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Summary

The recognition that lymphocytes existed in different varieties and that lymphoid 
organs were important for their differentiation greatly influenced immunological 
research. This growing awareness that started in the mid-fifties of the previous 
century has shifted the emphasis of immunology from a molecular, mostly 
serological science to the cell-oriented modern immunology of today.

Matters such as hematopoietic differentiation, cell-cell interaction, cellular 
activation, as well as migratory behavior of hematopoietic cells received much 
attention and deepened our insight in the immune system. The relatively recent 
generation of mutant mice lacking lymphoid organs prompted the realization that the 
organogenesis of lymphoid organs could be dissected at the cellular and molecular 
level. Now we can distinguish several phases of development for lymphoid organs, 
and can assign molecules and cells to be essentially involved in these phases. 
Future research will identify additional molecules and cells required for the formation 
of the various lymphoid organs, since the picture is not complete yet.
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Introduction

For a proper understanding of the functioning of the immune system the 
discovery of lymphoid organs responsible for the generation of T and B 
lymphocytes in the middle of the 20th century was a breakthrough. In 1956 Glick 
and colleagues published that in chickens removal of the Bursa of Fabricius 
early after hatching resulted in a loss of antibody formation in response to 
immunization with Salmonella typhimurium type O antigen 1. A few years later 
Miller published that neonatal removal of the thymus in mice resulted in a loss 
of immunological cells, and he proposed the thymus to be the place where all 
lymphocytes originated from 2. These discoveries initiated experiments aimed at 
revealing which cells were dependent on the thymus for their existence. 

Since removal of the thymus affected both the cellular and humoral type of 
immune responses, a single lineage immune system was a possibility. However, 
this did not comply with the observations that removal of either the thymus or 
the Bursa in chickens resulted in the inability to reject grafts, or the failure to 
make antibodies, respectively 3.  Further studies were required to finally show 
which cells originated from these lymphoid organs.  By neonatal removal in 
combination with irradiation Cooper and co-workers showed that, upon careful 
examination of the lymphoid organs, the Bursa was responsible for the generation 
of germinal centers, plasma cells, and antibody responses, while upon neonatal 
thymus removal skin graft rejection and delayed-type hypersensitivity could not 
occur, while germinal centers and immunoglobulins could still be found 4,5. 

The search for the murine equivalent of the Bursa occupied many researchers 
and by mixing thymus and bone marrow cells, it was shown that the bone marrow 
gave rise to antibody forming cells 6, 7. It was around this time that Gowans 
and Knight performed experiments to show that lymphocytes could leave the 
bloodstream to migrate to lymphoid organs, where they would reside for a 
while, after which they would return via the lymphatic vessels to the circulation 
8. After these insightful years, in which the 2 basic key players of the immune 
system and their mode of transportation were revealed, further studies were 
aimed at the development of these cells in the thymus and bone marrow.  

Many differentiation stages for immature B and T cells are now defined as well 
as the molecular and cellular requirements to go through these stages. For 
their migration towards lymphoid organs, simple adhesion models lacking 
molecular specifics turned into 4 step extravasation models, with a variety 
of molecules required for lymphocytes to migrate to a particular lymphoid 
organ 9. It was around this time that the first gene deficient mice lacking all 
lymph nodes (LNs) and Peyer’s patches (PPs) were generated 10. 
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A grip on molecular and cellular control of lymphoid organ 
development

Generation of mutant mice lacking lymphoid organs
The realization that secondary lymphoid organogenesis could be dissected at the 
cellular and molecular level began with the characterization of the lymphotoxin α 
(LTα) deficient mice in 1994 10. In the absence of LTα, LN and PP fail to form and 
splenic white pulp organization has severely changed. The fact that mutation of a 
single gene could affect the development of all these secondary lymphoid organs 
was an unexpected finding and started a new research field. Subsequent analyses 
of gene-targeted mice with defects in secondary lymphoid organs established the 
understanding that lymphoid organ development is a complex process. While a century 
ago the studies on the formation of secondary lymphoid organs were made by careful 
histological observations, now the time was ready to combine modern techniques, 
including gene targeting and cell sorting, for the dissection of the development 
of secondary lymphoid organs at the cellular and the molecular level.

From a developmental perspective, several discrete phases can be distinguished 
in the process of organ development. The first phase is the positioning of tissue 
components leading to the formation of a primordium. Subsequent triggering by 
inducing tissue results in an initiation phase, after which in an aggregation phase, 
through clustering of cells and outgrowth of the primordium, an organ rudiment is 
formed at the correct location within the embryo. Further patterning of the rudiment, 
results in the generation of regional differences, and after terminal differentiation 
the final structures or cell types can be found in the mature organ. 

Although several researchers had identified sequential events in secondary 
lymphoid organ development, a structured approach using molecular tools to 
identify positioning, initiation, aggregation, patterning, and differentiation phases 
of this process started with the generation of LTα-/- mice. Characterization of 
lymphotoxin as a complexed cell surface molecule, consisting of an alpha and two 
beta chains (LTα1β2), was a first step into dissecting the phases of development of 
secondary lymphoid organs 11. When it was shown in 1996 that administration of 
soluble lymphotoxin-β receptor (LTβR) into wild type pregnant mice could block the 
formation of LN and PP in the offspring, the crucial involvement of LTβR triggering for 
secondary lymphoid organ formation was established 12.  This was further supported 
by experiments showing that ectopic expression of lymphotoxin resulted in the 
development of lymphoid like structures at the site of transgene expression 13. The 
description of the LTβR mutant mice in 1998 confirmed the role of LTβR triggering 
for the formation of peripheral lymph nodes and Peyer’s patches 14. Fine-tuning of 
this general model showed that for the development of mesenteric lymph nodes 
additional TNF receptors and ligands were involved 15 (and reviewed in 16). 

Cellular subsets involved in LN and PP formation
Dissection of the cellular subsets that could be involved in lymphoid organ 
formation started with the identification of LTα1β2 expressing CD45+CD4+CD3- cells 
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in developing mesenteric lymph nodes 17. The presence of CD4+CD3- cells within 
neonatal peripheral lymph nodes had already been noted 5 years earlier, but at that 
time their function, activity, as well as their origin was mysterious 18. At the same 
time that lymph node CD45+CD4+CD3- cells were shown to express LTα1β2 the 
group of Nishikawa defined three sequential stages during PP development, which 
were halted when LTα1β2 expression was ablated by blockade of Il7r triggering 
in utero 19, 20. With these experiments they showed the crucial involvement of Il7r 
signaling in the induction of LTα1β2 expression (figure 1A). As a consequence of 
Il7r blockade in utero PP failed to form in the offspring. During the earliest events 
of development, they identified that upregulation of VCAM-1 was dependent on 
LTβR triggering. Further insight into the mechanisms of LTβR signaling came 
from studies showing that LTβR triggering leads to NFκB activation, which in turn 
may activate genes required for lymphoid organ formation, such as adhesion 
molecules and chemokines (figure 1B) 21 - 23. In fact, the induced expression of 
VCAM-1, TNFα, and LTα1β2, known as inflammatory mediators, during Peyer’s 
patch formation led the Nishikawa group to propose that this developmental 
process could be seen as a programmed inflammatory reaction 24.

Additional insight in the cellular requirement for secondary lymphoid tissue 
development was generated with the analysis of two independent mutant mice that 
both lacked the LTα1β2 expressing CD45+CD4+CD3- cells. In the absence of the 
helix-loop-helix inhibitor Id2 or in the absence of orphan nuclear hormone receptor 
RORγ(t), lymph nodes and Peyer’s patches failed to develop and upon careful 
analysis of the areas where these lymphoid organs develop these mice appeared 
to lack CD45+CD4+CD3- cells (figure 1A) 25, 26. Final proof that these cells were 
indeed able to induce the formation of lymphoid organs came from cell transfers. 
By transfer of CD45+CD4+CD3- cells from fetal spleen Finke et al. showed that 
Peyer’s patches could be induced in CXCR5-/- mice, while Fukuyama et al showed 
that transfer of CD45+CD4+CD3- cells from fetal intestines into Id2-/- mice was able to 
induce the formation of nasal associated lymphoid tissue (NALT)-like structures 27, 

28. Since these studies confirmed the inducing potential of these LTα1β2 expressing 
cells, they led to renaming the CD45+CD4+CD3- cells and from 2002 and onward 
these cells are now known as lymphoid tissue inducer cells (LTi cells or LTics). 

In the meantime, VCAM-1+ICAM-1+ stromal cells in developing Peyer’s patches 
had been identified to express LTβR. Furthermore, it was shown that these 
VCAM-1+ICAM-1+ stromal cells produced homeostatic chemokines upon LTβR 
triggering and that they colocalized with LTi cells in the intestines 29. These cells 
formed the ideal candidate for the LTi cells to interact with, since their triggering 
could lead to induction of adhesion molecules and chemokines and the formation 
of secondary lymphoid organs (figure 1B). Because of their anticipated role in 
the formation of secondary lymphoid organs these cells were coined organizer 
cells. This model appeared valid in 2003 when two groups showed the crucial 
involvement of the homeostatic chemokines and their receptors for the development 
of peripheral lymph nodes and Peyer’s patches by combined ablation of either 
CXCL13, CCL21, and CCL19, or CCR7 and CXCR5 (figure 1C) 30, 31. 

The cellular requirement for lymphoid organ formation was thus deduced to the 
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interaction of LTi cells with organizer cells, resulting in the formation of the first 
aggregates (figure 1C). This process was further visualized by the generation of 
RORγ(t)-GFP mice, in which all LTi cells were marked green, allowing visualization 
of the first stages of lymph node and Peyer’s patch formation. These studies 
showed that indeed VCAM-1+ICAM-1+ stromal organizer cells in developing 
lymph nodes and Peyer’s patches were dependent on LTβR triggering and 
that RORγ(t) expressing LTi cells were responsible for this process 32. 

The capacity of the organizer cells to attract hematopoietic cells and retain them 
in place was shown in 2004 by adoptive transfer of cell suspension derived 
from neonatal mesenteric lymph nodes.  Upon intradermal injection the non-
hematopoietic stromal cells were able to attract hematopoietic cells derived from 
the host. When injected into neonatal, but not adult, mice these structures showed 
normal segregation of B and T cell areas 33. Thus by the end of 2004 the cellular 
components and some of the molecular interactions required for the development 
of lymph nodes and Peyers’s patches were identified. Subsequent development of 
lymph nodes and Peyer’s patches into distinct B and T cell areas occurs postnatally 
in mice and is regulated in part by the same cells and molecules that are mandatory 
for lymphoid organ development. Especially the expression of the homeostatic 
chemokines, required for the proper organization into distinct B and T cell domains 
was shown to depend on TNF family members, such as TNF-α and LTα1β2 

22.

Recent findings concerning LN and PP development
The role of LTβR signaling in lymph node functioning was recently shown to 
carry on into adulthood. Blockade of LTβR triggering in adult mice affected the 
expression of the adhesion molecules, which are required for lymphocyte entry 
across high endothelial venules 34.  LTβR was shown to be expressed on high 
endothelial venules, thus providing further understanding to this regulation 35.

The involvement of a third cellular subset in Peyer’s patch formation was recently 
reported. By analysis of the earliest phases of Peyer’s patch development in 
human CD2-GFP transgenic mice, which allowed following the first aggregation of 
hematopoietic cells in the developing embryo, an additional population of CD45+ 
cells, characterized by lack of CD4 and expression of CD11c, c-kit and LTβ, was 
reported to co-aggregate with LTi cells in the gut wall 36. These cells were shown 
to be also crucial for Peyer’s patch formation and the surprising finding was that 
the tyrosine kinase receptor RET, which is important for the enteric nerve system 
formation, is involved in this process. The RET ligand ARTN, belonging to the 
TGFβ superfamily, was shown to be a strong attractant of the CD11c+ cells in the 
embryonic gut. Remarkably, ARTN not only attracted CD11c+ but also the CD4+ 
inducer cells. In this assay, the provision of ARTN containing agarose beads to 
embryonic gut led to ectopic PPs formation by attracting CD11c+ cells, which 
orchestrated CD4+ as well as VCAM-1+ cells into a lymphoid aggregate. 

Sequential steps in white pulp development
Concurrent with the characterization of LN and PP formation, studies on splenic 
white pulp organization were galvanized by the gene-targeting experiments 
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Figure 1: A schematic overview of the differentiation of LTi cells and stromal organizers 
and their function in lymph node formation. A) Il7r expressing precursor LTi cells mature 
into LTα1β2 expressing LTi cells, which in addition express the chemokine receptors CXCR5 
and CCR7. This differentiation requires RORγ(t), Id2, while Il7r and TRANCE-R triggering is 
involved in the induction of LTα1β2. B) Triggering of the LTβR on stromal cells results in their 
differentiation to stromal organizers, which express VCAM-1, ICAM-1, MAdCAM-1, and produce 
the chemokines CXCL13, CCL21, and CCL19. C) These chemokines are thought to be involved 
in attraction of more LTi cells as well as other hematopoietic cells. The increase in LTi cells leads 
to more LTβR triggering, resulting in a rapid increase in size of the developing lymph node. 
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with TNF-family members revealing the important role of both LTβR and 
TNF-R1 signaling in these processes 10, 14, 37 (reviewed in 38, 39). Although the 
presence of white pulp in the spleen was already described around 1930, 
40, 41 its importance for the immune response was shown decades later 42 

- 44. This led to a growing interest in the dependence of the different white pulp 
compartments on B- and T-cells during development 45 - 48, and in the order in 
which these two distinct lymphocyte subsets populate the fetal spleen. 

A general model of human splenic white pulp development can be distilled from 
findings of three research groups 49 - 51.  Taken their data together, this model 
describes that the initial entry of lymphoid cells leads to the formation of follicles, after 
which the periarteriolar lymphoid sheath and germinal centers develop. A similar 
cascade of lymphocyte accumulation was also described for murine white pulp in 
which B lymphocyte aggregation preceded the formation of T cell clusters 52. Gene-
targeting experiments pointed at an important role for LTα1β2-expressing B cells in 
this process 53, but immunization experiments showed that the underlying cellular 
and molecular mechanisms are not fully clarified 54. The current model of the earliest 
steps in white pulp formation will probably be further detailed in the future. 

A short note on thymus organogenesis
Research focusing on thymus development can roughly be divided in studies on 
thymus primordium and thymic epithelial cell (TEC) development. Already in 1960 
Auerbach showed that mesenchymal cells of neural crest origin are inducers of TEC 
proliferation and differentiation 55.  Apart from research concentrating on the germ 
layers that contribute to the thymus primordium (reviewed in 56, 57), there are numerous 
studies with a focus on the hematopoietic – TEC interactions (reviewed in 58, 59). It now 
appears that TNF-superfamily members have a role in some of these processes.    

Boehm and coworkers showed that the absence of components of the LTβR 
signaling axis (i.e. the ligand LTα1β2, the LTβR itself or the intracellular signaling 
molecule Nik) leads to the disorganization of medullary TECs (mTECs) 60. Thus, 
apart from organ specific homeobox genes and transcription factors that have a 
function in the positioning and initiation phases of the thymus development 56, 57, in 
later phases other molecules such as LTβR play a role in thymus development.

In addition to the importance of the LTβR signaling, tumor necrosis factor (ligand) 
superfamily, member 11 (Tnfsf11 or TRANCE, RANKL, OPGL and Ly109l), the 
ligand of the Tnfrsf11a (also known as TRANCE-R, Rank, ODFR or Ly109) is crucial 
for normal thymus development 61. Now, the importance in Tnfsf11 – Tnfrsf11a 
signaling has also been shown for the regulation of AIRE expression by mTECs 
by Rossi and coworkers 62. Strikingly, CD4+CD3- LTi cells that express Tnfsf11 
were indicated as the cells that give the inductive signal to Tnfrsf11a+ mTECs. In 
contrast to their role in lymph node development they use this TNF-superfamily 
member instead of LTαβ to induce differentiation of responder cells. 

Mucosa associated lymphoid tissue 
Mucosa associated lymphoid tissues (MALT) are located along the surface of 
all mucosal tissues and include gut associated lymphoid tissues (GALT), nasal 



27Lymphoid organogenesis in brief
associated lymphoid tissues (NALT), and bronchus associated lymphoid tissues 
(BALT). In contrast to the lymph node and Peyer’s patches, which develop 
prenatally, the formation of NALT, BALT and the intestinal isolated lymphoid 
follicles (ILF) and cryptopatches (CP) as part of the GALT, was recently shown 
to occur postnatally in mice and rats (reviewed in 63, 64, and 65). For NALT 
development the molecular requirements seem to differ from those identified for 
the formation of lymph nodes and Peyer’s patches:  Both LTβR triggering, as 
well RORγ were shown to be indispensable for NALT formation 28, 66. However, 
CD45+CD4+CD3- cells seemed to accumulate in developing NALT and in Id2-/- 
mice, which lack LTi cells, the NALT was reported to be absent. Upon transfer 
of LTi cells into Id2-/- mice, NALT development could be induced 28.

Recent data suggest that CP and ILFs are in fact the same structures, but that their 
size and composition are variable and that they should collectively be called solitary 
intestinal lymphoid tissue (SILT), which could be classified into 5 different sizes 
67. Small SILTs contain predominatly lin-c-kit+Il7r+ cells and as such correspond to 
the CPs, while larger SILTs get increasingly more B cells, but still contain the lin-
c-kit+Il7r+ cells, presumably the adult counterpart of the LTi cells. Germfree mice 
were shown to contain mainly smaller size SILTs, which changed to predominantly 
larger size SILT upon colonization with commensal bacteria, showing that intestinal 
microbes can influence lymphoid structures within the intestinal wall. 

Unresolved issues and implications for the clinic

Now that the importance of LTi cells has been established for lymph node, 
Peyer’s patch, MALT and thymus development, it is interesting to find out 
whether they also could facilitate splenic white pulp development. The study 
from Cyster’s group 53 has implicated B-cells as inducers of T cell stroma, 
but recent findings 68 suggest that also transferred LTi cells could contribute to 
development of splenic white pulp. Perhaps LTi cells are then also important for 
the formation of tertiary lymphoid structures. However, we have proposed before 
that activated T and B cells might equally well function as LTi cells during chronic 
inflammation 69 and recently it was shown that indeed tertiary lymphoid structures 
could be formed in thyroid glands of Id2-/- mice, which lack LTi cells 70. 

What determines the position of lymph nodes during development remains an 
unresolved question. Perhaps also in this instance there is a role for homeobox 
genes, as seen during spleen and thymus development 38, 71.  A candidate 
homeobox gene involved in positioning of lymph nodes would be Prox-1, since it 
has been shown that this factor controls the development of the lymphatic system 
72. The development of lymphatic vessels and lymph nodes has been proposed 
to occur concomitantly. Considering the role of ARTN in PP development, it 
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can be envisaged that also other members of the large TGFβ superfamily 
might play a role in the earliest phases of LN and PP development. 

The knowledge that is obtained from the organogenesis of lymphoid organs 
has already instigated researchers to question whether the formation of tertiary 
lymphoid structures might depend on the same mechanisms as identified for the 
formation of secondary lymphoid structures 73, 74. Tertiary structures are often seen in 
chronic inflammatory pathologies, and are characterized by lymphocytic infiltrates, 
which can be organized into discrete B and T cell areas 75. Similar as in secondary 
lymphoid organ formation the crucial role of stromal cells in chronic inflammation 
has been proposed and therapeutic intervention with the function of stromal cells 
might form an ideal target for treatment of chronic inflammatory diseases 76, 77.

Concluding remarks

Summarizing we can say that the initial event in the development of lymphoid 
organs can be attributed to inducer cells that trigger other cells through cell surface 
molecules. Such an initiation phase will be present during the development of all 
lymphoid organs, however these earliest events have not been characterized in 
all lymphoid organs yet. Subsequent cell-cell interactions will ultimately lead to 
highly organized and compartmentalized organs through which the immune system 
has evolved into an admirably swift and efficient system to deal with pathogens, 
but carrying the danger of overreacting. The ability of the body to develop tertiary 
lymphoid structures, roughly following the same developmental program, adds 
to the capacity of the immune system to deal with pathogens. Considering that 
these structures are often associated with chronic inflammation and detrimental 
immune responses to autoantigens, better knowledge on the development of 
lymphoid organs and tertiary structures will eventually help to fight disease.
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