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 INTRODUCTION 
 The gut-associated lymphoid tissues have been discovered pro-

gressively through the distant ages of human history. Lymph 

nodes (LNs) were first mentioned in the fifth century  BC  by 

Hippocrates, and mesenteric LNs (mLNs) in particular were 

identified by Rufus of Ephesus, a Roman physician during the 

second and first centuries  BC . 1  During that same period, Galen 

of Pergamum, another prominent Roman physician of Greek 

origin, described the lacteals of the small intestines of apes, that 

is, the mesenteric lymphatic vessels. It was not before the six-

teenth century that similar study was reported in human poi-

soned convicts by Fallopius. The Peyer ’ s patches (PPs) of the 

small intestine were subsequently discovered in 1677 by the 

Swiss anatomist Johann Conrad Peyer. Then, in 1884, the Irish 

zoologist George Edward Dobson completed the characteriza-

tion of the larger intestinal lymphoid tissues by reporting the 

existence of PPs in the cecum and colon of a number of small 

mammals. 2  The omentum also had its share of lymphoid tissues, 

or milky spots, discovered in 1963 by Borisov. 3  However, the 

omentum-associated lymphoid tissues do not filter lymph from 

the intestine, but rather from the peritoneal cavity. 4  And finally, 

small isolated lymphoid follicles (ILFs) have been reported in 

the small intestine of rabbits, 5  guinea pigs, 6  and humans, 7  and 

best studied later in mice. 8  

 It is no coincidence that the order of discovery of intes-

tinal lymphoid tissues is also the order of appearance during 

development, as it happens also to be the order of size. In 

mouse, mLN anlagen are visible from embryonic day E12.5 

and develop into the largest gut-associated lymphoid 

 tissues. 9  The PPs develop from E15.5 and are more limited 

in size compared with mLNs, probably due to their localiza-

tion within the constrained intestinal lamina propria. Lastly, 

the smaller ILFs, also found within the lamina propria, form 

only after birth during bacterial colonization of the gut. 8  

These differences in the timing of appearance furthermore 

reflect the programmed (mLNs, PPs) vs. the environment-

induced (ILFs) development of intestinal lymphoid tissues. 

This review will now analyze our knowledge of these processes 

and discuss the consequences on intestinal immunity and 

homeostasis.   

 PROGRAMMED LYMPHOID TISSUES 
 Programmed intestinal lymphoid tissues fall into two types. 

One of them, the PPs, are bound to the intestinal epithelium 

and connect to the lymphatic system through efferent vessels. 

They collect antigens directly from the intestinal lumen through 

specialized epithelial cells, the microfold (M) cells. The other 

type, the mLNs, is connected like any other LN to the lymphatic 

system through afferent and efferent vessels, and collect antigens 

and cells from the lymph drained from the intestines. The devel-

opment of PPs and LNs has been studied mostly independently, 

and has shown fascinating differences.  
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 The development of PPs  
  The first observations, the model, and the questions   .   A first 

glimpse into the fetal development of PPs has been provided 

by Nishikawa and colleagues. 10  Using whole-mount immu-

nohistology of mouse fetal intestines, it was shown that vas-

cular cell adhesion molecule (VCAM)-1     +      stromal cells form 

a dozen of compact clusters along the intestine starting E15.5, 

followed 1 – 2 days later by the accumulation of interleukin (IL)-

7R �      +      CD4     +      cells of lymphoid morphology. The first B and T 

cells are not found in the PP anlagen before E18.5. In  aly / aly  

mice that lack a functional nuclear factor- � B (NF- � B)-induc-

ing kinase required in the alternative NF- � B pathway, it was 

found that none of these processes take place. 11  These seminal 

findings are linked to the earlier observations that mice defi-

cient in lymphotoxin LT �  12  or LT � , 13  and mice treated with 

LT � R – Ig fusion protein 14  all lack PPs, showing that the mem-

brane form of lymphotoxin, the heterotrimer LT �  1  �  2  and lig-

and of LT � R, is critical for PP development. Signaling through 

LT � R activates both the canonical and the alternative NF- � B 

pathways. 15  The alternative pathway leads via NF- � B-induc-

ing kinase to the expression of CXCL13, or B-lymphocyte 

chemoattractant, which is required in PP development for 

the recruitment of IL-7R �      +      CD4     +      cells and B cells. 16,17  The IL-

7R �      +      CD4     +      cells turned out to be a subset of lymphoid tissue 

inducer (LTi) cells that are critical for PP development through 

their expression of LT �  1  �  2 . 18  Nishikawa and colleagues 11  also 

showed that IL-7R � -deficient mice failed to develop PPs. In the 

absence of IL-7R �  signaling, LTi cells fail to upregulate LT �  1  �  2 , 19  

and thus cannot induce LT � R signaling and PP development. 

 These observations led to a three-step model of PP develop-

ment ( Figure 1 ). 20  Step I is the induction of organizing centers 

for PP. An initiator produces an IL-7R �  ligand, IL-7 or thymic 

stromal-derived lymphopoietin. This activates LTi cells (origi-

nally termed  “ inducer of organizing centers ” ), which in turn 

activate PP-organizing centers. The PP organizers (or lymphoid 

tissue organizer LTo cells) are of mesenchymal origin 21  and 

similar in phenotype and function to fibroblastic stromal cells 

found in adult lymphoid tissues (or lymphoid stromal cells) that 

also express CXCL13. 22,23  Step II is characterized by architecture 

formation. Hematopoietic cells, including LTi cells, F4 / 80     +      cells, 

and CD11c     +      cells, accumulate in the organizing centers, and 

high endothelial venules are formed. Final step III is character-

ized by B- and T-cell homing to the growing PPs. Remarkably, 

this model is still valid 10 years later and emphasizes the prob-

lems we still face in understanding the early steps of PP forma-

tion. In particular, the initiation of PP development remains 

unclear. The local source of IL-7 or thymic stromal-derived 

lymphopoietin remains unidentified and IL-7R � -mediated 

activation of LTi cells can occur in the blood, 19  as they travel 

to the intestine from the liver where they are generated. 24,25  

Furthermore, it is also accepted that LTi cells are recruited to 

PP anlagen by CXCL13 produced by LTo cells upon LT � R-medi-

ated activation, 9  but how this recruitment is actually initiated is 

not elucidated. Intriguing also is the patterning of PPs along the 

intestine. Are the positions of PPs pre-determined or stochas-

tically induced? The solutions to these challenging problems 

should lead, eventually, to the unmasking of the all-powerful 

initiator.   

  On the critical role of LTi cells in PP development   .   Although little 

progress has been made on the identity and origin of LTo cells, 

much has been learned about LTi cells in PP development. Two 

sets of experiments showed that LTi cells deserve their name and 

are critical to PP development. In the first set, purified LTi cells 

were shown to rescue PP development in otherwise PP-deficient 

CXCR5     −     /     −      mice, 26  the receptor for CXCL13 expressed by LTi 

cells. According to that same study, CXCR5 regulates the activa-

tion of integrin  �  4  �  1  on LTi cells, and binding of integrin  �  4  �  1  

to vascular cell adhesion molecule-1     +      allows the interaction 

of LTi cells with LTo cells and the subsequent activation of LTo 

cells. The second set was based on the earlier finding that the 

nuclear hormone receptor ROR �  is required for LN and PP 

development. 27  It was shown that the ROR � t isoform, encoded 

within the same  Rorc  locus, was responsible for this pheno-

type and specifically expressed by LTi cells in the fetus. 18  In 

the absence of ROR � t, LTi cells are not generated, and PPs fail 

to develop. ROR � t is a transcription factor shown to regulate 

cell cycle and survival of immature CD4     +     CD8     +      thymocytes 

through p27 kip  and Bcl-x L , respectively, 27  and expression of the 

pro-inflammatory cytokine IL-17 in T cells. 28  The genes regu-

lated by ROR � t in fetal LTi cells and that are required for their 

generation remain, however, unknown. Interestingly, IL-17 is 

expressed in adult intestinal LTi cells, 29  as well as in LTi-like cells 

that are isolated from adult spleen 30  and human fetal LNs. 31  The 

significance of IL-17 expression by LTi cells during PP devel-

opment is unclear, as IL-17- or IL-17R-deficient mice develop 

LNs and PPs (our unpublished observations). Another interest-

ing but still theoretical possibility is that the activity of ROR � t, 

and thus PP development, is regulated by a hormone-like com-

pound. Evidence exist that the circadian regulator melatonin is 

a ligand of the related ROR �  and ROR �  nuclear receptors, 32,33  

but a ROR � t ligand remains to be discovered. Finally, also lack-

ing PPs are mice deficient for the transcription regulator Id2, 34  

which allows for the generation of LTi cells by inhibiting the 

basic helix – loop – helix transcription factor E2A. 35    

  A nervous twist to PP development   .   Recently, it was shown that 

the receptor tyrosine kinase RET, required for the formation 

of the enteric nervous system, is also required in PP develop-

ment. 36  According to the authors,  “ colonization of the embryo-

nic gut by lymphoid cells and their aggregation to form PPs 

is reminiscent of the invasion of the gut mesenchyme by 

neuroectodermal cells that colonize the gut and coalesce to form 

enteric ganglia. ”  This idea proposes that the patterning of PP 

development is a consequence of the patterning of the enteric 

nervous system. However, this hypothesis is dismissed, as mice 

homozygote for the hypomorphic allele  Ret   51   retain a normal 

nervous system in the small intestine, yet develop significantly 

less PPs. Surprisingly, RET is not expressed by the usual IL-7R �      +      

LTi cells, but by CD45     +      hematopoietic IL-7R �      −      CD11c     +      cells, 

which also express higher levels of LT �  1  �  2  than do the IL-7R �      +      

LTi cells. The presence of IL-7R �      −      CD11c     +      cells in PP anlagen 

has been described earlier, 20  but because of their lack of IL-7R �  

and the absence of PPs in IL-7R � -deficient mice, 11  they have 
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been largely ignored. The IL-7R �      −      CD11c     +      RET     +      cells are 

recruited by beads coated with artemin, one of the RET ligands, 

and mice deficient in GFR � 3, the RET co-receptor that pro-

vides artemin specificity to the receptor complex, show reduced 

PP development. The absence of RET or GFR � 3 had no 

effect on the generation of IL-7R �      +      or IL-7R �      −      LTi cells. As 

artemin is expressed by vascular cell adhesion molecule-1     +      LTo 

cells, the RET system might rather be involved in the recruit-

ment of IL-7R �      −      CD11c     +      RET     +      cells to PP anlagen, and pos-

sibly also in their activation and LT �  1  �  2  expression. Together 

with IL-7R �      +      LTi cells, these cells may activate LTo cells and 

induce further PP development ( Figure 1 ). However, the rules 

governing the patterning of PPs still remain to be uncovered.    

 The development of mLNs  
  The discovery of LTi cells   .   Mebius  et al.  37  reported in 1996 that 

 “ an unusual subset of CD4     +     CD3     −      cells ”  colonizes mLN and 

peripheral LN anlagen in mouse fetuses. These cells express 

the integrin  �  4  �  7  and are collected by LN anlagen that express 

mucosal addressin cell adhesion molecule-1, the ligand of 

integrin  �  4  �  7 . After birth, LNs but not PPs switch to the expres-

sion of peripheral lymph node addressin, which collects cells that 

express CD62L. This first study was followed up by characteriza-

tion of the CD4     +     CD3     −      cells and their potential role in LN devel-

opment. 38  CD4     +     CD3     −      cells express IL-7R �  and c-kit, but no 

lineage markes, as well as LT �  1  �  2  and CXCR5. Given the known 

role of IL-7R � , LT � , LT �  and CXCR5 in LN development, 9  it 

was concluded that these fetal CD4     +     CD3     −      cells were required 

for LN development, and were later defined as LTi cells. These 

initial studies and hypotheses were corroborated by the discov-

ery of ROR � t as a specific fetal marker for LTi cells, and by the 

lack of LTi cells and LNs in ROR � t-deficient mice. 18  However, 

ROR � t     +      cells in LN and PP anlagen include both CD4     +      and 

CD4     −      cells, as described for IL-7R �      +      cells in PP anlagen, 20  

which express comparable levels of LT �  and LT � . Although 

the CD4     +     CD3     −      phenotype has been extensively used to char-

acterize LTi cells in the absence of the ROR � t reporter, 9  the 

individual roles and lineage relationship of the CD4     +      and CD4     −      

LTi cell subpopulations remain largely unknown.   

  Distinct pathways in PP and mLN development   .   The development 

of both LNs and PPs depends on the generation of LTi cells 

and the activation of LT � R-mediated signaling in LTo cells 

( Figure 1 ). Mice deficient in ROR � t 18  or Id2 34  on the one 

hand, and in LT � R 39  or NF- � B-inducing kinase 40  on the other 

hand, all lack LNs and PPs. However, a deficiency in tumor 

necrosis factor- �  (TNF � ) or TNF receptor-I affects only PP 

     Figure 1        The three steps of Peyer ’ s patch (PP) and lymph node (LN) development. The development of PPs can be described as a three-step 
process. 20  During step I, an initiator cell expresses interleukin (IL)-7 or thymic stromal-derived lymphopoietin (TSLP), which induce lymphoid tissue 
inducer (LTi) cells to express the membrane form of lymphotoxin, LT �  1  �  2 , and activate lymphoid tissue organizer (LTo) cells through LT � R. Activation 
of LTo cells leads to the expression of adhesion molecules, such as vascular cell adhesion molecule (VCAM)-1     +     , as well as the chemokines CXCL13, 
CCL19, and CCL21 required for lymphoid tissue formation. During step II, a PP anlage develops with a growing mass of LTi and LTo cells, as well 
as the formation of high endothelial venules (HEVs). During step III, newly generated B and T cells, as well as dendritic cells (DCs), are recruited 
and segregated into distinct zones. In addition to  “ conventional ”  LTi cells, RET     +      CD11c     +      cells are also required for PP development. These cells are 
recruited through RET ligands produced by LTo cells, and express high levels of LT �  1  �  2 . A similar sequence of events unfolds during mesenteric LN 
development, except that TRANCE rather than IL-7 or TSLP is critical for the activation of LTi cells.   
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development. 41,42  The basis for this difference in development 

is unclear. In addition, mice deficient in IL-7R or its associ-

ated signaling molecule JAK3 lack PPs and most LNs, whereas 

small mLNs still develop. 43,44  In contrast, most LNs, but not PPs, 

fail to develop in the absence of the TNF superfamily member 

TRANCE, its receptor TRANCE-R, or its associated signaling 

molecule TRAF6. 45 – 47  However, LN development is rescued 

in TRAF6-deficient mice by the administration of IL-7, 48  sug-

gesting that the difference in requirement during LN vs. PP 

development is not due to distinct subsets of LTi cells express-

ing different levels of TRANCE-R or IL-7R � , but rather due to 

the local availability of IL-7 (or TLSP) and TRANCE in PPs and 

LNs, respectively, which would locally activate LTi cells. 

 It is actually hard to get rid of mLNs. Although most LNs are 

absent in mice deficient in LT � , 13  IL-7R, 44 , JAK3, 43  CXCR5, 16  

or CXCL13, 17  mLN still develop. On the basis of the timely 

inhibition of LT � R signaling using LT � R – Ig fusion protein, it 

was shown that mLNs are among the first to initiate develop-

ment at  ~ E11.5. 39  Whether additional signals are involved in 

the very early development of LNs is unknown. Alternatively, 

the development of LNs and PPs in these mutant mice has been 

assessed in adult mice, which not only have completed their 

ontogeny of lymphoid tissues but also have acquired a com-

mensal flora. It is therefore possible that the intestinal flora has 

its part in the development of the draining mLNs, as well as in 

the TNF-dependent development of PPs, through, for exam-

ple, recognition of microbe-associated molecular patterns by 

Toll-like receptors (TLRs) and other innate receptors. Germfree 

mice bear smaller, somewhat immature lymphoid tissues, 8,49,50  

but the characterization of LN and PP development in mutant 

germfree mice remains to be undertaken. Discussing the effect 

of intestinal flora on lymphoid tissue development leads us natu-

rally to the next chapter, the development of inducible intestinal 

lymphoid tissues.    

  INDUCIBLE (TERTIARY) LYMPHOID TISSUES 
 Isolated lymphoid follicles are the prototype of intestinal 

induced lymphoid tissues, described in the small intestine 

of the mouse only recently, 8  as well as in other small mammals 5,6  

and in humans. 7  Similar structures have been documented 

earlier in lower vertebrates, including amphibians, 51  reptiles, 52  

and birds, 53  but their inducible nature has been shown only in 

mice. 54,55  We have suggested that the pathway used to form 

ILFs has served as a blueprint for the programmed develop-

ment of LNs and PPs that did not occur before the advent of 

mammals. 56  

  The development of ILFs 

   Cryptopatches, and the inducible and reversible nature of 

ILFs   .   The post-birth development and unstable nature of ILFs 

was first described by Hamada  et al. . 8  In mice, ILFs appear only 

1 – 2 weeks after birth as single B-cell follicles surrounded by 

sheets of dendritic cells. Similar to PPs, they are bound to the 

intestinal epithelium, collect antigens through M cells, and 

develop germinal centers. However, ILFs contain relatively few 

T cells and no distinct T-cell zones. Although ILFs are smaller 

than PPs and not visible macroscopically, their large number 

(100 – 200 in the murine small intestine) means they stock an 

important fraction of intestinal follicular B cells. In extreme 

circumstances, however, ILFs can swell to the size of individ-

ual PP follicles. Such a situation was reported by Fagarasan  et 

al.  54  in mice deficient for the activation-induced deaminase, 

required for class switch recombination and somatic hypermuta-

tion of immunoglobulin genes. These mice produce only germ-

line-encoded IgM, and as a result of a lack of IgA and affinity 

maturation, they suffer a 100-fold expansion of anaerobe bac-

teria in the small intestine. Most impressively, in that context, 

ILFs are hyperplastic and clearly visible by the naked eye on the 

surface of the intestine. Furthermore, treatment of these mice 

with antibiotics reduces the flora and normalizes the size of ILFs, 

showing that ILFs are both inducible and reversible lymphoid 

tissues. 

 These data suggested that ILFs are induced to form by the 

intestinal flora. In germfree mice, ILFs defined as B-cell follicles 

do not develop, 8,55,57,58  but are  “ replaced ”  by structures con-

taining few B cells and a majority of Lin     −      c-kit     +      IL-7R �      +      cells, 

which were later found to be identical to ROR � t     +      LTi cells. 59  

As a matter of fact, hundreds of small clusters containing less 

than a thousand cells develop in the intestine of mice, which 

contain Lin     −      c-kit     +      IL-7R �      +      ROR � t     +      cells and are named 

cryptopatches (CPs) for their localization between crypts. 59,60  

In germfree mice, CPs do not convert into ILFs but collect more 

LTi cells. 55,61  In mice deficient for ROR � t, LTi cells are absent 

from the intestine, and CPs and ILFs do not form. 59,62  It was 

therefore suggested that CPs are clusters of LTi cells that induce 

the formation of ILFs during colonization of the intestine by 

bacterial commensals. 55,59  

 The development of ILFs from CPs was concluded from the 

following observations. In specific pathogen-free, germfree, or 

mutant mice, the number of ILFs might vary, but the total number 

of ILFs plus CPs, collectively named SILT for  “ solitary isolated 

lymphoid tissues, ”  remains a constant. 58  In addition, CPs develop 

during the second week after birth 60,63  in an LT � -dependent 

manner. 59  When the formation of CPs is blocked by the admin-

istration of LT � R – Ig fusion protein during the first 2 weeks after 

birth, the subsequent formation of ILFs is also blocked. 55  

Thus, CPs and ILFs, or SILT, form a modifiable continuum 

of lymphoid tissues. 58  The inducible and reversible nature of 

the CP / ILF or SILT system and its activation by the intesti-

nal flora suggested that it has an important role in intestinal 

homeostasis. 63  

 Finally, it has to be noted that CPs have not yet been reported 

in humans. As a majority of clinical samples are derived from 

the colon of weaned and germ-containing patients, we expect 

that most CPs have converted into ILFs. Thus, an assessment of 

human CPs should be conducted in newborns.   

  How bacteria trigger CPs to develop into ILFs   .   Recent data on the 

induction of ILF development from CPs ( Figure 2 ) show the 

following model: Gram-negative commensal bacteria release 

peptidoglycans during the cell-wall breakdown that is neces-

sary for cell division. Diaminopimelic acid-containing peptido-

glycans are recognized by the NOD1 innate receptor in intestinal 
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epithelial cells, 64  which then express CCL20 and  � -defensin 3, 55  

both CCR6 ligands, and the latter is also an anti-bacterial 

peptide. 65  These might directly activate LTi cells in CPs, 

which express CCR6, to engage LTo cells and recruit CCR6     +      B 

cells 66  to CPs. CCL20 can also be expressed by LTo cells, as co-

culture of LTi cells with intestinal stromal cells induces 

the expression of CCL20 by stromal cells. 62  Furthermore, the 

addition of lipopolysaccharide to these cultures increased the 

production of chemokines and adhesion molecules by stromal 

cells, suggesting that bacterial compounds also boost the forma-

tion of ILFs through recognition by TLRs. It appears that innate 

receptors such as TLR2 and TLR4 do not trigger the formation 

of ILFs from CPs, but rather induce, through TNF � , the matura-

tion of growing ILFs into full-blown lymphoid tissues that also 

bear germinal centers. 55,57    

  ILFs in IgA production and intestinal homeostasis   .   ILFs induced 

by the commensal bacteria profoundly affect the bacterial com-

munity itself. In the absence of ILFs in LT � R – Ig-treated animals, 

the bacterial flora expands more than 10-fold. 55  Thus, bacteria 

and the CP / ILF system are locked into an activation / inhibition 

or negative feeback loop, which is a basic regulatory system to 

maintain homeostasis. Indeed, the higher the number of bac-

teria present in the intestine, the more ILFs are induced; but 

the more ILFs are induced, the more bacteria are targeted by 

the immune response initiated in ILFs, and the less bacteria are 

able to induce ILFs. However, what is the effector arm of ILFs? 

It is IgA, shown to have a major role in intestinal homeostasis 54  

through containment of the commensals. 67  

 ILFs are populated by  “ conventional ”  CD5     −      B-2 cells, similar 

to follicular B cells found in PPs and LNs. 8  Most are naive IgD     +      

IgM     +      cells, and  ~ 10 %  of ILF B cells express IgA, similar to the 

proportions found in PPs and suggesting a similar function of 

B cells in both compartments. In terms of IgA production, bone 

marrow chimeric mice that possess ILFs, but not PPs and LNs, 

can produce  Salmonella typhimurium -specific IgA in response 

to  Salmonella  infection. 68  Furthermore, ROR � t-deficient mice 

that lack all gut-associated lymphoid tissues and generate few 

IgA     +      B cells (at least during the first 2 months of life) gener-

ate normal numbers of IgA     +      B cells when reconstituted with 

normal bone marrow (to form ILFs), but not ROR � t-deficient 

bone marrow (that cannot form ILFs). 62  These data show that 

ILFs generate IgA-producing B cells, and can do it in the absence 

of PPs. However, in contrast to PPs, ILFs can also be a site for 

T-cell-independent generation of IgA. 62  In TCR � - and TCR � -

double-deficient mice, little AID is expressed and few IgA     +      cells 

localize in PP follicles, whereas AID     +      B cells and IgA     +      cells 

are found in ILFs. It can be noted that, no T-cell zone and few 

T cells are present in ILFs, 8,59  setting the stage for T-cell-inde-

pendent IgA production. In addition, the number of AID     +      B 

cells and IgA     +      cells is increased in ILFs of T-cell-deficient mice 

compared with wild-type mice. 62  This relative compensation 

of PP function by ILFs is also observed in mice treated  in utero  

  Figure 2        The development of isolated lymphoid follicles (ILFs). Peptidoglycans released mostly by Gram-negative bacteria during cell division are 
recognized by the NOD1 innate receptor in epithelial cells. Activation of the NOD1 pathway induces expression of CCL20 and  � -defensin-3, both 
ligands of CCR6 expressed on lymphoid tissue inducer (LTi) cells in cryptopatches (CPs). Ligation of CCR6 activates LTi cells, which induce lymphoid 
tissue organizer (LTo) cells to express adhesion molecules and chemokines, including CCL20 (step I / II in the sequence of Peyer ’ s patch (PP) and 
lymph node (LN) development, see  Figure 1 ). Activated CPs recruit CCR6     +      B cells to form immature ILFs (step III), which further grow into mature 
B-cell follicles with the help of tumor necrosis factor- �  (TNF � ) produced by dendritic cells (DCs) and macrophages upon recognition of bacterial 
compounds through innate receptors such as Toll-like receptors (TLRs). Mature ILFs generate IgA-producing B cells that target the microbiota. 
The CP / ILF system works as a self-regulating negative feedback loop, where the induction of ILFs by bacteria leads to increased inhibition of bacteria 
through the consequent induction of IgA.   
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with LT � R – Ig fusion protein that do not develop PPs and LNs, 

however, develop larger and more numerous ILFs. 57     

 The development of tertiary lymphoid tissues  
  Lymphoid tissue neogenesis during inflammation   .   Given 

their inducible nature, ILFs are tertiary lymphoid tissues 

(tLTs) (whereas PPs, LNs, and spleen are secondary lymphoid 

tissues). Nevertheless, the starting point of their development, 

the CP, is programmed. 55,60  An abundant literature documents 

the formation of tLTs during chronic autoimmune inflamma-

tions, both in mice and humans. 69  The best studied of these 

inflammation-induced tLTs are iBALTs, or induced bronchus-

associated lymphoid tissues. 70  In splenectomized LT � -deficient 

mice that lack all secondary lymphoid tissues, an influenza 

virus infection generates robust B- and T-cell responses that 

appear to be primed in numerous iBALT-bearing germinal 

centers. Such iBALTs can also be induced, although to smaller 

sizes, in wild-type mice, but are absent in non-infected mice. 

Importantly, iBALTs also develop in the absence of ROR � t, 

and thus independently of  “ conventional ”  LTi cells. During 

inflammation, the function of LTi cells could therefore be 

transferred to other infiltrating lymphoid cells, such as B cells 

expressing LT �  1  �  2  17  or T cells expressing LIGHT, another ligand 

of LT � R. 71  In the latter case, T cells were shown to induce the 

formation of tLTs in the pancreas of aged nonobese diabetic 

(NOD) mice ( Figure 3 ). 

 In the colon, numerous tLTs are induced upon treatment of 

LT � -deficient mice with dextran sodium sulfate. 72  It was not 

assessed whether formation of these colonic tLTs is dependent 

on LTi cells, but their formation in the absence of LT �  might 

suggest so. Colonic tLTs and ILFs have similar structures, yet 

ILFs do not develop in the absence of LT � . 59  Thus, two distinct 

types of tLTs might develop in the colon, as well as in the small 

intestine, one that is induced from CPs by bacteria and another 

that is induced by inflammation independently of CPs. As a 

last note, colonic ILFs might also be confused with colonic PPs, 

which in the mouse contain only 2 – 3 follicles compared with the 

usual five found in PPs of the small intestine (our unpublished 

observations).     

 CONCLUSION 
 The intestine is monitored by a vast network of lymphoid tissues, 

which are in part programmed to develop during fetal life, and 

in part induced to develop after birth in response to commensal 

bacteria and inflammation. The programmed development of 

PPs and mLNs is a late event in evolution as only mammals 

do, but adds a level of readiness to the immune system when 

faced with intestinal pathogens and injury. The induced 

  Figure 3        The development of tertiary lymphoid tissues (tLTs). As during Peyer ’ s patch (PP) and lymph node (LN) development, the process of tLT 
formation can be described as a three-step process. During step I, an initiator, such as an antigen-presenting cell or an infected / injured cell, activates 
antigen-specific lymphocytes or natural killer (NK) cells. Upon migration into the inflamed tissue, the effector lymphocytes activate lymphoid tissue 
organizer (LTo) cells through LT � R to express adhesion molecules and chemokines. During step II, additional effectors and dendritic cells (DCs) 
are recruited to the inflammatory site, and contribute to establish a structure resembling a LN anlage, which also develops high endothelial venules 
(HEVs). During step III, naive B and T cells and DCs are recruited to form a tLT that has the ability to generate  de novo  adaptive immune responses 
and perpetuate local inflammation.   
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lymphoid tissues, such as ILFs and inflammatory tLTs, add the 

necessary flexibility to the immune system to adapt to the large, 

diverse, and changing community of commensal and pathogenic 

microbes. The role for the intestinal immune system is obviously 

not to eliminate all germs from the lumen, as commensal bacte-

ria are required for optimal digestion, defense against pathogens, 

and protection against tumors. Rather, the intestinal immune 

system has to establish a workable equilibrium between self and 

commensals so as to build the most efficient combination, in 

what has been named a  “ superorganism. ”  73  How the intestinal 

immune system distinguishes between harmless commensals 

and harmful pathogens, and acts to contain the former and 

destroy the latter, is a matter of blurry reality.      
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