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absTracT
The large intestine contains two sets of lymphoid tissues – colonic patches and colonic SILTs. In 

this study, we found that colonic SILT, but not colonic patch, development critically depended on 

the proper differentiation of the colonic intestinal epithelium. Conditional deletion of secretory 

intestinal epithelial cells or intestinal epithelial stem cells led to the development of fewer 

colonic SILTs. These phenotypes seemed to be the result of disturbed lymphoid tissue inducer 

(LTi) cell migration. While differentiated intestinal epithelial cells prevented LTi cell migration, 

undifferentiated intestinal epithelial cells seemed to attract LTi cells; together, the combined 

action of these cells created a LTi migration vector directing the formation of colonic SILTs 

around intestinal crypts. In line with this, pathological disturbances of intestinal epithelial cell 

differentiation, such as seen in tumors, led to the abnormal positioning of LTi cells within the 

colonic upper crypt. Altogether, our results have shown a previously unappreciated role for 

epithelial cells in lymphoid tissue development. 
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InTrOducTIOn
Secondary lymphoid organs play a crucial role in the homeostasis of the immune system. On the 

one hand, they contribute to the development of immune responses by facilitating the contact 

between antigens, antigen-presenting cells (APCs) and antigen-specific lymphocytes1, 2; on the 

other hand, they ensure that unwanted immune responses do not take place as they purge 

the lymphocyte pool of autoreactive T cells via the presentation of peripheral tissue restricted 

antigens and limit T cell activation via the production of nitric oxide3-10. Despite such important 

functions, the development of secondary lymphoid tissues at mucosal surfaces still harbors 

unresolved issues. 

Mucosal surfaces are the main interface between the tightly regulated host’s internal milieu 

and the external environment surrounding it. Importantly, they continuously face both innocuous 

as well as pathogenic insults demanding disparate immune responses – while innocuous substances 

must be tolerated, pathogenic microorganisms must be rapidly eliminated. This balance between 

immune tolerance and immune responsiveness is particularly delicate in the intestinal mucosa, 

due to the presence of a large and highly diverse community of commensal microorganisms that 

ensures the proper processing of food and the production of essential nutrients11. 

The intestine harbors two distinct sets of organized lymphoid tissues. The first one – Peyer’s 

patches in the small intestine and colonic patches in the colon – is positioned within the intestinal 

submucosa and develops during the embryonic period12-15. The second – solitary intestinal 

lymphoid tissues (SILTs) – constitute a continuum of tissues, which range from small aggregates 

of lymphoid tissue inducer (LTi) cells and dendritic cells known as cryptopatches (CPs) to large 

clusters containing distinct degrees of B cell infiltration and organization known as isolated 

lymphoid follicles (ILFs)12, 16. These latter tissues are located within the intestinal lamina propria 

and develop within the first weeks after birth12, 17. Importantly, we have recently shown that, 

within the colon, these two sets of lymphoid tissues have different molecular requirements 

for their development. While formation of colonic patches depends on CXCL13-mediated 

LTi cell clustering followed by LTα-mediated consolidation, genesis of colonic SILTs proceeds 

independently of CXCL13 and CCR612. Noteworthy, recent data has uncovered a role for dietary 

components in the development of SILTs in the small intestine. Specifically, aryl hydrocarbon 

receptor (AhR) ligands, such as those present in cruciferous vegetables, were shown to affect 

the development of small intestine ILFs via their function in promoting innate lymphoid cell 

(ILC) maintenance18. 

As dietary components as well as commensal microorganisms present in the intestinal lumen 

are first perceived by the intestinal epithelium, we hypothesized that intestinal epithelial cells 

could play a fundamental role in the organogenesis of intestinal lymphoid tissues. We have 

evaluated this hypothesis in mice rendered inducibly deficient in different intestinal epithelial cell 

subsets. We found secretory intestinal epithelial cells as well as intestinal crypt epithelial stem 

cells (and/or their progeny) to have non-redundant roles in the development of colonic SILTs. 

Moreover, pathological disturbances in colonic epithelial cell development, such as tumorigenesis, 

interfered with LTi cell migration, leading to their accumulation within the tumor. Altogether, 

our data demonstrates, for the first time, that intestinal epithelial cells control the positioning of 

LTi cells and consequently the development of intestinal lymphoid tissues. 
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resuLTs
differentiated intestinal epithelial cells prevent LTi cell migration 

Although conflicting, recent research has provided evidence for a critical role of dietary 

components as well as commensal microorganisms in shaping the development of intestinal 

lymphoid tissues, namely solitary intestinal lymphoid tissues (SILTs)16, 18, 19. As cells of the intestinal 

epithelium are the first to come in contact with these factors, we hypothesized that they, 

themselves, could influence the organogenesis of intestinal lymphoid tissues. We tested this 

hypothesis by assessing whether intestinal epithelial cell lines would influence the behavior 

of lymphoid tissue inducers (LTi) cells, which are essential for the organogenesis of lymphoid 

tissues20, 21, in in vitro co-culture systems. To our surprise, we initially found the conditioned 

medium of the intestinal epithelial cell line CMT93/69 to prevent the auto-migration of LTi 

cells in transwell systems (fig. 1a). In contrast, conditioned medium of the intestinal epithelial 

cell line mICcl2 did not influence LTi cell migration (fig. 1b). Importantly, we also found that 

prior stimulation of both epithelial cell lines with TLR ligands did not modify their ability to 

Figure 1. differentiated intestinal epithelial cells prevent LTi cell migration in vitro. Fold migration 
of colonic LTi cells obtained by enzymatic digestion of embryonic E18.5 colons, placed in the upper well 
of 5μm pore transwell devices and allowed to migrate towards the conditioned medium of unstimulated 
or Pam3Csk4-stimulated CMT93/69 (a), mICcl2 (b) or sodium butyrate (NaBT)-differentiated mICcl2 (c) cells 
for 3 hours. LTi cells were identified by flow cytometry as CD45lowCD4+CD3-CD11c-CD127+ cells. The data 
represents two (a and c) or three (b) independent experiments, each containing three replicates. * p < 0.05, 
** p <0.01, *** p< 0.001 between the indicated conditions. 

Figure 2. Intestinal secretory cells are required for colonic sILT development. Deletion of secretory 
intestinal epithelial cells was induced in Math1fl/fl x Villin-Cre.ert2 mice by treatment with tamoxifen at day 7 
post-partum; analysis of colonic lymphoid tissues was performed 7 days later, at day 14 post-partum. Absolute 
quantification (a) and relative distribution (b) of the different SILT maturation stages in Math1fl/fl x Villin-Cre.
ert2 and littermate control mice. Immunofluorescence analysis of mature isolated lymphoid follicles (mILFs) in 
Math1fl/fl x Villin-Cre.ert2 (d) and littermate control mice (c). Serial sections were stained for: (I) CD4 (green), 
αSMA (red) and B220 (blue); (II) CD4 (green), CD35 (red) and CD3 (blue); (III) CD4 (green), IL7Rα (red) and 
CD11c (blue); and (IV) CD4 (green), VCAM-1 (red) and gp38 (blue). aaa p < 0.001 between the total number 
of SILTs in TCF4fl/fl x Villin-Cre and littermate control mice; bbb p < 0.001, ccc p < 0.001, dd p < 0.01 between the 
number of cryptopatches, immature ILFs and mature ILFs, respectively, in TCF4fl/fl x Villin-Cre and littermate 
control mice. Scale bars=50μm. n=4 for littermate control mice and n=3 for Math14fl/fl x Villin-Cre.ert2 mice.
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influence LTi cell migration (figs. 1a and b). This confirmed that the initial steps of intestinal 

lymphoid tissue development, i.e. LTi cell clustering in the intestinal submucosa as well as the 

intestinal lamina propria, occur independently of the microflora12, 16. 

While CMT93/69 cells are thought to represent differentiated intestinal epithelial cells22, 

mICcl2 cells are similar to undifferentiated intestinal crypt epithelial cells23. To assess whether 

the ability to prevent LTi cell migration was dependent on the differentiation status of intestinal 

epithelial cells, we induced the in vitro differentiation of mICcl2 cells with sodium butyrate 

(NaBT)24 (fig. S1). Upon differentiation, the conditioned medium of mICcl2 cells prevented the 

auto-migration of LTi cells across the transwell inserts (fig 1c). 

Altogether, our data suggest that a migration vector may be present within the intestinal 

epithelium that directs LTi cells away from differentiated “villi” intestinal epithelial cells 

towards undifferentiated crypt intestinal epithelial cells. As crypt epithelial cells seem to be 

permissive to their presence, LTi cells would then cluster around the intestinal crypts, whereby 

SILTs would develop. Supporting this notion, we found SILTs in the small intestine as well as 

the colon to develop near the muscularis mucosae and Ki67+ intestinal crypt cells (fig. S2 and 

data not shown).

deletion of secretory intestinal epithelial cells prevents colonic sILT 
development
To assess whether intestinal epithelial cells affect LTi cell positioning in vivo, we decided to 

evaluate the development of lymphoid tissues in the colon of mice in which we conditionally 

deleted distinct epithelial cell subsets. Expression of the basic helix-loop-helix transcription 

factor Math1 is required for intestinal secretory cell differentiation25. Accordingly, in Math1fl/fl x 

Villin-Cre.ert2 mice, induction of Cre expression leads to the development of fewer goblet and 

neuroendocrine cells25. Using these mice, we induced the deletion of secretory intestinal cells 

by tamoxifen administration at day 7 after birth (in wild-type mice, colonic SILTs will start to 

develop from this day on12). Analysis of these mice, at day 14 post-partum, showed that Math1 

deletion resulted in the development of fewer colonic SILTs (fig. 2a). Importantly however, the 

SILTs that had developed in the colon of Math1fl/fl x Villin-Cre.ert2 mice were similarly distributed 

along their maturation program (fig. 2b) and similarly shaped when compared to SILTs found 

in the colon of littermate control mice (fig. 2c and d). Mature SILTs, in both animals, contained 

well defined B cell follicles with CD35+ follicular dendritic cells; sparse CD3+ T cells; peripherally 

Figure 3. Intestinal crypt cells are required for colonic sILT development. Deletion of intestinal crypt 
epithelial cells was induced in TCF4fl/fl x Villin-Cre.ert2 mice by treatment with tamoxifen at day 7 post-
partum; analysis of colonic lymphoid tissues was performed 7 days later, at day 14 post-partum. Absolute 
quantification (a) and relative distribution (b) of the different SILT maturation stages in TCF4fl/fl x Villin-Cre.
ert2 and littermate control mice. Immunofluorescence analysis of mature isolated lymphoid follicles (mILFs) 
in TCF4fl/fl x Villin-Cre.ert2 (d) and littermate control mice (c). Serial sections were stained for: (I) CD4 (green), 
αSMA (red) and B220 (blue); (II) CD4 (green), CD35 (red) and CD3 (blue); (III) CD4 (green), IL7Rα (red) and 
CD11c (blue); and (IV) CD4 (green), VCAM-1 (red) and gp38 (blue). a p < 0.05 between the total number of 
SILTs in TCF4fl/fl x Villin-Cre and littermate control mice; b p < 0.05 between the number of cryptopatches in 
TCF4fl/fl x Villin-Cre and littermate control mice. Scale bars=50μm. n=4 for littermate control mice and n=3 
for TCF4fl/fl x Villin-Cre.ert2 mice.
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oriented CD3-CD4+ LTi cells and CD11c+ dendritic cells; and broadly distributed gp38+VCAM1+ 

stromal cells (fig. 2c and d). Altogether, these data suggest that disruption of intestinal secretory 

epithelial cell development cripples colonic SILT development by impairing LTi cell clustering rather 

than the steps that follow it. 

disruption of intestinal crypts prevents colonic sILT development
Our in vitro data suggested that undifferentiated intestinal crypt epithelial cells were permissive 

to LTi cell presence (fig. 1). Therefore, to determine whether intestinal crypt epithelial cells also 

play a role in LTi positioning in vivo, we evaluated the development of colonic SILTs in T-cell 

factor (TCF)4fl/fl x Villin-Cre.ert2 mice. Given the requirement for TCF4 in the maintenance of 

Lgr5+ intestinal stem cells, tamoxifen-induced Cre activation in TCF4fl/fl x Villin-Cre.ert2 mice led 

simultaneously to the loss of proliferating intestinal crypts and to alterations in the patterning of 

the intestinal epithelium26. Importantly, deletion of intestinal crypt epithelial stem cells starting 

at day 7 after birth, similarly as to the deletion of secretory intestinal epithelial cells, led to the 

development of reduced numbers of colonic SILTs (fig. 3a). The remaining colonic SILTs seemed, 

nonetheless, normally distributed (fig. 3b) and normally shaped (fig. 3c and d). Mature colonic 

SILTs contained one central B cell follicle; CD3-CD4+ LTi cells and CD11c+ dendritic cells located 

in a “ring-like” pattern at the periphery; and broadly distributed gp38+VCAM1+ stromal cells. 

Importantly, however, B cell follicles did not contain CD35+ follicular dendritic cells. Altogether, our 

data suggest that colonic epithelial crypt cells are not only permissive to LTi cells but, moreover, 

required for their clustering in the lamina propria of the colon and for follicular dendritic cell 

development within SILTs. 

Inflammation is not sufficient to induce colonic sILT formation
In spite of differential cellular targeting in Math1fl/fl x Villin-Cre.ert2 and TCF4fl/fl x Villin-Cre.ert2 

mice, both mice had colonic inflammation (fig. S3). Math1fl/fl x Villin-Cre.ert2 mice exhibited 

increased numbers of scattered CD3+CD4+ and CD3+CD4- T cells in the lamina propria of 

the colon. In contrast, TCF4fl/fl x Villin-Cre.ert2 mice had numerous T cell clusters both in the 

submucosa as well as the lamina propria of the colon. These clusters, which were located in the 

vicinity of the muscularis mucosae, contained also occasional B cells. Noteworthy, the clustered 

CD3+CD4+ T cells in TCF4fl/fl x Villin-Cre.ert2 mice seemed to be arrested inside Lyve1+ lymphatic 

vessels. Importantly, inflammation was not sufficient to induce the development of colonic SILTs 

in Math1fl/fl x Villin-Cre.ert2 or in TCF4fl/fl x Villin-Cre.ert2 mice (figs. 2a and 3a), implying, as 

previously suggested12, that colonic SILTs development is a pre-programmed event.

LTi cells infiltrate colonic adenomas
The major role for the colonic intestinal epithelium in LTi cell migration and SILT development, led 

us to hypothesize that pathological disturbances of the epithelial cell lining, such as those seen in 

cancer, would be accompanied by modifications of LTi cell behavior. Specifically, given the stem 

cell like properties of cancer cells27, which make them similar to undifferentiated intestinal crypt 

cells, we theorized that cancer cell development would be followed by LTi cell infiltration. To test 

this hypothesis, we analyzed adenomas developing in APCfl/fl x iFABP-Cre mice (fig. 4). Analysis of 

these tumors revealed not only the presence substantial numbers of infiltrating CD3+CD4+ and 
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CD3+CD4- T cells, but also the presence of CD3-CD4+IL7Rα+ LTi cells (figs. 4b and c). Importantly, 

in our mouse model, adenomas developed preferentially in the upper colonic crypt (fig. 4b), 

leading to the appearance of LTi cells within a region of the colonic lamina propria in which 

they are not normally present (figs. 4a and b). The LTi cells that associated with the adenomas 

did not seem to cluster together and therefore did not give rise to organized lymphoid tissues 

within the tumoral area. Notwithstanding, CD11c+ dendritic cells were always found within the 

adenomas (fig. 4). In contrast, NKp46+ cells were only occasionally associated with the tumors 

(fig. 4b). Altogether, our data suggest that disturbances of epithelial cell differentiation lead to 

altered LTi cell migration. 

dIscussIOn
The large intestine harbors two distinct sets of organized lymphoid tissues – colonic patches 

and colonic SILTs – whose development differs significantly12. In this study, we added a new 

dimension to those differences by showing that intestinal epithelial cells control the development 

of colonic SILTs, but not of colonic patches (fig. S5). Specifically, we have shown, for the first 

time, that secretory intestinal epithelial cells as well as intestinal crypt epithelial stem cells (and/

or their progeny) are required for colonic SILT development. Furthermore, we have shown that 

pathological disturbances in epithelial cell development, such as those observed during tumor 

development, were associated with altered migration of LTi cells – cells that have a non-redundant 

role in lymphoid tissue development20, 28-30. 

Ablation of secretory intestinal epithelial cells as well as intestinal crypt epithelial stem cells 

reduced the numbers of SILTs that developed in the lamina propria of the colon. Importantly 

however, while both deficiencies led to a similar in vivo phenotype, i.e. reduced numbers of 

colonic SILTs, the cellular mechanisms behind such phenotype are likely to be disparate, as our 

in vitro data showed that different intestinal epithelial cell lines differentially affected LTi cells. 

While differentiated intestinal epithelial cells prevented LTi cell migration across transwell devices, 

undifferentiated intestinal epithelial cells did not affect it; notably, these in vitro results were not 

specific to the cell lines used, but rather depended on their differentiation status, as observed 

with mICcl2 cells, which in the steady-state did not affect LTi cell migration, but upon sodium 

butyrate-mediated differentiation impaired LTi cell migration across transwell membranes. The 

factor(s) responsible for impaired LTi cell migration, in our in vitro assays, is currently unknown. 

Factors that prevent/repel cell migration, such as Semaphorins, Slits, Ephrins and Netrins, are well 

studied during vascular and neural development31, 32; and are increasingly recognized as players in 

immune cell migration33-36. Therefore, given that LTi cells express mRNA for some of the receptors 

binding these repellent factors (SA van de Pavert, personal communication), it is possible that their 

secretion by differentiated intestinal epithelial cells may prevent LTi cell migration. Alternatively, 

high concentrations of chemokines might be secreted by differentiated intestinal epithelial cells 

and act as LTi cell repellents37, 38. 

Our in vitro data, supporting a repressing role of differentiated intestinal epithelial cells in 

LTi cell migration, explained why colonic SILT development occurred at the bottommost part of 

the colonic crypt and why Math1fl/fl x Villin-Cre.ert2 mice had reduced numbers of colonic SILTs. 
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However, it failed to explain the discrete nature of SILTs, which is more suggestive of an attractive 

gradient, similar to those formed by chemokines during the development of lymph nodes, Peyer’s 

patches and colonic patches. Evidence that the colonic epithelium, namely the epithelial stem cell 

compartment, also has attractive properties towards LTi cells came from the analysis of TCF4fl/fl 

x Villin-Cre and APCfl/fl x iFABP-Cre mice. In TCF4fl/fl x Villin-Cre mice, deletion of epithelial stem 

cells (and/or their progeny) led to the formation of reduced numbers of colinic SILTs. In APCfl/fl 

x iFABP-Cre mice, tumor development was accompanied with the appearance of infiltrating 

LTi cells, which were migrating into the upper colonic crypt in which the adenomas formed. 

As APC-deficient tumor cells maintain a “crypt progenitor-like undifferentiated” phenotype27, 

we suggest LTi cell infiltration of the colonic upper crypt to be due to the attractive action of 

undifferentiated intestinal epithelial tumor cells. The combined repulsive action of differentiated 

intestinal epithelial cells and attractive function of undifferentiated intestinal crypt epithelial cells 

towards LTi cells is therefore likely to create a migration vector that directs LTi cells towards the 

intestinal crypts, where they will give rise to colonic SILTs. 

The reduction in the number of colonic SILTs upon secretory intestinal epithelial cell and crypt 

intestinal epithelial stem cell deletion substantiated previous reports suggesting a role for non-

immune cells in lymphoid tissue development39. Noteworthy, ablation of these epithelial cells did 

not lead to a complete absence of colonic SILTs. Such partial phenotypes are likely to be related 

to the fact that epithelial cells seemed to specifically interfere with LTi cell migration; migration 

of CD11c+ dendritic cells was not affected by the epithelial cell lines’ conditioned medium (data 

not shown). Therefore, it is likely that the small clusters of LTi cells that had formed before the 

induction of Cre were still able to recruit and properly organize immune cells. Alternatively, it may 

be that partial deletion of target cells, due to inefficient gene recombination on Cre induction, 

may have allowed suboptimal colonic SILT development. 

The presence of LTi cells within colonic adenomas may be of importance for the prognosis 

and treatment of such pathological conditions. On the one hand, it was recently shown that 

the antitumoral effect of IL12 in a murine model of melanoma required innate lymphoid cells 

dependent on the transcription factor RORγt40. As LTi cell development is dependent on RORγt21, 

these results suggest that activated LTi cells may have antitumoral activity, which could be 

exploited in the clinic. In this regard, it is noteworthy that, in our murine model, CD11c+ dendritic 

cells, which are an important source of IL1241, are also commonly found within the tumoral mass 

and therefore could be used to activate LTi cells. On the other hand, however, LTi cells might 

promote tumor development. On this subject, it should be mentioned that melanoma infiltrating 

LTi cells have been associated with the development of an immunosuppressive lymph node-like 

environment surrounding the tumor, which promoted tumor growth42; and that mouse as well 

as human LTi cell produce copious amounts of IL2243-45, which was recently shown to have 

tumorigenic properties46.

In conclusion, we showed a hitherto unrecognized role for intestinal epithelial cells in the 

development of colonic SILTs. Secretory intestinal epithelial cells as well as intestinal crypt 

epithelial stem cells (and/or their progeny) were required for the organogenesis of colonic SILTs, 

by regulating LTi cell migration. Together, they seemed to create a LTi cell migration vector that 

directed their clustering, and therefore colonic SILT development, around intestinal crypts. 
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maTerIaLs and meThOds
mice. Wild-type C57BL/B6, Math1fl/fl x Villin-Cre.ert2, TCF4fl/fl x Villin-Cre.ert2, APCfl/fl x iFABP-Cre 

mice were kept under SPF conditions. In Math1fl/fl x Villin-Cre.ert2 and TCF4fl/fl x Villin-Cre.ert2, 

Cre recombinase activity was induced by a single intraperitoneal injection of 200μl of tamoxifen 

(25mg/ml; Sigma-Aldrich) dissolved in sunflower oil at day 7 post-partum. The colons of these 

mice were analyzed 7 days later, at day 14 post-partum. The colons of APC fl/fl x FABP-Cre mice, 

which constitutively expressed active Cre recombinase, were analyzed at 6 months of age. 

cell lines and in vitro differentiation. CMT93/69 and mICcl2 cells were described 

previously22, 23. CMT93/69 cells were cultured in RPMI (Gibco) supplemented with 10% FCS, 2% 

penicillin-streptomycin, 0.1mM β-mercaptoethanol (all from Sigma-Aldrich) and 2mM glutamine 

(Gibco). mICcl2 cells were culture in DMEM/F12 medium (Gibco) supplemented with 2% FCS, 

2.5% D-glucose, 5μg/ml insulin, 5μg/ml transferrin, 10ng/ml epithelial growth factor, 5x10-8M 

dexamethasone, 60nM selenium, 5x10-9M triiodothyronine (all from Sigma-Aldrich), 2mM 

glutamine and 20mM HEPES (from Gibco). For mICcl2 cell differentiation, mICcl2 cells were treated 

with 1mM sodium butyrate (Sigma-Aldrich) for 2 days prior to the preparation and collection of 

their conditioned medium. Conditioned medium was collected from confluently growing cultures 

at 24 hours and centrifuged at 300g for 10 minutes to remove contaminating cells. 

In vitro LTi cell transwell migration. Fresh conditioned medium from CMT93/69, mICcl2 

and differentiated mICcl2 cells was placed on the bottom chamber of 5μm pore transwell 

systems (Costar). Embryonic day E18.5 colons from C57BL/B6 wild-type mice were digested 

with 0.05 mg/ml liberase blendzyme 2 (Roche) and 25U/ml DNAse I (Roche) in Ca2+/Mg2+-free 

HBSS/1.5% HEPES (Gibco) at 37oC for 30 minutes; and clumps removed by filtration over 100 μm 

meshes. The resulting colonic single-cell suspensions were placed in the upper chamber of the 

transwell system (1x106 cells per insert) and allowed to migrate towards the conditioned medium 

of the different cell lines for 3 hours at 37oC. The migrated cells were subsequently counted and 

analysed by flow cytometry. 

Flow cytometry. The phenotype of the in vitro migrated cells was assessed by staining 

them in PBS/10%FCS/5μM EDTA for 30 minutes with the following antibodies: α-CD45 (clone 

MP33) and α-CD127 (A7R34) purified from hybridoma supernatants with protein G-Sepharose 

columns (Pharmacia) and labelled with AlexaFluor488 and AlexaFluor647, respectively; α-CD3 

APC.eFluor780 (17A2), α-CD4 PE.Cy7 (GK1.5) and α-CD11c AlexaFluor450 (N418; all from 

Ebiosciences). LTi cells were defined as CD45lowCD4+CD3-CD11c-CD127+ cells. Live/dead cells were 

discriminated with 7AAD (Invitrogen). Fluorescence minus one (FMO) controls were used to define 

detection thresholds. Cells were analysed on a Cyan ADP flow cytometer (DakoCytomation) with 

FlowJo Software (Tree Star). 

Immunofluorescence. Colons were dissected at day 14 post-partum, embedded in OCT 

(Sakura Finetek), frozen in liquid nitrogen and stored at -80oC. Frozen blocks were cut into 

7μm thick serial sections. Detection of organized lymphoid tissues and SILT enumeration was 

performed was previously described12. Briefly, entire colons were serially sectioned and detection 

of colonic lymphoid tissues was performed on every 10th section stained with antibodies against 

CD4, alpha smooth muscle actin (αSMA) and B220; and SILT enumeration performed on every 

50th section (350μm apart) using the same staining protocol. Importantly, the procedure to 
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enumerate colonic SILTs gives only a rough estimation of their number, which allows for 

comparisons between the different mouse genotypes; furthermore, it is likely to give a bias 

representation of their maturation status as small SILTs extending over a gap of 50 sections 

may be more frequently ignored than larger SILTs. Stainings were performed on acetone-fixed 

sections by incubation with the appropriated antibodies for periods of 45 minutes at room 

temperature. The antibodies used were: α-B220 (clone 6B2), α-CD4 (GK1.5), α-CD31 (ERMP12), 

α-MAdCAM1 (MECA367) purified from hybridoma cell culture supernatants with protein 

G-Sepharose columns (Pharmacia) and labeled with either AlexaFluor488, AlexaFluor555 

or AlexaFluor647 (Invitrogen); purified mouse α-mouse alpha smooth muscle actin (αSMA; 

1A4; Sigma-Aldrich) developed with goat α-mouse IgG2a AlexaFluor555 (Invitrogen); 

purified mouse α-mouse β-catenin (14/β-catenin; BD Biosciences) developed with goat 

α-mouse IgG AlexaFluor555 (Invitrogen); purified rat α-mouse VCAM1 (429; BD Biosciences) 

developed with goat α-rat AlexaFluor555 (Invitrogen); protein G-Sepharose (Pharmacia) 

purified rat α-mouse CD35 (8c12) and rat α-mouse CD127 (A7R34) developed with goat 

α-rat AlexaFluor555 (Invitrogen); unpurified hamster α-mouse gp38 (8.1.1) visualized with 

goat α-hamster AlexaFluor647 (Invitrogen); unpurified rat α-mouse CD3 (KT3) visualized with 

goat α-rat AlexaFluor555 (Invitrogen); biotin-labelled α-CD11c (N418; BioLegend) visualized 

with streptavidin conjugated to AlexaFluor555 or AlexaFluor647 (Invitrogen); directly labeled 

α-CD3 eFluor660 (17A2; eBioscience), α-Lyve1 eFluor660 (ALY7; eBioscience) and α-Ki67 

AlexaFluor647 (B56; BD Biosciences). All sections were counterstained with DAPI (Invitrogen). 

Pictures were taken on a DM6000 Leica immunofluorescence microscope (Leica Microsystems).

haematoxylin/eosin staining. Colonic adenomas were detected by routine staining with 

haematoxylin and eosin. Briefly, 7μm frozen sections were fixed with Barker’s formol, immersed 

in haematoxylin for 10 minutes, rinsed with tap water to oxidized haematoxylin to haematin and 

counter-stained with eosin for 2 minutes. 

statistics. Statistical analysis was performed with GraphPad Prims version v4.00 (GraphPad 

Software Inc.). Kruskal-Wallis analysis and Dunn’s multiple comparison tests were used to compare 

multiple groups; Mann-Whitney’s tests were used to compare two groups. Results are expressed 

as mean ± standard error of the mean (SEM). p values ≤ 0.05 were considered significant. 
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suPPLemenTaL InFOrmaTIOn

Figure s1. sodium butyrate-mediated differentiation of mIccl2 cells. Morphology of (a) and villin 
and zona-occludens 1 (ZO-1) mRNA expression in (b) unstimulated and NaBT-stimulated mICcl2 cells. Scale 
bars=20μm; n=5.
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Figure s2. colonic sILTs develop adjacent to the muscularis mucosae and intestinal crypt cells. 
Histological characterization of the different SILT maturation stages – cryptopatches (CPs; a), immature 
isolated lymphoid follicles (iILFs; b) and mature ILFs (mILFs; c) – in 14 days-old wild-type C57BL/B6 mice. 
Serial sections were stained for: (I) CD4 (green), αSMA (red) and B220 (blue); and (II) CD4 (green), CD11c 
(red) and Ki67 (blue). αSMA delineates the muscular layers of the colon; Ki67 identifies proliferating crypt 
cells. Scale bars=50μm. 

Figure s3. absence of secretory intestinal epithelial cells and intestinal crypt epithelial cells results 
in colonic inflammation. Histological characterization of colons of Math1fl/fl x Villin-Cre (a) and TCF4fl/fl x 
Villin-Cre (b) mice. Cre recombinase activity, in these mice, was induced by treatment with tamoxifen at day 
7 post-partum; animals were analyzed 7 days later, at day 14 post-partum. Serial sections were stained for: 
a. (I) CD4 (green), αSMA (red) and B220 (blue); (II) CD4 (green), CD3 (red) and RORγ (blue); and (III) CD4 
(green), IL7Rα (red) and CD11c (blue); b. (I) CD4 (green), αSMA (red) and B220 (blue); (II) CD4 (green), CD3 
(red) and RORγ (blue); and (III) CD4 (green), MAdCAM-1 (red) and Lyve-1 (blue). Scale bars=50μm.
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Figure s4. colonic patches develop normally in the absence of secretory intestinal epithelial cells 
and intestinal crypt epithelial cells. Secretory intestinal epithelial cells and intestinal crypt epithelial 
cells were deleted in Math1fl/fl x Villin-Cre.ert2 and TCF4fl/fl x Villin-Cre.ert2 mice, respectively, by treatment 
with tamoxifen at day 7 post-partum; animals were analyzed 7 days later, at day 14 post-partum. Colonic 
patch quantification in Math1fl/fl x Villin-Cre.ert2 mice (a), TCF4fl/fl x Villin-Cre.ert2 mice (d) and littermate 
control mice. Histological analysis of colonic patches in Math1 littermate control (b), Math1fl/fl x Villin-Cre.
eret2 (c), TCF4 littermate control (e) and TCF4fl/fl x Villin-Cre.ert2 (f) mice. Serial sections were stained for: 
(I) CD4 (green), αSMA (red) and B220 (blue); (II) CD4 (green), CD35 (red) and CD3 (blue); (III) CD4 (green), 
IL7Rα (red) and CD11c (blue); and (IV) CD4 (green), VCAM-1 (red) and gp38 (blue). n=4 for Math1 littermate 
control mice, n=1 for Math1fl/fl x Villin-Cre.ert2 mice, n=4 for TCF4 littermate control mice and n=3 for TCF4fl/fl 

x Villin-Cre.ert2 mice. Scale bars=100μm
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