5 

MSC) as con"rmed by their tri-lineage 

di�erentiation capacity (Fig. 1A). Cells 

were stimulated for 6 hrs with retinoic 

Figure 1 Di erential expression of lymphorganogenic 

molecules by E13.5 mesenchymal stem cells upon 

retinoic acid and/or LTβR stimulation 

(A) Early passage mesenchymal stem cells 

(MSCs) derived from E13.5 embryos enriched for 

peripheral lymph nodes are able to di�erentiate 

into adipocytes, osteocytes as well as chondrocytes. 

(B) mRNA for CXCL13 and RARβ in E13.5 MSC upon 

retinoic acid, agonistic LTβR mAb or retinoic acid 

together with agonistic LTβR mAb stimulation for 6 

hrs compared to medium stimulated control cells. 

(C) mRNA for CCL19, CCL21, IL-7, MAdCAM-1, and 

VEGF-C in E13.5 MSC upon retinoic acid, agonistic 

LTβR mAb or retinoic acid together with agonistic 

LTβR mAb stimulation for 6 hrs compared to vehicle 

treated cells. (D) Flow cytometric analysis of VCAM-

1 and ICAM-1 cell surface expression after 24 hrs 

and 72 hrs stimulation with retinoic acid and/or 

agonistic LTβR mAb represented as fold change in 

MFI compared to unstimulated cells. Expression 

of mRNA transcripts in B & C were analyzed by RT-

PCR and normalized to endogenous housekeeping 

genes with relative expression of unstimulated cells 

set at 1,0. Experiments were performed at least 5 

times. * p < 0,05; ** p < 0,01; *** p < 0,001.
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acid, the agonistic anti-LTβR mAb (LTβR stimulation) or both to determine the expression 

pro"le of chemokines, cytokines and adhesion molecules that are indispensable for 

proper lymph node development.

As expected, retinoic acid incubation resulted in the induction of CXCL13 expression in 

E13.5 MSCs. Since we have shown earlier that the retinoic acid receptor RARβ is speci"cally 

involved in retinoic acid mediated induction of CXCL13 expression, and induced by 

retinoic acid, we tested whether mRNA transcripts coding for this receptor were also 

induced in MSCs upon retinoic acid incubation. Indeed, we observed a strong induction 

of RARβ upon retinoic acid incubation. However, LTβR stimulation did not result in a 

signi"cant induction of CXCL13 mRNA levels (Fig. 1B). In contrast, LTβR triggering on E13.5 

MSCs resulted in a signi"cant induction of the chemokines CCL19, CCL21 together with 

the adhesion molecule MAdCAM-1. We also observed a moderate, although signi"cant 

induction of IL-7, while retinoic acid stimulation did not result in upregulation of any of 

these genes.

Remarkably, combined retinoic acid and LTβR triggering resulted in a stronger induction 

of CCL19, CCL21, and IL-7, while also CXCL13 was signi"cantly induced (Fig. 1C). Therefore, 

combined stimulation of mesenchymal progenitor cells with retinoic acid and LTβR led to 

stromal cells that exhibited a phenotype that is reminiscent of stromal organizers, which 

have been shown to produce CXCL13, CCL19, CCL21, as well as IL-725;26;30.

The upregulation of adhesion molecules VCAM-1 and ICAM-1, which are expressed at 

di�erential levels by stromal organizer cells in both developing lymph nodes and Peyer’s 

patches, is mediated by LTβR signaling. Upon LTβR triggering, E13.5 MSCs were induced 

to express both VCAM-1 and ICAM-1 at the cells surface, while retinoic acid stimulation 

alone did not show this induction (Fig. 1D). Furthermore, simultaneous stimulation 

with LTβR and retinoic acid did not further enhance the expression induced by LTβR 

mediated signaling alone, indicating that upregulation of adhesion molecules is not 

dependent on RAR signaling. Signaling via LTβR but not RAR, on E13.5 MSCs also induced 

the lymphangiogenic factor VEGF-C, indicating that di�erentiation of E13.5 MSCs into 

stromal organizer cells additionally promotes lymphangiogenesis (Fig. 1C). In conclusion, 

simultaneous stimulation of E13.5 MSCs with retinoic acid and anti-LTβR mAb resulted 

in the di�erentiation of stromal organizer cells, which are present in developing LN and 

identi"ed by the expression of VCAM-1 and ICAM-1, while activation of either one of these 

signaling pathways led to partial di�erentiation towards either CXCL13 expressing cells or 

CCL19, CCL21, and IL-7 expressing cells.

Retinoic acid prevents upregulation of LTβR dependent genes

During embryonic lymph node development, retinoic acid is the "rst signal that initiates 

the formation of lymph nodes by induction of CXCL13 expression in mesenchymal cells 

present at the presumptive lymph node site. The induced CXCL13 expression leads to 

attraction of LTi cells, which will upregulate LTα
1
β

2
 expression allowing triggering of LTβR 

expressed on mesenchymal cells. To mimic this sequential stimulation of mesenchymal 

cells in vitro, we stimulated E13.5 MSCs with retinoic acid for 6hrs, followed by LTβR 
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stimulation for 6 hrs and analyzed the expression of lymphorganogenic molecules.

Again, a clear induction of CXCL13, concomitant with RARβ, upon retinoic acid stimulation 

alone, as well as upon retinoic acid followed by LTβR stimulation was observed (Fig. 2A). 

Strikingly, when E13.5 MSCs were "rst incubated with retinoic acid and subsequently with 

LTβR, the cells completely failed to upregulate CCL19, CCL21 and IL-7 expression, which 

were induced upon LTβR stimulation alone (Fig. 2B). This inhibition was not the result of 

downregulation of the LTβR itself, since retinoic acid stimulation changed neither mRNA 

expression nor cell surface expression (Fig. 2D and E). Remarkably, not all molecules 

reported to be induced upon LTβR mediated signaling failed to upregulate upon pre-

incubation with retinoic acid. Both VEGF-C and MAdCAM-1 were induced to the same 

level upon sequential stimulation with retinoic acid and LTβR when compared to LTβR 

stimulation alone (Fig. 2C).

Owing to these observations that retinoic acid stimulation prevents di�erentiation of 

E13.5 MSCs to lymph node stromal organizer cells that produce CCL19, CCL21 and IL-7, 

we propose that di�erential stimulation of embryonic mesenchymal cells with retinoic 

acid and LTβR results in the development of various stromal organizer precursors (table 1).

Figure 2 Retinoic acid stimulation prevents upregulation of speci#c LTβR dependent genes

Real time PCR analysis of mRNA levels of (A) CXCL13 and RARβ, (B) CCL19, CCL21 and IL-7, (C) VEGF-C and 

MAdCAM-1, and (D) LTβR in E13.5 MSC upon 6 hrs stimulation with retinoic acid, followed by 6 hrs stimulation 

with agonistic LTβR mAb, as well as 6 hrs retinoic acid alone or 6 hrs agonistic LTβR mAb alone and compared 

to untreated cells. (E) Cell surface expression of LTβR by E13.5 MSCs measured by FACS analysis upon 6 hrs 

stimulation with retinoic acid, followed by 24 hrs stimulation with agonistic LTβR mAb, as well as 6 hrs retinoic 

acid alone, or 24 hrs agonistic LTβR mAb alone and compared to untreated cells. Expression is presented as fold 

change of mean �uorescence intensity (MFI) compared to unstimulated cells. Expression of mRNA transcripts 

were analyzed by RT-PCR and normalized to endogenous housekeeping genes with relative expression of 

unstimulated cells set at 1,0. Experiments were performed at least 4 times. * p < 0,05; ** p < 0,01; *** p < 0,001.
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Retinoic acid prevents LTβR dependent gene expression

Since retinoic acid stimulation prevented the upregulation of molecules that are typically 

expressed by stromal organizer cells we set out experiments to identify the mechanism 

responsible for this inhibition. Stimulation of LTβR initially results in the activation of 

the classical Nf-κB pathway. Upon prolonged triggering, the alternative Nf-κB pathway 

becomes activated as well and this results in the upregulation of CCL19 and CCL21 via 

nuclear localization of relB:p52 dimers and the upregulation of IL-7 and TRANCE25;26.

First, we assessed whether nuclear translocation of relB was blocked. Hereto, cytospins 

of E13.5 MSCs were stained for relB upon sequential stimulation through retinoic acid 

receptors and LTβR. Surprisingly, no alterations of relB translocation was observed as a 

result of retinoic acid stimulation: translocation of relB to the nucleus was seen upon LTβR 

stimulation alone, as well as upon sequential stimulation with retinoic acid and through 

LTβR, suggesting that the cytoplasmic part of the alternative Nf-κB pathway was not 

a�ected (Fig. 3A).

Since gene expression can also be regulated at the level of mRNA stability, we addressed 

whether this was a�ected by retinoic acid mediated signaling. E13.5 MSCs were incubated 

with or without retinoic acid for 6 hrs followed by LTβR stimulation for 4 hrs after which 

Actinomycin D, to block mRNA synthesis, was added. As expected, cells stimulated with 

LTβR, but without initial retinoic acid stimulation showed induced CCL19, CCL21, and 

IL-7 expression (Fig. 3B) which declined over time in the presence of Actinomycin D 

(data not shown). However, mRNA coding for these molecules could not be detected in 

cells that received sequential stimulation with retinoic acid followed by LTβR mediated 

signaling (Fig. 3B), suggesting that post-transcriptional regulation was not contributing 

to the inability to detect mRNA for CCL19, CCL21, and IL-7. Therefore it is likely that 

retinoic acid mediated inhibition of LTβR dependent genes involves nuclear regulation 

of Nf-κB signaling. To test whether retinoic acid pre-treatment a�ected the binding of 

Nf-κB subunits to DNA we determined the binding capacity of nuclear Nf-κB subunits to 

a consensus nucleotide sequence. Since nuclear translocation and DNA-binding precedes 

upregulation of mRNA (detected at 6 hrs), cells were stimulated for 3 hrs with LTβR with 

or without 6 hrs pre-stimulation with retinoic acid and nuclear extracts were prepared. As 

expected, upon stimulation with only LTβR, nuclear extracts contained more relB and p52, 

which speci"cally bound to their DNA consensus site, when compared to unstimulated 

cells. Nuclear levels of relB and p52 were not a�ected in cells that were "rst stimulated 

with retinoic acid and subsequently with LTβR (Fig. 3C). Both relA and p50 DNA-binding 

were not signi"cantly a�ected by stimulation with LTβR alone or by retinoic acid followed 

by LTβR stimulation (Fig. 3C).

The transcription of non-canonical Nf-κB pathway genes depends on many factors 

including IKKalpha. which was shown to be speci"cally involved in the activation of 

RelB:p52 dimers, that upon nuclear translocation recognize a unique type of the Nf-κB-

binding site leading to transcription of lymphorganogenic molecules31. Additionally, 

upon cytokine stimulation, IKKalpha can function as a chromatin modi"er in the nucleus 

to create an environment that favours gene transcription32. It could be that retinoic acid 
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prevented IKKalpha nuclear translocation 

and subsequent transcription of genes that 

are important for lymph node formation. 

Therefore, we determined the levels of 

IKKalpha translocation to the nucleus by 

Western Blot analysis of cells that were 

stimulated for 3 hrs with LTβR with or 

without pre-incubation with retinoic acid. 

After normalization to nuclear speci"c 

protein it appears that neither LTβR nor 

retinoic acid stimulation, or a combination 

of both a�ected IKKalpha levels within the 

nuclear extracts (Fig. 3D).

CCL21 expressing MRCs can be found at day of 

birth

Our observation that di�erential stimulation 

with retinoic acid and LTβR during 

embryonic lymph node development 

dictates di�erentiation of mesenchymal cells 

towards various stromal subpopulations is 

strengthened by earlier observations that 

precursors for FRCs and FDCs are already 

present before birth21, while also MRCs can 

be detected at day of birth20. MRCs can be 

detected based on the expression of VCAM-1, 
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Figure 3 Retinoic acid signaling does not prevent 

the activation of the non-canonical Nf-κB pathway. 

(A) Immuno�uorescence staining for RelB (in red) 

translocation to the nucleus (in blue) in cytospins of E13.5 

mesenchymal stem cells (MSCs) sequentially stimulated 

with retinoic acid (6hrs) followed by agonistic LTβR mAb 

(6hrs) or agonistic LTβR mAb (6hrs) alone. (B) CCL19, 

CCL21, and IL-7 mRNA in E13.5 MSCs upon stimulation 

with retinoic acid or vehicle control (6hrs), followed by 

agonistic LTβR mAb (4 hrs), after which Actinomycin D 

was added for an additional 120 min (data not shown). 

(C) DNA-binding capacity of nuclear relB, p52, relA, and 

p50 to a consensus nucleotide as measured by TransAM 

analysis after stimulation of E13.5 MSC with retinoic acid 

(6hrs) followed by agonistic LTβR mAb (3hrs) or retinoic 

acid (6hrs) alone or LTβR mAb (3hrs) alone. (D) Western 

blot analysis of nuclear IKKalpha levels in E13.5 MSC 

stimulated by retinoic acid (6hrs) followed by agonistic 

LTβR mAb (3 hrs) and compared to single stimulated or 

unstimulated cells. Amount of protein was normalized 

to the nuclear speci"c protein Lamin B.
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ICAM-1 and MAdCAM-1 together with GP38, CXCL13 and TRANCE although none of these 

markers is exclusive for MRCs. During lymph node development, di�erent populations 

of lymphoid tissue organizer (LTo) cells can be isolated by FACS-sorting based on the 

expression of VCAM-1 and ICAM-1. The cells that express high levels of both adhesion 

molecules (VIhigh) show highest expression of MAdCAM-1, TRANCE and CXCL13 compared 

to VIint LTo cells30;33 indicating that this VIhigh population represents MRCs. In order to localize 

Figure 4 CCL21 expressing MRCs can be found at day of birth

(A-B) Sections of day 1 (A) and day 6 (B) postnatal lymph nodes stained with antibodies detecting MAdCAM-1 

(green), TRANCE (red), and prox1 (blue). Arrows indicate cells that express TRANCE, intermediate levels of 

MAdCAM-1, while they lack prox1 expression. (C-D) Sections of day 1 (C) and day 6 (D) postnatal lymph nodes 

stained with antibodies detecting MAdCAM-1 (green), CCL21 (red), and prox1 (blue). Arrows indicate cells that 

expressed MAdCAM-1 at intermediate levels as well as CCL21.
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the MRCs in early postnatal lymph nodes, we started to analyze the combined expression 

of MAdCAM-1 and TRANCE at day 1 and day 6 after birth by immune�uorescence, as 

detection of CXCL13 protein at these early timepoints has reportedly been di#cult34. Only 

cells that expressed both MAdCAM-1 and TRANCE were considered MRCs.

At day 1 after birth, MAdCAM-1 expression was observed at highest levels on structures 

in the parenchyma that resemble blood endothelial cells as well as high expression on 

cells surrounding the lymph node that also stained positive for the lymphatic endothelial 

marker prox1 (Fig. 4A). Both subsets of endothelial cells in day 1 lymph node uniformly 

lacked the expression of TRANCE. Stromal cells that expressed MAdCAM-1 at intermediate 

levels, when compared to blood endothelial cells, frequently expressed TRANCE (Fig. 4A). 

They could be observed throughout the parenchyma of the developing lymph node 

and were not restricted to the outer zone of the lymph node where MRCs reportedly are 

localized20. In addition, stromal cells that were single positive for TRANCE, while lacking 

MAdCAM-1 expression, were rarely present.

At day 6, when lymph nodes have expanded in size as a result of the in�ux of lymphocytes 

and the organization of T cells and B cells in their own domains have started, MAdCAM-

1intTRANCEpos stromal cells localized near the outer zone of the lymph node. However, 

they were not restricted to the subcapsular sinus since MAdCAM-1intTRANCEpos stromal 

cells were still present in the parenchyma, often in close vicinity of the HEVs (Fig. 4B). 

This indicated that restricted localization of MRCs to the subcapsular sinus would occur 

postnatally concomitantly with the postnatal organization of the T and B cell areas. Again, 

blood endothelial cells as well as prox1 expressing lymphatic endothelial cells expressed 

MAdCAM-1 at high levels, while expression of TRANCE was absent on these endothelial 

cells. Our results indicate that cells representing MRCs, de"ned by the expression of 

MAdCAM-1 and TRANCE, can be detected throughout the lymph node early after birth, 

while their localization becomes restricted to the subcapsular sinus upon postnatal 

development. 

The development of MRCs, which express MAdCAM-1 and CXCL13, would require 

simultaneous stimulation via RAR to induce CXCL13 (Fig. 1A) and LTβR for the induction 

of VCAM-1, ICAM-1, MAdCAM-1 (Fig. 1B&C) as well as TRANCE26;33. We showed that 

simultaneous stimulation via RAR and LTβR also induced expression of CCL21 (Fig. 

1B), which has not been reported to be expressed by MRCs. Hence, we examined the 

expression of CCL21 by MAdCAM-1int expressing stromal cells by immuno�uorescence. 

Indeed, MAdCAM-1int cells in lymph nodes of day 1 animals, which additionally expressed 

CCL21 while lacking the lymphatic marker prox1, could be identi"ed (Fig. 4C), suggesting 

that MRCs also express CCL21 early in postnatal development. The expression of CCL21 

is not only contained within the MAdCAM-1int stromal cell population since CCL21 is also 

expressed at high levels by MAdCAM-1pos HEVs, as well as by stromal cells that do not 

express MAdCAM-1. This latter CCL21 expressing stromal cell subset could represent 

precursors for FRCs, especially since they are localized within the parenchyma, which is 

characteristic for FRCs.
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Examination of CCL21 expression at day 6 revealed a scattered pro"le of CCL21 throughout 

the LN on cells that lack the expression of MAdCAM-1, which is typical for FRCs (Fig. 

4D). CCL21 could also be detected on prox1pos lymphatic endothelial cells, as well as 

on MAdCAM-1pos HEV as described before35. Additionally, few MAdCAM-1int cells that 

additionally expressed CCL21 could be detected within the marginal zone. These results 

suggest that cell subsets that arise by combined signaling through retinoic acid receptors 

and LTβR can be found within the lymph nodes in abundant numbers in neonatal lymph 

nodes. Phenotypically, they seem to represent the MRCs which are restricted to the 

subcapsular area of adult lymph nodes.
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Discussion

Embryonic lymph node development requires complex cellular and molecular 

interactions between stromal organizer cells and lymphoid tissue inducer (LTi) cells. Over 

the past years, several cellular subsets and signaling pathways, which are indispensable 

for proper development of lymph nodes, have been revealed. Studies in genetically 

modi"ed animals initially showed that lymphotoxin dependent signaling is crucial for 

lymph node development. However, lack of lymphotoxin signaling could not prevent 

the initial clustering of LTi cells with stromal organizer cells, observed at the earliest 

phase in lymph node development26;36;37. This early clustering at the presumptive lymph 

node site appeared to be dependent on retinoic acid induced expression of CXCL13 by 

mesenchymal cells leading to the "rst attraction of LTi cells23

Here we show that di�erentiation of embryonic mesenchymal stem cells (MSC) towards 

stromal organizers is mediated by signaling via RAR and LTβR. Additionally, we show that 

retinoic acid induces the expression of CXCL13 in mesenchymal precursor cells, mimicking 

the earliest event in lymph node formation, needed to attract the "rst LTi cells to the 

presumptive lymph node site. Upon LTβR triggering, we observed increased expression of 

the chemokines CCL19 and CCL21 on mRNA levels together with the adhesion molecule 

MAdCAM-1 as well as the LTi survival cytokine IL-7, but only moderate expression of 

CXCL13. However, simultaneous stimulation with retinoic acid and agonistic LTβR mAb 

resulted in upregulation of CCL21, CCL19, as well as CXCL13, which is an expression 

pro"le typically found in stromal organizer cells isolated from E18.5 mesenteric lymph 

nodes21;24;33. 

Owing to these observations we propose that early in lymph node development 

mesenchymal cells not only di�erentiate into stromal organizer cells upon retinoic acid 

and LTβR stimulation, but that di�erential stimulation of these cells at this stage dictates 

the di�erentiation into the precursors for the various stromal subsets that can be found 

in postnatal adult lymph nodes. Cells that have been stimulated with retinoic acid only 

would then ultimately di�erentiate into FDCs while cells that have been triggered through 

LTβR signaling alone, and never encountered retinoic acid, would di�erentiate into FRCs. 

Receiving both stimuli simultaneously would lead to the di�erentiation of cells that 

resemble MRCs (table 1). The enhanced expression of CCL19 and CCL21 upon combined 

stimulation will need further investigation in the future since the induction of these genes 

varied among di�erent experiments while this variation was not seen for any of the other 

genes.

Based on these di�erential stimulation requirements, we hypothesized that MRCs would 

also express CCL21. Indeed, at day 6 after birth, we identi"ed cells in the subcapsular 

sinus of the lymph node that were not lymphatic endothelial cells, but did express CCL21 

together with MAdCAM-1, which is expressed by MRCs20. Although others have shown 

that MRCs present in lymph nodes taken at day of birth express CXCL13 protein20, we 

were unable to detect CXCL13 chemokine expression above background levels at this 

timepoint, although we have shown CXCL13 mRNA to be present in postnatal lymph 
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nodes34. The interesting observation that retinoic acid stimulation blocks the LTβR 

dependent upregulation of CCL19, CCL21 and IL-7 but not the adhesion molecules VCAM-

1, ICAM-1, MAdCAM-1 nor the lymphangiogenic factor VEGF-C suggests that during 

lymph node development, not all mesenchymal cells turn into the same type of stromal 

organizers. Therefore, it is likely to suggest that stromal organizer populations, de"ned 

by expression of VCAM-1, ICAM-1, and MAdCAM-121;38, are heterogeneous with respect to 

their chemokine and cytokine expression pro"le.

Whereas retinoic acid speci"cally inhibits the transcription of certain LTβR dependent 

genes which depend on the non-canonical Nf-κB pathway, it obviously does not dampen 

the activation of all Nf-κB regulated genes, since we observed normal relB translocation 

and DNA-binding of the Nf-κB subunitsn upon sequential stimulation. In various other 

studies, retinoic acid mediated inhibition of speci"c Nf-κB genes involves the canonical 

pathway39;40 and there are only few studies that report inhibition of relB mediated 

transcription by nuclear hormone receptors41. We are the "rst to show that retinoic acid is 

able to selectively inhibit target genes that depend on the non-canonical Nf-κB pathway. 

Although we excluded posttranslational modi"cation and reduced DNA-binding capacity 

of relB and p52, the mechanism of this inhibition will need further study.

In summary, our data shows that both retinoic acid and LTβR stimulation are involved 

in the early di�erentiation of embryonic mesenchymal cells towards various stromal 

organizer subsets, in vitro. We propose that the various stromal subsets that can be found 

in fully developed lymph nodes arise from these mesenchymal precursors that, already 

early in lymph node development, were di�erentially exposed to retinoic acid and LTβR 

mediated signaling.

stimulus

Retinoic Acid

LTßR

Retinoic Acid + LTßR

CCL19 CCL21 CXCL13 IL-7 VCAM-1 ICAM-1 MAdCAM-1

expression of: putative 

phenotype

FDC

FRC

MRC

Table 1

Expression pro"le of E13.5 MSC di�erentially stimulated in vitro with retinoic acid (6 hrs), agonistic LTβR mAb 

(6 hrs) or retinoic acid together with agonistic LTβR mAb (6 hrs), including their putative phenotype. FDC; 

follicular dendritic cell, FRC; "broblastic reticular cell, MRC; marginal reticular cell.
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Experimental Procedures

Mice

C57BL/6 mice were bred and maintained at our own facility under speci"c pathogen free 

conditions. The Animal Experiments Committee of the VU (Vrije Universiteit) University 

Medical Center approved all of the experiments described in this study.

Single cell suspensions 

E13.5 mesenchymal cells were prepared as described23. In short, the head, extremities 

and organs were removed from E13.5 embryos and the remaining tissue, containing 

primordial peripheral lymph nodes, was enzymatically digested with Blendzyme 2 (0,5 

mg/ml; Roche Applied Sciences, Almere, The Netherlands), DNA-se I (0,2 mg/ml; Roche) in 

PBS for 15 min at 370C while continuous stirring. Cell suspensions were washed with RPMI 

supplemented with FCS (2%) as well as antibiotics and counted. Subsequently, cells were 

cultured in Mesencult proliferation medium (Mesencult Basal Medium supplemented 

with MSC stimulatory supplements (StemCell Technologies, Grenoble, France) and 2% 

antibiotics and glutamine). Upon their second passage, cells were used for experiments.

Di erentiation, stimulation experiments and RT-PCR

For adipogenesis, 2x105 cells/well in a 6-well plate were incubated with DMEM 

supplemented with 10% FCS, 1% antibiotics, 1µM dexamethason (Sigma, Sigma-Aldrich 

Chemie B.V, Zwijndrecht, The Netherlands), 0.1mM indomethacin, 0.5 mM 3-isobutyl-

1methylzanthine (IBMX, Sigma) and 10µM insulin (Sigma). Medium was replaced 2 times 

per week for 3 weeks, after which the cells were "xed with 10% formaldehyde for 20 minutes 

at RT and stained with Oil-red-O (Sigma). For chondrogenesis, 4x105 cells were pelleted in 

a 15 ml tube and cultured in DMEM supplemented with 1% antibiotics, ITS-premix (BD 

Biosciences, Becton Dickinson B.V., Breda, The Netherlands), 0,1 µM dexamethasone, 

86.5µM L-ascorbic acid 2-phosphate (Sigma) and 10ng/ml TGF-ß1 (Peprotech, London, 

UK). For microscopy, pellets were sectioned and stained for 10 minutes with 0.2% 

Toluidine Blue. For osteogenesis, 50x103 cells/well were cultured in a 6-well plate with 

DMEM supplemented with 10% FCS, 1% antibiotics, 0.1µM dexamethasone, 10mM 

ß-glycerophosphate (Sigma) and 173µM L-ascorbic acid 2-phosphate. Cells were "xed for 

15 minutes in 10% formaldehyde and subsequently stained with Alizarin-Red-S (20mg/ml, 

BDH, United Kingdom).

To determine transcript upregulation, 1x105 cells were seeded in 24-wells plate and allowed 

to adhere for 2-4 hrs in 1:1 (vol/vol) mesencult proliferation medium and DMEM-F12 

medium supplemented with 10 % FCS and 2 % antibiotics with glutamine. After 2-4 hrs, 

medium was replaced with DMEM-F12, 5% FCS with 2% antibiotics and glutamine. The 

next day, stimulations were performed in DMEM-F12, 2% FCS with 2% antibiotics and 

glutamine. For each batch of E13.5 MSCs, the optimal concentration of agonistic anti-LTβR 

mAb (clone 4H8-WH2, produced in Carl Ware’s laboratory) stimulation was determined 

as follows. Cells were exposed for 6 hrs to agonistic anti-LTβR mAb, ranging from 0 μg/
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ml (ctrl) - 4 μg/ml. The optimal dose was determined by con"rming the upregulation of 

mRNA transcripts for CCL19, CCL21 and IL-7 by RT-PCR, which are reported to be mediated 

by signaling through the LTβR25;26. The lowest concentration that induced the highest 

mRNA upregulation of CCL19, CCL21 and IL-7 was used for subsequent stimulation 

experiments. Retinoic acid (Fluka, Sigma-Aldrich, Zwijndrecht, The Netherlands), 

dissolved in ethanol (100%, 10mM) was added to cells in a concentration of 100nM. For 

6 hrs stimulation experiments, cells were cultured in medium alone or stimulated with 

retinoic acid, agonistic anti-LTβR mAb, or both. For sequential stimulation experiments, 

cells were cultured for 6 hrs either in medium alone or in the presence of retinoic acid (100 

nM), after which the cells were washed and stimulated with or without agonistic anti-

LTβR mAb for another 6 hrs. For mRNA stability assay, cells were stimulated for 6 hrs with 

retinoic acid (100nM) followed by 4 hrs stimulation with agonistic anti-LTβR mAb. After 

4 hrs, Actinomycin D was added to block mRNA synthesis. Cells were harvested every 20 

min, for a total time of 2 hrs, to determine mRNA stability. Cells were subsequently lysed, 

after which mRNA was isolated from total RNA using the mRNA capture kit (Roche) and 

cDNA was synthesized using the Reverse transcriptase kit (Promega Benelux, Leiden, The 

Netherlands) according to manufacturer’s protocol. Real time PCR was performed on an 

ABI Prism 7900HT Sequence Detection System (PE Applied Biosystems). Total volume of 

the reaction mixture was 10 µl, containing cDNA, 300nM of each primer and SYBR Green 

Mastermix (PE Applied Biosystems). From a set of 8 housekeeping genes, the two most 

stable were selected (Cyclo and HPRT). The comparative Ct method (∆Ct) was used 

to indicate relative changes in mRNA levels between samples. Relative mRNA levels of 

unstimulated cells were set at 1,0.

Flow cytometric analysis

To determine cell surface expression, 1x105 cells were cultured as indicated. Cells were 

stimulated with retinoic acid (100 nM), the agonistic anti-LTβR mAb or both for 24 hrs 

and 72 hrs. Cells were harvested by trypsinization and subsequently stained with biotin 

conjugated anti-VCAM-1 or anti-ICAM-1 (both eBioscience, Immunosource, Halle-Zoersel, 

Belgium), unlabelled anti-MAdCAM-1 (clone MECA 367, a#nity puri"ed from hybridoma 

cell culture supernatants) and unlabelled anti-LTβR mAb and subsequently counterstained 

with streptavidin-Alexa 488 and goat-anti-rat-Alexa 488 (all Invitrogen, Breda, The 

Netherlands), respectively. Sytox Blue (Invitrogen) staining was used to discriminate 

between live and dead cells. Data were acquired on a Cyan ADP High Performance 

Research Flow Cytometer (Beckman Coulter) and were analyzed with Summit Software 

v4.3.

relB translocation

Nuclear translocation of relB was determined on cytospins of cells stimulated for 6 hrs with 

retinoic acid followed by agonistic anti-LTβR mAb stimulation for 2, 4, and 6 hrs. Cells were 

"xed with 4% paraformaldehyde for 5 min and subsequently permeabilized with 0.2% 

Triton-X and stained with anti-relB (Cell Signaling Technology, Danvers, USA) followed by 
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goat-anti-rabbit Alexa 546 (Invitrogen). Cells were embedded in Vinol mounting media 

(Air Products, Allentown, USA) supplemented with DAPI (Invitrogen) to visualize nuclei. 

Analysis was performed on a Leica DM6000 �uorescence microscope (Leica Microsystems) 

equipped with LAS AF software.

Nf-κB binding and western blot

Cells were stimulated for 6hrs with retinoic acid (100 nM), followed by 3hrs stimulation 

with the agonistic anti-LTβR mAb, after which nuclear extracts were prepared with the 

Nucbuster protein extraction kit (Thermo Scienti�c, Rockford, USA) for either Western 

blotting or DNA binding ELISAs. DNA binding capacity of the Nf-κB subunits relA, 

p50, relB and p52 were determined with the Nf-κB TransAM family kit (Active Motif, 

Rixensart, Belgium) according to manufacturer’s protocol. Nuclear extracts for western 

blotting were separated by SDS-PAGE and subsequently blotted onto nitrocellulose 

membranes. Membranes were blocked with 5% low fat milk powder in PBS with Tween 

(0,05%) and subsequently incubated with IKKα primary antibody (clone M-20, Santa Cruz 

Biotechnology, Heidelberg, Germany). LaminB antibody (clone C-20, Santa Cruz) was used 

as nuclear speci�c loading control. Primary antibodies were detected with biotinylated 

anti goat IgG and visualized using the Odyssee® Infrared Imaging System after application 

of infrared dye labelled streptavidin (IRdye) 800 (Rockland Immunochemicals, Gilbertsville, 

PA, USA).

Immuno�uorescence

For localization of MRCs in early postnatal lymph nodes, lymph nodes from day 1 and day 

6 old mice were �xed in formaldehyde and subsequently embedded in OCT compound 

(Sakura Finetek Europe) and stored at -80°C until sectioning. Cryostat sections (8µm) 

collected on gelatin coated glasses were �xed in ice-cold acetone for 10 minutes and 

blocked with 10% NMS in PBS prior to antibody staining. Immuno#uorescence staining 

was performed in PBS, supplemented with 0.1% (wt/vol) Bovine Serum Albumin (BSA). 

The following anti-mouse antibodies were used; unconjugated anti-prox1 (ReliaTech 

GmbH, Braunschweig, Germany), biotinylated anti-TRANCE (clone IK22/5, eBioscience) 

and anti-CCL21 (R&D Systems), Alexa Fluor 488 labelled anti-MAdCAM-1 (clone MECA367). 

Unconjugated anti-prox1 was visualized with Alexa Fluor 647 anti-rabbit IgG. Biotinylated 

anti-TRANCE and anti-CCL21 were visualized with signal ampli�cation using a TSA™ Kit with 

HRP-streptavidin and Alexa Fluor 546 tyramide (Invitrogen). Sections were embedded in 

Vinol + DAPI and analyzed on a Leica TCS SP2 Confocal Laser Scanning Microscope (Leica 

Microsystems Nederland b.v., Rijswijk, The Netherlands).

Statistical Anlyasis

Results are presented as the mean ± SEM. Statistical analyses were performed using 

the one sample t test. Samples with a non Gaussian distribution were analyzed with the 

Wilcoxon signed rank test. Statistical signi�cance was de�ned as * p < 0,05; ** p < 0,01; *** 

p < 0,001.
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