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one absTracT
Intestinal homeostasis relies on both immune and non-immune defense mechanisms. In spite of 

this distinction, these two defense systems are closely associated and simultaneously adapt to 

each other and to luminal factors, such as diet and commensal microflora. In this introductory 

chapter, we review our current understanding of the mode of action of both these mechanisms 

and of their regulation. We provide an overview of the molecular processes leading to the 

development of organized lymphoid tissues in the small and large intestine and discuss the non-

redundant role of luminal factors in these processes.
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InTrOducTIOn
The intestinal immune system faces challenges unlike those faced by the immune system of any 

other organ, as it is constantly exposed to a large variety of antigens, with only a single cell layer 

of epithelial cells separating the host’s internal milieu from the outside world. In this environment, 

it has to relentlessly preserve a subtle balance between immune responses against pathogenic 

microorganisms and tolerance towards food components and local symbiotic microorganisms. 

Although the commensal microflora is beneficial to the host, as it concurrently ensures proper 

food processing and nutrient production and prevents colonization of the gut by pathogens, it 

is not always benign1. This demands that a permanent state of restrained existence of the gut 

microflora must be imposed by the host’s intestinal immune system. Not surprisingly, therefore, 

sophisticated innate and adaptive immune networks have evolved in the intestine. 

The gut-associated lymphoid tissue (GALT) is anatomically organized into two distinct 

compartments: the organized GALT, which consist of many different lymphoid aggregates of 

distinct cellular composition and complexity; and the diffuse GALT, which consist of leukocytes 

diffusely scattered throughout the mucosal epithelium and lamina propria2. This morphologic 

distinction is often thought to be also the basis of a functional compartmentalization in which 

the organized GALT is responsible for the inductive phase of the immune response and the 

diffuse GALT for its effector arm2. Although appealing, this functional compartmentalization 

is not absolute as T cell-independent B cell responses were shown to be induced in the lamina 

propria of the small intestine3. 

In this introductory chapter, we will present an overview of intestinal defenses. We focus on 

the cellular and molecular mechanisms that drive the development of intestinal lymphoid tissues 

and discuss how their development is affected by the luminal environment and feedbacks into it.

nOn-Immune deFenses OF The 
gasTrOInTesTInaL TracT
A key element in the intestinal strategy to maintain homeostasis is to limit the contact between 

potential pathogens and the epithelial cell surface. This is accomplished, to a large extent, by 

physical and chemical adaptations of the intestinal epithelium (fig. 1), which are simultaneously 

affected by both the luminal environment and the underlying immune system. 

The mucous layer
The first line of non-immune defenses is the production of a mucus layer that lines the epithelial 

surface. Goblet cells secrete large amounts of highly hydrophobic mucin glycoproteins that in 

contact with water assemble into a viscous-like gel that extends up to 150μm from the epithelium4. 

In the small intestine this gel is organized in a single mucus layer5; in the colon, however, it contains 

two distinct strata4, 5. While the colonic outer mucus stratum traps large numbers of bacteria, the 

colonic inner stratum seems to be resistant to bacterial penetration and thus forms a buffer zone 

that minimizes the exposure of intestinal epithelial cells to luminal contents4, 5. The composition 

of the mucus layer is highly conditioned by the intestinal microflora; microbial colonization of the 

gastrointestinal tract (conventionalization of germ-free mice) modifies the transcription of the 
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Figure 1. non-immune based defenses of the gastrointestinal tract. The intestine relies on many 
cellular adaptations to limit the contact of potential pathogens with its epithelial cell surface. These include 
mucus production by goblet cells and antimicrobial peptide secretion by Paneth cells. Antimicrobial peptides 
concentrate at the bottom of the intestinal crypt, providing increased protection to intestinal epithelial stem cells. 

mucin genes Muc1-4, the transcription of the mucus stabilizing agent trefoil factor family 3 (Tff3) 

and the expression and activity of several glycosyltransferases that post-translationally modify the 

mucins6-9. Importantly, whether these changes are directly induced by the commensals or indirectly 

provoked by the immune system is presently not clear, as immune complexes and the cytokines 

IL4, IL13, IL22 and IL33, which could be induced upon colonization of the gastrointestinal tract, 

are known inducers of goblet cell hyperplasia and mucus secretion10-14. 

antimicrobial peptides
A second non-immune mechanism that minimizes the contact between bacteria and the epithelial 

lining is the secretion of antimicrobial peptides by the intestinal epithelium. Antimicrobial peptides 

belong to a diverse group of molecules, including defensins, cathelicidins, calprotectins and 
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C-type lectins15. Most of them are rich in hydrophobic and basic residues that confer broad-

spectrum bactericidal activity by enzymaticallly digesting and/or forming pores into the bacterial 

cell wall and bacterial cell membrane16-18. Alternatively, they may penetrate into the bacteria 

and interfere with essential biochemical processes, such as nucleic acid or protein synthesis19-22.

Although antimicrobial peptides are produced by virtually all epithelial cells, in the intestine 

Paneth cells produce most of them15. Paneth cells constitute a specialized epithelial cell lineage 

found at the bottom-most position of the intestinal crypt where they provide the niche for 

epithelial stem cells. This position is significant, as it ensures that high concentrations of 

antimicrobial peptides are present where the essential source of self-renewing intestinal epithelial 

cells is located23. Similar enrichment of microbicidal activity seems also to be obtained by trapping 

antimicrobial peptides in the mucus layer covering the intestinal epithelium24. 

Importantly, while some antimicrobial peptides are constitutively expressed20, 25, 26, others are 

produced in response to bacterial signals perceived through pattern-recognition receptors (PRRs), 

such as Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-containing 

protein 2 (NOD2)27-29. Likewise, some antimicrobial peptides are induced through the action 

of innate and adaptive cytokines, such as the IL1 family members IL1α, IL1β and IL18 produced 

by virtually all cell types, and IL17 and IL22 produced by innate lymphoid cells (ILCs) and CD4+ 

T cells30-33. 

microbial selection
A less appreciated mechanism by which the intestinal epithelium ensures protection from the 

commensal microflora as well as pathogens is the selection of the microorganisms that compose 

the commensal microflora itself. The intestinal mucosa provides a sheltered environment, stable 

in temperature and rich in nutrients, in which a vastly complex consortium of different bacterial 

species prospers. Even though this community differs significantly between individuals, it remains 

relatively constant throughout the life of a specific individual, suggesting that the intestinal 

microbiota is a restricted part of the “self” rather than a population of unrestrained dynamics34, 35. 

Such tight control is accomplished in part by the regulation of both the quantity and quality 

of the resources available for the commensals. For example, fucosylation of glycans favors the 

microorganisms that use fucose as their energy source, over others36. Importantly, once the 

selected bacterial species have established themselves in the gastrointestinal environment, they 

further modify the local host physiology resulting in the coordinated expression of energy sources, 

sites of attachment and bactericidal factors by host and symbiont37-39. This provides the symbiont 

with a competitive advantage that prevents pathogens from establishing themselves within 

the host.

Immune sysTem-based deFenses 
OF The gasTrOInTesTInaL TracT 
As stated earlier, the intestinal immune system is structured into diffuse and organized cellular 

subsystems. The diffuse GALT consists of cells scattered throughout the intestinal epithelium and 

lamina propria (fig. 2). In contrast, the organized GALT consists of several cellular aggregates of 
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different complexity, which include both tissues located within the walls of the digestive tube – 

Peyer’s patches, colonic patches and solitary isolated lymphoid tissues (SILTs) – as well as outside 

of them – mesenteric lymph nodes (fig. 3). 

dIFFuse guT-assOcIaTed LymPhOId TIssue
Intraepithelial immune cells
In virtue of their direct contact with the intestinal epithelium and proximity to the intestinal 

lumen (fig. 2a), the intraepithelial compartment forms the first line of defense against penetrating 

microorganisms. The intraepithelial compartment is composed almost exclusively of antigen-

experienced T cells, which fall into two different categories40. One population, called natural 

intraepithelial lymphocytes (IELs), is specific to the gut wall. Unlike T cells present elsewhere, these 

cells are characterized by the expression of CD8αα homodimers and either TCRαβ or TCRγδ41-44. 

Importantly, they possess unique characteristics as, similarly to Foxp3+ regulatory T cells (Tregs), 

they seem to be selected rather than deleted on self-antigens45-47. This phenomenon is thought to 

depend on their unusual CD3 complex, which contains CD3ζ - FcεRIγ or FcεRIγ - FcεRIγ complexes 

instead of the CD3ζ - CD3ζ homodimers that characterize conventional T cells48, 49. These unusual 

complexes transduce TCR signals inefficiently and may therefore convey survival rather than 

death signals50. In addition, the physical separation between CD8αα homodimers and the TCR 

sequesters important signaling components away from the TCR and further reduces the strength 

of the signals emanating from the TCR51, 52. Because natural IELs are selected on self-antigens45-47 

and populated the gut before birth40, 53, their primary function has been suggested to be directed 

towards maintenance of the integrity of the epithelial lining and of immune quiescence54-57. 

Consistent with this, TCRγδ+ IELs were shown to control epithelial cell growth and turnover58, 59; 

to restore the integrity of the intestinal epithelium following damage via keratinocyte growth 

factor (KGF) secretion54, 60, 61; and to control the number and activity of cytotoxic conventional 

CD8+ T cells via transforming growth factorβ (TGFβ) production62. Likewise, TCRαβ+ IELs were 

shown to induce the development of CD4+CD25+ Tregs against orally administered antigens 

and to prevent colitis development in the colitogenic CD45RBhiCD4+ T cell transfer model in a 

IL10-dependent manner56, 63. Importantly, in addition to these regulatory roles, natural IELs are 

also known to contribute to protective immunity - TCRγδ+ and TCRαβ+ IELs were both shown to 

be cytotoxic and to protect against parasite infection64, 65.

The second IEL population originates from peripheral T cells that, having been activated 

in mucosal lymphoid tissues, have upregulated the expression of α4β7 and CCR9 and homed 

to the gut mucosa66. In contrast to the other intraepithelial population, these induced IELs 

are either TCRαβ+ CD8αβ+ or TCRαβ+ CD4+. TCRαβ+ CD8αβ+ induced IELs are kept into a 

heightened state of activation, which allows them to respond vigorously to antigens without 

clonal expansion and unnecessary delay67-69. TCRαβ+ CD4+ induced IELs are relatively sparse 

and include both effector CD4+ TH-cells as well as suppressive CD4+FoxP3+ and CD4+FoxP3-IL10+ 

Tregs40. Importantly, the number of induced IELs steadily increases with age40, suggesting that 

this compartment adapts to provide focused protective immunity as well as ignorance towards 

commonly re-encountered antigens. 
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IELs are directly affected by the luminal contents that they survey (diet and commensal 

microflora) and the epithelial cells that they protect70, 71. Deficiency in dietary vitamin D or 

in vitamin D receptor (VDR) reduces the size of the TCRαβ+CD8αα+ population72, 73. Similarly, 

deficiency in dietary aryl hydrocarbon receptor (AhR) ligands or in AhR itself decreases the 

size of both TCRαβ+ and TCRγδ+ CD8αα+ intraepithelial populations74, 75. Finally, commensal 

microorganisms and epithelial cell-derived IL7 both contribute to the homeostatic regulation of 

TCRαβ+CD8αβ+ and TCRγδ+ CD8αα+ IEL numbers71, 76.

The intraepithelial compartment is further occupied by CD11b+CX3CR1+ mononuclear 

phagocytes. These cells intercalate themselves between epithelial cells and directly take up 

antigens from the intestinal lumen77. Importantly, likely as a consequence of high expression 

of tight junction proteins78, these phagocytes cannot migrate towards secondary lymphoid 

tissues79 and are, therefore, thought to promote only local immune responses. The CX3CR1lo 

subset is a potent producer of pro-inflammatory cytokines, which led researchers to postulate 

that these cells might be involved in pathogen clearance80, 81. In contrast, the CX3CR1hi subset 

produces mainly IL10 and may have a role in local FoxP3+ Treg proliferation and maintenance81, 82. 

Noteworthy, CX3CR1hi cells retain their anti-inflammatory phenotype even in the presence of 

intestinal inflammation, which may be necessary to avoid excessive immune responses81. Epithelial 

cell-derived TGFβ, retinoic acid (RA) and thymic stromal lymphopoeitin (TSLP) are likely involved 

in the maintenance of their anti-inflammatory phenotype83-86.

Lamina propria immune cells
The intestinal lamina propria is heavily infiltrated by immune cells, including several populations 

of mononuclear phagocytes as well as large numbers of T and B cells (fig. 2b). Importantly, all 

these cells seem especially tailored to maintain tolerance and avoid excessive immune responses 

as evidenced by the lack of symptomatology in patients undergoing polypectomy in which the 

resulting wounds are exposed to overwhelming amounts of bacteria. Indeed, although lamina 

propria CD11b+F4/80+ macrophages are highly phagocytic and bactericidal through mechanism 

involving antimicrobial enzymes and reactive oxygen species87, 88, they do not produce pro-

inflammatory cytokines nor increase the expression of costimulatory molecules in response to TLR 

stimulation89-91. These paradoxical features may allow them to efficiently clear penetrating bacteria 

without overtly inducing immunity. Further preventing the induction of immune responses, 

these macrophages constitutively produce high levels of the anti-inflammatory cytokine IL1089, 91. 

Similarly, CD103+ dendritic cells produce indoleamine 2,3-dioxygenase (IDO)92 and RA93, which 

are both known drivers of Treg development92, 94-96. Importantly, however, under appropriate 

stimulation, CD103+ dendritic cells are able to elicit productive immune responses in Peyer’s 

patches and mesenteric lymph node79. 

The T cell compartment in the intestinal lamina propria is composed mainly of memory TCRαβ+ 

CD4+ and CD8+ T cells97. CD4+ T cells are mostly TH1 and TH17 cells, induced by polysaccharides 

produced by Bacteroides spp.98, 99 and segmented filamentous bacteria100, 101, respectively, and 

FoxP3+ and Foxp3-IL10+ Tregs102. TH1 and TH17 cells are required for the control of the small 

numbers of commensals that constantly penetrate the intestinal epithelium. Their function, 

however, must be constantly balanced by Tregs as evidenced by the spontaneous development 

of intestinal inflammation in mice deficient for IL10 or FoxP3103, 104. 
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The intestinal lamina propria B cell compartment is composed most prominently by IgA-

secreting plasma cells. IgA is produced very rapidly in response to bacterial colonization105, 106. 

On secretion, IgA provides protection against luminal pathogens and commensals107. Most 

IgA+ B cells are generated in the germinal centers of mesenteric lymph nodes, Peyer’s patches/

colonic patches and SILTs, where they acquire CCR9 and α4β7 expression108. These homing 

receptors allow them to migrate to the intestinal lamina propria109-111, where they further 

differentiate into IgA-secreting IgA plasma cells. IgA class-switch recombination in Peyer’s 

patches occurs via a T cell-dependent mechanism involving CD40L, TGFβ, IL6 and IL21112, 113. In 

contrast, naïve B cell differentiation towards IgA+ plasmablasts in SILTs occurs independently 

of T cells112, 113. Gut activated DCs produce IL6, B-cell activating factor of tumor necrosis factor 

(TNF) family (BAFF), a proliferation-inducing ligand (APRIL) and metalloproteinases (MMPs) 

Figure 2. diffuse gut-associated lymphoid tissues. The diffuse GALT consists of immune cells scattered 
throughout the intestinal epithelium (a) and the lamina propria (b). a. The intraepithelial immune cell 
compartment, which is located between the basement membrane and the intestinal epithelium, comprises 
natural intraepithelial lymphocytes (IELs), induced IELs and CD11b+CX3CR1+ mononuclear phagocytes. 
Natural IELs are agonistically selected CD8αα+TCRαβ+ or CD8αα+TCRγδ+ T cells. In contrast, induced IELs 
are derived from “conventionally” selected TCRαβ+ CD4+ or CD8αβ+ T cells, which upon activation in 
secondary lymphoid tissues have migrated to the intestinal wall. b. Lamina propria immune cells include 
CD11b+F4/80+ macrophages, CD11c+CD103+ dendritic cells, “conventionally” selected memory CD4+TCRαβ+ 
and CD8αβ+TCRαβ+ T cells, Foxp3+ and IL-10+ Tregs and large numbers of IgA-secreting plasma cells. 
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that convert TGFβ from inactive to active form and are therefore capable of inducing T cell-

independent IgA class-switch recombination112, 113. Importantly, in the absence of organized 

lymphoid tissues (Peyer’s patches and SILTs), sufficient number of IgA+ plasma cells can be 

generated in the lamina propria in a process that requires the activation of the TLR-MyD88 

pathway by the intestinal microflora and seems to be assisted by epithelial-derived and 

dendritic cell-derived APRIL114-117.

OrganIzed guT-assOcIaTed LymPhOId 
TIssue
Paradigm of lymphoid tissue development
Interest in the organogenesis of organized lymphoid tissues emerged with the initial observation 

by Togni et al. that lymphotoxin-α (LTα) deficient mice lacked lymph nodes and Peyer’s 

patches118. Since then, numerous studies have been published and have led to the emergence of 

Figure 3. Organized gut-associated lymphoid tissues. The organized GALT consists of lymphoid tissues 
located outside as well as within the intestinal wall. Mesenteric lymph nodes (1) lie within the connective tissue 
of the mesentery and receive immunologic input from the intestine via afferent lymphatics. Peyer’s patches/
colonic patches (2) and solitary intestinal lymphoid tissues (SILTs) (3) are located in the intestinal submucosa 
and intestinal lamina propria, respectively. These tissues capture antigens directly from the intestinal lumen 
via M cells. SILTs range from small aggregates of LTi cells and dendritic cells (3a) to large clusters of LTi cells, 
dendritic cells and organized B cell follicles (3b).
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a general model for lymphoid organ development that in its core has the lymphotoxin-mediated 

interaction between hematopoietic-derived CD45+CD3-CD4+IL7Rα+c-kit+LTα1β2
+ lymphoid tissue 

inducer (LTi) cells and mesenchymal-derived VCAM-1+ICAM-1+LTβR+ lymphoid tissue organizer 

(LTo) cells119, 120 (fig. 4). 

Secondary lymphoid organs develop during embryogenesis or within the first weeks after 

birth as a result of LTi cell clustering at the sites of prospective lymphoid tissue formation119, 120. 

LTi cells are attracted to these places by chemotactic factors expressed, at this time, in a 

lymphotoxin-independent manner121, 122 – CXCL13 is key in this process123; but the chemokines 

CCL19 and CCL21124, 125 as well as other not yet identified chemoattractants also play a role. 

At the lymphoid tissue primordia, these chemokines and the cytokines IL7 and TNF-related 

activation-induced cytokine (TRANCE) induce the expression of LTα1β2 on LTi cells, enabling 

them to communicate with the nearby LTβR-expressing stromal cells122, 126, 127. The LTα1β2/LTβR-

mediated interaction between LTi cells and nearby stromal cells results in the activation of both 

the canonical and non-canonical NF-kB signaling pathways and the differentiation of mature 

LTo cells128, 129. LTo cell maturation increases the expression of the homeostatic chemokines 

CXCL13, CCL19 and CCL21, of the cytokine IL7 and of the adhesion molecules VCAM-1 and 

ICAM-1128, 129. These newly produced factors then attract and retain more LTi cells119, 120, which 

by providing a sustained source of LTα1β2, create a positive feedback loop that consolidates 

the lymphoid tissue anlagen. Subsequently, these same factors also recruit lymphocytes into 

the developing lymphoid tissue130. As B and T cells arrive, they take over the role of LTi cells 

as the main source of LTα1β2 and TNF, and further induce the differentiation of LTo cells into 

the different stromal cell subsets that compose the backbone of the lymphoid tissue and are 

responsible for its ultimate microarchitecture131. 

mesenteric lymph nodes 
Mesenteric lymph nodes (mLNs) lie within the connective tissue of the mesentery. They are 

the largest lymph nodes in the body but, notwithstanding, their development is still largely 

unknown as it seems to be relatively unaffected by the absence of most of the molecules 

that are involved in the organogenesis of other lymphoid tissues2. Although retinoic acid 

related orphan related gamma (Rorγ)-, helix-loop-helix protein inhibitor of DNA binding 2 

(Id2)-dependent LTi cells are required for mLN development132, 133, their clustering at the mLN 

anlagen does not seem to depend on the chemokines CXCL13, CCL19 nor CCL21124, 134-136. 

This is likely due to the early development of the mLN (around embryonic day E11 in mice137), 

which suggests that a more primordial chemokine/chemokine receptor pair, such as CXCL12/

CXCR4, may be involved. Similarly, also the interaction between LTi and LTo cells seems to be 

controlled by mechanisms slightly different from those operating in other lymphoid tissues, 

as analysis of mice deficient in LTα or LTβ revealed LTα1β2 heterotrimers not to be essential for 

mLN development138. Sufficient LTβR signaling may be induced by LTα3 homotrimers and/or 

lymphotoxin-related inducible ligand that competes for glycoprotein D binding to herpesvirus 

entry mediator on T cells (LIGHT). Indeed, although LIGHT by itself is not required for the 

development of any lymphoid tissue, it seems to partially compensate for the lack of LTα1β2 

heterotrimers as, in contrast to LTβ-/- single knockout mice, LTβ-/- x LIGHT-/- double knockout 

mice have reduced numbers of mLNs139. Importantly, the expression of LTβR ligands in the mLN 
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anlagen seems to critically depend on TRANCE-TRANCER interactions127, 140, as defective IL7R 

signaling, as seen in mice deficient in components of the IL7R complex (IL7Rα-/- and IL2Rγ-/-) 

or in downstream signaling molecules (Janus kinase 3 (Jak3)-/- mice), does not interfere with 

mLN development124, 141, 142. 

Why mLN development is so different from the development of others lymphoid tissues and 

thus from the paradigm of lymphoid tissue development itself is presently unclear. We speculate 

that some of the differences may arise from a fundamental distinct time frame of development 

(see above) but also from a distinct local microenvironment at the mLN anlagen, which may have a 

major influence on LTo cells. In line with this, we have previously shown that mLNs and peripheral 

LNs (pLNs) contain very different proportions of ICAM-1intVCAM-1intMAdCAM-1int and ICAM-

1highVCAM-1highMAdCAM-1high stromal organizer cells126. The ICAM-1intVCAM-1intMAdCAM-1int 

population, which has the highest expression of LTβR, is especially prevalent in mLNs126, and thus 

may at least partially explain why mLN, but not pLN, development still takes place in situations 

in which LTβR signaling is to some extent impaired138.

Peyer´s patches
The development of Peyer’s patches (PPs) is likely the best understood process of lymphoid 

tissue organogenesis. Fetal liver-derived LTi and CD45+CD3-CD4-IL7Rα-CD11c+RET+ lymphoid 

tissue initiator (LTin) cells start to colonize the small intestine around embryonic day E12.5143. 

Initially these cells distribute themselves evenly throughout the entire length of the intestine; 

but, subsequently, they cluster at the sites of prospective PP development in a proximal-to-distal 

fashion143. Signaling via the tyrosine kinase receptor RET is essential for LTin cell clustering143, 144. 

Showing the key role of LTin cells in PP organogenesis, Ret-/- mice completely fail to form PPs143. 

Importantly, as LTin cells express none of the RET co-receptors, they are able to respond to all RET 

ligands in trans144. In light of this, it is not surprising that mice deficient in both artemin (ARTN) and 

neurturin (NRTN) have a normal complement of PPs, and that glial cell line-derived neurotrophic 

factor family receptor α 3 (GFRα3)-deficient mice have only reduced numbers of PPs143, 144. LTin 

cell clustering induces VCAM-1 expression on the nearby non-hematopoietic proliferating stromal 

cells144. As LTin cells express high levels of LTβ, they were suggested to induce LTo maturation 

and to drive the early production of CXCL13, which is required for LTi attraction into the PP’s 

anlagen145. It is, however, now clear that LTβ expression on LTin cells is not required for LTo 

maturation as blockade of LTβR signaling does not impair LTin cell-mediated VCAM-1 induction 

on stromal cells144. These data are similar to reports showing the LT-independent character of 

the early phases of lymph node development121-123. 

LTi cells are also required for PP formation, as mice deficient for Id2 and RORγ, which do not 

have LTi cells, fail to develop PPs132, 133. LTi cells are attracted to the PP anlagen by CXCL13146. 

Importantly, at the PP anlagen, LTi cells seem to upregulate LTα1β2 expression in response to IL7122 

(not TRANCE140). Mice deficient in IL7R signaling (IL7Rα-/-, IL2Rγ-/- and Jak3-/-) do not develop 

PPs124, 141, 142; conversely, transgenic mice overexpressing IL7 have higher numbers of PPs147 – 

this is likely due to increased numbers of LTi cells147 as well as increased LTα1β2 expression122. 

Paradoxically, in contrast to IL7Rα-/-, IL2Rγ-/- and Jak3-/- mice124, 141, 142, IL7-/- mice were shown to 

have normal numbers of intestinal CD45+IL7Rα-RORγ+ LTi cells and of VCAM-1+ PP’s anlagen148, 149. 

This suggests that suboptimal triggering of IL7Rα-IL2Rγ complexes by cytokines other than IL7 
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may be sufficient for the early development of PP’s anlagen. TSLP might be this other cytokine 

as the TSLP receptor complex includes the IL7Rα chain150. In line with this, TSLP overexpression 

is associated with increased LTi cell numbers and restoration of lymph node development in 

IL7-/- and Rag2-/-IL2Rγ-/- mice151. Importantly, upon LTα1β2 upregulation, LTi cells interact with LTo, 

inducing them to produce chemokines, cytokines and adhesion molecules that will attract and 

retain more LTi cells within the PP anlagen and thus consolidate it119, 120, 145. 

The subsequent step in the organogenesis of PP is the attraction and compartmentalization 

of B and T lymphocytes. Lymphocyte recruitment occurs only after birth in a process coordinated 

by the same chemokines that have initially attracted LTi cells. CXCL13 and CCL19/CCL21 attract 

and segregate CXCR5+ B cells and CCR7+ T cells, respectively152. Compartmentalization of 

the PP’s anlagen, however, precedes lymphocyte recruitment153, being dependent on LTα1β2 

expressed by non-lymphocyte cells149, 153. At embryonic day E18.5, IL7Rα+CXCR5+CCR7+ cells 

(likely LTi cells) start to move outwards and rapidly form several distinct clusters that will later 

become the B cell follicles153. Along with IL7Rα+ cell compartmentalization, VCAM-1 expression 

Figure 4. Paradigm of lymphoid tissue development. 1. Lymphoid tissue inducer (LTi) cells cluster at 
the sites of prospective lymphoid tissue development attracted by CXCL13. Clustering of LTi cells enables 
their communication via TRANCE-TRANCE-R. TRANCE signaling induces LTα1β2 surface expression on LTi 
cells. 2. LTα1β2 expression enables LTi cells to trigger the differentiation of LTβR-expressing lymphoid tissue 
organizer (LTo) cells. Such differentiation process results in increased production of cytokines (IL7, TRANCE), 
chemokines (CCL19, CCL21 and CXCL13), lymphangiogenic factors (VEGF-C) and adhesion molecules (ICAM-1 
and VCAM-1). 3. Together these factors enable the recruitment, retention, survival and differentiation of 
additional LTα1β2-expressing LTi cells, B cells, T cells and dendritic cells, creating a positive feedback loop that 
consolidates the developing lymphoid tissue. 
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becomes concentrated in the developing follicle and MAdCAM-1 expression restricted to 

the venous structures surrounding the follicles153. This early compartmentalization ensures 

that on recruitment, B and T cells immediately migrate into their respective domains153. 

Importantly, despite the lymphocyte-independent nature of early PP’s compartmentalization, 

the maintenance of the different PP compartments in the adult requires LTα and TNF production 

by B cells154.

Upon lymphocyte recruitment, development of M cells also takes place. B cells have been 

implicated in this process, as μMT-/- mice that lack B cells and CCR6-/- mice that fail to properly 

recruit them into PPs have reduced numbers of M cells155, 156. The reduced number of M cells in 

these mice is, however, a likely consequence of the reduced size of their PPs155, 156. Supporting 

this notion, Rag1-/- mice, which lack mature B and T lymphocytes, have small PPs but a normal 

density of M cells157. In addition, blockade of LTβR signaling in Rag1-/- mice decreases the 

percentage of M cells157, showing that the LTβR ligands required for M cell development are 

delivered by non-B, non-T cells. Supporting this notion, mice whose lymphocytes do not express 

LTα/LTβ/TNF have normal M cells154. On another note, it was recently shown that mice deficient 

for receptor activator of NF-kB ligand (RANKL; also known as TRANCER) have very few M cells 

(<2% of wild-type levels) and that those remaining were abnormal158. RANKL is expressed on 

subepithelial stromal cells and its receptor on epithelial cells159; treatment with RANKL induces 

epithelial cells to differentiate into highly phagocytic M cells158. Altogether, these data suggest 

that the signals that drive the early development of PPs are re-employed to compartmentalize 

them and to differentiate M cells. 

colonic Patches
Colonic patches are the colonic equivalents to PPs. Their development is, however, comparatively 

less well understood. This is likely due, on the one hand, to the fact that colonic patches are not 

macroscopically visible and therefore difficult to reliably distinguish and, on the other hand, to 

the belief that their development might follow the same rules as that of PPs. We have recently 

described a new methodology based on α-smooth muscle actin (αSMA) staining that allows easy 

identification and separation of colonic patches and colonic SILTs160 and should therefore permit 

the systematic study of lymphoid tissue development in the colon. 

Similar to PPs, colonic patch development starts before birth161, 162. Whether LTin and LTi 

cells are required for colonic patch development is not known. Currently, what it is known is 

that, similar to many other lymphoid tissues, development and maintenance of colonic patches 

requires lymphotoxin signaling161, 162. In utero treatment of wild-type mice with LTβR-Ig fusion 

proteins completely blocks colonic patch development161, 162; the same treatment in adulthood 

reduces both their size and cellularity161. The factors that drive the expression of LTβR ligands in 

the colon anlagen are not known. Nonetheless, we now know that these ligands are required 

for the development of IL22-secreting innate lymphoid cells (ILCs)163-165. LTα1β2 directs IL22+ ILC 

development via the induction of IL23166. IL22+ ILCs are not directly involved in the organogenesis 

of colonic patches, as evidenced by similar numbers and histology of colonic patches in IL22-/- and 

wild-type mice163. However, they are required for the maintenance of colonic patches during 

infectious insults163. This may partially be due to the role of IL22 in preserving the integrity of 

the intestinal epithelium167.

27



one solitary intestinal lymphoid tissue
Solitary intestinal lymphoid tissues (SILTs) likely represent the most dynamic compartment of the 

gut immune system working as a sensor of intestinal bacteria168, 169. Indeed, they consist of a 

continuum of lymphoid aggregates that develop in the intestinal lamina propria varying in size 

and cellular composition169, 170. In the same animal, SILTs range from small clusters of LTi cells, 

known as cryptopatches (CPs), to large clusters containing B cells organized in a central follicle, 

known as mature intestinal lymphoid follicles (ILFs)168-170. Responding to the bacterial load in the 

intestinal lumen, CP and ILFs interconvert into each other.

In contrast to the other organized lymphoid tissues of the gut, SILT development is strictly 

post-natal – in murine small intestine as well as colon, SILTs develop within the first few weeks 

after birth171, 172. SILT development starts with the clustering of LTi cells in the intestinal lamina 

propria. LTi cells are essential for SILT formation, as Rorγ-deficient mice, which do not have 

LTi cells, and aryl hydrocarbon receptor (AhR)-deficient mice, which have reduced numbers 

of RORγ+ innate lymphoid cells, completely lack CP and ILFs173-175. In the small intestine, LTi cell 

clustering seems to be mediated by the CXCL13-CXCR5 axis, as CXCR5-/- mice fail to develop 

small intestine SILTs during their regular developmental time window170. Such requirement is, 

however, not absolute as CXCR5-/- mice will develop aberrant SILT later in life170. Importantly, 

this suggests that additional chemotactic cues are employed to induce LTi cell clustering in the 

intestinal lamina propria. 

LTi cell clustering at CP is lymphotoxin-independent171. Despite this, lymphotoxin signaling 

is clearly required to maintain and organize SILTs162, 171, 176, 177. Both LTα-/- as well as LTβR-/- mice 

completely fail to develop bona-fide cryptopatches176. Analysis of chimeric animals revealed the 

requirements for LTα to reside on hematopoietic bone-marrow derived cells and those for LTβR 

to rest on radioresistant stromal components176, 177. Induction of LTα1β2 on the CP anlagen is 

likely to occur in response to IL7, as both IL7Rα-/- and IL2Rγ-/- mice fail to develop them141, 171, 177. 

The growth of CP into ILFs is marked by the recruitment of B cells168-170. Importantly, this 

transition seems to be dependent on microbial colonization of the gut168, 169, 171, 176. In the small 

intestine, the recognition of commensal bacteria via the pattern recognition receptor NOD1 

induces CCL20 and β-defensin-3 expression on radioresistant stromal cells, leading to the 

recruitment of CCR6-expressing B cells into iILFs168. Absence of any of these factors (NOD1, 

CCL20, β-defensin-3 or CCR6) impairs SILT maturation168, 178, suggesting that even molecules 

with complementary roles – CCL20 and β-defensin-3 are both ligands for CCR6 – cannot be 

replaced by each other. Furthermore, as optimal CCL20 expression is dependent on lymphotoxin 

signalling179, 180 and LTα-deficient B cells do not sustain ILF formation176, it seems that the 

recruitment of B cells triggers an internal positive feedback loop, in which LTα1β2-expressing 

B cells induce CCL20 expression that in turn recruits more LTα1β2
+ B cells, which is required for 

optimal ILF development. Additionally, CXCL13 may also be required in this process, as RANKL-/- 

mice were recently shown not to have CXCL13-producing stromal cells within CPs in the small 

intestine and to completely lack ILFs181. Importantly, this conclusion may not be applicable to the 

colon, as RANKL-/- mice possessed mature colonic ILFs181. The organization of the recruited B cells 

into a central B cell follicle, i.e. conversion of immature ILFs into mature ILFs, further requires the 

recognition of commensals by TLRs and subsequent signaling via the adaptor molecule MyD88168. 
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In conclusion, it is important to point out that SILT development occurs in two different phases; 

while the first, which includes CP formation, seems to be induced by pre-determined intrinsic 

signals, the second, i.e. conversion of CP into immature and mature ILFs, depends on the recognition 

of extrinsic events, such as dietary components and commensal microorganisms168, 169, 174. As some 

of these extrinsic factors significantly differ between the small intestine and the colon182, in the 

future, it would be important to assess how much SILT development diverges in the small intestine 

and colon. The absolute requirement for RANKL in ILF development only in the small intestine181 

may just be one of a whole range of differences. 

cOncLudIng remarks
Maintenance of intestinal homeostasis involves multiple and diverse mechanisms, whose tight 

regulation is of paramount importance, as they often have antagonistic effects. For instance, 

while effector T cells efficiently fight and eliminate penetrating bacteria, their function must be 

kept under control by Foxp3+ Tregs as to not induce excessive inflammation and tissue damage103. 

Regulation of immune cell function is partially achieved within a vast array of organized lymphoid 

tissues, which are located both within the intestinal tube as well as outside of it. Importantly, 

the development of these tissues is now starting to surface as a complex subject that does 

not follow the same rules as the development of non-mucosa associated lymphoid tissues and 

even differs between different GALT tissues. Future research aimed at identifying the specific 

requirements for the development of each GALT compartment is therefore mandatory. With that 

information, therapeutic regiments specifically tailored to interfere with local immune processes 

are likely to emerge. 
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