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1. Summary 

The orchestrated migration of cells represents a hallmark of the immune system. During the 

induction of an adaptive immune response, migration and communication of dendritic cells 

and T lymphocytes are key events controlling the initiation of either tolerance or immunity, 

and the homeostatic chemokine receptor CCR7 was discovered to be of central importance 

for the regulation of several of these and other migratory processes taking place in the 

immune system. 

In the course of this PhD work, two new functions of CCR7 and its ligands have been 

identified. In a combined approach, using flow cytometry and immunohistology as well as the 

immunomodulatory drug FTY720 and surgical manipulation techniques, CCR7 was shown to 

participate in the induction of oral tolerance, essentially taking place within the intestinal 

immune system. The CCR7-dependent transport of orally applied antigens, presumably by 

dendritic cells travelling via lymph from the small intestine to the mesenteric lymph nodes, 

therefore seems to represent a crucial event in oral tolerance induction. 

After establishing the intravital imaging of the popliteal lymph node of mice by two-

photon laser-scanning microscopy as a novel experimental approach, the migration behavior 

of naïve CD4-positive T lymphocytes within the paracortical T cell area was analyzed in 

detail. Whereas the general mode and directional characteristics of movement were largely 

unaltered in the absence of CCR7-signalling, the velocity of naïve T lymphocytes, and conse-

quently their ability to sweep wider volumes of the T cell zone, was significantly reduced. 

Therefore, CCR7 and its ligands were found to be important chemokinetic factors, stimulating 

the basal intranodal motility of T lymphocytes, thereby probably contributing to the effective 

scanning of antigen-presenting dendritic cells by naïve T cells.  
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2. Introduction

2.1 Functional principles of the immune system 

The immune system of higher vertebrates has developed to efficiently defend the organism 

against all kinds of pathogens ranging from viruses and bacteria to eukaryotic parasites. 

Depending on the nature of the pathogen and the route of its entry into the body, different 

highly specific compartmentalized immune responses are mounted that crucially rely on the 

mobility and the coordinated interplay between various populations of immune cells. These 

unique functional properties, shared by many immune cells, distinguish the immune system 

as a whole from all other organ systems of the body, making migration, communication and 

compartmentalization key principles of the immune system. 

To enable the immune system to fight a huge variety of pathogens in potentially all 

parts of the organisms, while at the same time being limited in the number of lymphocytes 

specific for a certain antigen, the migration of immune cells has developed as a first func-

tional principle1. Lymphocytes, as well as other immune cells, constantly recirculate through 

the body via the bloodstream, en route entering different secondary lymphoid organs (SLO), 

most prominently lymph nodes (LN) and the spleen2. SLO are strategically distributed 

throughout the body and serve as ‘meeting points’ for different populations of immune cells 

essentially linking innate and adaptive immune response3,4. While the spleen primarily 

receives antigens from the blood, LN filter lymph fluid from their specific area of drainage 

(skin, mucosal surfaces, various internal organs), and Peyer’s patches (PP) obtain antigenic 

information from the intestinal luminal space via transepithelial transport. 

The continuous exchange of information, most importantly by presentation and 

recognition of antigen, but also e.g. by cytokine secretion, between individual immune cells 

within the functionally organized cellular architecture of SLO is absolutely crucial to allow for 

the development of an effective immune defense5. Therefore ‘communication’ can be seen 

as a second key principle of the immune system. 

Finally, the restriction of the effector mechanisms of an emerging immune reaction to 

those parts of the organism in which the infecting pathogen was initially encountered by 

means of the specific control of cellular homing represents a third characteristic attribute of 

the immune system, known as ‘compartmentalization’. In the following, the principle course 

of a primary adaptive immune response is briefly summarized to further illustrate these key 

features of the immune system (Figure 1). 
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Figure 1. Schematic overview illustrating key events of an immune response. The precisely orchestrated homing 

of immune cells, controlled to a large extent by the players of the chemokine network, represents a hallmark of 

the immune system under steady-state conditions as well as during inflammation. HEV, high endothelial venules. 

After a pathogen has breached one of the mechanical barriers (dermal epithelium, mucosal 

epithelium) that shield the interior of the organism from the environment, e.g. by infecting a 

wound through a cut in the skin, it is usually met by cells of the innate immune system 

forming the ‘first line of defense’: Macrophages and (immature) DC present at these 

peripheral sites display phagocytic activity and can actively engulf and take up particulate 

matter such as bacteria. Whereas macrophages generally stay at the site of infection, being 

specialized in the killing of endocytosed pathogens, DC are capable of delivering information 

about the nature of the pathogenic threat to other constituents of the immune system. 

Once activated by the recognition of pathogen-associated molecular patterns (PAMP) 

such as bacterial lipopolysaccharides (LPS) via Toll-like receptors (TLR) – TLR4 in the case 

of LPS – DC start to mature and transform from a rather sedentary sentinel cell constantly 

probing the environment for ‘danger signals’ and antigens to be endocytosed into a highly 

migratory antigen-processing and -presenting ‘information carrier’. Whereas the phagocytic 

activity is reduced, the presentation of peptides derived from endocytosed antigens in the 

context of MHC (major histocompatibility complex) class-II-molecules is increased on mature 

DC. Additionally, costimulatory molecules such as B7.1 (CD80) and B7.2 (CD86) that are 
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necessary to deliver the ‘second signal’ during T cell activation, are upregulated during the 

maturation of DC under inflammatory conditions. 

In contrast to the low-level steady-state trafficking of DC during homeostasis, which has 

been suggested to be pivotal for the maintenance of peripheral tolerance, large numbers of 

DC are migrating from an infected tissue towards the draining LN during inflammation. This 

massive increase in mobility is associated with an upregulation of the surface expression of 

the CC-chemokine receptor CCR7 on maturing DC. This key trafficking molecule allows the 

activated DC to chemotactically respond to the homeostatic chemokine CCL21 (SLC, 

secondary lymphoid tissue chemokine) constitutively expressed by lymphatic endothelium, 

and thereby to migrate to and enter afferent lymphatic vessels. After trafficking within the 

lymph towards the draining regional LN, mature DC migrate into paracortical T cell areas and 

preferentially localize around the so-called high endothelial venules (HEV). 

These small post-capillary blood vessels are the major entry points for recirculating 

naïve lymphocytes entering LN from the blood. According to the multi-step model of 

leukocyte homing6, expression of the chemokine CCL21 on the luminal surface of the 

specialized endothelium of HEV is of crucial importance for the recruitment of naïve T 

lymphocytes, constitutively expressing the corresponding chemokine receptor CCR7, into 

LN7. After their immigration, naïve T cells have been described to display a mode of random 

walk migration while they ‘scan’ DC residing within the paracortical T cell area in search of 

cognate antigen8. If they do not encounter antigen matching the recognition specificity of their 

T cell receptor (TCR) during these dynamic short-lived interactions with antigen-presenting 

DC, naïve T cells leave the LN after a dwell time of about 12-18 hours via the medullary 

sinuses and the efferent lymphatics leading towards the thoracic duct and finally reenter the 

blood circulation9.

In contrast, a naïve T lymphocyte successfully recognizing cognate antigen in the 

context of MHC-molecules presented by mature DC becomes activated and dramatically 

changes its movement behavior10. The T cell undergoes migratory arrest and builds up a 

complex intercellular communication structure with the target DC termed immunological 

synapse that involves, among other molecules, the TCR and the peptide-MHC-complex as 

well as several costimulatory and adhesion molecules11. During these intimate contacts, a 

dynamic bidirectional exchange of molecular signals is thought to occur that ultimately leads 

to the initiation of T cell proliferation12,13, giving rise to a large pool of effector T lymphocytes 

that are all specific for the peptide motif initially recognized on the surface of the antigen-

presenting mature DC. This process of clonal expansion not only amplifies the potential of 

the immune system to mount a cellular response against a given pathogen by several orders 

of magnitude, but also results in the generation of different specialized subpopulations of 

long-lived effector memory T cells14. After leaving the inflamed LN and entering the blood 
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circulation, effector T cells can specifically home to sites of infection via blood vessels within 

inflamed peripheral tissues using again a different set of specific homing molecules such as 

various inflammatory chemokine receptors15,16.

Taking into account all the different events of active cellular movement involved in the 

induction phase of a primary adaptive immune response – migration of mature DC from the 

periphery into the T cell area of the draining LN, homing of recirculating naïve T lymphocytes 

into SLO, ‘scanning’ of the DC present in the paracortical T cell area by naïve T cells 

exhibiting random walk migration, egress from the LN of origin and homing of effector T cells 

into inflamed peripheral tissues – it becomes clear, that migration, besides communication 

and compartmentalization, is really a hallmark of the function of the immune system. And 

many, if not all, of the migration events described above are in fact regulated, at least 

partially, by members of a certain class of signalling molecules first described as 

‘chemotactically active cytokines’ and therefore aptly termed – chemokines. 

2.2 The chemokine system – a brief introduction 

2.2.1 Chemokines and chemokine receptors 

Chemokines are a superfamily of small, chemotactically active, secreted proteins described 

to exert important functions for the trafficking of immune cells1,17,18. Chemokines also play a 

critical role in many pathophysiological processes that are linked to the migration of cells 

such as allergic responses, inflammation, infectious and autoimmune diseases, graft 

rejection, angiogenesis, tumor growth, and hematopoietic development19-22.

Approximately 80% of the more than 50 mammalian chemokines currently known 

contain between 66 and 78 amino acids in their mature form17. The remainder are larger, e.g. 

CCL21 consisting of 111 and CCL25 (TECK, thymus-expressed chemokine) of 127 amino 

acids, respectively, with the additional amino acids occurring upstream of the protein core or 

as part of an extended C-terminal segment. All chemokines have molecular weights of ~8-

14.3 kDa and signal through seven-transmembrane-spanning G-protein coupled receptors 

(GPCR). At present, nineteen mammalian chemokine receptors are known, and many of 

these receptors exhibit promiscuous binding properties whereby several different 

chemokines can signal through the same receptor9.

Based on their predominant functional properties, chemokines are sometimes referred 

to as either inflammatory or homeostatic chemokines. Whereas the local expression of 

inflammatory chemokines is characteristically upregulated within inflamed tissues during an 

acute immune response, thereby recruiting immune cells such as neutrophils, monocytes or 

effector T cells to the site of infection, most homeostatic chemokines are constitutively 

expressed by certain populations of hemopoeietic as well as non-hemopoietic cells and play 
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important roles in the control of development and functional organization of lymphatic 

organs23. A further characteristic difference distinguishing inflammatory and homeostatic 

chemokines is that the former are normally able to bind to multiple chemokine receptors (and 

that in turn one chemokine receptor also reognizes several inflammatory chemokines) while 

the binding properties of homeostatic chemokines are in general more monogamous (e.g. 

CXCL12 (SDF-1, stromal-derived factor-1) only binds to CXCR4 and vice versa, CXCL13 

(BLC, B lymphocyte chemoattractant) only binds to CXCR5 and vice versa, CCL25 only 

binds to CCR9 and vice versa)18.

Regarding their structural characteristics, chemokines can be divided into four 

subfamilies based on conserved amino acid sequence motifs. Most family members have at 

least four conserved cysteine residues that form two intramolecular disulfide bonds with the 

subfamilies being defined by the position of the first two cysteine residues17: CXC 

chemokines, for example, have one amino acid separating the first two cysteine residues. 

Currently, 17 different mammalian CXC chemokines, termed CXCL1 to CXCL17, and six 

CXC-specific receptors, designated CXCR1 to CXCR6, have been reported in the scientific 

literature with some additional diversity contributed by alternative splicing. Whereas 

chemokines binding to CXCR2 are thought to primarily function as neutrophil chemo-

attractants and activators, chemokines binding to CXCR3, CXCR4 and CXCR5 primarily 

modulate the migration of various subsets of lymphocytes18,24. In members of the CC 

chemokine subfamily, the first two cysteines are directly adjacent to one another. There are 

currently 27 distinct mammalian CC chemokine subfamily members described with the 

corresponding ten receptors being designated CCR1 to CCR10. Target cells for different CC 

family members in fact include most types of leukocytes18,23.

Additionally, there are three known proteins with chemokine homology that fall outside 

of the previously described subfamilies25: Lymphotactin alpha (CL1) and lymphotactin beta 

(CL2) are members of the C chemokine class which have lost the first and third cysteine 

residues26,27. The lymphotactin receptor is designated XCR128. Fractalkine (CX3CL1), the 

only known member of the CX3C chemokine class, contains three intervening amino acids 

between the first two cysteine residues. This molecule is unique among chemokines in that it 

is a transmembrane protein with the N-terminal chemokine domain fused to a long mucin-like 

stalk29. The only receptor described for fractalkine is designated CX3CR130.

2.2.2 Multiple roles of the chemokine receptor CCR7 in the function of the immune system 

Since its identification in 1994 by Schweikart et al.31, the CC-chemokine receptor CCR7 has 

been described to be crucially involved in a number of fundamental processes shaping the 

structural and functional organization of the immune system. First and foremost the 
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generation of CCR7-deficent mice by targeted gene-deletion (‘knock out’), published by 

Förster et al. in 199932, has substantially contributed to the unravelling of the manifold 

functions of this homeostatic chemokine receptor. Importantly, LN of CCR7-deficient animals 

were found to harbor significantly reduced numbers of cells compared to LN of wild type 

animals and to display a disturbed architecture, to a large extent lacking the characteristic 

structural segregation into B cell follicles and paracortical T cell areas32. This phenotype 

illustrates two key functions of CCR7: Regulation of lymphocyte homing and functional 

organization of SLO. 

The role of CCR7 in the homing of naïve T lymphocytes to LN 

Being constitutively expressed on the surface of almost all naïve T and B cells, CCR7 plays 

an important role in the recruitment of recirculating naïve lymphocytes into LN7,32,33. The 

multi-step model of leukocyte homing describes the immigration of leukocytes into SLO or 

peripheral tissues from the blood to involve several consecutive steps gradually slowing 

down the circulating immune cell 6,34,35 (Figure 2). Furthermore, in analogy to a postal ‘ZIP-

code’, the specific combination of adhesion molecules and chemokine receptors expressed 

on the surface of a certain immune cell – in combination with the expression of a set of 

corresponding ligands on vascular endothelium within the target tissue or organ – is thought 

to determine its exact ‘delivery address’1.

In the case of naïve T cells homing to peripheral LN (PLN), the canonical ‘adhesion 

cascade’ consists of the following molecular events: Repeated short-lived interactions of L-

selectin (CD62L), expressed on naïve lymphocytes, with peripheral node addressin (PNAd), 

a complex mixture of sialomucins constitutively displayed on HEV, leads to initial so-called 

‘tethering’ events keeping the lymphocyte in close proximity to the vessel wall of these 

specialized post-capillary venules while at the same time slowing it down into a state called 

‘rolling’6,36,37. These effects allow the subsequent binding of the CCR7-ligand CCL21 also 

presented constitutively on the luminal side of HEV by the chemokine receptor CCR7 on the 

side of the naïve T cell during the ‘activation’ phase of the ‘multi-step model’38 (Figure 2). 

Transduced via heterotrimeric G i-proteins, this ‘outside-in’ CCR7-signal is followed by 

an ‘inside-out’-signalling event resulting in a conformational change of LFA-1 (lymphocyte 

function-associated antigen-1), the integrin-heterodimer L 2 (CD11a/CD18), from a low-

affinity into a high-affinity conformation39. High-affinity LFA-1 can engage integrin ligands 

displayed on the endothelial cells of HEV, most prominently ICAM-1 (intercellular adhesion 

molecule-1), leading to the eventual ‘arrest’ of lymphocytes40,41
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Figure 2. The ‘multi-step model’ of leukocyte homing. Molecules depicted on the top are expressed on the 

surface of leukocytes, molecules at the bottom are presented by endothelial cells. Molecules with references in 

the text are highlighted by red boxes. The first two phases of initial tethering and rolling of the leukocyte are 

thought to be mediated primarily by a class of adhesion molecules known as selectins, whereas chemokines 

binding to their corresponding seven-transmembrane receptors (7 TMR) have been shown to be the most 

prominent players in the following activation step. Finally, the activation-induced conformational change of integrin 

molecules expressed on the leukocyte surface into the activated form allows the firm arrest of the rolling 

leukocyte, which is required for the subsequent transmigration through the endothelial cell layer (diapedesis). 

During the subsequent ‘diapedesis’ naïve T cells actively extravasate into the LN by 

squeezing between the tightly adherent endothelial cells, in a CD31-(PECAM-1, platelet 

endothelial cell adhesion molecule-1)-dependent manner42,43. Lack of CCR7-function 

therefore largely disrupts this fundamental process of lymphocyte recirculation and results in 

the observed reduction of LN cellularity in CCR7-deficient animals32.

CCR7 is involved in the functional organization of SLO 

The two ligands of CCR7, CCL19 (ELC, Epstein-Barr virus-induced molecule-1 ligand 

chemokine) and CCL21, in combination with another homeostatic or ‘lymphoid’ chemokine, 

CXCL13, the sole known ligand of CXCR5, have been identified as important regulators of 

the structural organization of SLO44,45. The chemokine expression within LN is charac-
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teristically restricted to certain cell populations, yielding a distinct pattern that directly 

corresponds to the existence of functional subcompartments9,44: Large amounts of CCL21 

protein and, to a minor degree also CCL19, are produced primarily by radiation-resistant 

stromal cells within the deeper paracortical regions of the LN which probably resemble 

reticular fibroblastic cells of the collagen fiber-associated reticular network46. The prime 

source of CXCL13, on the other hand, are radiation-resistant stromal cells present in the 

outer follicle regions of the LN47. These CXCL13-expressing cells most probably represent 

the so-called follicular dendritic cells (FDC), a specialized antigen-presenting subset of 

fibroblastic reticular cells ensheathing the collagen-rich fibers within follicles48. Additionally, 

high levels of CCL21 can be detected on HEV49, which are located almost exclusively within 

the T cell areas, and CCL19 can also be produced by (mature) DC lodging in the T cell zone 

as well50. Regarding the chemokine receptor expression, almost all naïve T lymphocytes are 

highly positive for CCR7 while being negative for CXCR5, whereas naïve B cells 

characteristically display only low levels of CCR7 but high surface expression of CXCR5. 

Thus, the balanced influence of these chemotactic cues seems to control the accumulation of 

T lymphocytes within the paracortical T cell areas of wild type LN as well as the 

concentration of B lymphocytes in the outer B cell follicles51. In marked contrast, in CCR7-

deficient animals, T lymphocytes lack this important positioning signal and therefore 

delocalize towards B cell follicles, resulting in an disrupted overall LN structure32.

The balanced responsiveness of cells towards the ligands of CCR7 and CXCR5 also 

plays a key role in the chemotactical events during the induction phase of a T cell-dependent 

antibody response: After being activated by the recognition of cognate antigen, CD4-positive 

helper T cells (Th cells) have been described to upregulate the surface expression of CXCR5 

while at the same time downregulating the chemokine receptor CCR7, thereby (temporarily) 

changing their responsiveness towards the corresponding chemokine ligands. Consequently, 

activated Th cells  can relocalize towards the B/T-boundary and are able to provide help to 

activated B cells that have, in turn, chemotactically migrated towards the outer T cell zone 

sensing a CCL21 gradient after downregulating CXCR5 and upregulating CCR7 following 

antigen recognition via the B cell receptor52. Th1 as well as Th2 cells have been reported to 

function as crucial helpers in this so-called extrafollicular pathway of B cell differentiation 

leading to class switch recombination outside germinal centers and the subsequent formation 

of T-cell dependent antibody classes. 

Finally, a specialized subset of CD4-positive T cells, constitutively expressing CXCR5 

as well as displaying a primed but non-polarized phenotype has been identified within the 

germinal centers of B cell follicles53. These so-called follicular B helper T cells (TFH cells) are 

thought to develop during the initiation of an adaptive immune response, strongly 

upregulating and maintaining the expression of CXCR5 after activation while nearly 
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completely losing their CCR7-responsiveness54. Thereby, follicular B helper T cells become 

permanent residents within B cell follicles, providing crucial B cell help during the germinal 

center reaction leading to antibody affinity maturation by somatic hypermutation, class 

switching and the development of B cell memory. 

CCR7 regulates the migration of DC from the periphery to draining LN 

Apart from governing the homing of lymphocytes to and the positioning within LN and other 

SLO, the guiding chemotactic effects of CCR7-ligands to a large extent control the fate of DC 

as well32,33. As mentioned earlier, these prototypic professional antigen-presenting cells 

(APC) are migrating from peripheral tissues towards draining LN during homeostatic steady-

state conditions as well as – in substantially higher numbers – in an infection-induced 

inflammatory setting. Although the outcome of the immune response is completely different 

in these two scenarios (induction of peripheral tolerance during steady-state, initiation of a 

protective immune response during inflammation), in both cases CCR7-signalling has been 

reported to be critically required for the efficient migration of DC from the skin towards the 

draining LN55,56. Very recently, also the migration of DC into the lung-draining bronchial LN 

under tolerogenic conditions was shown to rely on CCR7-signalling57. Entry into peripheral 

afferent lymphatics is always the first step of this journey and occurs most likely in response 

to CCL21 that is made by cells of the lymphatic endothelium55. After being transported via 

lymph to the draining LN, DC rapidly migrate into the T cell zone, a process that again 

involves CCR7 and its ligands44. However, further positioning cues, possibly including other 

chemokines, seem to participate in controlling the exact intranodal localization of DC, as 

CD11b+ CD8- so-called ‘myeloid’ DC are enriched near the B/T-boundary, whereas CD11b-

CD8+ ‘lymphoid’ DC are found to be distributed throughout the T cell area58. In addition to the 

well-established role in the trafficking of DC towards draining LN from peripheral sites, CCR7 

and its ligands have recently been suggested to also control the egress of T lymphocytes 

from peripheral tissues59,60.

A role for CCR7 in the intrathymic migration of developing thymocytes 

Finally, CCR7-signalling was also shown to influence structure and functional organization of 

the thymus61. The expression of CCR7 by certain thymocyte subsets controls their correct 

intrathymic repositioning during thymocyte development62,63. Consequently, mice deficient for 

the chemokine receptor CCR7 display an aberrant thymic morphology and seem to be more 

prone for the development of autoimmunity, most probably because critical mechanisms of 

central tolerance are impaired in the absence of CCR7 function64.



Introduction 11

2.3 The intestinal immune system

The total surface area of the human mucosa amounts to approximately 400 m² in an adult 

individual including the respiratory, digestive and urogenital mucosal epithelium, thus 

exeeding the area of the skin in several folds65. Contributing with a surface area of around 

300 m², the mucosal epithelium of the human intestine represents by far the largest single 

interface between the interior of the body and the environment, as the gut lumen 

topologically represents ‘outside’ space66. In comparison to the dermal epithelium, however, 

which exerts primarily a barrier function protecting the organism against pathogenic threats 

from the ‘outside’, the intestinal epithelium has to fullfill a much more difficult and complex 

task: On the one hand, it has to permit permeability to allow for the efficient resorption of 

nutrients from the intestinal lumen, on the other hand it has to function as a resistent 

defensive barrier preventing the invasion of intestinal pathogens67.

This situation of essentially conflicting demands is even further complicated by the 

presence of a plethora of commensal bacteria, residing primarily in the distal parts of the 

small intestine (illeum) and in the large intestine (caecum, colon). Approximately 1014

commensal microorganisms of more than 400 different species colonize the human gut, 

reaching densities of up to 1012 organisms / g intestinal content68,69. These commensal 

bacteria, by far exceeding the host cell numbers, are not only harmless, they are in fact 

highly benefical for the host70,71. They metabolize otherwise indigestable food substrates, 

produce certain essential nutrients (e.g. vitamin K), which can subsequently be resorbed 

and, perhaps most importantly, occupy ecological niches within the gut lumen which could 

otherwise provide pathogens with the space and nutrients to grow and cause infections. 

However, regarding their ‘antigenic profile’, e.g. the expression of surface molecules such as 

bacterial LPS, commensal and pathogenic bacteria in fact appear very similar. Up to this day, 

it remains unclear how the intestinal immune system achieves this challenging task of 

distinguishing between commensals and pathogens, maintaining the vital integrity of the 

intestinal epithelium72.

Similarly, it is still only partially understood how the immune system is able to remain 

tolerant towards the multitude of food antigens continuously passing through the digestive 

tract, a phenomenon known as ‘oral tolerance’ (see below). Considering the mechanisms of 

central tolerance occuring in the thymus during the development of T lymphocytes, e.g. 

clonal deletion, anergy and induction of regulatory T cells, the immune system distinguishes 

on the level of antigen specificity between ‘self’, which is to be tolerated, and ‘non-self’, 

against which an immune response is to be mounted. Food antigens are, altough innocuous, 

most definitely ‘non-self’, nonetheless, at least in healthy individuals, they do not elicit 

inflammatory immune responses. 
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During evolution, the intestinal compartment of the immune system has developed to 

maintain the delicate balance between tolerance and immunity at the mucosal barrier of the 

intestine, leading to significant structural and functional differences compared to the systemic 

compartment of the immune system. It is by far the largest compartment of the immune 

system, with the majority of the cells being distributed throughout the intestine, residing as 

either single cells or small lymphoid aggregations within the lamina propria (LP) or as single 

cells between the enterocytes of the epithelial cell layer. Peyer’s patches (PP) and 

mesenteric lymph nodes (MLN) represent larger organized lymphoid tissues of the intestinal 

immune system. Regarding their main functional characteristics, the different constituents of 

the intestinal immune compartment can be generally classified as induction and effector 

sites.

2.3.1 Induction and effector sites of the intestinal immune system 

Arguably, the most prominent induction sites are the PP. Whereas in humans, depending on 

the age, between 100 and 200 of these structures are present primarily in the ileum73, in wild 

type mice usually between 8 and 10 PP are distributed along the anti-mesenteric side of the 

small intestine. Despite of being SLO like LN, PP possess a number of distinct features 

owing to their special localization and function74. First and foremost, unlike LN, PP do not 

receive antigens via afferent lymphatic vessels. Instead, they are positioned in close 

proximity to the intestinal lumen, ideally suited for the direct uptake of antigens via 

specialized M-cells (microfold cells) that reside in the follicle-associated epithelium (FAE) 

overlying the PP dome region67 (Figure 3). These highly absorptive cells possess a number 

of characteristic morphological features that facilitate the continuous uptake and 

transportation of luminal antigens to the underlying lymphoid tissue: Unlike the surrounding 

epithelial cells, M-cells are not covered with a thick glycocalyx and the brush borders are 

undeveloped75. M-cells do not process the antigens, but deliver them through long 

basolateral protrusions that make direct contact with the lymphoid cells underneath. 

Large numbers of DC are situated within the dome region that can in turn take up these 

antigens and subsequently transport them into interfollicular T cell zones and B cell follicles 

of PP76,77. In contrast to LN, which are in particular characterized by a large central T cell 

area in the paracortex, within PP B lymphocytes are by far the most numerous immune cells. 

They form large B cell follicles, often constitutively comprising germinal centers, with T 

lymphocytes being localized in rather small-sized interfollicular T cell zones. These structural 

features are in line with the PP being an important induction site for antibody responses of 

the immunoglobulin (Ig)A isotype against luminal antigens, contributing to the protection 

against intestinal pathogens78.
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Figure 3. Main elements of the intestinal immune system. The mesenteric lymph nodes (MLN) are not depicted, 

although they are usually classified as belonging to the intestinal compartment of the immune system. Dendritic 

cells (DC) are depicted in blue, stromal cells of the lamina propria (SC) in orange, T cells (T) in green, naïve IgM-

positive B cells (B) / B cell follicles in pink, IgA-positive B cells (B) / plasma cells / germinal centers in red, and 

IgG-positive plasma cells / germinal centers in greyish blue. SILT, solitary intestinal lymphoid tissue, HEV, high 

endothelial venule, SED, subepithelial dome, FAE, follicle-associated epithelium, M-cell, microfold cell, CSR, 

class-switch recombination, SHM, somatic hypermutation. 

The second principle inductive site of the intestinal immune system are the MLN. Structurally 

very similar to peripheral, e.g. skin-draining, LN, the MLN are distinguished by the fact that 

they drain via afferent lymphatics not only non-lymphoid tissues (in the case of the MLN the 

intestinal LP), but also directly receive lymph fluid and immune cells originating from another 

SLO (the PP). This leads to the unique situation that naïve lymphocytes reach the MLN 

regularly immigrating from the blood circulation via HEV as well as via afferent lymph vessels 

which happen to be identical with the efferent lymphatics of PP. Along with PP, MLN were 

described to support the differentiation of IgA antibody-secreting plasma cells and to induce 

lymphocytes to express homing receptors and adhesion molecules that enable these cells to 

migrate preferentially to the intestinal LP79-81. This ‘imprinting’ of effector cells with a gut-

homing phenotype by DC that are residing in the induction sites of the intestinal compartment 

of the immune system is a further illustrative example for the above-mentioned key principles 

of migration, communication and compartmentalization, acting in concert within the intestinal 

immune system. 

Besides the two prominent types of large SLO of the intestinal immune compartment, 

PP and MLN, an enormous number of small-sized lymphoid aggregations exists in the LP of 

the small intestine that can possibly function as inductive sites as well82,83. Originally 

described to represent separate classes of structures, termed isolated lymphoid follicles 

(ILF)84 and cryptopatches (CP)85, newer studies have fostered the idea that these small-sized 
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intestinal lymphoid tissues might indeed originate from common lymphoid ‘anlagen’, adapting 

dynamically to external stimuli (see 3.1). 

The two main effector sites of the gut-associated immune system are the LP and the 

epithelial layer of the small intestine. In the presence of commensal microorganisms, IgA-

secreting plasma cells residing within the LP account for more than 70% of the total 

immunoglobulin production within the body86. The multimeric secretory IgA (sIgA) produced 

by these plasma cells binds to transcytosis receptors expressed on the basal surface of 

epithelial cells in the crypt zone, thereby initiating their transport into the gut lumen where 

they are, to a large extent, subsequently presented in a surface-bound form on the luminal 

surface of the intestinal epithelium. Intestinal secretory IgA is thought to play a major role in 

the neutralization of toxins produced by intestinal bacterial pathogen as well as in the 

regulation of the commensal microflora78,87. In the latter case, it was suggested that secretory 

IgA molecules function mainly by preventing the exposure of the ‘sensing mechanisms’ of the 

intestinal immune system to commensal microorganisms to become ‘too intense’, otherwise 

eventually leading to inflammatory processes in the gut induced by basically innocuous 

commensal bacteria86.

The second characteristic effector cell population of the intestinal immune compartment 

resides within or in very close proximity to the intestinal epithelium. The intestinal epithelial 

cells are interspersed with a large and heterogenous population of mostly CD8-positive T 

lymphocytes subsummarized as intraepithelial lymphocytes (IEL). These IEL are pheno-

typically distinguished by their expression of a number of surface markers that are generally 

not present on T lymphocytes of the systemic compartment of the immune system. For 

example, a large number of IEL expresses the CD8 -homodimer instead of the CD8 -

heterodimer usually found on CD8-positive T cells in the periphery, and instead of the  T 

cell receptor (TCR ) dominating in the systemic compartment, up to 50% of all murine IEL 

express a TCR composed of - and -chains (TCR ). Additionally, some IEL display further 

surface markers normally not present on peripheral T lymphocytes such as CD11c (Integrin 

X, p150/90), which is a canonical DC marker in the murine systemic immune compartment, 

and also functionally differ substantially from peripheral CD8+ T cells. IEL have been reported 

to constitutively express an activated phenotype which probably correlates with their 

assumed function of maintaining the integrity of the intestinal epithelial cell layer 88,89.

Finally, DC of the LP represent another very important population of intestinal immune 

cells. In contrast to DC within SLO, in which they are normally confined to certain subcom-

partments, such as the subepithelial dome-DC of PP, DC of the LP are loosely distributed as 

singular cells within intestinal villi. They most probably do not fullfill direct effector functions 

despite their localization in a bona fide effector site of the gut-associated immune system but 

rather act as antigen-sensing ‘sentinels’. LP-DC, at least those residing in the illeum, were 
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shown to extend dendrites into the intestinal luminal space by penetrating the epithelial cell 

layer without damaging its integrity90-92. By this means, they could directly sample antigens 

from the gut lumen and subsequently initiate immune responses, either locally within the LP 

or after migration into the draining MLN. Therefore, LP-DC probably represent an alternative 

way of antigen-uptake from the intestinal lumen besides the specialized M-cells of the FAE of 

PP. Furthermore, DC trafficking from the LP seem to play a central role in the induction 

phase of tolerizing immune reactions towards orally administered antigen, i.e. ‘oral tolerance’ 

(see 2.3.2 and 3.2). 

2.3.2 Oral tolerance 

Non-self antigens can elicit qualitatively distinct immune responses based on their portal of 

entry into the organism. In the systemic compartment of the immune system, the encounter 

of non-self antigen represents a rare event usually linked to infection and, in most cases, 

provokes an immediate protective immune response associated with local infiltration of 

inflammatory cells and production of specific immunoglobulins. The intestinal immune 

system, on the other hand, faces the unique situation of constant exposition to a plethora of 

non-self antigens derived from the commensal microflora as well as from dietary compounds 

present in the intestinal lumen. At least in healthy individuals, no inflammatory immune 

response is mounted against these innocuous, but nonetheless non-self, antigens, which has 

led to the hypothesis of a ‘default state of tolerance’ against antigen applied via the gastro-

intestinal route93. In fact, the pathological breakdown of this tolerance towards dietary 

antigens leads to diseases such as gluten sensitive enteropathy (coeliac disease), afflicting 

about 1 in every 300 persons in the Western World, and a number of other food sensitive 

enteropathies94. On the other hand, breakdown of the regulation of intestinal immune 

responses against the endogenous commensal microflora may be the underlying cause of 

inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease95.

Already in 1911, H.G. Wells made the remarkable discovery that the anaphylactic 

reaction of guinea pigs towards ovalbumin (OVA), which is still widely used as a model 

antigen to this day, could be inhibited by prior oral administration of the same protein96. This 

process appeared to be active and specific for the site of antigen entry, since repeated 

systemic applications of OVA did not elicit the observed state of unresponsiveness. 

Furthermore, the induced tolerance was obviously antigen-specific. In 1946, Merill Chase 

performed a further landmark experiment, showing that oral administration of a contact-

sensitizing agent (2,4-dinitrochlorobenzene) did not lead to sensitization, but rather 

prevented the animal from eliciting an immune response to subsequent intracutaneous 

injections and cutaneous challenges with this substance97.
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Since then, researchers have gained many important insights into this phenomenon of ‘oral 

tolerance’, as it was termed, and it is now established that tolerance is a general feature of 

the immune system at mucosal surfaces98. In fact, in search of new potent oral vaccines, oral 

tolerance has often proven to be so robust that it can seriously confound the induction of 

protective immunity which is, of course, the desired outcome in vaccination against 

pathogens. However, it has also become clear that not all antigens administered orally have 

the same potential to induce a tolerant state. Whereas the majority of highly tolerizing 

antigens are soluble proteins, large particulate antigens, highly globular antigens and 

carbohydrates have a higher tendency to elicit active immune responses, i.e. systemic 

immunity as well as production of secretory IgA in the intestine99. In this context, it is 

important to realize that although a strong IgA production is a hallmark of protective immune 

responses within the intestine, also the induction of oral tolerance is often associated with a 

local production of antigen-specific secretory IgA. Up to now, however, it is not known 

whether and how this IgA contributes to the tolerant state. 

T-cell-independent antigens generally do not induce oral tolerance which indicates that 

T lymphocytes indeed seem to play a central role of in this process of tolerance induction. 

Furthermore, aggregated or heat-treated soluble proteins often lose their capacity of oral 

tolerance induction100, and certain substances can even actively break the tolerant state 

when coadministered orally together with another antigen101. Cholera toxin is such a potent 

mucosal adjuvant promoting active immunity in the gut including strong induction of secretory 

IgA, obviously by altering the mucosal microenvironment102. In this respect, interesting 

parallels have been unravelled between the gastrointestinal and the nasal application route. 

Regarding the induction of tolerance as well as the local production of secretory IgA, gut-

associated lymphoid tissues (GALT) and nasal-associated lymphoid tissues (NALT) display 

striking functional similarities and are therefore often regarded as effectively belonging to the 

same compartment of the immune system, collectively termed ‘mucosal-associated lymphoid 

tissues’ (MALT) or ‘common mucosal immune system’ (CMIS)103. Antigens applied 

intranasally are able to elicit a tolerant state very similar to oral tolerance and secretory IgA 

responses induced at one mucosal site subsequently often extend to other mucosal surfaces 

of the body. 

The genetic background and the age of the animals analyzed also appear to influence 

the potential of oral tolerance induction104. Balb/b mice (Balb/c genetic background, but with 

MHC-genes derived from BL/6), for example, are much more difficult to tolerize than their 

congenic counterpart Balb/c105, and young mice are generally more difficult to tolerize than 

older animals106. This is an interesting observation, since the permeability of the intestinal 

epithelial barrier is known to be more pronounced in younger mice, possibly resulting in a 

higher exposure of the gut-associated immune system to luminal antigens107,108. At the same 
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time the immune system is partially still immature, providing an alternative explanation for its 

obviously reduced capability to induce mucosal tolerance. 

Importantly, different doses of orally administered antigen have been reported to 

preferentially induce different mechanisms of tolerance induction109 leading to a kind of 

‘dogma’ for the dose-dependency of oral tolerance induction: Whereas the repeated 

administration of several low antigen doses is thought to primarily induce the differentiation of 

antigen-specific regulatory T cells (Treg) that actively suppress immune responses110-113, high 

doses of antigen have been described to primarily lead to the clonal deletion of antigen-

specific T cells via induced apoptosis or to the functional silencing (anergy) of reactive T cell 

clones109,114-117. Most probably, however, these mechanisms are not induced completely 

independent of each other in a mutually exclusive way but are, to a certain extent, acting in 

parallel in a given regimen of oral tolerization98. Furthermore, different antigens obviously 

possess different requirements regarding the frequency of oral application and the dosing of 

antigen in order to efficiently induce a state of tolerance105.

Figure 4. Several lymphoid as well as non-lymphoid 

organs have been suggested to participate in the 

induction of tolerance towards orally administered 

antigens. These include major inductive sites of the 

intestinal immune system such as the mesenteric 

lymph nodes (MLN, orange) and the Peyer’s 

patches (PP, yellow) as well as the peripheral lymph 

nodes (PLN, red) as SLO of the systemic compart-

ment of the immune system. The liver has been 

reported to possess unique capabilities of inducing 

tolerance towards allogenic transplants and has 

also been suggested to contribute to the induction of 

oral tolerance. The primary lymphoid organs, bone 

marrow and thymus, are shaded in light-grey. 

Several lymphoid as well as non-lymphoid organs have been suggested to participate in the 

induction of oral tolerance, among them PP118-121, MLN122-125, PLN126-130 and the liver98,131-134

(Figure 4). Additionally, there is quite a remarkable body of literature on the role of the liver in 

the induction of tolerance towards allogenic tissue grafts135-140. While a large number of 

newer reports has called a significant participation of PP into question123,141-145, the relative 
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contribution of the other compartments in the induction of oral tolerance still remains unclear. 

Therefore, using surgical approaches including small intestinal transplantation and 

mesenteric lymphadenectomy in combination with adoptive transfer models and the immuno-

modulatory drug FTY720, we revisited this basic question, concentrating on the early events 

of transport and presentation of orally applied antigen in order to analyze in detail in which 

compartments the induction of oral tolerance is effectively taking place (see 3.2). 

2.4 Two-photon laser-scanning microscopy – visualizing the dynamics of cell 

migration and interaction within intact LN 

Until recently, attempts to directly study the complex migratory behavior and dynamic 

interactions of immune cells at a single-cell level were severely limited by the imaging 

techniques available. Knowledge of immune cell interaction dynamics so far had come 

primarily from in vitro studies of various coculture systems, the ex vivo examination of 

consequences of in vivo cellular interactions and static histological analyses of lymphoid 

tissues, all of which had been indispensable to gain a mechanistic understanding of cellular 

interactions during an immune response5,146. However, these methods did not allow to 

directly address these inherently dynamic processes at a single-cell level in both a temporally 

and spatially resolved fashion within the true physiological environment of SLO or at 

peripheral sites of active inflammation. In the past few years, technical advances in imaging 

instruments, software, fluorescent reagents, and animal manipulation tools have begun to 

address these limitations. 

Epifluorescence video microscopy 

Pioneered by von Andrian and others35,36,147, the first intravital imaging studies used 

epifluorescence-based video microscopy to visualize leukocytes within the microvasculature 

of LN and peripheral sites. Although these studies allowed new insights into the dynamics of 

cell adherence to and penetration of microvasculature endothelium, fostering the well-known 

‘multi-step model’ of leukocyte homing, conventional epifluorescence microscopy did not 

permit the imaging of cells within denser tissues such as LN parenchyma or the 

extravascular spaces of inflamed tissues. 

This limitation has been overcome by the application of advanced confocal microscopy 

and, most recently, by the advent of the powerful technique of two-photon laser-scanning 

microscopy, finally providing sufficient tissue penetration capabilities as well as the spatial 

and temporal resolution necessary to visualize the dynamic events of lymphocyte migration 

and DC-T cell interactions within LN148-150.
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Confocal laser-scanning microscopy 

Confocal laser-scanning microscopy, in contrast to conventional epifluorescence microscopy, 

allows for imaging of thicker tissue specimen at a much higher resolution especially 

regarding the z-direction148,151. However, as confocal laser-scanning microscopy still uses 

visible light for excitation, not only fluorochromes exactly within the focal plane of scanning – 

where the laser energy input for excitation reaches its maximum in z-direction – are excited, 

but also fluorochromes in a volume extending above and below of the focal point 

approximately representing a twin-conus. The resulting so-called ‘point-spread-function’ 

(PSF) describes the contribution of out-of-focus light to the recorded image and therefore 

limits the resolution in z-direction (Figure 5). 

Figure 5. Comparison of single-photon and two-photon excitation events. Left panel: Energy transfer diagrams of 

fluorochrome excitation processes for low-wavelength, high-energy, visible light single-photon (single blue arrow) 

and high-wavelength, low-energy, infrared two-photon (dual red arrows) excitation events. Note that wavelength 

and energy of the light emitted by the fluorochrome (green arrows) is the same in both cases. Right panel: 

Corresponding point-spread-functions (PSF), illustrating the high level of fluorochrome excitation above and 

below the focal plane for the single-photon process resulting in considerable out-of-focus light. 

To improve the situation, achieving a real ‘confocal’ image, a so-called ‘pinhole’ aperture is 

intergrated into the path of the emitted light coming from the sample. Thereby, light rays 

coming from fluorochroms that were excited outside (i.e. above or below) the focal plane of 

imaging are blocked out and the z-resolution is improved significantly allowing for the high-

resolution imaging of ‘z-stack’ tissue volumes. However, use of a pinhole aperture also 

results in a substantial loss of emission light and therefore seriously limits the penetration 

depth of confocal laser-scanning microscopy to the imaging of superficial areas of the tissue 

specimen (maximum imaging depth approximately 60-80 μm)148,151. Therefore, to be able to 

visualize biological processes taking place deep within intact tissue specimen or even inside 

whole organs of living animals, a different microscopy technique has to be employed. 



Introduction  20 

Two-photon laser-scanning microscopy 

The development of two-photon laser-scanning microscopy has enabled scientists, for the 

first time, to directly in situ analyze the movement and interaction dynamics of fluorescently 

labeled immune cells deep within the paracortex of intact LN in living, anesthetized 

mice148,152. In contrast to conventional epifluorescence and confocal laser-scanning 

microscopy, exciting fluorochromes by low-wavelength, high-energy, single-photon events 

using visible light sources, two-photon laser scanning microscopy is based on a completely 

different principle of quantum physics. Employing special pulsed infrared (IR)-laser sources 

with a pulse duration in the range of 100 femtoseconds or less (‘femtosecond’-IR-laser), the 

excitation radiation in two-photon laser-scanning microscopy consists of high-wavelength, 

low-energy photons in the infrared range of the spectrum which are, one by one, not able to 

excite a fluochrome, i.e. induce it to enter its activated state. Importantly, these low-energy 

infrared laser pulses also do not damage cells within living tissues to the extent known for 

visible light excitation, altough the total energy input of the IR-lasers is even higher151. The 

key feature of two-photon microscopy, however, lies in the fact that in this case the excitation 

of a fluorochrome molecule requires the event of quantum interaction of two low-energy 

infrared photons yielding the ammount of energy necessary for reaching the activated 

state153 (Figure 5). These quantum interactions are highly unlikely and can only occur in a 

very confined volume of space with laser pulses following each other with a minimal 

temporary gap. Therefore, two-photon excitation was not possible until appropriate 

femtosecond-IR-laser scources had been developed. Even more importantly, the extremely 

small volume of space in which the criteria for two-photon quantum interactions are met 

defines – all by itself – the focal point of two-photon imaging along the light path within a 

tissue sample. As a result, the point-spread-function of two-photon excitation shows only 

minimal excitation of fluorochromes above and below the focal plane, making a pinhole 

aperture completely dispensable153 (Figure 5). As all the light coming from the sample can 

therefore contribute to the image without compromising the z-resolution, two-photon laser-

scanning microscopy allows for a much higher penetration depth into relatively dense tissue 

specimen such as LN (maximum imaging depth approximately 200-250 μm)148,151. The 

primary reason for the higher tissue penetration of two-photon microscopy is the basic 

physical fact that the high-wavelength infrared light used for excitation is scattered to a lower 

extent than visible light while passing through the superficial layers of the tissue specimen 

leading to a higher local energy level at the focal plane. 

Preparation techniques for the imaging of cellular dynamics within intact LN 

Currently, two different principle methods of tissue preparation are being used for the 

analysis of migration and interaction of immune cells within intact LN: tissue explant 
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microscopy and intravital microscopy. By using two-photon imaging of explanted LN bathed 

in medium perfused with 95% O2 (a procedure chosen based on prior neurobiological studies 

of brain slices154 whose relevance to the physiological condition within LN is still uncertain155),

in 2002 Miller and coworkers provided the first detailed quantitative analysis of the movement 

of adoptively transferred, ex vivo fluorescent-dye-labeled naive T and B lymphocytes in a 

lymphoid tissue156. In 2003, Miller and colleagues were again the first to apply an in situ

imaging approach to visualize the autonomous trafficking of T lymphocytes within PLN of 

anesthetized mice by intravital two-photon laser-scanning microscopy8. With various 

modifications, these two preparation techniques have since then been used by several 

groups to study the movement behavior of T lymphocytes as well as the interaction dynamics 

of different T cell subsets with DC in LN157-163. Also the migration of B lymphocytes and the 

interaction of B cells with DC and T cells within intact LN was analyzed by two-photon 

microscopy52,164, and applying the tissue explant approach to the thymus, Bousso and Robey 

addressed the migration behavior of thymocytes165,166.

The migration and interaction of lymphocytes and DC as revealed by two-photon microscopy 

In 2004, Mempel and coworkers published a hallmark study reporting the detailed analysis of 

the dynamics of antigen-specific interactions between transgenic CD8-positive T cells and 

antigen-loaded DC by intravital two-photon laser-scanning microscopy10 (Figure 6). 

Importantly, two hours after transfer of dye-labeled T lymphocytes, they administered 

a monoclonal antibody specific for L-Selectin to interfere with the tethering and rolling of 

circulating lymphocytes to HEV (see above). Thereby, they prevented T cells that had not yet 

entered the LN from doing so and thus produced a T cell cohort within the lymphoid organ 

that was reasonably well synchronized in terms of its residence time in the tissue. The 

characteristics of the interactions of these lymphocytes with antigen-bearing DC could then 

be related to how long after LN entry the observed behavior took place10. T cells were found 

to initially engage in brief and multiple contacts with antigen-bearing DC whose motility 

decreased over time. This ‘phase one’ was followed by an approximately 12 hour period 

termed ‘phase two’, during which antigen-specific T cells established and maintained stable 

conjugates with DC. After this period of prolonged interactions with DC, T cells were found to 

dissociate and regain their rapid motility denoting the start of ‘phase three’ which was 

accompanied by proliferation of the activated T cells. 
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Figure 6. T cell priming by DC in LN occurs in three distinct phases. Upon entry into LN containing antigen-

presenting mature DC, T cells exhibit a highly motile migration behavior (T cell motility, upper green line graph) 

with repeated short-lasting contacts with multiple DC during the first ~ 8 hours (Phase 1). Encounter  of cognate 

antigen during this phase induces detectable upregulation of the activation markers CD44 (violet) and CD69 

(blue) on antigen-specific T lymphocytes. During Phase 2 (~ 8–24 hours) T cells form stable conjugates with 

individual DC that last at least 60 minutes. During this period, T cells upregulate CD25 (orange) and begin to 

produce IL-2 and IFN-  (red), but do not yet proliferate. On the second day (Phase 3), T cells again become 

highly motile, form only short contacts with DC and start to divide rapidly (T cell proliferation, lower green line 

graph). Eventually, they assume full effector function (after three–four days) and return to the blood circulation. 

Moving along this ‘roadmap’ of differential T cell migration behavior in the time course of T 

cell activation and priming by DC (Figure 6), following studies have aimed to compare the 

DC-T cell interaction dynamics during either steady-state conditions (favoring the induction of 

tolerance) or inflammation (leading to the induction of protective immunity), essentially 

yielding conflicting results. Whereas Dustin and colleagues described a phase of stable long-

lasting DC-T cell interactions to occur during both the induction of tolerance and immunity167,

Amigorena and coworkers postulated naive T cells to remain fully motile and to establish only 

brief serial contacts with multiple DC under tolerizing conditions despite effective initial T cell 

activation and proliferation168. Recently, Tang et al. employed intravital two-photon 

microscopy of explanted LN to delineate mechanisms of regulatory T cell control of 

autoimmunity169. They describe Treg to directly interact with autoantigen-presenting DC, 

thereby inhibiting the formation of stable conjugates between DC and autoantigen-specific TH

cells as well as abrogating the activation of TH cells. 



Introduction  23 

As illustrated by this short summary of studies using two-photon imaging for the analysis of 

immune cell migration and interaction, this new technique has proven extremely valuable for 

elucidating the cellular dynamics of various key events of the immune system as they unfold 

within the physiological environment of intact lymphoid organs. At the same time, all these 

studies have raised a multitude of new questions, which can hopefully be addressed, at least 

in part, using the very same method of imaging. We performed a detailed analysis of the 

migration behavior of CD4-positive T cells within the popliteal LN of anesthetized mice by 

intravital two-photon laser-scanning microcopy in order to address the role of the chemokine 

receptor CCR7 in the regulation of the basal intranodal motility of naïve T lymphocytes (see 

3.3).
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3. Results and Discussion 

3.1 The functional organization of solitary intestinal lymphoid tissue 

3.1.1  Cryptopatches and isolated lymphoid follicles: dynamic lymphoid tissues dispensable 

for the generation of intraepithelial lymphocytes 

Pabst O, Herbrand H, Worbs T, Friedrichsen M, Yan S, Hoffmann MW, Korner H, Bernhardt G, Pabst R, Förster 

R. Cryptopatches and isolated lymphoid follicles: dynamic lymphoid tissues dispensable for the generation of 

intraepithelial lymphocytes. Eur J Immunol 2005 Jan;35(1).

Besides PP and MLN as large and highly organized SLO, the intestinal immune system 

contains a whole spectrum of small-sized lymphoid aggregations within the intestinal LP, 

which were overlooked in the murine organism for a long time – simply because of their small 

size – but can possibly function as induction sites as well82,83. These various lymphoid 

clusters have initially been suggested to represent completely different classes of structures 

differing in origin and function: Larger aggregates containing high numbers of B lymphocytes 

that typically form a follicle-like structure within a flattened, barrel-shaped villus were termed 

isolated lymphoid follicles (ILF)84 and later suggested to function, in addition to PP, as 

alternative induction sites of intestinal IgA antibody responses82,170,171 . Smaller clusters of 

mostly lineage-negative, cKit (CD117, stem cell factor receptor)-positive, IL7R  (CD127, 

Interleukin-7 receptor -chain)-positive cells residing in the crypt region of the LP were 

described by others as cryptopatches (CP)85 that were assumed to harbor stem cells 

providing an extrathymic developmental pathway for the generation of intraepithelial 

lymphocytes (IEL)172. Recently, however, new data has emerged putting a question mark 

behind at least some of these initial findings173,174. We readdressed the question of 

developmental origin and function of small-sized intestinal lymphoid aggregations using 

extensive automated multi-color immunofluorescence microscopy, thereby evaluating large 

coherent areas of the intestine. This systematic in-depth characterization revealed that 

aggregated lymphoid structures in the small intestine of mice vary considerably in size and 

cellular composition, with the majority of the structures not matching the definitions of CP or 

ILF. Additionally, significant age- and mouse strain-related variations were observed, and in 

human, rat and porcine small intestine structures resembling CP could not be found at all. 

The rapid exchange of B cells within these lymphoid aggregations after small bowel 

transplantation indicates an active participation of this compartment in lymphocyte recircu-

lation and highlights the dynamic nature of these lymphoid structures. 
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Figure 7. Solitary intestinal lymphoid tissue (SILT) 

comes in different ‘flavors’. In the small intestine of 

wild type mice, a number of lymphoid aggregations 

can be observed meeting the morphological criteria 

of so-called ‘isolated lymphoid follicles’ (top row) or 

‘cryptopatches’ (middle row). 

However, the quantitative evaluation of large 

coherent areas of the murine small intestine reveals 

the presence of a majority of structures not fitting 

into these separate definitions (bottom row), 

suggesting that ‘isolated lymphoid follicles’ and 

‘cryptopatches’ in fact represent the most polarized 

ends of a whole spectrum of small-sized intestinal 

lymphoid aggregations, which probably originate 

from common lymphoid ‘anlagen’ and are able to 

dynamically change their appearance in response to 

external stimuli. 

It therefore seems likely that ILF and CP in fact only represent the most polarized ends of a 

spectrum of small-sized intestinal lymphoid aggregations, all originating from common 

lymphoid ‘anlagen’, and that the influx of B cells plays a major role in the transformation of 

‘CP-like’ structures into ‘ILF-like’ structures (Figure 7). 

Finally, lymphotoxin (LT)-deficient mice which are devoid of any intestinal lymphoid 

aggregations were found to possess the complete panel of IEL, demonstrating the 

dispensability of CP-like structures for the generation of IEL. As in our hands neither 

morphological nor functional characteristics supported a strict classification of small-sized 

intestinal lymphoid aggregations into ILF and CP, we proposed to refer to these structures 

collectively as solitary intestinal lymphoid tissue (SILT), which is distinguished by its inborn 

plasticity and rapid responsiveness to external stimuli. 
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3.1.2  Adaptation of solitary intestinal lymphoid tissue in response to microbiota and 

chemokine receptor CCR7 signaling 

Pabst O, Herbrand H, Friedrichsen M, Velaga S, Dorsch M, Bernhardt G, Worbs T, Macpherson AJ, Förster R. 

Adaptation of solitary intestinal lymphoid tissue in response to microbiota and chemokine receptor CCR7 

signaling. J Immunol 2006 Nov 2;177(10).

Extending the quantitative analysis of SILT to germ-free mice, i.e. animals born and raised 

under sterile conditions, the frequency of SILT was found to be virtually unchanged 

compared to animals kept under conventional so-called SPF (specific pathogen-free)-

conditions. However, the size distribution of SILT was remarkebly altered in germ-free 

animals with particularly small aggregations harboring only few B lymphocytes predominating 

the spectrum of small-sized intestinal lymphoid structures. Recolonization of germ-free mice 

by housing them together with SPF-reared animals for different periods of time led to a time-

dependent adjustment of the SILT-spectrum by conversion of preexisting lymphoid structures 

into larger-sized SILT, effectively restoring the phenotype observed in wild type animals 

under SPF-conditions. These observations nicely confirmed the previous data of SILT 

representing a highly dynamic compartment of lymphoid structures reacting towards external 

stimuli – in this case the absence or presence of commensal bacteria in the intestine – by 

changes in size and cellular composition of individual SILT structures. 

Furthermore, mice deficient for the chemokine receptor CCR7 displayed a SILT-

spectrum dramatically shifted towards larger-sized lymphoid aggregations, with individual 

‘giant’ structures almost resembling singular PP-B cell follicles in size and morpholgy. 

Strikingly, in lethally irradiated CCR7-knock out animals reconstituted with wild type bone 

marrow, a normal wild type-like size-distribution of SILT was observed, whereas the 

reconstitution of wild type recipients with bone marrow from CCR7-deficient donors led to the 

development of the CCR7-knock out phenotype of SILT-hypertrophy. This shift towards 

larger-sized intestinal lymphoid structures was also found in plt/plt mice, which are mutants 

lacking the expression of the CCR7-ligands CCL19 and CCL21 in all lymphoid tissues, and 

importantly, the phenotype of SILT-hypertrophy could in this case not be reverted by transfer 

of wild type bone marrow. 

In summary, these results demonstrate that lack of CCR7 expression on hemopoietic 

cells causes hypertrophy of intestinal lymphoid structures, whereas CCR7 ligands need to be 

produced by non-hemopoietic cells to maintain a wild type-like array of SILT. Finally, by 

analyzing germ-free CCR7-deficient animals as well as long-term antibiotic-treated CCR7-

knock out mice, which are both devoid of an intestinal bacterial flora, the hypertrophy of SILT 

was found to develop completely independent of stimulation by microbiota. 
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3.2 Oral tolerance originates in the intestinal immune system and relies on antigen 

carriage by dendritic cells 

Worbs T, Bode U, Yan S, Hoffmann MW, Hintzen G, Bernhardt G, Förster R, Pabst O. Oral tolerance originates 

in the intestinal immune system and relies on antigen carriage by dendritic cells. J Exp Med 2006 Mar 20;203(3). 

Although the phenomenon of oral tolerance has been known for almost a century, many key 

issues such as the actual site of tolerance induction as well as the route and mode of 

transport by which antigens reach this compartment after oral administration still await 

elucidation93,98. The following short overview discusses the different possible ‘pathways to 

oral tolerance’ that are present in the literature. 

Antigen sampling by M-cells and the role of PP as induction sites of oral tolerance 

Obviously, once present in the gut lumen, orally applied antigens first have to somehow pass 

through the intestinal epithelium, which has for a long time been considered to be an 

impermeable barrier to macromolecules. Consequently, the specialized M-cells of the FAE of 

PP have traditionally been regarded as the main portal of entry for all forms of intestinal 

antigens (soluble as well as particulate antigens, food-derived proteins as well as micro-

organisms), at the same time fostering the idea that the unique features of intestinal immune 

responses, including oral tolerance induction, in fact reflect an absolute dependency on PP 

as inductive sites175,176.

Earlier studies had indeed suggested an important role for PP in the induction of oral 

tolerance118-120 and, more recently, Fujihashi and coworkers reported a complete defect in 

the induction of tolerance after feeding OVA to mice with a selective absence of PP created 

by treating female mice late in gestation with a soluble LT R–immunoglobulin fusion 

protein121. However, the same group was able to successfully induce oral tolerance in these 

PP ‘null’ mice when using the hapten TNBS as a model antigen and others have also 

reported the induction of entirely normal oral tolerance to either low or high doses of OVA in 

these as well as in several other PP-deficient mice generated by genetic or pharmacological 

manipulation123,144. Furthermore, also after surgical removal of PP in rats and mice, oral 

tolerance could be successfully induced141,145 and tolerance to orally applied protein antigens 

was shown to be normal in B cell-deficient mice, which only possess rudimentary PP and 

lack virtually all M-cells142,143.

In this context, it is important to take into consideration that M-cells have been 

described to be also present outside the FAE of PP, either overlying the small-sized isolated 

B cell follicles of SILT84 or even residing in histologically inconspicuous small intestinal villi177,

suggesting that a conclusive study of M-cell function for oral tolerance induction would have 

to consider additional M cell–competent structures other than PP.  
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Nontheless, taken together, these findings definitely call into question a substantial 

participation of PP in the induction of oral tolerance as either uptake or induction sites and 

point towards alternative mechanisms for the uptake of luminal antigens involved in oral 

tolerance other than M-cells93,98.

Transcytotic transport and local presentation of luminal antigens by enterocytes 

Two further pathways by which orally applied antigens might directly cross the intestinal 

epithelial barrier are the paracellular and the transcellular route105. In principle, one could 

imagine macromolecules such as dietary proteins to diffuse in between the enterocytes of 

the epithelial cell layer. However, under normal physiological conditions, the tight junctions 

joining the intestinal epithelial cells are rather impermeable to proteins and even peptides, 

effectively preventing any significant paracellular passage of antigen. In a state of intestinal 

inflammation, on the other hand, which is associated with a higher permeability of the 

epithelium, the induction of oral tolerance is less likely to exist178,179.

Therefore, the transcellular route of antigen transport has been suggested as a 

probable alternative pathway, as it has been demonstrated that proteins such as OVA can be 

taken up and processed by enterocytes in situ180. Intestinal epithelial cell lines can also 

process apically absorbed antigen in vitro and even present it on their basal surface in the 

context of MHC class-II-molecules to CD4+ T cells181. As enterocytes are MHC class-II-

positive in most species, but normally do not express the costimulatory molecules that are 

required for full T-cell activation182, they are in fact good candidates for functioning as 

tolerogenic APC in vivo. Presentation of antigen by enterocytes to adjacent CD4+ T cells 

could well explain the induction of local tolerance, however, naive CD4+ T cells are very rare 

within the compartment of the LP and, additionally, LP-T cells have been described not to 

migrate out of the gut183. Therefore, this mechanisms alone cannot explain the systemic 

manifestation of tolerance which is a defining feature of oral tolerance. 

The role of LP-DC in the uptake and delivery of intestinal antigens to the MLN  

Instead of being presented on the basal surface of enterocytes, transcytosed intestinal 

antigens can also be handed over to professional APC of the LP such as macrophages or 

DC. In fact, the LP contains very large numbers of DC, which are ideally situated to pick up 

any antigenic material that is transported through the epithelial cell layer via transcytosis, a 

route of uptake of luminal antigens that has been largely ignored for a long time98. Whereas 

observations pointing towards a potentially tolerogenic function of LP-DC have already been 

reported some years ago184,185, only recently details of the properties of different LP-DC 

subsets are beginning to be unravelled186-188. Interestingly, LP-DC (at least those residing in 
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the illeum) were shown, under certain circumstances, to migrate into the epithelial cell layer 

or to extend dendrites into the intestinal luminal space by intercalating between epithelial 

cells90-92. In order not to disturb the vital integrity of the intestinal epithelium in the process, 

the DC seem to express epithelial tight junction proteins while accessing the gut lumen90.

Although all of these studies focused on the sampling of primarily pathogenic bacteria by LP-

DC, this mechanism of direct access to the gut lumen might in fact represent a further 

pathway by which also soluble antigens involved in the induction of oral tolerance could be 

transported across the epitheliel barrier. 

Antigen-carrying DC have been shown to constitutively traffic from the LP through 

afferent lymphatics towards the draining MLN124 and, in some cases, to carry apoptotic 

enterocytes122, which would provide a way for luminal antigens that were internalized but not 

trancytosed by intestinal epithelial cells to gain access to naive T cells in the MLN. 

Importantly, the in vivo expansion of DC-populations by application of Flt3L (FMS-like 

tyrosine kinase 3 ligand) leads to an enhancement of oral tolerance189, indicating that the 

transport of intestinal antigens by LP-DC to the MLN might in fact represent a key event in 

the induction of oral tolerance. 

As mentioned above, the MLN is unique among SLO as it receives afferent lymph not 

only from non-lymphoid peripheral tissues (i.e. the LP of the small intestine) but also from the 

PP. Therefore, one of the most contentious issues concerning the role of the MLN in the 

induction of oral tolerance is how and where antigen-specific T cells, proliferating in the MLN, 

have actually encountered their cognate antigen for the first time after its oral application98.

Observations from PP-null mice (see above) have challenged the idea that these T cells 

migrate to the MLN only subsequent to their initial antigen encounter and activation in the 

PP. Instead, it seems more likely that the actual presentation of orally applied antigens to 

naïve T cells occurs in the MLN themselves, due to antigen that is brought there possibly by 

DC trafficking to the MLN. Again, the origin of these DC migrating to the MLN might rather be 

the LP than the PP186,187.

Especially if high doses of soluble antigen are given, it may also be possible that free 

soluble antigen, after reaching the LP, is transported within the afferent lymph into the 

draining MLN and subsequently captured and presented by resident DC to T cells, thereby 

contributing to the induction of oral tolerance. Conversely, lower doses of proteins and other 

forms of antigen, such as particles or invasive organisms, might be more likely to be taken up 

only by specialized APC in the local environment of the gut wall after oral application. 

The ‘first pass’ effect – tolerogenic properties of the liver 

Alternatively, having passed through the intestinal epithelial barrier into the LP, free soluble 

antigen might also be absorbed into blood capillaries and proceed via the portal vein to the 
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liver. Indeed, this ‘first-pass’ of intestinal blood through the liver could contribute to oral 

tolerance induction, as early experiment in rats have shown that surgical diversion of the 

portal vein by applying a portal-caval shunt seems to abrogate tolerance131. Additionally, 

there are numerous reports showing a role for the liver in the induction of tolerance to 

allogenic tissue grafts136-138, and mouse models indicate the possible involvement of liver 

NK1.1+ T cells in this mechanism of portal transplant tolerance190. Furthermore, the liver 

contains unusual populations of ‘regulatory’ T cells135,139,140, and injection of antigen directly 

into the portal vein produces a state of systemic tolerance not unlike that found after feeding 

antigen98. In fact, there is some evidence that the liver might be required for the induction of 

oral tolerance itself132, although an opposite result was obtained in an earlier study191.

The controversial role of the systemic dissemination of dietary antigens 

After its ‘first pass’ through the liver, soluble antigen could disseminate systemically within 

the blood circulation and indeed, at least small amounts of intact antigen are detectable after 

oral application in the serum of mice and humans192,193. Although the systemic consequences 

of oral tolerance could possibly be explained by an ultimate spread of orally applied antigens 

throughout the mucosal and peripheral immune systems98, it is not clear if intact antigenic 

motifs of fed proteins regularly gain access to and are presented in SLO of the systemic 

compartment such as PLN, thus becoming immunologically relevant for the induction of oral 

tolerance. There have been reports suggesting an involvement of the systemic compartment 

of the immune system in the induction of oral tolerance including PLN126-130 and the spleen194,

however most of these studies were based on adoptive transfer models using the antigen-

specific proliferation of transgenic T cells as a readout for presentation of orally applied 

antigen within a certain compartment, not taking into account the inevitable recirculation of 

lymphocytes after their activation2. Thus, the observed presence of proliferated antigen-

specific transgenic T cells within PLN after feeding of the model antigen130 is not sufficient to 

prove that immunologically relevant antigen presentation and induction of antigen-specific 

proliferation actually leading to the induction of oral tolerance have taken place in the 

systemic compartment of the immune system, as such an observation could also be 

explained by the recirculation of proliferating T cells that were in fact activated in a different 

compartment but subsequently redistributed into basically all SLO of the organism. 

In an attempt to try and clarify this controversy, we revisited basic questions of oral 

tolerance induction using different surgical approaches including small intestinal transplan-

tation and mesenteric lymphadenectomy in combination with adoptive transfer models and 

the immunomodulatory drug FTY720. We specifically concentrated on the early events of 

transport and presentation of orally applied antigen in order to analyze in detail in which 

compartments the induction of oral tolerance is effectively taking place. 



Results and Discussion  31 

The initial presentation of orally applied antigen is confined to the intestinal immune system 

After administration of FTY720, an immunomodulatory drug that is currently tested in clinical 

trials as an alternative to e.g. cyclosporin A for the immunosuppressive treatment after organ 

transplantation, the egress of lymphocytes from SLO and the thymus is completely 

inhibited195,196, and any lymphocyte is effectively ‘trapped’ inside the compartment in which it 

was present when the FTY720-treatment started. Utilizing this pharmacologically induced 

block of lymphocyte recirculation, we demonstrated that the initial presentation of orally 

administered antigens is clearly confined to sites of the intestinal immune system. Whereas 

3-4 days after feeding of OVA to otherwise non-treated animals proliferating OVA-specific 

transgenic T cells were observed to be abundantly present not only in PP and the MLN but 

also in PLN and the spleen (as previously described by others, see above), the prior 

administration of FTY720 resulted in a completely different picture: Proliferation of OVA-

specific T lymphocytes was now only observed in PP and the MLN, whereas no proliferated 

cells could be detected in peripheral sites throughout the whole observation period of 8 days 

following the oral application of OVA. On the other hand, the induction of oral tolerance was 

completely normal in animals treated with FTY720 during the tolerization period as they 

exhibited the same reduction of ear swelling in DTH-(delayed-type hypersensitivity)- 

experiments as non-FTY720-treated tolerized controls. This is quite remarkable taking into 

account that we used a high-dose tolerization regimen, feeding multiple doses of 200 mg 

OVA, which is conventionally associated with clonal deletion and anergy as the primary 

mechanisms of tolerance induction109,114,115,117. However, because of the sustained FTY720-

induced block of lymphocyte recirculation throughout the whole tolerization period, and given 

the fact that the immunologically relevant presentation of orally applied antigen was restricted 

to the intestinal immune system (see above), it is difficult to imagine how OVA-reactive T 

cells that happened to be ‘trapped’ e.g. in PLN and the spleen at this time could have been 

successfully anergized or deleted. Therefore, although a regimen of high-dose tolerization 

was applied, during the phase of local antigen presentation within the MLN the induction of 

Treg might have occurred, that could have subsequently distributed throughout the organism, 

mediating systemic tolerance after the FTY720-treatment was withdrawn later in the 

experiment. 

Immunologically relevant intestinal antigens reach the MLN via the afferent lymphatics 

To validate these results using a completely different experimental approach, we performed 

small bowel transplantations into congenic recipients, by this means generating mice 

harboring two small intestines and two MLN compartments. Both ends of the grafted intestine 

were exteriorized as stomata to allow the exit of residually produced mucus while the grafted 
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MLN retained their original lymphatic connection to the graft small intestine and were 

connected to the blood supply of the host. This resulted in the highly unique situation of two 

sets of MLN existing within the same animal, mutually exclusively receiving lymph from two 

different small intestines via the afferent lymphatics, while at the same time having shared 

access to the blood circulation of the host. Therefore, by feeding OVA by gavage only into 

the host gastrointestinal tract and subsequently analyzing the proliferation of adoptively 

transferred OVA-specific transgenic T cells within both MLN, this transplant model allowed us 

to directly evaluate the relative contributions of the different pathways of antigen delivery. 

Interestingly, after feeding a high dose of OVA, proliferation was observed only in the host 

PP and MLN, but not in the PP and MLN of the grafted small intestine. 

Figure 8. Schematic overview illustrating our current model of the induction phase of oral tolerance. After luminal 

antigens such as food proteins (green) have crossed the intestinal epithelium gaining access to the LP, they are 

taken up by DC (pink) and transported towards the draining MLN via afferent lymphatic vessels. This trafficking of 

antigen-carrying LP-DC under non-inflammatory steady-state conditions is CCR7-dependent. Within MLN, 

recognition of cognate antigen by T cells (cyan) leads to their activation and proliferation, most probably giving 

rise to the generation of Treg that can subsequently leave the MLN via efferent lymphatics and distribute within the 

organism, thereby mediating the systemic tolerance characteristic for oral tolerance induction. Although some 

initial proliferation of T cells is also observed in PP after oral administration of antigen, they most probably do not 

play a significant role in the uptake and transport of food proteins or as an inductive site of oral tolerance. 
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This strongly indicates that, although intact food protein might have reached the blood, its 

presence within the circulation was obviously not sufficient to induce T cell activation within 

the distal MLN of the graft, even though they were identical to the host MLN regarding factors 

such as morphology and cytokine milieu. We conclude that the direct transport of orally 

applied protein antigen to the MLN via the afferent lymphatics is obviously a prerequisite for 

this antigen to become immunologically relevant and to induce the antigen-specific activation 

and proliferation of T cells within this organ (Figure 8). 

The CCR7-dependent carriage of intestinal antigens to the MLN represents a key event in 

the induction of oral tolerance 

In order to analyze the relevance of this pathway of antigen transport for the functional 

induction of oral tolerance, we performed DTH-experiments in mice that underwent 

mesenteric lymphadenectomy after the feeding of tolerizing doses of OVA. Importantly, as 

the generation of Treg had been described as a major mechanism of oral tolerance 

induction110-113, the animals were additionally treated with FTY720 during the tolerization 

period until undergoing surgery. Thereby, any ‘tolerizing potential’ of Treg that had possibly 

been generated within the MLN by feeding of OVA would be ‘contained’ within this organ 

because of the FTY720-mediated block of lymphocyte egress and subsequently eliminated 

due to the surgical removal of the MLN. Indeed, the mesenteric lymphadenectomy resulted in 

the abrogation of (potentially already established) oral tolerance, demonstrating the crucial 

importance of the MLN as the primary induction site of oral tolerance. 

Furthermore, we aimed to address the relative contributions of cell-bound trafficking of 

orally applied protein antigen vs. passive transport of free soluble protein within the lymph 

draining from the gut via afferent lymphatics to the MLN. Therefore, we repeated the 

adoptive transfer experiments with CCR7-deficient animals as well as with plt/plt mice, that 

lack the expression of the CCR7-ligands CCL19 and CCL21 in lymphoid tissues, in both 

cases observing a substantially reduced T cell proliferation in the MLN after oral application 

of antigen. For both of these mouse strains, the trafficking of DC from the skin towards 

draining PLN had been reported to be defective32,33,56 and we also observed substantially 

reduced numbers of DC within the MLN of these animals compared to wild type mice, 

whereas DC within the LP seemed to be present in normal numbers. We therefore concluded 

that the CCR7-dependent cell-bound transport of orally applied antigens towards the MLN, 

most probably by trafficking of CCR7-expressing DC, is substantially contributing to the total 

delivery of immunologically relevant protein antigens to the MLN, whereas the passive 

transport of free soluble protein with the lymph fluid only seems to play a minor role. 

Importantly, as it was also not possible to tolerize CCR7-deficient mice by oral application of 

OVA in our DTH-model, this CCR7-dependent cell-bound transport of intestinal antigens to 
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the MLN seems to represent a key event in the process of functional oral tolerance induction 

(Figure 8). 

In the light of these findings, the MLN appear to reside at a pivotal position of immune 

anatomy, confining the presentation of intestinal antigens to the respective compartment of 

the immune system and at the same time acting as a crossover point between the intestinal 

and the systemic compartments of the immune system, elegantly explaining the unique local 

and systemic effects observed in oral tolerance197.

3.3 Analysis of the intranodal migration behavior of T lymphocytes by intravital 

two-photon laser-scanning microscopy 

3.3.1 Establishment of the experimental setup for intravital imaging by two-photon 

laser-scanning microscopy 

While two-photon laser-scanning microscopy provides the physical basis for the imaging of 

immune cells deep within intact LN, applying this technique to the time-lapse imaging of cell 

dynamics in living animals requires additional effort7,150. Anesthetized mice exhibit an 

ongoing strong movement of the thorax due to breathing which consequently leads to 

rhythmic pulsing movements in effectively all parts of the animal. Therefore, the microscopic 

imaging of a LN over time without constraining the correponding part of the animal is 

derogated by movement artefacts resulting in severe ‘shaking’ of the time-lapse movies. On 

the other hand, it is of utmost importance to preserve the correct physiological environment 

of the imaged organ especially in respect to unhindered blood supply and lymph flow towards 

and from the LN10,150,198. An effective fixation of the tissue directly surrounding the imaged 

LN, however, often leads to the abrogation of these vital features considerably impairing the 

physiological situation. 

The solution to this problem came with a change of the experimental setup from the 

inguinal LN, initially used in most intravital imaging studies, to the popliteal LN198. The 

inguinal LN are localized at the lower flanks of the animal and therefore directly influenced by 

the strong thorax movements and very difficult to constrain without substantially impairing the 

function of blood and lymph vessels. In contrast, the popliteal LN are positioned at the dorsal 

side of the knee joints of the mouse. It is therefore possible to constrain the complete hind 

leg by attaching a special fixation clamp at the superior end of the os femur without affecting 

blood or lymph supply of the corresponding popliteal LN at all. As it is residing in a superficial 

position, almost directly below the skin, the popliteal LN can be carefully prepared free of 

overlying adipose and connective tissue by microsurgery, sparing blood and lymph vessels in 

the process. 
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Figure 9. Experimental setup for the intravital imaging of the popliteal LN by two-photon laser-scanning 

microscopy. Left panel: Positioning of the anesthetized mouse on the preparation stage, the fixation clamp 

attaching at the right os femur is not shown. The micro-thermistor is placed directly adjacent to the popliteal LN to 

monitor the local temperature which is maintained at 36.5 ± 1 °C by the electronic heating control. The heating 

coil is attached to the upper side of a small glass cover slip which is positioned by means of a micromanipulator to 

slightly touch the upper tip of the popliteal LN further reducing movements of the LN due to the breathing of the 

mouse. Upper right panel: Overview of the instrumental setup of the upright two-photon laser-scanning 

microscope. A MaiTai Broadband pulsed infrared (IR)-‘femtosecond’-laser source (Spectra Physics) is used for 

excitation, ‘blanking’ of the laser beam is controlled by the EOM (electro-optical-modulator)-device. Lower right 

panel: Vertical section showing the actual site of imaging in higher magnification. An Olympus 20x NA 0.95 water 

immersion objective is used for two-photon imaging. Note that the main blood vessels, forming the so-called hilus, 

are attached to the interior side of the popliteal LN. They are therefore save from damage during the microsurgical 

preparation procedure whereas special care has to be taken to spare the small colorless afferent lymph vessels of 

the popliteal LN passing through the surrounding adipose tissue. 

To further ensure a physiological environment, the popliteal LN is submerged in normal 

saline and covered with a glass cover slip which is positioned with the help of a micro-

manipulator and serves as an additional measure to minimize microscopic movements of the 

LN during imaging. An electronic heating control together with a micro-thermistor placed 

directly adjacent to the LN and an inductive heating coil is used to maintain a constant local 

temperature of 36.5 ± 1 °C at all times (for a schematic overview of the experimental setup, 

see figure 9). In the end of 2004, I was allowed to learn this complex preparation technique, 

as well as the basics of two-photon laser-scanning microscopy, from Dr. Thorsten Mempel 

during a lab internship at the von Andrian lab of the CBR Institute for Biomedical Research in 
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Boston, and subsequently went on to try and establish this new method of intravital imaging 

at the Institute of Immunology of Hannover Medical School. In a first step, a custom-built 

preparation stage on which the anesthetized animal is placed and restrained during 

microsurgery and imaging was constructed representing a modified version of the original 

one built by Dr. Thorsten Mempel. Again with the help of the workshops of the MHH, the 

existing LEICA upright confocal microscope had to be equipped with a completely new 

height-adjustable microscope stage to provide the space necessary to place the rather bulky 

preparation setup under the objective. Finally, to address the problem of temperature control, 

we again chose a solution differing from the original setup, constructing a custom-designed 

fully automated electronic heating control (see above). 

To resolve the dynamics of fast-moving immune cells such as naïve T lymphocytes with 

an adequate temporal resolution, time-lapse movies with intervals of either 15 or 20 seconds 

were generated. As T cells within intact LN of living animals effectively move in a 3D-

environment covering quite large volumes in the process, it is impossible to correctly analyze 

and describe their migration behavior using singular two-dimensional xy-image slices. 

Instead, at each time-point of the time-lapse imaging, a so-called ‘z-stack’ of adjacent xy-

image planes with a spacing of 4-4.5 μm was acquired, allowing the reconstruction of the 

three-dimensional imaging volume. Of course, the resulting resolution in z-direction is much 

lower than the resolution in the xy-plane. 

These large 3D-time lapse-movies were subsequently analyzed using a specialized 

software package – IMARIS (Bitplane) – to track the movement of individual cells migrating 

within the imaging volume. Therefore, the software searches in a first step of ‘spot detection’ 

for local maxima of fluorescence intensity to generate the ‘spot’ representation of each single 

cell at all time points of a time lapse data set. In a second step, IMARIS applies different 

algorithms calculating for each ‘spot’ the most probable ‘neighbor’ in the following time frame 

which is then defined as the new position of the same cell. Thereby, a set of ‘tracks’ is 

generated in a semi-automated way that should ideally represent the exact paths travelled by 

the cells within the imaging volume. For a quantitative analysis of cell movements, IMARIS 

automatically calculates a number of motility parameters such as instantaneous 3D velocity 

(i.e. separate velocity values calculated for each frame of the time lapse movie), average 

track speed (velocity of a cell averaged for the complete track length), track duration, track 

length and track displacement (absolute spatial distance between the first and the last cell 

position of a given track). Further quantitative parameters, e.g. the motility coefficient, 

representing the propensity of a cell to move away from its initial position151,199, or the 

distribution of turning angles, characterizing the straightness of cellular movement10,152, were 

calculated with SciLab 4.0, a freeware alternative to Mathlab. 
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For this purpose, a set of SciLab-macros was programmed to allow the calculation of these 

advanced motility parameters based on the raw data of ‘spot’ positions previously exported 

from IMARIS. 

3.3.2 CCR7 ligands stimulate the intranodal motility of T lymphocytes in vivo

Worbs T, Mempel TR, Bölter J, von Andrian UH, Förster R. CCR7-ligands stimulate the intranodal motility of T 

lymphocytes in vivo. Resubmitted.

Once the development of two-photon laser-scanning microscopy allowed the direct 

visualization of the dynamics of lymphocyte migration deep within the tissue of intact LN, the 

‘mode’ of intranodal T cell movement quickly became a main focus of research7,151. A number 

of chemokines had been demonstrated to exert strong chemotactic effects on naïve 

lymphocytes in vitro47,49,50,200, and in particular the expression of CCL19 and CCL21, the two 

ligands of CCR7, had been detected on cells within the paracortical T cell area, including 

resident DC44,46,50. Consequently, it was of substantial interest to find out if these chemokines 

functioned also in vivo, within the physiological environment of the LN, as chemotactical 

cues, guiding naïve T cells in a mode of directional migration along gradients of CCR7-

ligands towards (potentially chemokine-producing) DC. However, initial studies imaging 

naïve T lymphocytes in intact LN by two-photon microscopy did not reveal any evidence for 

such a directional movement of naïve T cells inside LN and instead established the ‘random 

walk’ model of intranodal T cell migration8,156. According to this model, naïve T cells seem to 

scan the DC repertoire present within the paracortical T cell area in a series of non-

directional jumps, making the encounter of a T cell with a DC presenting cognate antigen 

effectively a stochastic event151. The same ‘random walk’ movement behavior was also 

observed for naïve B lymphocytes156, whereas evidence for directional movement, possibly 

representing chemotaxis in response to chemokine gradients, was provided by various two-

photon laser-scanning microscopy studies analyzing non-naïve cell populations. In 2005, Witt 

et al. reported a rapid directional movement of positively selected thymocytes towards the 

medulla of intact explanted thymi, speculating that CCR7-signalling could be chemotactically 

regulating this intrathymic migration166. CCR7-dependent chemotaxis of antigen-engaged B 

lymphocytes towards the T cell zone was shown to occur along a gradient of the CCR7-

ligand CC21 by Okada and coworkers52. Very recently, Castellino and colleagues published 

a study demonstrating the recruitment of naïve CD8-positive T lymphocytes to sites of 

antigen-specific CD4+ T cell-DC interactions163. This recruitment was found to be indepen-

dent of specific antigen recognition by the naïve CD8+ T cells and seemed to involve their 

directional migration towards the CCR5-ligands CCL3 (MIP-1 ) and CCL4 (MIP-1 ). 



Results and Discussion  38 

Despite these and other substantial advances in the field of intravital two-photon laser-

scanning microscopy during the last few years, especially regarding the interaction dynamics 

of T lymphocytes and DC during priming and tolerance induction (see also 2.4), very basic 

questions concerning the movement behavior of immune cells within SLO still await 

elucidation. In particular, it is still largely unknown what factors control the basal intranodal 

motility of naïve T lymphocytes while they scan the paracortical T cell zone for cognate 

antigen in a mode of apparent ‘random walk’ migration. During the analysis of T cell-DC 

interactions in 3D collagen gel matrices, a greatly enhanced baseline T cell motility was 

observed once DC were present either in the gel matrix itself or in the adjacent fluid phase 

containing culture supernatant201. The authors therefore speculated that soluble factors 

produced by the DC could have been responsible for the enhanced T cell motility and 

suggested DC-derived migration-enhancing CC-chemokines as possible candidates. Further 

in vitro studies by Kaiser et al. indicated that DC-derived CCL19 might have a positive effect 

on the scanning behavior of naïve T cells202 and, very recently, Irvine and coworkers reported 

the chemokines CCL19 and CCL21 to induce long-lived chemokinesis in the absence of 

concentration gradients in CD4+ T cells migrating on several adhesion ligands (ICAM-1, 

VCAM-1 and fibronectin substrates) in vitro203.

To directly address the question whether CCR7-signalling affects the intranodal motility 

of naïve T lymphocytes, we used intravital two-photon laser-scanning microscopy, 

performing a detailed analysis of the migration behavior of adoptively transferred naïve CD4-

positive T lymphocytes within different regions of the popliteal LN. In superficial areas of the 

LN cortex of wild type recipients, the transferred CD4+ T cells exhibited a very low overall 

motility which is reminiscent of earlier reports by Germain and coworkers that suggested a 

correlation between T cell motility and distance to the LN surface149. The histological obser-

vation that the CCR7-ligands CCL19 and CCL21 are highly expressed within the deeper 

paracortical T cell zone, but virtually absent in superficial LN regions fostered the hypothesis 

that in fact the lack of CCR7-signals could possibly explain the low T cell motility. 

To test this hypothesis, we artificially reverted the distribution of CCR7-ligands within 

the LN by subcutaneous injection of a large dose of recombinant CCL19 into the hind foot 

pad. As indicated by co-injection of a fluorescent tracer substance, the bolus of exogenous 

chemokine reached the subcapsular sinus (SCS) of the draining popliteal LN via the afferent 

lymphatics within minutes, leading to very high concentrations of CCL19 in the SCS. In wild 

type as well as in plt/plt recipients, which completely lack the expression of CCL19 and 

CCL21 within lymphoid tissues, this treatment resulted in the rapid accumulation of T cells 

within the SCS exhibiting very high velocities, demonstrating that the presence of exogenous 

CCR7-ligands in the subcapsular region of the LN is sufficient to allow for a high T cell 

motility. Interestingly, the delivery of chemokines via the afferent lymph had been 
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hypothesized to contribute to the chemokine milieu of the draining lymph node, possibly 

leading to the recruitment of different leukocyte subsets38. This aptly termed ‘remote control’ 

mechanism would primarily act by delivering molecules such as chemokines via the reticular 

fiber conduit network directly to the HEV where, after translocation to the luminal side, 

chemokines could trigger the adhesion of circulating leukocytes. Thus, it is not clear whether 

chemokines generated in the periphery and transported to the draining LN with the afferent 

lymph might also play a significant role for the intranodal lymphocyte movement behavior as 

observed in our model system either during steady state or in the context of inflammation. 

The recruitment of highly motile T lymphocytes into the SCS observed after the 

subcutaneous injection of a high (and therefore probably non-physiological) dose of CCL19 

is an interesting observation, but one can currently only speculate on a possible biological 

significance of this mechanism under physiological conditions. On the other hand, an 

increased CCL21 production had been observed on lymphatic endothelium in the skin during 

inflammation which might subsequently result in increased CCL21 levels in the SCS of the 

draining LN55.

Notably, we regularly did not observe larger numbers of cells migrating from the outer 

cortical parenchyma directly towards and into the SCS during our imaging. This observation 

might possibly be explained by findings of Gretz and colleagues, indicating that lymph-borne 

molecules are channelled from the SCS to the paracortex via conduits of the reticular fiber 

network and may therefore not be directly accessible to T cells in superficial regions adjacent 

to the SCS204. In their experiments, small molecules such as chemokines were largely 

excluded from directly entering the superficial cortical parenchyma. Arriving in the SCS via 

afferent lymphatics, lymph-borne molecules instead mainly drained into the reticular fiber 

conduit network and into the medullary sinuses leading towards the efferent lymphatics. 

Therefore, cortical T cells positioned close to the SCS might have not been able to ‘sense’ a 

significant CCL19-gradient after the subcutaneous injection of chemokine in our experiments. 

Instead, T cells seemed to enter the SCS only in certain regions of the LN, obviously not 

accessible to our imaging, and subsequently migrated primarily inside the SCS. Although not 

proven, a possible explanation would be the recruitment of medullary T cells or the 

preferential entry of cortical T cells located in the vicinity of the medullary sinuses with 

subsequent retrograde migration of cells inside the SCS. 

Imaging transferred CD4-positive T lymphocytes in the deeper paracortical T cell zone, 

we observed a significant reduction of the average cell velocity (by approximately 33%) as 

well as of the motility coefficient (by approximately 55%), a motility parameter indicating the 

propensity of a cell to move away from its initial starting position, once CCR7 or its ligands 

were missing. Especially the substantial reduction of the motility coefficient is of importance, 

as it effectively represents the volume of the paracortical T cell zone that a T lymphocyte can 
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‘sweep’ during its ‘random walk’ migration in search for cognate antigen. Thus, it seems 

possible that a reduced ‘scanning performance’, in addition to the already known homing 

defects32,33, could contribute to the delayed and in some cases impaired immune responses 

observed in CCR7-deficient animals. 

The observed motility reduction compared to the wild type situation was essentially the 

same for CCR7-deficient CD4+ T cells adoptively transferred into wild type recipients as well 

as for wild type T lymphocytes transferred into plt/plt recipients. However, in both scenarios 

also the homing of the adoptively transferred T cells into LN – preceding the actual intravital 

imaging experiment – could have been affected by the lack of CCR7-signalling. Therefore, 

the selective enrichment of (non-naïve) T cell subsets capable of a CCR7-independent 

immigration into PLN – such as central memory T cells (TCM) for which a CXCL12-mediated 

homing into LN had been described205 – might have resulted in a biased motility analysis. To 

exclude this possibility, we repeated the experiment, transferring highly purified FACS-sorted 

CD4+CD44low naïve T cells from wild type and CCR7-deficient donors into wild type 

recipients. Again, we observed the same reduction of T cell motility in the absence of CCR7-

signalling. Finally, we tried to rescue the motility reduction of CD4-positive wild type T 

lymphocytes transferred to plt/plt recipients during the actual intravital imaging by systemic 

application of a large dose of recombinant CCL21. Indeed, within a time period of 2.5 hours 

following the intravenous injection of the CCR7-ligand, the velocity and motility coefficient of 

wild type T cells migrating within the plt/plt T cell zone increased continuously, eventually 

reaching the motility parameters of the wild type situation. 

Importantly, our analysis of various other motility parameters, such as turning angle 

distribution and track straightness, did not reveal any significant contribution of CCR7-

signalling to the overall directionality of intranodal T cell movement: The migration of trans-

ferred T lymphocytes was found to closely resemble the ‘random walk’ behavior initially 

described by Miller et al., irrespective of the presence or absence of CCR7-signalling156.

Furthermore, the motility parameters calculated for the wild type situation are in good 

agreement with data of existing two-photon microscopy studies imaging in situ and explanted 

LN8,52,160,161. In summary, we have identified CCR7 and its ligands as important chemokinetic 

stimulators of intranodal T cell velocity, potentially contributing to the efficient scanning of 

resident DC presenting rare cognate antigen. However, we could not distinguish in our 

experimental setup between a chemokinetic effect of soluble CCR7-ligands or a possible 

haptotactic mechanism involving immobilized CCR7-ligands being presented on the surface 

of stromal cells within the paracortical T cell zone, as both mechanims could effectively result 

in an apparent ‘random walk’ migration of highly motile T lymphocytes.

Very recently, Germain and coworkers have addressed a similar question, reporting 

naïve T as well as B lymphocytes to indeed preferentially ‘crawl’ along the surface of different 
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stromal cell subsets206. Whereas T cells migrated along the collagen fiber-ensheathing cells 

of the fibroblastic reticular network, present almost exclusively within the interfollicular and 

paracortical areas of the T cell zone, B cells obviously used FDC, which represent a highly 

specialized subset of fibroblastic reticular cells residing exclusively in the B cell follicles, as 

their primary migration matrix. In both cases, the spiderweb-like appearance of the stromal 

cell network led to the apparent ‘random walk’ movement pattern, observed for naïve T as 

well as B cells in a number of previous studies analyzing the movement of lymphocytes ex

vivo within explanted LN or in situ by intravital microscopy (see above and8,156). Importantly, 

the pronounced preference of T and B lymphocytes for a migration along distinct subsets of 

stromal cells that are localized exclusively in either the T cell zone or the B cell follicles offers 

an elegant explanation for the characteristic subcompartmentalization of LN into clearly 

separated T and B cell areas, altough obviously additional factors (such as chemokines) 

seem to contribute to this functional organization of LN9,32.
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4.2 Abbreviations 

APC antigen-presenting cell 

BLC B lymphocyte chemoattractant 

CCL CC-chemokine ligand 

CCR CC-chemokine receptor 

CD cluster of differentiation 

CP cryptopatches 

CXCL CXC-chemokine ligand 

CXCR CXC-chemokine receptor 

DC dendritic cell 

DTH delayed-type hypersensitivity 

ELC Epstein-Barr virus-induced 

molecule-1 ligand chemokine 

FACS fluorescence-activated cell 

sorting 

FAE follicle-associated epithelium 

FDC follicular dendritic cell 

GALT gut-associated lymphoid tissue 

GPCR G-protein-coupled receptor 

HEV high endothelial venules 

ICAM-1 intercellular adhesion molecule-1 

IEL intraepithelial lymphocytes  

Ig immunoglobulin 

IL interleukin 

ILF isolated lymphoid follicles 

LFA-1 lymphocyte function-associated 

antigen-1 

LN lymph node 

LPS lipopolysaccharide 

LT lymphotoxin 

MAdCAM-1 mucosal vascular addressin cell 

adhesion molecule-1 

MALT mucosal-associated lymphoid 

tissue 

MHC major histocompatibility complex 

MLN mesenteric lymph nodes 

NALT  nasal-associated lymphoid 

tissue 

PAMP pathogen-associated molecular 

pattern

PECAM-1 platelet endothelial cell adhesion 

molecule-1

PLN peripheral lymph node 

PNAd peripheral node addressin 

PP Peyer’s patches 

PSF point spread function 

SDF-1 stromal-derived factor-1 

sIgA secretory immunoglobulin A 

SILT solitary intestinal lymphoid tissue 

SLC secondary lymphoid tissue 

chemokine 

SLO secondary lymphoid organ 

SPF specific pathogen-free 

TCR T cell receptor 

TECK thymus-expressed chemokine 

TCM central memory T (cell) 

TFH follicular B helper T (cell) 

TH helper T (cell) 

Treg regulatory T (cell) 

TLR Toll-like receptor 
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CCR7 ligands stimulate the intranodal 

motility of T lymphocytes in vivo 
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In contrast to lymphocyte homing, little is known about molecular cues controlling the motility 

of lymphocytes within lymphoid organs. Applying intravital two-photon microscopy, we demon-

strate that chemokine receptor CCR7 signaling enhances the intranodal motility of CD4+ T cells. 

Compared to wild-type (WT) cells, the average velocity and mean motility coefficient of adop-

tively transferred CCR7-deficient CD4+ T lymphocytes in T cell areas of WT recipients were re-

duced by 33 and 55%, respectively. Both parameters were comparably reduced for WT T 

lymphocytes migrating in T cell areas of plt/plt mice lacking CCR7 ligands. Importantly, systemic 

application of the CCR7 ligand CCL21 was sufficient to rescue the motility of WT T lymphocytes 

inside T cell areas of plt/plt recipients. Comparing the movement behavior of T cells in subcapsu-

lar areas that are devoid of detectable amounts of CCR7 ligands even in WT mice, we failed to 

reveal any differences between WT and plt/plt recipients. Furthermore, in both WT and plt/plt 
recipients, highly motile T cells rapidly accumulated in the subcapsular region after subcutaneous 

injection of the CCR7 ligand CCL19. Collectively, these data identify CCR7 and its ligands as 

important chemokinetic factors stimulating the basal motility of CD4+ T cells inside lymph nodes 

in vivo. 

Naive T cells constantly recirculate through 

LNs in search of cognate antigen (1). Upon 

encountering antigen in the context of pep-

tide–MHC complexes on the surface of anti-

gen-presenting cells, naive T cells become 

activated, change their movement behavior, 

and start to undergo rapid cell division that 

leads to clonal expansion of T cells specific for 

the antigen recognized (2–4). In an antigen-

inexperienced host, the frequency of naive T 

cells specific for any single given antigen is ex-

tremely low, typically 1 in 105–106 T cells (5). 

Therefore, to allow for an effective induction 

of a primary immune response, it is of utmost 

importance that naive T cells are able to scan 

large areas within LNs to encounter those DCs 

that actually present their cognate antigen. 

Several two-photon microscopy studies 

analyzing intranodal T cell migration in situ or 

after LN explantation (3, 6–8) have estab-

lished a model of naive T cells migrating in a 

mode of random walk while scanning the T 

cell area. However, it remains largely un-

known which factors actually determine the 

intranodal motility of naive T cells. Different 

chemokines, most prominently CCL19 and 

CCL21, are constitutively present in the T 

cell area with corresponding chemokine re-

ceptors expressed on naive T lymphocytes (9, 

10). Therefore, it seems possible that 

chemokines act as modulators of the basal 

motility level of naive T cells. The key func-

tions of CCR7 for the homing of B and T 

lymphocytes (10, 11) and DCs (12) to LNs, 

the positioning of activated B and T cells 

within LNs (13, 14), and the chemotaxis of 

activated B cells (15) and thymocytes (16) are 

well established. Furthermore, recent studies 

have suggested a chemokinetic effect of 

CCR7 ligands on naive T cells in vitro (17, 

18); however, it is still unclear whether 

CCR7 signaling affects the intranodal motility 

of naive T lymphocytes in vivo. 

In this study, we provide a detailed analy-

sis of the role of CCR7 signaling for the mo-

tility of CD4+ T cells inside the popliteal LNs 

(pLNs) of living animals by intravital two-

photon laser-scanning microscopy. We iden-

tify CCR7 and its ligands as 
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 important chemokinetic factors stimulating the basal motil-

ity of naive CD4+ T cells inside the T cell area, potentially 

contributing to the effective scanning of resident DCs for 

cognate antigen. 

RESULTS AND DISCUSSION 
To directly address whether CCR7 signaling affects the 

intranodal motility of naive T lymphocytes, we used intravi-

tal two-photon laser-scanning microscopy of the pLNs of 

anesthetized mice as described previously (3), imaging the 

movement of CD4+ T cells in different LN regions. Be-

tween 24 and 48 h after adoptive i.v. transfer of TAMRA-

labeled WT CD4+ T cells, WT recipients were anesthetized 

and the pLN was micro-surgically prepared for intravital 

imaging. Only very few transferred T cells were present in 

the subcapsular region of the LN, displaying a considerably 

lower average velocity (6.4 μm/min; Fig. 1 C, leftmost 

panel) than described for T cells in the paracortical T cell 

zone (10–15 μm/min) (4, 6, 15, 19, 20). This is reminiscent 

of earlier reports by Huang et al. (21) suggesting a correla-

tion between T cell motility and distance to the LN surface. 

As shown in Fig. 1 A, CCR7 ligands are abundantly present 

in the paracortical T cell area but completely absent in the 

subcapsular region of WT LNs, fostering the idea that ab-

sence of CCR7 ligands might cause a lower overall T cell 

motility. To test this hypothesis, we artificially altered the 

regular distribution of CCR7 ligands within the pLNs by 

s.c. injection of 1 μg CCL19 together with FITC-labeled 

dextran of 150 kD as a tracer into the right hind footpad. 

Approximately 5 min after injection, the first TAMRA-

labeled WT T cells were visibly migrating inside the sub-

capsular sinus (SCS), and within the next 15 min, this sinus 

was filled with highly motile TAMRA-labeled T cells (Fig. 

1 B and Video S1, which is available at http:// www. jem. 

org/ cgi/ content/ full/ jem. 20061706/ DC1).  In addition to 

the adoptively transferred T cells, numerous nonlabeled host 

cells, visible as black “shadows” inside the green field of 

fluorescence elicited by the FITC-dextran, migrated inside 

the SCS. We could not identify the exact “route of entry” 

of these cells in our imaging setup; however, we can ex-

clude a recruitment into the SCS via afferent lymphatics 

(Video S2). We therefore speculate that under the chemo-

tactic influence of high CCL19 concentrations inside the 

SCS, WT cells are possibly recruited into the SCS via the 

medullary sinus by retrograde migration. When, on the 

other hand, CCR7−/− CD4+ T cells had been transferred 

into WT recipients, the s.c. injection of CCL19 failed to 

induce mobilization of TAMRA-labeled CCR7−/− cells 

into the SCS, whereas unlabeled endogenous WT cells 

were amply present in this area (Fig. 1 B and Video S3). 

To quantitatively characterize this CCR7-mediated cell 

Figure 1. Analysis of CD4+ T cell motility in the subcapsular region 
of the pLNs before and after injection of CCL19 into the footpad. (A) 

Cryosection of a WT pLN stained for CCL19 plus CCL21 (red). FITC channel 

tissue autofluorescence (green) illustrates the outline of the LN capsule. 

Note the absence of CCR7 ligands in the subcapsular region (white arrow 

head). White frames indicate the positions of typical imaging volumes (270 

× 270 × 40 μm) for the SCS region (frame 1; 20–60 μm below capsule) 

and T cell area (frame 2; 140–180 μm below capsule). Bar, 100 μm. (B) 

TAMRA-labeled WT or CCR7-deficient (CCR7−/−) CD4+ T cells were adop-

tively transferred into WT recipients. The subcapsular region of the pLN 

was imaged by intravital microscopy after injection of 1 μg CCL19 into the 

footpad together with FITC-labeled dextran as a tracer to highlight the SCS 

(green area). Screenshots of two representative movies are shown (see also 

Videos S1 and S3). Bar, 50 μm. Within 20 min after injection of CCL19, 

large numbers of highly motile TAMRA-labeled WT CD4+ T cells accumulate 

in the SCS (white arrow heads; Video S1). In contrast, TAMRA-labeled 

CCR7−/− CD4+ T cells do not migrate toward high concentrations of ex-

ogenous CCL19 (Video S3). Note that in both cases numerous nonlabeled 

WT host cells, visible as black “shadows” in the surrounding FITC-labeled 

dextran, migrate into the SCS (white arrows in 4× magnification; Video S1 

and S3). (C) TAMRA-labeled WT CD4+ T cells were adoptively transferred 

into WT or plt/plt (plt) recipients and the subcapsular region of the pLN 

was imaged by intravital microscopy before (−) or after (+) injection of 1 

μg CCL19 into the footpad. Circles represent average cell velocities of 

individual cells, and white bars  

indicate median values. Graphs summarize collective data of all experi-

ments performed (at least three independent experiments for each setup). 

After injection of CCL19, the median of average cell velocities of WT CD4+

T cells is equally increased by a factor of 2.6 in WT and plt recipients. 
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motility in the SCS, we imaged different parts of the 

subcapsular region of the pLN at depths of ?20–60 μm in 

WT as well as in plt/plt (plt) recipients, with the latter com-

pletely lacking intranodal CCR7 ligands. Although the few 

WT CD4+ T cells present under physiological conditions in 

the subcapsular area of the pLN exhibited equally low 

average velocities in both recipients (WT, 6.4 μm/min; plt, 

5.4 μm/min; Fig. 1 C), we observed a dramatic increase in 

the motility of WT donor T cells in the SCS region in the 

presence of exogenous CCL19. Importantly, this holds true 

for WT as well as for plt recipients, as the median of the 

average cell velocities equally increased by a factor of 2.6 

(from 6.4 to 16.6 μm/min in WT, and from 5.4 to 14.0 

μm/min in plt recipients; Fig. 1 C). These results demon-

strate that the basic migration behavior of adoptively trans-

ferred WT T cells is comparable in superficial LN areas of 

WT and plt recipients and seems to be influenced by the 

presence or absence of CCR7 ligands in a given region of 

the organ. 

To further elucidate the importance of CCR7 signaling 

for the intranodal motility of CD4+ T cells, we subse-

quently analyzed the LN compartment in which CCR7 

Figure 2. Quantitative analysis of CD4+ T lymphocyte movement 
behavior in the T cell zone. TAMRA-labeled WT or CCR7-deficient 

(CCR7−/−) CD4+ T cells were adoptively transferred into WT or plt/plt (plt) 

recipients, and the T cell area of the pLN was imaged by intravital micros-

copy. (A) Automated tracking of CD4+ T lymphocyte migration in the T 

cell zone. 150 randomly chosen trajectories of individual cells are dis-

played as color-coded tracks to represent increasing time from blue (start 

of imaging) to yellow (end of imaging). A representative imaging session 

of 15 min is shown for each experimental setting (see also Videos S4–S6). 

In the bottom panel, images are rotated to display the z dimension of  

the imaged volumes. Grid spacing (distance between major tick marks) is 

10 μm for x, y, and z orientation in all images. (B) Average cell velocity. 

Circles represent average cell velocities of individual cells, and white bars 

indicate median values. (C) MC (mean ± SEM). (D) Mean displacement 

plot. The approximately linear curves indicate random walk movement in 

all experimental settings analyzed. (E) Meandering index (mean ± SEM). 

Motility parameters of WT B cells imaged in B cell follicles of WT recipi-

ents (WT B cells in WT) are shown for comparison. Graphs summarize 

collective data of all experiments (at least three independent experiments 

for each setup). *, P ≤ 0.1; **, P ≤ 0.05; ***, P ≤ 0.01. n.s., not significant.
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ligands are naturally present (Fig. 1 A). We therefore 

imaged adoptively transferred WT or CCR7−/− CD4+ T 

cells in the paracortical T cell areas of WT and plt recipients 

at imaging depths of 120–200 μm below the LN capsule. At 

first glance, the overall mode of movement seemed to be 

comparable in the presence or absence of CCR7 signaling 

(Fig. 2 A). However, the velocity was obviously reduced for 

CCR7−/− T cells in WT recipients and for WT T cells mi-

grating in the T cell zone of plt recipients (Videos S4–S6, 

available at http:// www. jem. org/ cgi/ content/ full/ jem. 

20061706/ DC1).  The quantitative analysis by automated 

cell tracking confirmed these observations, revealing a sig-

nificant decrease of the median of the average cell velocities 

of CCR7−/− T cells (WT, 14.6 μm/min vs. CCR7−/−, 9.7 

μm/min; Fig. 2 B). Of interest, WT CD4+ T cells in the 

paracortical T cell areas of plt recipients showed a compara-

bly reduced motility (median of average cell velocities, 9.4 

μm/min; Fig. 2 B). This indicates that CCR7 signaling 

indeed affects the basal velocity level of T lymphocytes in-

side the T cell area of noninflamed LNs. 

Analogous to Miller et al. (19) we calculated the mean 

motility coefficient (MC), representing the propensity of a 

cell to move away from its original starting position. This 

general motility parameter is largely reduced once CCR7 or 

its ligands are missing (WT T cells in WT recipient, 61.0 ± 

5.8 μm2/min; CCR7−/− T cells in WT recipient, 27.7 ± 

3.3 μm2/min; WT T cells in plt recipient, 30.7 ± 3.5 

μm2/min; for comparison, WT B cells in WT recipient, 

11.1 ± 2.5 μm2/min; Fig. 2 C). These findings strongly 

indicate that the reduced intranodal velocity of T lympho-

cytes in the absence of CCR7 signaling is associated with a 

reduced ability to effectively sweep large parts of the T cell 

area that could lead to T cells contacting fewer DCs per 

time in their search for cognate antigen. 

Plotting the mean displacement of all tracked cells for 

any given experimental condition over the square root of 

time yields in all cases a pattern that is in accordance with 

random walk movements (Fig. 2 D). Therefore, lack of 

CCR7 signaling obviously does not alter the general mode 

of T cell movement. The meandering index (total displace-

ment/path length of a cell track) allows for a more detailed 

analysis of the straightness of T lymphocyte movement, 

with a value of 1 representing a completely linear cell track. 

As displayed in Fig. 2 E, there was only a minor reduction 

Figure 3. Motility analysis of naive CD4+ T lymphocytes in the T 
cell zone of WT recipients. (A) FACS analysis of lymphocyte subsets 

before cell sorting. Comparable proportions of naive (CD62L+CD44low) 

CD4+ T cells are present in pooled peripheral LNs and spleens from WT 

(WT) and CCR7−/− (CCR7−/−) donor mice. After FACS sorting for 

CD4+CD44low, TAMRA-labeled WT or CCR7-deficient (CCR7−/−) naive T 

cells were adoptively transferred into WT recipients, and the T cell area of 

the pLN was imaged by intravital microscopy. Graphs summarize collec-

tive data of all experiments (two independent experiments for  

each setup). (B) Average cell velocity. Circles represent average cell 

velocities of individual cells, and white bars indicate median values. (C) 

MC (mean ± SEM). (D) Meandering index (mean ± SEM). *, P ≤ 0.1; **, 

P ≤ 0.05. (E and F) FACS analysis of adoptively transferred TAMRA+ WT 

(E) and CCR7−/− (F) lymphocytes isolated from peripheral LNs of WT 

recipient mice after completion of intravital imaging. In both cases, the 

TAMRA+ population contains mostly naive (CD62L+CD44low) CD4+ T 

cells. Numbers indicate percentage of gated cells. Data shown is repre-

sentative for two experiments. 
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of the mean meandering index in the absence of CCR7 

signaling (WT T cells in WT recipient, 0.61 ± 0.01; 

CCR7−/− T cells in WT recipient, 0.56 ± 0.02; WT T 

cells in plt recipient, 0.55 ± 0.02; for comparison, WT B 

cells in WT recipient, 0.50 ± 0.03). Analysis of the turning 

angle distribution confirms this result, as CD4+ T cells in 

the absence of CCR7 signaling turn at slightly larger turn-

ing angles, indicating sharper turns and therefore a less linear 

movement (not depicted). 

Analyzing lymphocytes isolated from pooled LNs and 

spleens of WT and CCR7−/− animals, we found compara-

ble percentages of naive (CD62L+ CD44low) cells within the 

CD4+ T cell population (WT, 76.1%; CCR7−/−, 70.7%; 

Fig. 3 A). However, transfer of MACS-purified bulk CD4+ 

T cells might nonetheless have introduced a selectional bias 

in the motility analysis because nonnaive T cell subsets, po-

tentially exhibiting a different intrinsic motility, could have 

been preferentially recruited to LNs in the absence of 

CCR7 function. We therefore repeated these experiments 

with WT and CCR7−/− CD4+ T cells that were addition-

ally sorted for low expression of CD44 before adoptive 

transfer. In both cases, the total percentage of CD4+ 

CD44low T cells was equally increased from ?19 to ?84% 

by FACS sorting (not depicted). Imaging the motility of the 

transferred naive CD4+ CD44low T lymphocytes in the T 

cell area of WT recipients, we obtained results comparable 

to the experiments using bulk CD4+ T cells. The median of 

the average cell velocities was slightly increased for both 

WT and CCR7−/− cells (WT, 15.1 μm/min vs. CCR7−/−, 

11.4 μm/min; Fig. 3 B). The same holds true for the MC 

(WT T cells in WT recipient, 71.8 ± 11.2 μm2/min; 

CCR7−/− T cells in WT recipient, 34.1 ± 3.3 μm2/min; 

Fig. 3 C), whereas the mean meandering indices were al-

most unchanged (WT T cells in WT recipient, 0.61 ± 

0.01; CCR7−/− T cells in WT recipient, 0.56 ± 0.01; Fig. 

3 D). After completion of intravital microscopy, the recipi-

ent mice were analyzed by FACS for the subset composi-

tion of TAMRA-labeled cells that had homed into 

peripheral LNs (and were therefore subject to the imaging 

analysis). As depicted in Fig. 3 (E and F), TAMRA+ cells 

found in peripheral LNs were mostly naive (CD62L+ 

CD44low) CD4+ T cells after transfer of WT (96.6% of 

transferred CD4+ T cells) as well as of CCR7−/− (93.3% of 

transferred CD4+ T cells) cells, ruling out an influence of 

biased homing of different T cell subsets on the motility 

analysis performed in these experiments (for a direct 

comparison of CD44 expression levels see Fig. S1, available 

at http:// www. jem. org/ cgi/ content/ full/ jem. 20061706/ 

DC1).  Collectively, these results demonstrate that CCR7 

and its ligands positively influence the intranodal cell migra-

tion speed of naive CD4+ T lymphocytes, whereas the di-

rectionality of T cell movement behavior is largely 

unaffected by lack of CCR7 function. 

Finally, we aimed to directly visualize the alteration of 

intranodal T cell motility by manipulation of CCR7 signal-

ing during imaging (Fig. 4). 24 h after adoptive transfer of 

CD4+ WT T cells into plt recipients, mice were i.v. in-

jected with 200 μg anti-CD62L mAb to block any further 

homing of lymphocytes to LNs (3). Imaging the movement 

behavior of T lymphocytes in the paracortical T cell zone 2 

h later, we observed a significant reduction of T cell veloc-

ity and MC compared with the movement of WT T cells in 

WT recipients (Fig. 4, A and B; see also Fig. 2). To restore 

the presence of CCR7 ligands within the LNs of the plt 

recipients, we subsequently i.v. injected 100 μg CCL21. 

During the next 2.5 h of imaging, the motility of WT T 

cells in the plt T cell area increased substantially. Within this 

time period, velocity and MC reached approximately levels 

observed imaging WT T cells in WT recipients (Fig. 4, A 

and B; see also Fig. 2), whereas the meandering index was 

only moderately increased (Fig. 4 C). This reversal of the 

motility reduction observed in the absence of CCR7 

ligands (T cell zone of untreated plt recipients) by systemic 

application of CCL21 strongly argues for a direct positive 

influence of CCR7 signaling on the intranodal motility of 

T lymphocytes. 

The velocities of WT T cells reported in this study are in 

good agreement with data of existing two-photon micros-

copy studies of in situ and explanted LNs. Zinselmeyer et al. 

(20) also reported 15 μm/min for CD4+ T cells in explanted 

LNs, and Okada et al. (15) found ?14 μm/min for helper T 

cells in a similar setup. Earlier studies by Miller et al. (4, 6, 19) 

resulted in somewhat lower T cell velocities of 10–12 

μm/min. Importantly, Miller et al. performed the cell track-

ing on z-projections of the imaging volumes, thereby obtain-

ing lateral velocities for movements in the xy-plane only. 

Figure 4. Systemic CCL21 application restores the motility of WT 
CD4+ T lymphocytes in the T cell area of plt recipients. TAMRA-

labeled WT CD4+ T cells were adoptively transferred into plt recipients, 

and the T cell area of the pLN was imaged by intravital microscopy before 

(−) and 2.5 h after (+) i.v. injection of 100 μg CCL21. Graphs summarize 

collective data of all experiments (two independent experiments). (A) 

Average cell velocity. Circles represent average cell velocities of individual 

cells, and white bars indicate median values. (B) MC (mean ± SEM). (C) 

Meandering index (mean ± SEM). *, P ≤ 0.1; **, P ≤ 0.05. 
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This should result in velocity values that are by a factor of 

[AQ1] sqrt (3/2) = 1.225 lower compared with three-

dimensional cell tracking, as the z-compound of the move-

ment vector is not contributing to the velocity calculation 

(assuming that a T lymphocyte migrating in the T cell area of 

a LN by random walk does not exhibit any directional bias). 

The velocity of WT B cells (7.1 μm/min) is also comparable 

to previously published data (15, 19), further confirming the 

validity of the experimental setup used. 

Previous in vitro studies suggested that the higher motil-

ity of T cells migrating in a three-dimensional collagen gel 

in the presence of DCs could be due to soluble factors se-

creted by DCs (22), and that CCL19 might have a positive 

effect on the scanning behavior of naive T cells (17). During 

the submission process of this article, Stachowiak et al. (18) 

reported that CCL19 and CCL21 induce long-lived 

chemokinesis in CD4+ T cells migrating on different adhe-

sion molecules in vitro, further supporting the in vivo 

analysis of the present study. 

Using intravital microscopy, we provide for the first 

time direct in vivo evidence for a chemokinetic function of 

CCR7 and its ligands stimulating the intranodal basal motil-

ity of naive T lymphocytes. Interestingly, a recent study by 

Bajenoff et al. (23) provides evidence that the fibroblastic 

reticular cell network essentially defines and supports the 

apparent random walk movement of naive T cells within 

the LN paracortex. It therefore seems possible that CCR7 

ligands immobilized on fibroblastic reticular cell or extracel-

lular matrix surfaces, rather than soluble chemokines, are 

mediating the observed CCR7-dependent stimulation of 

the intranodal T cell velocity. Regardless of the actual state 

of the chemokines involved, the enhanced motility allows 

for a faster, more widespread movement of T cells in the T 

cell area, thereby potentially enhancing the likelihood of 

encounters with resident DCs presenting rare cognate anti-

gens. In light of these findings, it seems possible that a re-

duced scanning performance, in addition to the known 

homing defects, could contribute to the delayed and in 

some cases impaired immune responses observed in 

CCR7−/− animals. It will be interesting to see in subsequent 

studies how other parameters, such as recruitment of in-

flammatory cells or ongoing immune responses, influence 

intranodal T cell motility. 

MATERIALS AND METHODS 

Animals. C57BL/6, C57BL/6 CCR7–/–, and C57BL/6 plt/plt were bred 

at the animal facility of Hannover Medical School under specific pathogen-

free conditions. Animal experiments have been approved by the institu-

tional review board and local authorities. 

Antibodies and reagents. Anti-CD3 (clone 17A2), anti-CD4 (clone 

RMCD4), anti-CD62L (clone MEL-14), and anti-B220 (clone TIB 146) 

antibodies were provided by E. Kremmer ([AQ2] GSF, Munich, Germany) 

and used in the following conjugations: anti–CD3-Cy5, anti–CD4-

PacificOrange, anti–CD4-Cy5, and anti–B220-Cy5. These antibodies were 

also used in this study: anti–CD44-APC, anti–CD62L-FITC, StreptA-

vidin–PE-Cy7 (BD Biosciences), goat anti-mCCL19, goat anti-mCCL21 

(R&D Systems), donkey anti–goat IgG-peroxidase (Jackson ImmunoRe-

search Laboratories). 150 kD of FITC-labeled dextran was obtained from 

Sigma-Aldrich, and recombinant mCCL19 was from R&D Systems. 

Immunohistology. Acetone-fixed 8-μm cryosections of pLNs were 

rehydrated, preincubated with 10% mouse serum, and stained with a cock-

tail of antibodies in 2.5% serum. Nuclei were stained with DAPI. Images 

were acquired using a Zeiss Axiovert 200 M microscope. Detection of 

anti-mCCL19/anti-mCCL21 antibody binding was enhanced using the 

TSA-Cy3 Tyramid Signal Amplification system (PerkinElmer). 

Adoptive transfers. 6–8-wk-old donor mice (C57BL/6 or C57BL/6 

CCR7–/–) were killed by CO2 inhalation, and single cell suspensions were 

prepared from spleens and LNs (mesenteric, inguinal, brachial, and axil-

lary). After erylysis, cells were labeled with 10 μM 5-(and-6-)-TAMRA 

SE or 5 μM CFSE (Invitrogen) for 15 min at 37°C. Untouched CD4+ T 

lymphocytes were isolated using a MACS CD4+ T cell isolation kit to-

gether with an AutoMACS (Miltenyi Biotec). Alternatively, cells were 

stained with the biotin antibody cocktail followed by StreptAvidin–PE-

Cy7 and anti–CD44-APC, and cell sorting for PE-Cy7−/CD44low cells was 

performed on a FACSAria (BD [AQ3] Biosciences). B220+ B cells were 

purified using anti-B220 MACS microbeads. The purity of cell prepara-

tions after MACS was always >90%. 6–8-wk-old WT or plt recipients 

received 1–1.25 × 107 WT CD4+ T or B220+ B cells or 1.5–2.5 × 107 

CCR7−/− CD4+ T cells by i.v. injection. Dye labeling (CFSE or 

TAMRA) was swapped between experiments. In most experiments, only 

TAMRA-labeled cells were used. 

Intravital microscopy. Between 24 and 48 h after adoptive transfer, mice 

were anaesthetized by an initial i.p. injection of 100 mg/kg ketamine and 1 

mg/kg medetomidine. In some experiments, mice received a single i.v. injec-

tion of 200 μg anti-CD62L mAb (clone MEL-14) 2 h before imaging com-

menced to prevent further homing of lymphocytes to LNs. The animal was 

placed on a custom-built preparation stage fixating the right hind leg. The 

right pLN was micro-surgically prepared free of overlying connective and 

adipose tissue, submerged in normal saline and covered with a glass coverslip. 

Special care was taken to spare blood vessels and afferent lymphatic vessels 

during microsurgery. A thermocouple was placed next to the LN to monitor 

local temperature, which was maintained at 36.5 ± 1°C. Two-photon laser 

scanning microscopy was performed with an upright Leica DM LFSA micro-

scope equipped with a 20× 0.95 NA water immersion objective (Olympus) 

and a MaiTai Ti:sapphire-pulsed laser (Spectra-Physics). For two-photon 

excitation, the MaiTai laser was tuned to 858 nm. Green (CFSE or FITC) 

and red (TAMRA) fluorescence emission was detected with nondescanned 

detectors fitted with 535/50 and 610/75 band path filters, respectively. To 

generate time-lapse series, stacks of 10–11 x-y sections with 4–4.5-μm spac-

ing were acquired every 15 or 20 s with 1.5–2.5× electronic zoom providing 

imaging volumes 40–50 μm in depth and 215–360 μm in width. Exogenous 

chemokine (1 μg of recombinant mCCL19 in 30 μl of normal saline con-

taining 5 μg of FITC-labeled dextran of 150 kD as tracer) was injected s.c. 

into the right hind footpad. 

Data analysis. Imaris (Bitplane) was used for four-dimensional image 

analysis and automated tracking of cells. The accuracy of the automated 

tracking was manually controlled, and only tracks with durations of >60 s 

were included in the analysis. Average cell velocity and meandering index 

were calculated using Imaris, and turning angle distribution, mean dis-

placement, and MC were calculated using SciLab after exporting the x, y, 

and z coordinates of spot positions. Statistical analysis was performed with 

GraphPad Prism 4. Results are displayed as individual data points plus 

median or mean ± SEM summarizing collective data from all experiments 

performed. All significant values were determined using the unpaired two-

tailed t test. 

Online supplemental material. Video S1 shows the accumulation of 

highly motile transferred TAMRA-labeled WT CD4+ T cells as well as of 
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unlabeled endogenous WT T cells in the SCS of the pLNs after s.c. injec-

tion of exogenous CCL19 into the hind footpad. As exemplified by Video 

S2, there is no evidence for immigration of T cells into the SCS via the 

afferent lymphyatics after injection of exogenous CCL19. Video S3 shows 

the absence of TAMRA-labeled CCR7−/− CD4+ T cells inside the SCS in 

the same experimental setting, whereas unlabeled endogenous cells of the 

WT recipient exhibit a strong migratory response. Videos S4–S6 illustrate 

the motility of transferred TAMRA-labeled T cells within the T cell zone 

of the pLNs (Video S4, WT T cells in WT recipient; Video S5, CCR7−/− 

T cells in WT recipient; Video S6, WT T cells in plt recipient). As de-

picted in Fig. S1, no enrichment of nonnaive CD44high lymphocytes was 

observed after adoptive transfer of CD4+ T cells in the absence of CCR7 

signaling. The online supplemental material is available at http:// www. 

jem. org/ cgi/ content/ full/ jem. 20061706/ DC1.  
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‘Online Supplemental Material’ provided on CD-ROM enclosed with this thesis:

SupplVideo 1. Highly motile wild type CD4
+
 T lymphocytes accumulate in the SCS of the pLN after injection of 

CCL19 into the footpad.
TAMRA-labeled wt CD4

+
 T cells (red) were adoptively transferred into wt recipients and the subcapsular region of the pLN 

was imaged by intravital microscopy after injection of 1 μg CCL19 into the footpad (together with FITC-labeled dextran 
(green) as a tracer highlighting the SCS). Within 20 minutes after CCL19 injection, large numbers of highly motile TAMRA-
labeled wt CD4

+
 T cells accumulate in the SCS. Note that also numerous non-labeled wt host cells, visible as black 

“shadows” in the surrounding FITC-labeled dextran, migrate inside the SCS. Field size 270 μm x 270 μm, total duration 15 
minutes, 225x time lapse (acquisition intervall between two z-stack recordings 15 seconds, playback framerate 15 fps).

SupplVideo 2. Immigration from the periphery via afferent lymphatics does not contribute to the accumulation of 
wild type cells in the SCS after injection of CCL19.
TAMRA-labeled wt CD4

+
 T cells (red) were adoptively transferred into wt recipients and the subcapsular region of the 

pLN, including the attachment site of an afferent lymph vessel, was imaged by intravital microscopy after injection of 1 μg 
CCL19 into the footpad (together with FITC-labeled dextran (green) as a tracer highlighting the SCS). The afferent lymph 
vessel (green field) is completely devoid of cells whereas numerous adoptively transferred TAMRA-labeled lymphocytes 
as well as non-labeled wt host cells, visible as black “shadows” in the surrounding FITC-labeled dextran, migrate inside 
the SCS. Field size 270 μm x 270 μm, total duration 15 minutes, 225x time lapse (acquisition intervall between two z-stack 
recordings 15 seconds, playback framerate 15 fps). 

SupplVideo 3. CCR7
-/-

CD4
+
 T lymphocytes do not respond to exogenous CCL19 in the SCS.

TAMRA-labeled CCR7
-/-

 CD4
+
 T cells (red) were adoptively transferred into wt recipients and the subcapsular region of the 

pLN was imaged by intravital microscopy after injection of 1 μg CCL19 into the footpad (together with FITC-labeled 
dextran (green) as a tracer highlighting the SCS). No accumulation of TAMRA-labeled CCR7

-/-
 CD4

+
 T cells is visible in 

the SCS, whereas numerous non-labeled wt host cells, visible as black “shadows” in the surrounding FITC-labeled 
dextran, migrate inside the SCS. Field size 270 μm x 270 μm, total duration 15 minutes, 225x time lapse (acquisition 
intervall between two z-stack recordings 15 seconds, playback framerate 15 fps). 

SupplVideo 4. Migration of wt CD4
+
 T lymphocytes in the T cell zone of wt recipients.

TAMRA-labeled wt CD4
+
 T cells (red) were adoptively transferred into wt recipients and imaged in the T cell zone by 

intravital microscopy. Automated tracking of cells was performed with Imaris. Field size 170 μm x 170 μm, total duration 
15 minutes, 225x time lapse (acquisition intervall between two z-stack recordings 15 seconds, playback framerate 15 fps). 
Trajectories of individual cells are displayed as “dragon tails” with a maximum duration of 5 minutes behind the migrating 
TAMRA-labeled T cells. 

SupplVideo 5. Migration of CCR7
-/-

 CD4
+
 T lymphocytes in the T cell zone of wt recipients.

TAMRA-labeled CCR7
-/-

 CD4
+
 T cells (red) were adoptively transferred into wt recipients and imaged in the T cell zone by 

intravital microscopy. Automated tracking of cells was performed with Imaris. Field size 170 μm x 170 μm, total duration 
15 minutes, 225x time lapse (acquisition intervall between two z-stack recordings 15 seconds, playback framerate 15 fps). 
Trajectories of individual cells are displayed as “dragon tails” with a maximum duration of 5 minutes behind the migrating 
TAMRA-labeled T cells. 

SupplVideo 6. Migration of wt CD4
+
 T lymphocytes in the T cell zone of plt recipients.

TAMRA-labeled wt CD4
+
 T cells (red) were adoptively transferred into plt recipients and imaged in the T cell zone by 

intravital microscopy. Automated tracking of cells was performed with Imaris. Field size 170 μm x 170 μm, total duration 
15 minutes, 225x time lapse (acquisition intervall between two z-stack recordings 20 seconds, playback framerate 11.25 
fps). Trajectories of individual cells are displayed as “dragon tails” with a maximum duration of 5 minutes behind the 
migrating TAMRA-labeled T cells. 
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The intestinal epithelium is constantly exposed 

to a multitude of foreign material that may ei-

ther be harmful or benefi cial for the organism. 

Consequently, the intestinal immune system 

has to balance between either protective im-

mune responses that are induced upon encoun-

ter of intestinal pathogens and toxins or tolerance 

against commensal bacteria and food antigens. 

Inadequate protective immune reactions can 

cause severe immunopathology and are actively 

prevented in healthy individuals. Food antigens 

and commensal bacteria constitute the majority 

of the antigenic load in the intestine and the 

“default” reaction of the immune system con-

fronted with them leads to systemic unrespon-

siveness. This phenomenon is known as oral 

tolerance and represents a key feature of intesti-

nal immunity (1). The unique propensity of the 

intestinal immune system to evoke tolerance to 

orally administrated antigens off ers attractive 

strategies to prevent or treat autoimmune dis-

eases (2, 3). Such approaches would exploit ef-

fective yet selective natural immunosuppressive 

mechanisms, thereby avoiding unwanted side 

eff ects caused by an exhaustive and livelong 

treatment with immunomodulatory drugs.

The intestinal immune system is classi-

cally divided into eff ector and inductor sites 

to emphasize the particular functions of both 

compartments. Inductive sites comprise orga-

nized lymphoid tissues in the intestinal mucosa 

(4) and the intestine draining mesenteric LNs 

(MLN). In contrast, intestinal eff ector sites 

consist of a network of immune cells scattered 

in a less organized fashion throughout the in-

testinal epithelium and lamina propria (LP). 

However, the role of these and further distal 

lymphoid and nonlymphoid compartments in 

the initiation and maintenance of oral tolerance 

remains elusive (1). This is exemplifi ed by the 

ongoing discussion whether and how ingested 

antigens gain access to particular compartments 

and distribute throughout the body to trigger 

tolerance induction.

The original hypothesis that intestinal im-

mune responses exclusively depend on antigen 

uptake by M cells in Peyer’s patches (PP) epi-

thelium has been challenged by more recent 

reports that observed induction of oral  tolerance 

Oral tolerance originates in the intestinal 

immune system and relies on antigen 

carriage by dendritic cells
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Oral tolerance induction is a key feature of intestinal immunity, generating systemic 

nonresponsiveness to ingested antigens. In this study, we report that orally applied soluble 

antigens are exclusively recognized in the intestinal immune system, particularly in the 

mesenteric lymph nodes. Consequently, the initiation of oral tolerance is impeded by 

mesenteric lymphadenectomy. Small bowel transplantation reveals that mesenteric lymph 

nodes require afferent lymph to accomplish the recognition of orally applied antigens. 

Finally, oral tolerance cannot be induced in CCR7-de� cient mice that display impaired 

migration of dendritic cells from the intestine to the mesenteric lymph nodes, suggesting 

that immunologically relevant antigen is transported in a cell-bound fashion. These 

results demonstrate that antigen transport via afferent lymphatics into the draining 

mesenteric lymph nodes is obligatory for oral tolerance induction, inspiring new 

 therapeutic strategies to exploit oral tolerance induction for the prevention and treatment 

of autoimmune diseases.
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in PP-defi cient intestines (5–7). M cells have been identifi ed 

in lymphoid aggregations other than PP (8) and even in his-

tologically inconspicuous villi (9), suggesting that a conclu-

sive study of M cell function for oral tolerance induction will 

have to consider additional M cell–competent structures other 

than PP.

In addition to the uptake of antigens by M cells in PP, 

some intestinal antigens appear to enter the LP where anti-

gens might be taken up by resident DCs that could present 

antigens both in situ in the LP as well as in the draining 

MLN. Indeed, LP DCs have been shown to present orally 

 applied antigens (10) and the majority of DCs entering the MLN 

appears to originate from the LP and not from PP (11, 12). 

Furthermore, DCs in the LP might directly contribute to 

 antigen uptake by extending dendrites through the epithe-

lium, thereby sampling luminal antigens (13). Importantly, 

antigen entering the LP might also disseminate via the cir-

culation and after antigen feeding intact food proteins have 

been reported to be present in minute amounts in serum of 

mice and  humans (14, 15), corroborating the general assump-

tion that distal compartments might contribute to oral toler-

ance induction.

In this study, we demonstrate that, after oral administra-

tion, the initial recognition of antigen is restricted to the in-

testinal immune system, in particular the MLN. Vice versa, 

we do not observe any overt signs of oral tolerance induction 

in peripheral LN (pLN) and spleen. Furthermore, we show 

that antigen recognition in the intestinal immune system is 

obligatory for oral tolerance induction and depends on CCR7-

mediated cell migration.

RESULTS
Interactions of antigen-presenting cells and naive T cells are 

thought to induce tolerance as well as immunity (16). Upon 

fi rst-time encounter of an antigen, both conditions trigger 

the activation and clonal expansion of antigen-specifi c T cells 

(17). Shortly thereafter, only T cells being activated under 

infl ammatory conditions will continue to establish a protec-

tive immune response, whereas T cells expanded under tolero-

genic circumstances fail to gain classical eff ector functions. 

The fact that activated antigen-specifi c T cells could be found 

throughout the immune system of antigen-fed animals, along 

with other observations, led to the hypothesis that tolerance 

induction is triggered simultaneously in all lymphoid organs 

(18, 19). Alternatively, proliferating T cells present in periph-

eral lymphoid tissues may have been primed in the intestinal 

immune system and subsequently emigrated to seed the 

 peripheral lymphoid tissues (20, 21).

Oral administration of antigen does not induce proliferation 
of antigen-speci� c T cells in pLN and spleen 
in the presence of FTY720
Productive antigen recognition can be tracked in vivo by 

analyzing the induction of cell proliferation of adoptively 

transferred antigen-specifi c T cells. Applying this experi-

mental system, we observe proliferation of antigen-specifi c 

T cells in PP and MLN 2 d after antigen feeding. In spleen 

and other peripheral lymphoid organs, divided T cells appear 

1 d later and are abundantly present 4 d after antigen feeding 

(Fig. 1, not depicted, and <CI T>references 18, 22</CIT>).[ID]FIG1[/ID] To determine 

the potential sites of antigen recognition and T cell activa-

tion, we prevented the recirculation of lymphocytes by use 

of the immunomodulatory drug FTY720. FTY720 has been 

shown to interfere with sphingosine-1–phosphate receptor 

signaling that is essential for the emigration of lymphocytes 

from lymphoid organs into eff erent lymphatics (23). There-

fore, FTY720-mediated shutdown of lymphocyte egress 

interrupts lymphocyte recirculation and causes a rapid induc-

tion of blood lymphopenia (24). In particular, lymphocyte 

egress from PP into the lymph connecting PP to the MLN is 

also shut down under FTY720 infl uence (unpublished data), 

demonstrating that T cell proliferation in these two lymphoid 

compartments does not depend on T cell tra�  cking to the 

MLN. We observed that FTY720 treatment did not interfere 

with proliferation of adoptively transferred antigen-specifi c 

transgenic T cells in PP and MLN after antigen feeding (Fig. 1

and not depicted). In contrast, proliferating T cells were 

Figure 1. Oral administration of antigen does not induce prolif-
eration of antigen-speci� c T cells in pLN and spleen in the presence 
of FTY720. 1 d after adoptive transfer of CFSE-labeled DO11.10 cells, 

wild-type recipients were fed 100 mg ovalbumin in PBS or PBS alone. 

Subsequently, mice were either treated with FTY720 (starting 16 h after 

antigen feeding) or mock treated. 2, 4, and 8 d after feeding of ovalbumin, 

mice were killed and proliferation of ovalbumin-specifi c T cells was analyzed. 

Dot plots are gated on CD4-positve lymphocytes.
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completely absent in pLN and spleen at all time points 

 analyzed (Fig. 1 and not depicted), identifying the intestinal

immune system as the genuine compartment of oral tolerance 

induction. To test for possible shortcomings in peripheral 

T cell  induction caused by FTY720 treatment, antigen 

was also given intravenously. Notably, T cell proliferation 

after systemic antigen administration was not infl uenced by 

FTY720 treatment (unpublished data and <CIT >reference 24</CIT>), 

demonstrating an unimpaired capability of pLN and spleen 

to sustain a response to antigen under these conditions.

Recirculation of lymphocytes is dispensable for oral 
tolerance induction
We next analyzed the consequences of FTY720 treatment on 

the induction of functional oral tolerance. To this end, unma-

nipulated wild-type mice were continuously treated with 

FTY720 throughout the period of antigen feeding. Absence of 

freely disposable antigen as indicated by cessation of antigen 

presentation was verifi ed experimentally before withdrawal of 

FTY720 (see Materials and methods). 9 d later, reestablish-

ment of normal peripheral blood lymphocyte counts was con-

fi rmed and induction of tolerance was determined by measuring 

delayed type hypersensitivity (DTH) reactions. We observed 

signifi cantly reduced DTH reactions in animals fed with anti-

gen compared with unfed controls irrespective of FTY720 

treatment (Fig. 2). [I D]FIG2[/ID These data suggest that antigen-specifi c 

activation of lymphocytes in the intestinal immune system is 

su�  cient for the induction of systemic unresponsiveness and 

that lymphocyte recirculation during antigen presentation is 

not required for the process of oral tolerance induction.

Tolerogenic potential is largely con� ned to MLN
Because the MLN drain the small intestine, it is conceivable 

that these particular LNs play a pivotal role in the induction 

of oral tolerance. To test this hypothesis, we tolerized wild-

type mice under continuous FTY720 treatment and surgi-

cally removed the MLN before withdrawal of FTY720. 

Under these conditions, excision of the MLN almost com-

pletely prevented the establishment of systemic tolerance as 

indicated by DTH reactions observed in these mice (Fig. 3).

This fi nding reveals that, even though proliferating T cells 

are present in PP, the majority of the tolerogenic potential 

Figure 2. Recirculation of lymphocytes is dispensable for oral tol-
erance induction. Wild-type mice were fed four doses of 25 mg ovalbu-

min in PBS (black bars) or PBS alone (white bars) under continuous 

treatment with FTY720 (+FTY720) or mock treatment (−FTY720). Subse-

quently, on day 28, mice were immunized by subcutaneous injection of 

ovalbumin in PBS/CFA emulsion and challenged on day 41 (see Materials 

and methods). Tolerance induction was analyzed by measurement of DTH 

reactions 48 h after challenge. The experimental procedure is depicted in 

the � ow chart. #, control of peripheral blood cell counts to monitor 

FTY720-induced lymphopenia. Data shown have been obtained for 11 or 

12 mice in each group. Error bars represent SEM.

Figure 3. Tolerogenic potential is largely con� ned to MLN. Wild-

type mice were fed two doses of 25 mg ovalbumin under continuous 

FTY720 treatment and subsequently underwent surgical removal of MLN. 

Color images demonstrate absence of MLN in mice that underwent mesen-

teric lymphadenectomy (−MLN) compared with unmanipulated controls 

(+MLN). Arrows indicate (original) position of MLN. The experimental 

procedure is depicted in the � ow chart. #, control of peripheral blood cell 

counts to monitor FTY720-induced lymphopenia. Data shown have been 

obtained with 10 mice that underwent mesenteric lymphadenectomy and 

four mice in each of the unmanipulated control groups.  Error bars 

 represent SEM.

 o
n
 O

c
to

b
e
r 2

5
, 2

0
0
6
 

w
w

w
.je

m
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



522 ORAL TOLERANCE INDUCTION | Worbs et al.

was generated in the MLN and resided in this organ until its 

surgical removal. Furthermore, we also noted that mesenteric 

lymphadenectomy before antigen feeding counteracted oral 

tolerance induction (unpublished data).

Oral administration of antigen does not induce proliferation 
of antigen-speci� c T cells in transplanted PP and MLN that 
are connected to the host circulation, but not to afferent 
lymphatics of the host intestine
To specifi cally address the contribution of aff erent lymphatic 

drainage to MLN function, we performed vascularized small 

bowel transplantations that included the draining MLN. In 

these mice, both the host and the graft MLN are connected 

to the blood circulation of the host, but the two types of 

MLN are distinguished by the fact that they receive aff erent 

lymph in a mutually exclusive manner from their original 

 intestine only. These transplanted mice were adoptively 

transferred with TCR-transgenic T cells and challenged 

orally with antigen. After 2 d, we observed antigen-specifi c 

T cell proliferation in PP and MLN of the antigen-challenged 

host intestine, but not in grafted PP or MLN, nor in pLN and 

spleen (Fig. 4).[ID]FIG4[/ID In contrast, intravenous administration of an-

tigen activated adoptively transferred T cells in both endo-

genous and transplanted PP and MLN (Fig. 4 and see next 

paragraph). In conclusion, our observations indicate that the 

grafted MLN react like distal pLN, and suggest a decisive role 

for antigen transport via lymphatic vessels from the intestine 

into draining MLN.

Mesenteric lymphadenectomy does not result in antigen 
recognition in peripheral lymphoid organs after oral 
administration of antigen
The precise role of passively drained antigen in comparison 

to cell-bound antigen transport remains an unresolved issue 

in oral tolerance induction. In general, the port of entry into 

the body creates a bias in the reactivity toward an antigen 

among the diverse lymphoid compartments. Thus, after 

adoptive transfer of TCR-transgenic T cells, antigen-specifi c 

proliferation of these cells can be induced more e�  ciently in 

spleen and pLN than in MLN when low doses of antigen are 

injected into the tail vein (Fig. S1, available at http://www.

jem.org/cgi/content/full/jem.20052016/DC1). In contrast, 

oral administration of a 1,000-fold higher antigen dose fails to 

induce de novo T cell proliferation of antigen-specifi c T cells 

in peripheral lymphoid organs (Fig. 1 and not depicted). 

 Interestingly, we observed that this lack of antigen recognition in

peripheral lymphoid organs after antigen feeding is  sustained 

in mice that underwent mesenteric lymphadenectomy (Fig. 5).[ ID]FIG5[/ID 

In such animals, within 5 wk after surgery, pseudo-aff erent 

lymph vessels emerged that would permit the direct transfer of 

antigen being passively drained from the intestine into the 

 circulation. Regardless of the presence or absence of MLN, 

free antigen entering the blood circulation after feeding (14) 

rem ains immunologically inconspicuous possibly because it 

might be diluted below threshold levels required for antigen 

recognition in the peripheral lymphoid organs.

Induction of T cell proliferation in MLN and induction 
of oral tolerance upon antigen feeding depend on CCR7
A key regulator of immune cell tra�  cking is the chemokine 

receptor CCR7 that is abundantly expressed by subsets of 

T cells and DCs (25). We have previously reported that skin 

DCs that lack functional CCR7 fail to migrate to the drain-

ing LNs (26), most likely a result of their inability to enter 

 aff erent lymphatics. We thus analyzed the proliferation of 

adoptively transferred antigen-specifi c T cells in wild-type 

and CCR7-defi cient recipients after antigen feeding. As ex-

pected, a robust T cell proliferation was induced in MLN and 

Figure 4. Oral administration of antigen does not induce prolif-
eration of antigen-speci� c T cells in transplanted PP and MLN that 
are connected to the host circulation but not to afferent lymphatics 
of the host intestine. Intestinal segments together with completely 

intact donor MLN were transplanted into syngenic wild-type recipients. 

Grafts were connected to the host blood circulation and both graft ends 

were exteriorized as stomata. Subsequently, recipient mice were adop-

tively transferred with 107 CFSE-labeled OTII cells. 2 d after feeding of 

100 mg ovalbumin (oral), proliferation of ovalbumin-specifi c TCR-trans-

genic T cells occurred only in endogenous but not in transplanted organs, 

whereas systemic administration of antigen by intravenous injection (i.v.) 

resulted in comparable reactions in grafted and host gut-associated lym-

phoid tissue. Note that naive transgenic cells were present in the grafted 

MLN/PP, indicating a successful coupling to the recipients’ lymphocyte 

recirculation. Dot plots are gated on Vα2/Vβ5-positive lymphocytes.
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PP of wild-type recipients, but not in pLN and spleen 2 d 

 after antigen feeding (see also results presented in Fig. 1). 

In contrast, in CCR7-defi cient recipients, almost no prolif-

eration of adoptively transferred transgenic T cells was ob-

served in any of the organs analyzed except in PP (Fig. 6 A 

and not depicted), whereas intravenous antigen injection re-

sulted in comparable levels of T cell proliferation in MLN of 

both wild-type and CCR7-defi cient mice (not depicted and 

<CIT>reference 26</CIT>).[ID] FIG6[/ID Similar results were observed in plt/plt mice 

that lack the CCR7 ligands CCL19 and CCL21-Ser (Fig. 6 

A and not depicted). CCR7-defi cient mice possess normal 

numbers of PP (not depicted) and harbor unaltered popula-

tions of DCs in the LP compared with wild-type mice (Fig. 

6 B), suggesting that the uptake of intestinal antigens should 

not be altered in these mutants. In consequence, the role of 

CCR7-mediated cell migration in oral tolerance induction 

can be explored in CCR7-defi cient mice. To this aim, we 

fed ovalbumin to CCR7-defi cient and wild-type mice under 

tolerogenic conditions. Importantly, we failed to observe in-

duction of oral tolerance in CCR7-defi cient mice (Fig. 6 C). 

Assuming that an important path for tolerance induction re-

lies on soluble antigens being passively drained into the MLN, 

in CCR7 mutant mice these antigens would meet LN-resident 

DCs that are dramatically reduced in numbers (Fig. 6 B) 

and possibly defective in function as a result of misplacement 

(not depicted), wherefore tolerance induction possibly fails 

to occur. However, as mentioned earlier in this paragraph, 

the mere presence of soluble antigen diff used into the MLN 

via the bloodstream after intravenous administration elicits a 

 vigorous T cell response in CCR7-defi cient organs, demon-

strating the MLN’s unhindered capability to drive T cell 

responses (unpublished data and <CIT >reference 26</CIT>). These obser-

vations establish a decisive role for CCR7-dependent cell 

migration from the intestine to the draining MLN in oral 

tolerance induction. Additionally, we observed that the ho-

meostatic migration of LP DCs stringently depends on CCR7. 

Intestinal LP DCs express the αE-integrin chain CD103 and 

MLN resident CD103+ DCs derived from the LP are capable 

of imprinting intestinal homing on T cells (27). In CCR7-

defi cient mice, the frequency of these LP-derived DCs in 

MLN is selectively reduced compared with CD103− DCs 

(18 ± 7% CD103+ DCs in CCR7-defi cient mice compared 

with 46 ± 12% CD103+ DC in wild-type mice, mean ± SD, 

n = 6 in each group). In contrast, the frequency of CD103+ 

DCs is unchanged in the LP, indicating that the homeostatic 

migration of CD103+ DCs from the intestine into MLN is 

governed by CCR7 signaling.

D I S C U S S I O N 
Circumstantial evidence fostered the widely accepted con-

cept that the foundation of oral tolerance induction is laid in 

all the lymphoid tissues present in an organism. We reevalu-

ated this process, dissecting it into the following crucial steps: 

(a) surgical manipulations removing the MLN or grafting 

MLN, including intestines, to investigate the importance of 

MLN and direct intestinal-to-MLN transport of antigen, 

 respectively; (b) applying the drug FTY720, thus preventing 

regular T cell homeostasis; and (c) analyzing CCR7-defi cient 

mice known for their disturbed DC balance and migration.

Our combined data obtained by these experimental ap-

proaches would favor the hitherto unrecognized hypothesis 

that oral tolerance induction relies solely on mechanisms 

 restricted to cells residing in the intestinal immune system. 

In particular, the MLN are privileged in triggering oral toler-

ance because their removal results in devastating consequences 

with respect to oral tolerance induction. The importance of 

MLN for oral tolerance induction is also supported by the 

fi ndings of others, demonstrating that the reconstitution of 

MLN by an agonistic anti-lymphotoxin–β-receptor antibody 

is su�  cient to regain the capability to induce oral tolerance in 

lymphotoxin-α–defi cient mice (7). In contrast, PP and further 

M cell–competent compartments of gut-associated lymphoid 

tissue such as solitary intestinal lymphoid tissue (4) cannot com-

pensate for defi cits in oral tolerance induction caused by the 

absence of MLN (5, 6). A similar reasoning also holds true for 

the liver that, in addition to classical lymphoid organs, has been 

suggested to be required for oral tolerance induction (28).

Grafted MLN that do not receive eff erent lymph drained 

from the antigen-challenged intestine react like any distal 

pLN in respect to their capability to drive T cell proliferation. 

This suggests that the special role of MLN in oral tolerance 

Figure 5. Mesenteric lymphadenectomy does not result in antigen 
recognition in peripheral lymphoid organs after oral administration 
of antigen. 5 wk after mesenteric lymphadenectomy, MLN-explanted 

mice (−MLN) and unmanipulated wild-type controls (+MLN) were adop-

tively transferred with 107 CFSE-labeled DO11.10 cells. Oral administration 

of 100 mg ovalbumin 1 d later did not result in proliferation of ovalbumin-

specifi c TCR-transgenic T cells in pLN and spleen 2 d after feeding, 

 irrespective of the presence of the MLN. Dot plots are gated on DO11.10 

TCR-positive lymphocytes.
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induction relies on aff erent lymph drained from the intestine 

and entering these particular LNs. Apparently, antigen pass-

ing through the intestinal tract and being taken up into the 

circulation (14) does not manifest its presence inside the body 

by triggering T cell responses in spleen and pLN. Therefore, 

these results imply that the recognition of fed antigen is 

strictly confi ned to the intestinal immune system. Conse-

quently, the appearance of divided cells in distal organs in the 

absence of FTY720 is most likely the result of the peripheral 

dissemination of cells that have fi rst been activated in the in-

testinal immune system.

It is generally accepted that oral tolerance induction may 

involve either anergy or deletion of T cells, or the induction 

of regulatory T cells. Although the precise contribution of 

these mechanisms to oral tolerance induction is unknown, 

high doses of antigen tend to favor deletion and anergy, 

whereas low doses seem to generate predominantly regula-

tory T cells (29). Interestingly, we observed that oral toler-

ance can be induced in mice in the absence of lymphocyte 

recirculation using a high dose feeding regimen. Under these 

conditions, a substantial pool of antigen-specifi c T cells is 

trapped in the periphery, preventing antigen recognition by 

Figure 6. (A) Induction of T cell proliferation in MLN upon antigen 
feeding depends on CCR7. Wild-type, plt/plt, and CCR7-defi cient mice 

were adoptively transferred with 107 CFSE-labeled OTII cells and fed 

100 mg ovalbumin 1 d later. Proliferation of ovalbumin-specifi c T cells in 

MLN was analyzed 2 d after antigen administration. Dot plots are gated 

on Vα2/Vβ5-positive lymphocytes. In contrast with wild-type mice, no 

induction of T cell proliferation occurred in MLN of plt/plt mutants and 

CCR7-defi cient animals. (B) Analysis of DCs in LP and MLN. DCs in the LP 

and MLN of wild-type (white bars) and CCR7-defi cient mice (black bars) 

were analyzed by � ow cytometry and immuno� uorescent microscopy. 

No significant differences in the number and phenotype of DCs 

were observed in the LP, whereas MLN of CCR7 mutants harbored severely 

decreased numbers of DCs compared with wild-type mice. (C) Oral toler-

ance induction is impaired in CCR7-defi cient mice. Wild-type and CCR7-

defi cient mice were fed 25 mg ovalbumin (black bars) on days 0 and 2 or 

mock treated (white bars). Subsequently, on day 9, mice were immunized 

by intraperitoneal injection of ovalbumin in PBS/CFA emulsion and chal-

lenged on day 22 (see Materials and methods). Tolerance induction was 

analyzed by measurement of DTH reactions 48 h after challenge. Data 

shown have been obtained with the following: n = 7 wild-type mice 

(PBS); n = 9 wild-type mice (Ova); n = 11 CCR7−/− mice (PBS); n = 12 

CCR7−/− mice (Ova). Error bars represent SD in B and SEM in C.
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these cells. Yet tolerance is maintained after full reconstitu-

tion of lymphocyte homeostasis, indicating that potentially 

reactive T cells are held in check. Consequently, this obser-

vation suggests a decisive role for regulatory T cells in a high-

dose feeding regimen. We hypothesize that, once initiated in 

the intestinal immune system, the knowledge of tolerance is 

communicated shortly thereafter to the periphery by T cells 

disseminating into distal LNs and spleen.

In addition, our observations suggest that immunologically 

relevant food antigens need to be transported into the MLN 

via aff erent lymph, most likely by LP-resident DCs. Oral tol-

erance cannot be induced in CCR7-defi cient mice, although 

CCR7-defi cient lymphoid organs are competent to drive 

T cell proliferation upon systemic antigen administration. This 

implies a decisive contribution of unimpaired cell-bound anti-

gen transport by DCs migrating from the intestine into MLN. 

Importantly, free antigen passively drained from the intestine 

and entering the MLN appears to remain immunologically in-

conspicuous and does not elicit T cell proliferation in MLN. 

Notably, this scenario is reminiscent to the situation of antigen 

entering the circulation without initiating T cell proliferation 

in pLN and spleen. In support of this hypothesis, it was ob-

served that, after antigen feeding, DCs collected from the tho-

racic duct of lymph-adenectomized rats are able to stimulate 

T cells in vitro and in vivo (30). Furthermore, DCs in the in-

testine have been reported to present orally applied antigens 

(10), and expansion of the DC pool by treatment with Flt3-

 ligand facilitates the induction of oral tolerance (31). Oral tol-

erance inducing DCs entering the MLN might originate from 

organized lymphoid structures (PP, solitary intestinal lymphoid 

tissue) or alternatively the LP. However, PP residing at the 

frontline of antigen uptake (i.e., the intestinal mucosa) are not 

essential for oral tolerance induction (5) and the majority of DCs 

entering the MLN has been proposed to originate from the LP 

(11, 12), suggesting that predominantly LP-derived DCs 

 contribute to oral tolerance induction.

In conclusion, our results reveal that food antigen receives 

immunological attention exclusively in the intestinal immune 

system. Consequently, establishment of systemic tolerance to 

food antigens is inevitably bound to its origin in the intestinal 

immune system. These results call for a shift in the basic un-

derstanding of how the immune system manages tolerance 

and indicate that intestinal DCs are potential targets for both 

the therapeutic use of oral tolerance and the prevention of 

tolerance against oral vaccines.

MATERIALS AND METHODS

Animals. BALB/c, C57BL/6, C57BL/10, C57BL/6 OTII, C57BL/6 

CCR7−/−, C57BL/6 plt/plt, and BALB/c DO11.10 were bred at the cen-

tral animal facility of the Hannover Medical School under specifi c pathogen-

free conditions; BALB/c and C57BL/6 mice were also purchased from 

Charles River Laboratories. All animal experiments have been performed in 

accordance with the institutional guidelines and have been approved by the 

institutional review board of the Hannover Medical School.

Antibodies. The following antibodies and conjugates were used in this 

study: anti-CD4–PerCp, anti-CD8α–allophycocyanin–Cy7, anti-CD11b–

PE-Cy7, anti-CD11c–PE, anti-CD11c– allophycocyanin, anti-CD11c–bio, 

anti-CD103–PE, anti-MHCII (I-Ab)–FITC, anti-MHCII (I-Ab)–bio, anti-

Vα2–PE, anti-Vβ5–bio (BD Biosciences), anti-CD8α–bio, and anti-

DO11.10 TCR–Cy5 (clone KJ1-26; Caltag). Anti-CD3 (clone 17A2) and 

anti-CD4 (clone RMCD4) antibodies were provided by E. Kremmer (GSF 

München, Munich, Germany). Cy5 conjugates of anti-CD3 and anti-CD4 

antibodies were prepared as recommended by the manufacturer (GE Health-

care). Biotinylated antibodies were recognized by streptavidin coupled to 

Cy3, PE (Jackson ImmunoResearch Laboratories), Alexa 405 (Invitrogen), 

or PerCp (BD Biosciences).

Immunohistochemistry. Immunohistochemistry was performed accord-

ing to standard protocols. In brief, sections were rehydrated in TBST (0.1 M 

Tris, pH 7.5, 0.15 M NaCl, 0.1% Tween 20), preincubated with TBST 

containing 5% rat or mouse serum, blocked with 0.001% avidin/PBS and 

0.001% biotin/PBS, and stained with a cocktail of biotinylated or fl uorescent 

dye–coupled antibodies in 2.5% serum/TBST. Biotinylated antibodies were 

visualized by fl uorescent streptavidin conjugates. Nuclei were visualized by 

DAPI staining (1 μg/ml DAPI/TBST) and sections were mounted with 

MOWIOL. Images were acquired using an Axiovert 200 M microscope 

with Axiovision software (Carl Zeiss MicroImaging, Inc.).

Flow cytometry. To obtain single cell suspensions of pLN (inguinal, bra-

chial, and axillary LNs), MLN, and PP, organs were minced through a nylon 

mesh and washed with PBS supplemented with 2% FCS. For the isolation of 

LP cells, gut content and PP were removed before intestines were opened 

longitudinally. Intestines were washed twice in cold PBS and once in cold 

PBS/5% FCS/5 mM EDTA, and incubated twice in 25 ml RPMI 1640 me-

dium/5% FCS/5 mM EDTA at 37°C to remove the epithelial cell fraction. 

The remaining tissue was washed with PBS, cut into small pieces, and incu-

bated at 37°C for 45 min in RPMI 1640/20% FCS/0.5 mg/ml collagenase 

A (Roche). The resulting suspension was fi ltered through a nylon mesh, 

pelleted, and resuspended in 40% Percoll (GE Healthcare) in RPMI 1640/5% 

FCS. This cell suspension was overlaid onto 70% Percoll in RPMI 1640/5% 

FCS and centrifuged at 800 g for 20 min. LP cells were recovered from the 

interphase and washed twice in PBS/2% FCS before staining with the anti-

bodies described. FACS analysis was performed on a FACSCalibur or LSRII 

(both obtained from BD Biosciences).

Intestinal surgery. Mouse-vascularized small bowel transplantation was 

performed as described previously (32) with some modifi cations. C57BL/10 

mice were used as donors and recipients. In brief, under the combined anes-

thesia with Ketamine and Rompun, the donor jejunum and proximal ileum 

together with the MLN were isolated with the superior mesenteric artery 

and portal vein attached. After luminal irrigation and vascular perfusion, the 

graft was stored at 4°C in Ringer’s solution until implantation. The graft 

portal vein and superior mesenteric artery were anastomosed to the recipi-

ent’s inferior vena cava and abdominal aorta, respectively, in an end-to-side 

fashion. Both ends of the graft were exteriorized as stomata. Mesenteric 

lymphadenectomy was performed by microdissection along the length of the 

superior mesenteric artery to aortic root (33). To confi rm completeness of 

mesenteric lymphadenectomy, animals received 150 μL Chicago sky blue 

(Sigma-Aldrich) solution (1% in PBS) by intraperitoneal injection at the end 

of the experiment. 10 d later, mice were killed and carefully inspected to re-

veal remaining MLN.

FTY720 treatment. Mice received 1 mg/kg body weight of FTY720 dis-

solved in PBS by gavage every second day. Eff ect of FTY720 treatment was 

monitored by regular analysis of peripheral blood lymphocyte counts.

Adoptive transfer of CFSE-labeled lymphocytes. Either BALB/c 

DO11.10 (Figs. 1 and 5) or C57BL/6 OTII (Figs. 4 and 6 A) mice were used 

as cell donors for adoptive transfer into syngenic recipient animals. Lympho-

cytes were isolated from pLN (inguinal, brachial, and axillary), MLN, and 

spleen and labeled with 5 μM CFSE (Invitrogen) for 15 min at 37°C. 
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After washing twice with PBS/3% FCS, 107 cells per mouse were injected 

into the lateral tail vein.

Antigen-feeding regimen. For analyzing the proliferation of ovalbumin-

specifi c transgenic T cells, mice were fed 100 mg ovalbumin (Grade III; 

Sigma-Aldrich) in 200 μl PBS by gavage above the lower esophageal sphinc-

ter with a stainless steel feeding needle on day 0. For the measurement of 

DTH responses, mice were fed 25 mg ovalbumin (Grade III, Sigma-Aldrich) 

in 200 μl PBS on days 0, 3, 6, and 8 (Fig. 2) or on days 0 and 2 (Figs. 3 and 6). 

In some experiments, cessation of antigen presentation was verifi ed by adop-

tive transfer of CFSE-labeled DO11.10 transgenic T cells into wild-type 

“reporter” mice at diff erent time points after antigen feeding. 2 d after T cell 

transfer, animals were killed and proliferation of transgenic T cells was deter-

mined by fl ow cytometry. Absence of T cell proliferation indicated cessation 

of functional antigen recognition.

Immunization. Mice were immunized by subcutaneous (Figs. 2 and 3) or 

intraperitoneal (Fig. 6 C) injection of 300 μg ovalbumin (Grade VI; Sigma-

Aldrich) in 200 μl PBS/CFA emulsion (containing 100 μg MT; Sigma-

 Aldrich) on day 28 (Fig. 2), day 21 (Fig. 3), or day 9 (Fig. 6 C) after the fi rst 

oral ovalbumin dose.

Induction and measurement of DTH responses. 13 d after immuniza-

tion, mice were challenged by subcutaneous injection of 50 μg ovalbumin 

(Grade VI; Sigma-Aldrich) in 20 μl PBS into the right ear pinna while 20 μl 

PBS without ovalbumin were injected into the left ear pinna for control 

purposes. Ear swelling was measured in a blinded fashion before and 48 h 

 after injection with a custom-built spring driven micrometer. Ovalbumin-

specifi c ear swelling was calculated as the following: (right ear thickness − 

left ear thickness)48h − (right ear thickness − left ear thickness)0h. None of 

the animals used for the measurement of DTH responses had received adop-

tively transferred cells.

Statistical analysis. Statistical analysis was performed with the commercially 

available software GraphPadPrism. All signifi cant values were determined us-

ing the unpaired two-tailed nonparametric Mann-Whitney-test, error bars 

represent SD (Fig. 6 B) and SEM (Figs. 2, 3, and 6 C), respectively.

Online supplemental material. Fig. S1 shows that MLN are less eff ective 

than peripheral lymphoid tissues in supporting T cell proliferation after in-

travenous injection of antigen. Online supplemental material is available at 

http://www.jem.org/cgi/content/full/jem.20052016/DC1.
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Adaptation of Solitary Intestinal Lymphoid Tissue in Response

to Microbiota and Chemokine Receptor CCR7 Signaling1

Oliver Pabst,2* Heike Herbrand,* Michaela Friedrichsen,* Sarvari Velaga,* Martina Dorsch,†

Günter Berhardt,* Tim Worbs,* Andrew J. Macpherson,‡ and Reinhold Förster*

Besides Peyer’s patches, solitary intestinal lymphoid tissue (SILT) provides a structural platform to efficiently initiate immune

responses in the murine small intestine. SILT consists of dynamic lymphoid aggregates that are heterogeneous in size and com-

position, ranging from small clusters of mostly lineage-negative cells known as cryptopatches to larger isolated lymphoid follicles

rich in B cells. In this study, we report that in chemokine receptor CCR7-deficient mice SILT is enlarged, although unchanged

in frequency and cellular composition compared with wild-type mice. This phenotype is conferred by bone marrow-derived cells

and is independent of the presence of intestinal bacteria. Remarkably, particularly small-sized SILT predominates in germfree

wild-type mice. Colonization of wild-type mice with commensal bacteria provokes an adjustment of the spectrum of SILT to that

observed under specific pathogen-free conditions by the conversion of pre-existing lymphoid structures into larger-sized SILT. In

conclusion, our findings establish that intestinal microbes influence the manifestation of gut-associated lymphoid tissues and

identify CCR7 signaling as an endogeneous factor that controls this process. The Journal of Immunology, 2006, 177: 6824–6832.

I
n the intestine, the divergent needs of host defense and nu-

trient uptake collide: whereas the efficient exclusion of mi-

coorganisms and viruses requires a tight epithelial barrier, the

absorption of nutrients from the intestinal lumen favors a thin and

permeable boundary. A broad arsenal of immune mechanisms and

compartments has developed to maintain this vital equilibrium,

including both inductive and effector functions. The most promi-

nent inductive sites in the intestine are Peyer’s patches (PP)3 that

are characterized by several aggregated B cell follicles with an

overlying follicle-associated epithelium containing M cells. M

cells actively sample Ags from the intestinal lumen that are trans-

ported into PP (1). Within the subepithelial dome of PP, Ags are

taken up by dendritic cells (DC). Upon stimulation, Ag-loaded DC

migrate to the interfollicular T cell zone and into follicles of PP

(2). This allows T cell priming, and, as a consequence, the differ-

entiation of naive B cells into mature IgA-secreting effector cells.

In a chemokine receptor-dependent process, these activated B cells

subsequently populate the intestinal lamina propria (3, 4).

Recent work extended this dogmatic model and proposed class

switching to occur in the lamina propria itself (5), as well as in

alternative inductive sites in the murine intestine, such as isolated

lymphoid follicles (ILF) (6). The architecture of ILF resembles

that of a single follicle observed in PP (6), suggesting that both

types of structures might serve similar purposes. Indeed, there is

evidence that ILF, like PP, are capable of generating gut-homing

plasma cells (7, 8) and support class switch recombination (9).

Besides these anatomical and functional similarities, PP and ILF

both depend on related, but distinct mechanisms and molecules for

their generation: the formation of PP is initiated during gestation

and propagated by the interaction of lymphoid tissue-inducer cells

(LTIC) with mesenchymal organizer cells that receive signals via

the chemokine receptor CXCR5 and the lymphotoxin-� receptor,

respectively (for review, see Refs. 10 and 11). Consequently, the

temporarily restricted disruption of lymphotoxin signaling during

gestation interferes with PP development, resulting in PP-deficient

mice. Similarly, PP fail to develop in CXCR5-deficient mice, and

adoptive transfer of CXCR5-competent LTIC into newborn

CXCR5-deficient recipients has been suggested to rescue the for-

mation of PP (12). Although the generation of ILF shares many

features with that of PP, e.g., the requirement of lymphotoxin-�

receptor signaling, ILF emerge only postnatally. Additionally, ILF,

but not PP development can be induced by bone marrow trans-

plantation of adult ILF-deficient lymphotoxin � mutants with wild-

type bone marrow (13). This suggests that compared with the de-

velopment of PP, ILF formation is more flexible and temporally

not restricted to prenatal development of the organism.

Besides PP and ILF, yet another type of lymphoid structures has

been described in the small intestine, termed cryptopatch (CP). CP

are small clusters of mostly lineage-negative cells expressing the

stem cell factor receptor cKit (CD117) and the IL-7R �-chain

(CD127) (14). CP are localized at the base of intestinal crypts and

have been suggested to breed intraepithelial lymphocytes (15).

However, more recent work has cast doubt on this function, as

evidenced by the lack of RAG gene activity in CP (16) and the

presence of intraepithelial lymphocytes in the absence of CP (17)

as well as by fate-mapping studies using transgenic knock-in mice

expressing a reporter gene under the control of the retinoic acid

orphan receptor �t (18).

We have reported recently that in a comprehensive survey of

lymphoid aggregations in the murine intestinal wall, only a mi-

nority of structures obeys the criteria commonly used to define

ILF or CP. In contrast, we observed that aggregated lymphoid
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structures in the murine intestine are dynamic, and that their

phenotype depends on external stimuli as well as mouse strain-

specific genetic influences (17). In consequence, we proposed

that CP and ILF do not constitute separate entities of lymphoid

structures, but represent polarized aspects of a continuous spec-

trum of structures that we refer to as solitary intestinal lym-

phoid tissue (SILT). A related idea was discussed by Eberl (19),

suggesting that lineage-negative cells present in CP might rep-

resent the adult counterparts of LTIC driving the maturation of

CP into ILF.

In this study, we show that SILT formation is disturbed in the

absence of CCR7 signaling, resulting in heavily enlarged struc-

tures resembling PP. This phenotype can be induced in wild-type

or reverted in CCR7-deficient mice by corresponding bone marrow

transplantations. We demonstrate that intestinal bacteria support a

shift in the spectrum of SILT toward larger structures containing

more B cells compared with that observed in germfree animals. In

contrast, germfree CCR7-deficient mice possess a similar array of

SILT as observed under nongermfree conditions, suggesting that

hypertrophy of SILT in CCR7-deficient mice does not depend on

external stimulation. Regardless of the manipulation applied, the

number of SILT in the intestine remains invariant, whereas their

morphology is highly dynamic. This result supports the concept of

SILT as anlagen-dependent secondary lymphoid organ equipped

with cellular and molecular mechanisms that allow a rapid re-

sponse to environmental challenges.

Materials and Methods
Mice

Animals were bred at the central animal facility of Hannover Medical
School under specific pathogen-free conditions or purchased from Charles
River Laboratories. LT�-, CCR7-deficient, and plt/plt mice on a C57BL/6
genetic background have been described elsewhere (20–22). CCR7-defi-
cient mice on a BALB/c genetic background were bred at Hannover Med-
ical School by backcrossing of CCR7-deficient mice on a mixed 129SV:
BALB/c background to BALB/c mice for seven generations. B cell-
deficient mice on a BALB/c background (mb-1/Cre) have been described
previously (23) and were bred at the Gesellschaft für Biotechnologische
Forschung. Antibiotic treatment was started during gestation by supple-
menting the drinking water with 1.3 mg/ml sulfamethoxazole and 0.26
mg/ml trimethoprim. Antibiotics were exchanged every second day until
sacrifice.

Germfree mice

Germfree C57BL/6 wild-type mice were bred at the Universitätspital
Zürich, and colonized for different time periods by housing with specific
pathogen-free mice in the same cage. All colonized and germfree mice
were analyzed at the age of 5 mo irrespective of the time of colonization.
CCR7-deficient germfree mice on a C57BL/6 background were generated
and bred at the central animal facility of Hannover Medical School. Germ-
free status of experimental mice was verified regularly by three indepen-
dent methods. First, fecal pellets and caecal contents of sentinels were
cultured in liquid thioglycolate (CM0173; Oxoid) and brain heart infusion
broth (CM0225), or homogenized in saline and plated out on Wilkins Chal-
gren blood agar (CM0619) and cultured anaerobically in a MACS anaer-
obic incubator gassed with 80% nitrogen, 10% carbon dioxide, and 10%
hydrogen for at least 14 days. Fecal and caecal homogenates were also
cultured aerobically on Luria-Bertani agar. Second, caecal samples were
homogenized in PBS, and bacterial DNA was extracted from the superna-
tant. Subsequently, PCR was conducted with consensus primer systems for
the gene encoding bacterial 16S RNA (24). Finally, caecal smears were
prepared and Gram stained for direct bacterial visualization or fluorescent
in situ hybridization. This was conducted by allowing smears to air dry
before permeabilization with 1 mg/ml lysozyme at 37°C for 10 min. Sub-
sequent hybridization was performed at 46°C in a humid chamber for 3 h
using Cy3-labeled universal bacterial probe EUB338 (5�-GCTGCCTC
CCGTAGGAGT-3�) (Microsynth) at a concentration of 50 ng/�l. Un-
bound probe was removed with wash buffer (EDTA, 5mmol/L; NaCl, 112
mmol/L; Tris-HCl, 20 mmol/L), and slides were then stained with 1 �g/ml
4�,6�-diamidino-2-phenylindole (DAPI) for 5 min. Slides were rinsed with

distilled water, air dried, and examined by fluorescent microscopy for the
presence of bacteria.

Bone marrow chimera

Bone marrow reconstitutions were performed with mice on a C57BL/6
genetic background. Recipients were irradiated lethally with a single dose
of 10 Gy and reconstituted by i.v. injection of 1 � 107 congenic sex-
matched bone marrow cells purified by discontinuous Lympholyte M gra-
dient centrifugation. Reconstitution was checked using congenic markers
after 6 wk, and animals were analyzed 7–9 wk after reconstitution.

Adoptive transfers

Donor cells were isolated from spleens of wild-type and CCR7-deficient
mice on a BALB/c genetic background by mincing organs through a nylon
mesh. Lymphocytes were enriched by purification using a discontinuous
Lympholyte M gradient. A total of 3 � 107 cells was injected into the tail
vein of B cell-deficient syngenic recipients. Adoptive transfers were re-
peated after 1 wk, and animals were analyzed 1 wk after the second trans-
fer. Competitive adoptive transfer experiments of differentially labeled
splenocytes were performed, as described previously (25).

Antibodies

The following Abs and conjugates were used in this study: anti-TCR��
FITC, anti-TCR�� PE (Caltag Laboratories), anti-CD4 PerCP, anti-CD8�
allophycocyanin-Cy7, anti-CD11c-bio, anti-CD21 FITC, anti-CD23 allo-
phycocyanin, anti-CD5 PE, anti-CD62L allophycocyanin, anti-CD62L PE
(BD Biosciences), anti-CD19 PE (Southern Biotechnology Associates), anti-
CD117 and anti-CD117 allophycocyanin (cKit, clone ACK2; Natutec), anti-
IL-7R� (clone A7R34; Natutec), and anti-Ly5.1 FITC and anti-Ly5.2 PE
(Cymbus Biotechnology). Anti-CD8� (clone RM CD8), anti-CD3 (clone
17A2), anti-IgD (clone HB250), and anti-B220 (clone TIB146) Abs were
provided by E. Kremmer (GSF National Research Center for Environment
and Health, München, Germany) and conjugated to FITC, biotin, Cy3, and
Cy5, as recommended by the manufacturer (Amersham). Biotinylated Abs
were detected by streptavidin-Alexa 488 (Molecular Probes) or streptavi-
din-PerCP (BD Biosciences). Unconjugated anti-IL-7R� and anti-cKit Abs
were recognized by mouse anti-rat Cy3 conjugates (Jackson Immuno-
Research Laboratories).

Immunohistochemistry

Immunohistochemistry was performed, as described previously (17). For
analysis of distribution and cellular composition of lymphoid aggregations,
composite images were automatically assembled using a motorized Axio-
vert 200M microscope (Zeiss) with an autofocus module and KS300 soft-
ware (Zeiss) (17).

Flow cytometry

Preparation of single-cell suspensions of mesenteric lymph node and PP as
well as isolation of intraepithelial and lamina propria lymphocytes were
performed, as described (17). To isolate ILF, washed intestines were
opened longitudinally and individual ILF were dissected from the luminal
side with a scalpel under a stereomicroscope. ILF were minced through a
nylon mesh and directly used for flow cytometry. Cells were stained using
the Abs described above. Lineage-positive cells were excluded using a
mixture of biotinylated Abs directed against CD3, CD19, CD11b, CD11c,
and TER-119 that was recognized by streptavidin coupled to PerCP. Dead
cells were excluded from further analysis by gating on DAPI-negative
cells. Flow cytometry data were acquired on an LSRII (BD Biosciences)
and analyzed using FACS Diva Software (BD Biosciences) or WinList
(Verity Software House).

Automated image analysis and statistical analysis

Image processing and analysis were performed using the open source soft-
ware ImageJ (National Institutes of Health). Lymphoid aggregations were
manually defined as regions of interest for the subsequent automated image
analysis by a custom ImageJ plugin (for download: �www2.mh-hannover.
de:4457/5420.html�): single-color channels were generated from RGB im-
ages and subjected to a user-defined thresholding before pixel areas were
measured. The correlation of pixel areas to cell numbers was verified by
manually counting the number of B220- and cKit-positive cells in 100
arbitrarily chosen lymphoid aggregations. Typically, results obtained by
automated image analysis and manual cell counting differed �5%.
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Statistical analysis was performed on the original data before classifi-
cation into five classes using GraphPad Prism 4.0 software using nonpara-
metric two-tailed Mann-Whitney U test. Statistical differences are indi-
cated for the mean values and variances separately as follows: �, p � 0.05;
��, p � 0.005; ���, p � 0.001.

Results
Classification of small-sized lymphoid aggregations in the small

intestine

Lymphoid aggregations in the small intestine that we refer to as

SILT display a heterogeneous phenotype in respect to size and

cellular composition (13, 17). We have reported recently a sys-

tematic experimental approach to analyze these structures by the

use of automated immunofluorescence analysis of large coherent

areas of the intestinal wall (17). Because the major cellular con-

stituents of SILT are B cells and lineage-negative stem cell factor-

receptor (cKit)-positive cells, these two markers were used

throughout this study to classify lymphoid aggregations. To this

end, horizontal sections through the crypt zone were stained for

nuclei (DAPI), B cells (anti-B220), and cKit� cells (Fig. 1A).

Composite images were assembled by automated immunofluores-

cence microscopy, and the frequency of aggregated structures in

the crypt zone was determined. According to their size, lymphoid

structures were assigned into one of the five following classes:

structures that occupy an area of up to 5,000, 10,000, 15,000,

20,000, or �20,000 �m2 at the level of the crypt zone were des-

ignated as classes I to V, respectively (Fig. 1, A and B). The con-

tribution of cKit� and B220� cells to the overall cellularity was

determined by automated image analysis (Fig. 1B; see also Mate-

rials and Methods). Importantly, the size of structures correlated

with the content of both cKit� and B220� cells, with small struc-

tures (class I) displaying a high percentage of cKit� cells and a low

proportion of B220� cells. Vice versa, large structures (class V)

are distinguished by a lower content of cKit� cells, but harbor a

higher percentage of B220� cells (Fig. 1C). Therefore, a classifi-

cation of SILT based on size of the structure, content of cKit�

cells, or content of B220� cells yields compatible results when a

sufficient number of SILT is included. In this study, we used all

three parameters to classify SILT in various manipulated mice and

obtained equivalent results. Because we observed that the size rep-

resents the most unbiased characteristic, subsequent Figs. 2, 5, 6,

and 7 will display results obtained by a size-based classification.

CCR7-deficient mice display atypically hyperplastic SILT

We and others have reported previously that any type of lymphoid

aggregation is absent in the intestine of lymphotoxin � mutants

(17, 26). To further characterize the requirements of other signal-

ing molecules expressed on LTIC for SILT organogenesis, we an-

alyzed the phenotype of SILT in CCR7-deficient and plt/plt mice

that lack the CCR7 ligands CCL19 and CCL21-Ser. When ana-

lyzing horizontal sections through the crypt zone, we observed no

significant difference in the frequency of SILT in CCR7-deficient

mice compared with wild-type controls (52 	 7 SILT/cm2 in

C57BL/6 wild-type mice; 54 	 9 SILT/cm2 in CCR7-deficient

mice on a C57BL/6 background; 54 	 6 SILT/cm2 in plt/plt mice

on a C57BL/6 background, n � 5 each; see also Fig. 2A). Vertical

sections revealed that the overall architecture of SILT in CCR7-

deficient and plt/plt mice resembles typical wild-type ILF with a

prominent B cell follicle, a subepithelial dome occupied by DC,

and T cells scattered throughout the structure (Fig. 2B and data not

shown). We next used the classification system described above to

analyze the phenotype of SILT in CCR7-deficient and plt/plt mice

in comparison with wild-type animals (Fig. 2C). Interestingly, we

observed that CCR7-deficient mice almost exclusively display

SILT that fall into categories IV and V (Fig. 2C).

Because the phenotype of SILT depends on the genetic back-

ground (6), we investigated the influence of genetic background

alterations on SILT morphology observed in CCR7-deficient mice.

Similarly to our results obtained on the C57BL/6 background, the

spectrum of SILT observed in CCR7-deficient mice on a BALB/c

or mixed C57BL/6:129SV:BALB/c background was consistently

shifted to larger-sized structures (data not shown). Moreover, such

mice occasionally displayed exceptionally huge SILT, with an av-

erage diameter of �200 �m and more than one follicle, which do

generally not occur in wild-type mice, and consequently cannot be

distinguished from PP by simple morphological criteria (data not

shown). Notably, such multifollicular SILT were not present in

CCR7-deficient mice on a C57/BL6 background, suggesting that

hypertrophy of SILT is even more pronounced in CCR7-deficient

mice on a BALB/c and mixed genetic background. Irrespective of

the genetic background analyzed, structures resembling CP

(classes I and II) are almost entirely absent in CCR7-deficient mice

(Fig. 2C and data not shown). This suggests that the pattern of

differentially sized SILT observed in wild-type animals is dramat-

ically shifted in CCR7 mutants, now including exceptionally huge

structures resembling PP.

FIGURE 1. Classification of small-sized lymphoid aggregations in the

small intestine. A, Horizontal sections through the crypt zone were stained

for cKit (green), B220 (red), and nuclei (blue). B, Representative examples

for lymphoid aggregates of an area of up to 5,000, 10,000, 15,000, 20,000,

or �20,000 �m2 that are classified as classes I to V, respectively. Indi-

vidual structures were analyzed for the frequency of cKit- and B220-pos-

itive staining cells by automated image analysis. Therefore, single channels

representing cKit- and B220-positive stained areas were extracted from

RGB images (upper row) and converted into black and white images (mid-

dle and lower panels). C, Structures of classes I to V show a decreasing

contribution of cKit-positive stained areas and an increasing contribution

of B220-positive staining areas. Boxes depict the 75 and 25 percentiles.

The mean value is indicated by horizontal bars within the boxes. Classes I

to V are depicted by increasing greyscale intensity.
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To track the phenotype of SILT observed in adult CCR7-defi-

cient mice back to early stages of development, we analyzed the

presence and phenotype of SILT 7 and 14 days after birth in wild-

type and CCR7-deficient mice on a BALB/c background. In both

wild-type and mutant mice, we observed SILT 7 days after birth.

However, at both time points, SILT structures have more fre-

quently been spotted in CCR7-deficient mice and usually con-

tained a core of B220-expressing cells that was only sporadically

present in SILT of wild-type controls (Fig. 3), suggesting that hy-

pertrophy and accumulation of B cells in SILT occur early after

birth.

In CCR7-deficient mice, the cellular composition of PP

resembles that of SILT

We next used flow cytometry to investigate the cellular composi-

tion of SILT in wild-type and CCR7-deficient mice on a C57BL/6

genetic background in more detail. Individual SILT were dissected

from the surrounding tissue under a stereomicroscope, and single-

cell suspensions were prepared. Importantly, this approach only

allows the isolation of SILT recognizable under a stereomicro-

scope from the luminal surface of the small intestine. Conse-

quently, such cell suspensions are exclusively derived from large-

sized SILT (classes IV and V) that are characterized by a

prominent B cell follicle and a corresponding bulgelike morphol-

ogy. We found that B cells residing in wild-type class IV and V

SILT as well as CCR7-deficient SILT are of the conventional B2

cell phenotype (CD19�CD21�CD23highCD5
; Fig. 3 and data not

shown). Likewise, CD4� and CD8� T cells in both wild-type and

CCR7-deficient SILT are largely L-selectin (CD62L) negative,

suggesting that large SILT contain only few naive T cells (Fig. 4

and data not shown). However, whereas in wild-type mice PP and

SILT display a clearly different cellular composition, this differ-

ence is less pronounced in the corresponding CCR7-deficient

structures. In particular, wild-type PP contain a significantly higher

percentage of naive (CD62L�) CD4� T cells compared with wild-

type SILT, whereas in CCR7-deficient mice both compartments

are scarce in naive T cells (Fig. 4). In conclusion, the cellular

FIGURE 2. CCR7-deficient and plt/plt mice harbor hypertrophied

SILT. A, Horizontal sections through the crypt zone of 8- to 10-wk-old

wild-type, plt/plt, and CCR7-deficient mice, all on a C57BL/6 background,

were stained for nuclei (blue) and B cells (anti-B220, red); SILT are

marked by arrows. B, Vertical sections through SILT in wild-type and

CCR7-deficient mice reveal a comparable architecture in both strains with

a prominent B cell core (anti-B220, red), interspersed T cells (anti-CD3,

blue), and an overlying dome region containing DC (anti-CD11c, green).

C, The size distribution of SILT observed in specific pathogen-free wild-

type, plt/plt, and CCR7-deficient mice was assessed, as described for Fig.

1. Classes I to V are depicted by increasing greyscale intensity, and classes

not detected are indicated by Ø. Numbers in parentheses indicate the num-

ber of mice and SILT analyzed. Statistical differences between the mean

size of SILT present in each group are indicated as follows: �, p � 0.05;

��, p � 0.005.
FIGURE 3. SILT are present early after birth in both wild-type and

CCR7-deficient mice. Horizontal sections through the intestinal wall of

wild-type and CCR7-deficient mice on a BALB/c background were ana-

lyzed 7 and 14 days after birth for the presence and phenotype of SILT.

Sections were stained using anti-cKit (blue) and anti-B220 (red) Abs. SILT

structures were more frequently observed in CCR7-deficient mice com-

pared with age-matched wild-type controls. They usually contained a dense

follicular core of B220-expressing cells that was only sporadically ob-

served in SILT of 7- or 14-day-old wild-type mice.

6827The Journal of Immunology



composition of SILT observed in CCR7-deficient mice strikingly

resembles that of PP observed in these mutants, and likewise is

very reminiscent of large SILT (classes IV and V) observed in

wild-type mice.

Bone marrow reconstitution induces/reverts the phenotype

of SILT

Previous reports showed that ILF and CP can be induced in lym-

photoxin � mutants lacking such structures by transplantation with

wild-type bone marrow (13, 26). We therefore generated bone

marrow chimeras using wild-type and CCR7-deficient mice as re-

cipients and/or donors and analyzed the phenotype of SILT 7–9 wk

after reconstitution. We observed that bone marrow transplantation

as such did not significantly affect the spectrum of SILT in wild-

type mice that received wild-type bone marrow (Fig. 5). In con-

trast, wild-type recipients that received bone marrow from CCR7-

deficient donors almost completely recapitulated the phenotype

observed in genuine CCR7 mutants. Conversely, reconstitution of

CCR7 mutants with wild-type bone marrow converted the SILT

phenotype largely to the wild-type pattern. In contrast, bone mar-

row transplantation with wild-type cells failed to revert the spec-

trum of SILT in plt/plt recipients (Fig. 5). In addition, we per-

formed similar experiments using lymphotoxin � mutant mice on

a C57BL/6 genetic background as recipients for both wild-type

and CCR7-deficient bone marrow. As expected, our results con-

firmed previous reports demonstrating the generation of lymphoid

aggregations in those chimeric animals reconstituted with wild-

type bone marrow. Moreover, we observed that the phenotype of

SILT induced by transplantation of CCR7-deficient bone marrow

into either lymphotoxin � mutants or wild-type recipients is almost

identical (Fig. 5). These results suggest that lack of CCR7 expres-

sion on hemopoietic cells causes hypertrophy of SILT, whereas

CCR7 ligands need to be produced by nonhemopoietic cells to

maintain a wild-type-like array of SILT.

Perturbed exit from the periphery does not significantly

contribute to SILT hypertrophy in CCR7-deficient mice

It has been reported recently that CCR7 is required for the exit of

lymphocytes from the periphery (27, 28). Because this phenome-

non might contribute to SILT hypertrophy in CCR7 mutants, we

analyzed the accumulation of wild-type and CCR7-deficient B

cells in an adoptive transfer model using B cell-deficient recipi-

ents. In B cell-deficient mice, we observed normal frequencies of

SILT that were reduced in size compared with wild-type mice.

Adoptive transfer of splenocytes from either wild-type or CCR7-

deficient donor animals (twice 3 � 107 splenocytes/recipient) re-

sulted in the accumulation of �20% of the adoptively transferred

B cells in the recipients’ spleens after 2 wk (25.5 	 6.0 vs 22.0 	

5.3% B cells in the recipients’ spleens using wild-type and CCR7-

deficient donors, respectively; n � 4 mice analyzed). However, in

neither case did we observe a significant accumulation of trans-

ferred B cells in SILT (3.2 	 2.7 vs 3.3 	 2.6% B220-positive

cells in the recipients’ SILT using wild-type and CCR7-deficient

FIGURE 4. Large-sized SILT in wild-type and CCR7-deficient mice

have a similar cellular composition. SILT were dissected from the small

intestines of 8- to 10-wk-old wild-type and CCR7-deficient C57BL/6 mice

and analyzed by flow cytometry for CD21, CD23, CD4, and CD62L, as

indicated. Numbers indicate the percentage of cells in the corresponding

quadrants. All plots have been gated on live cells by exclusion of DAPI-

positive cells. Results shown are representative for three independent ex-

periments performed.

FIGURE 5. Bone marrow reconstitution induces/reverts the phenotype of SILT. Bone marrow chimeras were prepared using wild-type or CCR7-

deficient donors and wild-type, CCR7-deficient, lymphotoxin �-deficient, and plt/plt recipients all on a C57BL/6 genetic background. Bars represent the

contribution of class I- to class V-type structures to the overall number of SILT observed, as described in Fig. 1. Classes I to V are marked by roman

numbers and depicted by increasing greyscale intensity; classes not detected are indicated by Ø. Numbers in parentheses indicate the number of mice and

SILT analyzed. The mean size of SILT measured for wild-type recipients reconstituted with wild-type cells was significantly different from wild-type

recipients receiving CCR7-deficient cells ( p � 0.05), plt/plt recipients receiving wild-type cells ( p � 0.05), and lymphotoxin-�-deficient recipients

receiving CCR7-deficient cells ( p � 0.05). No significant difference between the mean size of SILT present in wild-type recipients reconstituted with

wild-type cells and CCR7-deficient recipients reconstituted with wild-type cells was observed.
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donors, respectively; n � 4 mice analyzed). Similarly, we ob-

served that 3 days after a competitive transfer of differently labeled

splenocytes from wild-type and CCR7-deficient donors into syn-

genic wild-type recipients, no preferential accumulation of cells of

either donor genotype occurred in SILT (data not shown). These

data suggest that SILT hypertrophy in CCR7-deficient mice is not

caused by perturbed egress of lymphocytes.

Commensal bacteria stimulate the maturation of SILT in the

small intestine

CP have been reported to be present in germfree mice (14),

whereas controversial observations were published regarding the

presence of ILF in such animals. Hamada et al. (6) initially ob-

served ILF in germfree mice, whereas other reports suggested that

ILF only develop upon stimulation by intestinal bacteria (13) and

changes in the commensal flora have been correlated with ILF

hypertrophy (29, 30). We observed that germfree C57BL/6 mice

predominantly contain SILT with an average diameter of �90 �m

corresponding approximately to an area of 6300 �m2 in horizontal

sections through the crypt zone (classes I and II) and lack large-

sized SILT (classes IV and V; Fig. 6). However, germfree mice

possess a few class III structures containing up to 60% of B cells

that may be organized in a compact follicular structure and thus fit

the original description of ILF. To analyze the dynamics of SILT

transition during colonization of germfree mice, we generated a set

of age-matched germfree and colonized C57BL/6 mice. Germfree

mice were colonized by housing them together with specific patho-

gen-free sentinel mice in the same cage. All animals were analyzed

at an age of 5 mo. After 4, 8, 16, 22, 41, and 71 days of coloni-

zation, the formerly germfree mice were sacrificed, and the fre-

quency and phenotype of SILT were analyzed. We observed 54 	

8 SILT/cm2 in the proximal small intestine in germfree animals

compared with 52 	 7 SILT/cm2 in age-matched mice that had

been colonized for 41 days. Likewise, no significant differences in

the density of lymphoid structures per sectioned area were ob-

served at any other time point analyzed or in the distal small in-

testine (data not shown). These findings suggest that colonization

of germfree mice does not result in the de novo formation of ag-

gregated lymphoid structures in the intestine. Instead, colonization

of germfree mice induced profound changes in the phenotype of

already existing SILT, i.e., these mice harbored larger structures

with a higher content of B220-positive cells in comparison with

germfree animals (Fig. 6 and data not shown). The average size of

SILT increased with time after colonization, reaching a plateau

after 41 days. From this time point on also, the SILT spectrum

remained invariant and was indistinguishable from the one ob-

served in specific pathogen-free sentinel animals (data not shown).

This indicates the following: 1) an assimilation of the intestinal

flora of test and sentinel animals, and 2) that this particular mi-

crobiota mixture created the given SILT spectrum that is by and

large identical with that observed earlier (17) (compare Figs. 2C

and 6). The microbiota-induced increase in average SILT size was

paralleled by increasing frequencies of B cells in SILT, suggesting

that the influx of B cells drives the size increment of these

structures.

Considering the major influence of commensal bacteria in the

intestine on the phenotype of SILT, we asked whether the spec-

trum observed in specific pathogen-free CCR7-deficient mice is

influenced by the presence of intestinal bacteria to a similar extent.

For this, we generated long-term antibiotic-treated and germfree

CCR7-deficient mice. Importantly, under both conditions, the phe-

notype of SILT retained the CCR7 mutant-specific profile and did

not shift to the spectrum observed in germfree wild-type animals

(Fig. 7; compare with Figs. 2C and 6), demonstrating that intestinal

commensal bacteria do not significantly contribute to the pheno-

type of SILT in these mutants. Moreover, we did not observe any

differences in the numbers of aerobic or anaerobic bacteria that

could be cultured from faeces of specific pathogen-free CCR7-

deficient and wild-type mice (data not shown).

These results demonstrate that the number of SILT does not

depend on either functional CCR7 signaling or the presence of

microbiota, suggesting that SILT cannot be generated de novo.

Consequently, SILT, like PP, should be regarded as genuine

secondary lymphoid organs that adapt to the presence of micro-

biota, resulting in a shift in the spectrum of SILT.

Discussion
The spatial integration of Ag-sampling mechanisms provided by

M cells, Ag-presenting DC, as well as extensive B and T cell

regions in PP provides a very efficient platform to handle intestinal

FIGURE 6. Commensal bacteria progressively

drive the maturation of SILT. Germfree C57BL/6

mice were colonized with commensal bacteria for

the period of time indicated and analyzed for the

frequency and phenotype of SILT. Bars represent

the contribution of class I- to class V-type SILT to

all lymphoid structures in the small intestine.

Classes I to V are marked by roman numbers and

depicted by increasing greyscale intensity; classes

not detected are indicated by Ø. Numbers in paren-

theses indicate the number of mice and SILT ana-

lyzed. Statistical differences were tested for each

time point compared with germfree mice and are

indicated in the bottom lines. Differences between

mean values and variances are indicated separately

(mean/variance): �, p � 0.05; ���, p � 0.001.
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Ags. However, it remained enigmatic how so few PP could pos-

sibly deal with the enormous amount of Ag passing through the

intestine. Furthermore, numerous studies failed to reveal a decisive

role for PP in induction of both tolerance and protective intestinal

immune responses (31–35). The discrepancy between assumed in-

testinal immune functions and the poor experimental proof regard-

ing PP contributing to it could at least in part be resolved by a

report by Hamada et al. (6) describing the existence of ILF in the

murine intestine. Although ILF have long been known to be

present in the intestines of numerous species, these structures had

been generally neglected in most studies addressing PP function,

thereby disregarding their potential in supporting intestinal im-

mune responses (8, 33). Different models have been put forward

that describe key features of ILF formation (11). In utero treatment

of pregnant mice with lymphotoxin-� receptor fusion proteins,

which is the most frequently used method to prevent PP formation,

augments the frequency of large-sized ILF. This observation ini-

tiated the idea to distinguish between immature ILF and mature

ILF, which has been discussed by Lorenz et al. (13). Their concept

suggests that immature ILF, which are characterized by the pres-

ence of a low number of B cells, can be generated de novo and

consequently denotes ILF as tertiary lymphoid tissue. Subsequent

differentiation of immature ILF into mature ILF was shown to

require a lymphotoxin-sufficient B cell, but not to rely on adaptive

immune responses (13, 36).

We recently provided evidence for a related, but distinct sce-

nario. In line with the model of immature and mature ILF, we

observed that ILF exist in different stages according to their size

and cellular composition, and coined the collective term SILT to

adequately address these structures. However, in contrast to the

aforementioned model, we propose that under normal physiolog-

ical (homeostatic) conditions, SILT (encompassing ILF) do not

form de novo, but derive from small clusters of mostly lineage-

negative cells termed CP, qualifying such tissue as a bona fide

secondary lymphoid organ rather than tertiary lymphoid tissue

(17). In support of our hypothesis, we demonstrate in the present

study that in CCR7-deficient mice as well as in germfree mice

challenged with commensal bacteria, only the phenotype, but not

the overall number of SILT is subject to changes. Our findings,

however, do not rule out the possibility that neogenesis of addi-

tional SILT-like lymphoid aggregations may develop in the intes-

tine under pathological conditions, for example, in consequence of

drug- or pathogen-induced inflammation. Notably, any studies that

led to the suggestion that lymphoid aggregations in the small in-

testine and colon could form de novo either used sections along the

crypt villus axis or were based on whole mount inspections of the

intestine using a stereomicroscope. In contrast, we used horizontal

sections through the crypt zone in combination with automated

image acquisition and analysis. This method avoids any risk that

small structures escape detection, and thus allows determining the

total number of aggregated structures in the intestine without any

bias due to the size of the clusters analyzed. This comprehensive

view facilitates a clear-cut recording of differences in the size and

frequency of lymphoid clusters in the small intestine.

The cellular composition of SILT in CCR7-deficient mice re-

sembles that of PP in these mutants, and on occasion exceptionally

huge SILT can even be detected by macroscopic inspection of

entire intestines. SILT in CCR7-deficient mice belong almost ex-

clusively to SILT of classes IV and V and cannot be distinguished

from the correspondingly classified SILT in wild-type mice, sug-

gesting that CCR7 deficiency does not elicit structural abnormal-

ities, but rather disrupts an apparently negative feedback loop nor-

mally preventing massive influx of naive B cells.

Recently, it has been reported that lack of CCR7 impairs the

establishment of central tolerance in these mice, thereby leading to

inflammatory infiltrates and tertiary lymphoid tissue formation in

various organs (37). However, for several reasons, these findings

are unlikely to provide an explanation for the hypertrophy of SILT

in the intestine: 1) The number of lymphoid clusters in the intestine

of CCR7-deficient mice is unchanged compared with wild-type

controls, which rules out considerable neogenesis; 2) no CP-like

tissue can be detected in CCR7-deficient mice, indicating the con-

version of all of these structures into class IV and V SILT; and 3)

SILT hypertrophy occurs invariantly early after birth, obeying an

endogeneous genetic disposition, and does not progress during ag-

ing. In addition, by adoptive transfer experiments, we found that

impaired emigration from peripheral tissues is unlikely to account

for hypertrophy of SILT in CCR7-deficient animals.

Bone marrow reconstitution with CCR7-deficient or wild-type

cells is sufficient to interconvert the spectrum of SILT observed in

wild-type and CCR7-deficient mice, respectively, indicating that

CCR7 function on hemopoietic cells is of pivotal importance for

SILT manifestation. Similarly, the pattern of SILT observed in

plt/plt mutants lacking the CCL19 and CCL21-Ser gene pheno-

typically resembles the spectrum present in CCR7 mutants.

However, in contrast to CCR7-deficient mice, SILT hypertrophy

in plt/plt mice cannot be reverted by transplantation of wild-type

bone marrow. This suggests that both the CCR7-ligand production

by a nonhemopoietic cell in the SILT and the subsequent immi-

gration of a CCR7� cell of hemopoietic origin are required for

limiting the expansion of SILT.

We and others have reported earlier that CCR7 signaling is re-

quired for lymphoid organogenesis, as evidenced by the lack of all

peripheral lymph nodes in CXCR5/CCR7-double-deficient, but

not either single-deficient mouse mutant (21, 38). Consistently, in

addition to naive lymphocytes and DC, CCR7 is also expressed on

LTIC isolated from fetal mesenteric lymph nodes (21). However,

FIGURE 7. Hypertrophy of SILT in CCR7-deficient mice does not de-

pend on stimulation by microbiota. Germfree and long-term antibiotic-

treated CCR7-deficient mice on a C57BL/6 genetic background were an-

alyzed for the frequency of class I- to class V-type SILT. Bars indicate the

contribution of class I- to class V-type SILT to all lymphoid structures in

the intestine. Classes I to V are marked by roman numbers and depicted by

increasing greyscale intensity; classes not detected are indicated by Ø.

Numbers in parentheses indicate the number of mice and SILT analyzed.

No significant differences in the mean size of SILT were observed for

germfree and long-term antibiotic treated mice as well as CCR7-deficient

mice kept under specific pathogen-free conditions.
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in contrast to the lack of peripheral lymph nodes in CXCR5/

CCR7-double-deficient mice, the number of macroscopically dis-

cernible nodular structures in the intestine, i.e., PP, is increased

compared with CXCR5-single-deficient mice (0–1 PP in CXCR5-

deficient mice; n � 24 vs 4–5 PP in CXCR5/CCR7-double-defi-

cient mice, n � 15; p � 0.001). Considering data presented in this

work, such lymphoid nodules in CXCR5/CCR7-double-deficient

intestines might not necessarily represent proper PP, but, alterna-

tively, giant SILT forming in the absence of CCR7-dependent size

regulation.

Interestingly, lineage-negative cells in SILT phenotypically re-

semble LTIC, a cell population active in lymph node and PP de-

velopment during embryogenesis, and it has been hypothesized

that these cells might postnatally recapitulate a developmental

pathway that to date has been attributed to prenatal processes (19).

In line with this hypothesis, we observed that cells isolated from

the intestinal lamina propria, thereby including SILT-resident

cells, contain CD4�c-kit�lineage
 cells (hereafter referred to as

lineage
 cells) of which almost 50% express CCR7 (data not

shown). In addition, SILT-derived lineage
 cells bind lympho-

toxin-� receptor fusion proteins indicative of lymphotoxin expres-

sion by these cells (O. Pabst, unpublished observations). There-

fore, lineage
 cells in SILT are equipped with several molecules

that are critical for lymphoid organogenesis. Postnatal progression

of lymphoid organogenesis in turn is distinguished by the massive

recruitment of T and B cells into primordial organ anlagen, a pro-

cess that is highly reminiscent of SILT transition, qualifying lin-

eage
 cells in SILT as prime candidates to coordinate SILT ad-

aptation in response to microbial stimulation. Involvement of

CCR7 in this process might either allow the settlement of these

regulatory cells into SILT or alternatively constitute an intrinsic

requirement for their proper function, i.e., lineage
 cells might

depend on CCR7 signaling inside SILT triggering their regulating

function. In either case, the presence of CCR7-competent cells in

SILT is mandatory for the regulation of B and T cell influx pro-

voked by external stimuli, and in the absence of CCR7� cells SILT

will be overloaded with lymphocytes, building giant aggregates

resembling PP. A central function of lineage
 cells in the regula-

tion of GALT size can also be concluded from an interesting report

by Finke et al. (12). In this study, defective PP development could

be rescued by adoptive transfer of wild-type LTIC into newborn

CXCR5-deficient mice, resulting in even increased numbers of PP

compared with wild-type mice. However, fueling the pool of LTIC

during this ontogenetic time window again might not only selec-

tively induce PP formation, but also interfere with SILT formation.

In consequence, follicular structures induced by this experimental

approach might combine characteristics of both PP and exception-

ally huge SILT.

In conclusion, we suggest that SILT represents a lymphoid tis-

sue constitutively present in the murine small intestine. Shaping of

this compartment occurs in response to external stimuli, e.g., the

presence of commensal bacteria, and is distinguished by the re-

cruitment of lineage-restricted lymphocytes. CCR7 constitutes a

regulatory element of this process, possibly by limiting the influx

of excess B cells, and lack of CCR7 causes hypertrophy of SILT

independent of overt exogenous stimulation.

Acknowledgments
We are especially thankful to Jessica Dürr for the treatment of CCR7-
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In comparison to secondary lymphoid organs, gut-associated lymphoid tissues such as

isolated lymphoid follicles (ILF) and cryptopatches (CP) have been less intensively

studied. To gain a better insight into processes regulating organization and function of

these structures, which are believed to participate in immune responses and extrathymic

T cell development, we characterized the lymphoid structures of the murine small

intestine in more detail. The size and cellular composition of small intestinal lymphoid

aggregations were analyzed in C57BL/6 and BALB/c wild-type and lymphotoxin (LT)-

deficient mice, by flow cytometry, histology and automated multi-color immuno-

fluorescence microscopy evaluating large coherent areas of the intestine. These

evaluations demonstrate that aggregated lymphoid structures in the small intestine vary

in size and cellular composition, with a majority of structures not matching the current

definitions of CP or ILF. Accordingly, significant variations depending on species, age

and mouse strain were observed. Furthermore, small bowel transplantation revealed a

rapid exchange of B but not T cells between host and grafted tissue. Moreover, LT-

deficient animals lack any intestinal lymphoid aggregations yet possess the complete

panel of intraepithelial lymphocytes (IEL). In summary, our observations disclose

intestinal lymphoid aggregations as dynamic structures with a great deal of inborn

plasticity and demonstrate their dispensability for the generation of IEL.

Introduction

The intestine is continuously exposed to foreignmaterial

in the form of harmless food antigens and commensal

organisms, as well as of potential pathogens. Protection

against pathogens on the one hand and maintenance of

tolerance to innocuous antigens on the other hand is

accomplished by the gut-associated lymphoid tissue

(GALT). GALT is composed of highly specialized

lymphoid organs such as Peyer's patches (PP) and small

lymphoid aggregations. Beside GALT, dispersed immune
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cells such as intraepithelial lymphocytes (IEL) and

lamina propria lymphocytes (LPL) reside throughout the

intestine.

In the murine jejunum, IEL can be found at a

frequency of about 16 IEL per 100 enterocytes, resulting

in a remarkably numerous population of these cells,

considering the size of the entire organ [1]. IEL are

effector T cells that also maintain the integrity of the

mucosal epithelium [2]. The majority of intestinal IEL

are CD8+, with significant numbers expressing the

CD8aa homodimer and frequently employing the TCRcd

instead of the TCRab [3]. Contradictory results have

been reported regarding the origin of IEL, suggesting

that CD8ab+ IEL are of thymic origin whereas CD8aa+

IEL develop locally in the gut [3–5]. Cryptopatches (CP),

numerous small and randomly distributed clusters of

lymphoid cells in the basal lamina propria of the murine

intestine, are composed of predominantly lineage-

negative (CD3–CD4–CD8–B220–) cells expressing the

stem cell factor c-kit [6] and have been hypothesized to

be sites of extrathymic T cell development [6–8].

In addition to CP, two well-recognized types of

aggregated lymphoid structures are present in the

intestinal wall: isolated lymphoid follicles (ILF) and

PP. ILF have been described in numerous species

including human [9], rabbit [10], guinea pig [11] and

mouse [12]. In the mouse, approximately 100–150 ILF,

very much like PP, colonize the small intestine along the

antimesenteric wall. The cellular composition of ILF has

been reported to resemble PP: both structures are

predominantly filled with B cells and may possess

germinal centers and a follicle-associated epithelium

(FAE) containing microfold cells specialized for the

uptake of antigen from the gut lumen [9, 12]. Thus, ILF

and PP are assumed inductive sites for intestinal

immune reactions. They share common developmental

traits as assembly of both structures requires IL-7Ra and

LTa signaling. ILF and PP are absent in lymphotoxin

(LT)a-deficient animals and drastically reduced in

number in IL-7Ra-deficient mice [12].

By examining aggregated structures in the murine

gut by surveying large coherent intestinal areas, we

demonstrate that a clear-cut distinction between ILF and

CP is not plausible, as the phenotype of lymphoid

aggregations is subject to recurrent modulations

reflecting age and environmental conditions. Impor-

tantly, LTa- and LTb-deficient animals do not develop

any aggregated lymphoid structures in the intestine yet

possess all intestine-specific IEL subpopulations, de-

monstrating that intestinal lymphoid aggregations are

dispensable for IEL formation.

Results

Distribution and architecture of aggregated
lymphoid structures in the small intestine

Currently, CP and ILF are thought to serve non-

overlapping functions and to differ in localization, size

and cellular composition. Therefore, they are usually

regarded as two genuine and separate types of intestinal

lymphoid aggregations [6, 12].

A systematic analysis of these small structures

requires an exhausting series of consecutive sections

covering large coherent areas. Therefore, we developed

a technique that allows an automatic assembly of large

composite images taken from successive horizontal

sections of intestinal tubes that were cut open and

embedded as planar sheets (Figs. 1, 2). In addition,

vertical sections were performed on Swiss rolls made

from longitudinally opened gut segments. The location

and principal architecture of aggregated structures in

the intestine are summarized in Fig. 1. The jejunum of an

8-week-old BALB/c mouse was either used for horizon-

tal sections through the crypt zone (Fig. 1A, B, E) or for

vertical sections along the proximal-distal axis of

intestinal villi (Fig. 1C, F–H). In horizontal sections,

prominent lymphoid aggregations confined to the anti-

mesenteric wall appear as dense aggregations of cells

with an average diameter of 150 lm in the crypt zone

(Fig. 1A, B). In the vertical sections, most of these

structures have the shape of a single dome (Fig. 1C).

These large structures can also be identified from the

mucosal side using a stereomicroscope (Fig. 1D). Thus,

based on morphological criteria, these structures fit the

current definition of ILF [12]. Beside these ILF, barrel-

shaped lymphoid aggregations are present in the

intestinal wall, localizing to the lower third of

“normal-sized” villi (Fig. 1F). These structures have an

average diameter of 80 lm (Fig. 1E), thus fitting the

current definition of CP. In contrast to the dome-shaped

ILF, villi harboring CP cannot be distinguished from

neighboring villi by stereomicroscopy as described

above (Fig. 1D). However, neither anti-mesenteric

localization nor the size of an individual structure

suffices for a definitive classification into either category

as judged by large-scale analysis of horizontal sections.

Small-sized structures can be found along the anti-

mesenteric axis, and vice versa, large aggregations of

cells can be identified at locations other than the anti-

mesenteric wall (compare the localization of structures

shown in Fig. 2A and 2B1–B6). Moreover, in approxi-

mately 50% of all lymphoid structures identified on

vertical sections, analysis of consecutive sections

revealed that the villi seem to bulge out just above

the crypt zone. Thus, these aggregations resemble an

intermediate structure between ILF and CP (Fig. 1G).
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Moreover, when analyzing the size of all lymphoid

formations independent of their localization, we failed

to identify distinct classes of small- and large-sized

structures (Fig. 1I).

In a next step, we compared size and number of

lymphoid aggregations in the intestine of young and old

C57BL/6 mice with those of young BALB/c mice. In all

animals analyzed, we found comparable numbers of

aggregated lymphoid structures in the small intestine

(Table 1; approximately 50 structures/cm2, resulting in

a total of about 1,000 structures/small intestine; data

not shown). In contrast, the average size of lymphoid

aggregations differed between young and old C57BL/6

mice, as well as between C57BL/6 and BALB/c mice. Old

mice possess significantly larger structures than young

mice (Table 1). Furthermore, in older animals, the

percentage of large-sized structures found outside the

anti-mesenteric axis is considerably increased (data not

shown). Thus, although some of the structures present

in the intestinal wall fit into the definitions of CP and ILF,

an unambiguous classification based on morphological

criteria is not possible in most cases.

Cellular composition of lymphoid aggregations in
the small intestine

Based on the analysis of hematoxylin (HE) staining,

consecutive sections were selected for three-color

immunofluorescence microscopy, with various combi-

nations of antibodies directed against IL-7Ra, CD117 (c-

Fig. 1. Architecture of aggregated structures in the small intestine of 8-week-old BALB/c mice. Horizontal (A, B, E) or vertical
sections (C, F–H)were stainedwith HE. Rectangles in (A) and (H) demarcate structures that are shown at a highermagnification, as
depicted. Arrows in (A) mark large aggregations of lymphocytes that are aligned along the anti-mesenteric axis. (D) shows a view
onto themucosal surface using a stereomicroscope, with a lymphoid aggregation in the central part. Scale bars represent 2 mm in
(A) and (H) and 100 lm in (B–G). The size distribution (I) was determined using representative sections from four animals and
reflects the size of aggregated structures found in approximately 10 cm of proximal jejunum.

Table 1. Lymphoid aggregations in the murine intestinea)

Size in lm2 Number of
structures/cm2

Structure-area
as % of total
section-area

C57BL/6 (8 weeks) 8,800 58 0.51

C57BL/6 (40 weeks) 19,500 54 1.05

BALB/c (8 weeks) 13,200 46 0.61

LTa–/– (C57BL/6) 0 0 0

LTb–/– (C57BL/6) 0 0 0

a) Based on the analysis of HE-stained horizontal sections through the
crypt zone, the average size and the frequency of aggregated
structures in the jejunum was determined. A total area of at least
5 cm2 of intestine derived from four animals was analyzed.

Oliver Pabst et al. Eur. J. Immunol. 2005. 35: 98–107100
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kit), IgD, B220, CD3 and Ly5.2, in addition to a DAPI

nuclear stain. For a systematic analysis of the cellular

composition of lymphoid aggregations, composite

images were automatically assembled (Fig. 2). The

cellular composition of individual aggregates was not

dependent on their position in the intestinal wall, as

exemplified in Fig. 2. Interestingly, large and small

structures at any position contained significant fractions

of IL-7Ra+ cells and c-kit+ cells (Fig. 2A, B).

Furthermore, only few structures were devoid of mature

B and T cells, as judged by the presence of

B220+IgD+CD3– and CD3+IgD– cells, respectively,

and would thus match the definition of CP (Fig. 2B).

We then determined the relative frequency of B cells,

T cells and c-kit+ stem cells in C57BL/6 mice. For this

analysis only structures that were cut through their core

were included (Fig. 3). Although the average content of

B220+ cells increased as the size of these aggregations

increased, the B220+ content varied considerably.

Consequently, we identified comparably small aggrega-

tions with B220+ cells prevailing. Conversely, a notice-

able number of large aggregations lacked significant

numbers of B or T cells, but instead harbored large

numbers of IL-7R+ and c-kit+ cells (Fig. 3 and data not

shown).

To confirm these results, we analyzed by flow

cytometry the cellular composition of individual struc-

tures dissected from BALB/c intestines under a stereo-

microscope. This method only allows the isolation of the

larger, dome-shaped structures (compare Fig. 1D). Flow

cytometrical analysis revealed that these structures, but

not mesenteric lymph nodes (MLN) or PP, contain a

population of non-B, non-T cells representing approxi-

mately 25% of the entire cellular count (Fig. 4). A

significant fraction of these cells did not stain for any

lineage marker but expressed the stem cell factor

Fig. 2. Cellular composition of aggregated structures in C57BL/6 jejunum. Horizontal sections were used for three-color
immunofluorescence. Composite pictures as seen in (A) were automatically assembled from 100–200 individual high-resolution
images using a motorizedmicroscope, resulting in an image file of approximately 200 MB. These image files allow the analysis of
tissues at the cellular level, and they were scanned for lymphoid aggregations. Selected lymphoid aggregations [marked with
arrows in (A) and labeled (B1–B6)] are depicted in more detail using the original high resolution (B1–B6). Thereby, lymphoid
structures can be analyzed in the context of large areas of sectioned tissue. Consecutive sections were stained with different
combinations of DAPI nuclear stain, anti-CD45.2, anti-IgD, anti-IL-7Ra, anti-c-kit, anti-B220, and anti-CD3 antibodies.
Combinations of two colors were selected as indicated, to facilitate judgment of individual staining patterns. An overview of
DAPI-stained nuclei is shown in (A). The scale bar represents 2 mm in (A). The anti-mesenteric axis is marked by the red dotted
line, and arrowheads point to lymphoid aggregations that are not shown in detail; PP, Peyer's patch.
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receptor c-kit (Fig. 4 and data not shown). These cells

most likely represent precursor cells of hematopoietic

origin. These results are in line with previous reports

observing that not only CP but also structures fitting the

current definition of ILF contain a significant population

of lineage-negative cells [12].

These studies corroborated our morphological ob-

servations (see previous section) that most lymphoid

aggregations residing in the small intestine are distin-

guished by a phenotype with characteristics of both, ILF

and CP. Even though both CP and ILF could be

identified, they seem to represent only a minor fraction

of the solitary intestinal lymphoid tissue. It is con-

ceivable that only a large-scale study is capable of

revealing the surprising heterogeneity among solitary

intestinal lymphoid tissue that escaped detection in

earlier reports.

Lack of cryptopatches in human, rat and porcine
small intestine

In contrast to ILF, the presence of CP has so far only been

reported in mice. Therefore we evaluated HE-stained

sections of human, pig and rat intestines at different

ages and under different breeding conditions for the

presence of small lymphoid aggregations. In human

intestines (n=6; age: 6.0�4 months), no structures

fitting the current definition of murine CP could be

found (data not shown). The same result holds true for

pig intestines (n=22, 6–10 months; n=22,

8–12 months; n=4, 2–3 years; all conventionally reared

G�ttinger Minipigs) that were kept under either germ-

free or specific pathogen-free conditions. Interestingly,

in sections of rat intestine, ILF could be identified on

about 60% of the analyzed sections, while villi filled

with lymphocytes as observed in human [9] could be

detected on about 20% of the sections (n=18, 5-month-

old females, Sprague Dawley; data not shown). Of note,

sections analyzed from all three different species,

human, pig and rat, consistently did not reveal any

CP-like structures.

The phenotype of aggregated lymphoid
structures in the intestinal wall is highly dynamic

The observed heterogeneity of intestinal lymphoid

aggregations may relate to a dynamic behavior of cells

that constitute these structures. In order to test this

hypothesis, we performed small bowel transplantations.

Wild-type Ly5.1 intestinal tubes were transplanted

together with the draining MLN into congenic Ly5.2

mice. The transplanted intestine was almost devoid of

the intestinal load of nutrients and bacteria present in

the host intestine. This, we hypothesized, might result in

different cellular compositions of aggregated structures

in host and grafted intestines.

Lamina propria cells from host and graft intestine

were isolated 4 days and 14 days after transplantation

and investigated by flow cytometry. PP were excluded

from cell preparations, whereas all other lymphoid

structures were included. Interestingly, the redistribu-

tion pattern of T cells differed from that of B cells. Very

few T cells from the host were present in the grafted

tissue (Fig. 5A and data not shown), and vice versa, only

a few hundred Ly5.1-positive T cells from the graft were

present in the lamina propria of the host. These results

are in line with previous reports showing a very slow

exchange of intestinal T cells in parabiotic mice [13]. In

Fig. 3.Cellular composition of aggregated structures in C57BL/6
jejunum. The relative B220, CD3 and CD117 (c-kit) content of
individual structures was determined. Results are representa-
tive of six animals analyzed.

Fig. 4. Flow cytometric analysis of GALT structures. Similar to
PP, ILF contain a large proportion of CD19+ B cells and a rather
small proportion of CD3+ T cells. In contrast to MLN and PP, ILF
also contain a significant population of CD3– CD19– cells that
do not stain for any of the lineage markers (CD3, CD19, Ter119,
CD11b, CD11c) and most likely represent lymphoid progenitor
cells.
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contrast, we observed a rapid influx of B cells from the

host tissue into the grafted intestine. Already 4 days

after transplantation, more than 60% of all B cells

present in the graft lamina propria were of host origin

(Fig. 5A). Likewise, a significant influx of graft cells into

the host lamina propria was observed. Importantly, a

detailed analysis of more than 250 aggregated struc-

tures from six transplanted mice revealed a clear shift in

the size distribution towards large structures in the graft

(Fig. 5C), which may mainly trace back to immigrated

B cells.

Four-color immunofluorescence microscopy with

anti-Ly5.2, anti-B220 and anti-CD3 antibodies, in

combination with a nuclear DAPI stain, confirmed a

considerable expansion of B220+ cells of host origin in

the majority of the lymphoid aggregations in the graft

tissue (Fig. 5B, D). Notably, immature IL-7Ra-expressing

lymphocyte precursor cells in the grafted tissue were of

graft and not of host origin. These results clearly

demonstrate that the phenotype of aggregated struc-

tures in the intestinal wall is dynamic and adapts rapidly

to altered environmental conditions.

Cryptopatches are dispensable for IEL generation

Previous reports suggest a close interrelation between

CP and the generation of IEL. To address whether

aggregated structures in the intestinal wall are required

for the generation of intestinal IEL, we analyzed LTa-

and LTb-deficient mice that are devoid of ILF yet posses

an almost wild type-like composition of IEL [14]. Most

interestingly, our analysis revealed that these mutants

lack all lymphoid aggregations of whatever size along

the entire small intestine (Table 1, Fig. 6A, and data not

shown), whereas a considerable number of scattered c-

kit+ cells is present in the crypt region of LT mutants.

Thus, aggregated structures in the intestine are

completely dispensable for the generation of IEL under

conditions where LT signaling is absent. Comparison of

IEL subpopulations from C57BL/6 wild-type mice and

LTa mutants confirmed that TCRcd+ as well as CD8aa+

cells, which are currently assumed to derive from CP, are

present in LTa mutants (Fig. 6B, C). Notably, the

absolute number of all IEL subpopulations was con-

siderably increased in LTa-deficient mice when com-

pared to wild-type animals. This finding might reflect

that in the absence of LT signaling and all peripheral

lymphoid organs, lymphocytes are atypically distributed

in this organism. Alternatively, increased numbers of IEL

in LTa mutants might relate to the overall susceptibility

of these animals to autoimmune diseases, including

inflammatory bowel disease [15]. However, despite

these abnormalities in the number of IEL, all subtypes

were generated independently from the presence of

aggregated structures in the intestinal wall.

Fig. 5. The dynamic phenotype of aggregated structures in the
intestine changes, as reflected by small bowel transplantation.
(A) B but not T cells are rapidly exchanged between host and
graft tissue after small bowel transplantation. LPL were
isolated from host (filled bars) and grafted intestine (open
bars). The ratio of graft versus host cells was separately
determined for B cells and T cells. Results are based on the
analysis of six transplanted animals 4 days after transplanta-
tion. (B) Four-color immunofluorescencemicroscopy. Horizon-
tal sections of host and grafted intestinewere stained for Ly5.2
(white, host marker), nuclei (DAPI, blue), CD3 (red) and B220 or
IL-7Ra (green). B220 Ly5.2 double-positive cells of host origin
are enriched in lymphoid aggregations in the grafted small
intestine. In contrast, no significant numbers of immature, IL-
7Ra+ lymphoid precursors or CD3+ T cells of host origin could
be found in the grafted tissue (red arrows point to IL-7Ra+ cells
of graft origin that do not stain for the host marker Ly5.2).
Inserts show an IL-7Ra-rich structure in the grafted intestine
that is almost devoid of immigrated host cells. (C) Size
distribution of lymphoid aggregations in host and graft
intestine. The size of more than 250 lymphoid aggregations
derived from six transplantation experiments was determined
on HE-stained sections through the crypt zone. In the grafted
tissue (open bars), the frequency of large structures is
increased when compared to the host intestine (filled bars).
(D) B220 content of individual structures in the graft and host
tissue. The B220 content of individual structures in the grafted
(open circles) and host (closed diamonds) intestine is depicted
in relation to the number of nuclei. The number of B220-rich
structures is clearly increased in the grafted tissue in
comparison to the host tissue.

Eur. J. Immunol. 2005. 35: 98–107 Cellular immune response 103

f 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de



Discussion

A variety of lymphoid aggregations in the murine small

intestine has been described in the literature. While

organization and function of PP are quite well under-

stood, knowledge about ILF and CP is far less validated.

Each compartment has been reported to display a

characteristic phenotype and to serve distinct functions.

Analysis of aggregated intestinal structures is

increasingly hampered with decreasing size. To mini-

mize technical limitations and to warrant the compar-

ability of results, we developed a standard technique

that allowed us to analyze statistically significant

numbers of structures on serial sections. Applying this

technique to conventionally reared wild-type mice, we

were surprised to note that the intestine is not simply

decorated with ILF and CP, obeying current definitions.

The assembly of lymphoid aggregations is rather

inhomogeneous in size, location and cellular content,

and most lymphoid structures do not fall into either

category, ILF or CP. This impressive heterogeneity favors

a model of interconvertible lymphoid structures over a

fixed concept of ILF and CP. Such a concept receives

support from data obtained from different species or

mouse strains and from mice of different ages as well as

under different environmental influences deriving from

nutrition and breeding conditions.

The existence of significant mouse strain-dependent

differences was already implicated by previous reports.

Initially, Hamada et al. [12] analyzed BALB/c and

C57BL/6 mice by immunohistochemistry on frozen

sections and observed well-developed ILF in both

strains. In contrast, Lorenz et al. [16] could not at all

identify ILF in the proximal jejunum of conventionally

reared C57BL/6 mice by gross examination using low

power stereomicroscopy, although they could locate

these structures in the ileum. In the present study, we

could show that differences in the size of aggregated

lymphoid structures depend on mouse strain and age of

the animals: lymphoid aggregations in 6–8-week-old

BALB/c mice are considerably larger than in age-

matched C57BL/6 animals. Moreover, in C57BL/6 mice

4–6 months of age, these structures are about twice as

large with respect to the diameter as in 6–8-week-old

animals (Table 1).

In other species such as sheep, pigs and dogs, a

second type of PP is present in the distal ileum, sharing

many features with a primary lymphoid organ [17].

Diversity in GALT composition is also reflected by our

observation that mice, but not humans, pigs or rats,

possess CP. As ILF and CP are known to develop

postnatally in mouse [12], we may have failed to detect

CP in other species due to age specifications of the

samples. In general, it might be difficult to directly

compare data obtained from different species at

different ages, as there are considerable species-specific

variations in the developmental speed. Nevertheless, as

sections analyzed from all three different species,

human, pig and rat, consistently did not reveal any

CP-like structures, this adds evidence to the idea that

murine CP represent a polarized” aspect of solitary

intestinal lymphoid tissue. Despite these differences

concerning its organization, GALT has to fulfill princi-

pally the same tasks in all species. The presence of a

structure that is phenotypically species specific might

therefore reflect evolutionary history; however, pheno-

Fig. 6. (A) Absence of lymphoid structures in the intestine of
LTa mutant mice: large coherent areas of the intestinal wall of
LTa mutants were analyzed by HE staining and by immuno-
fluorescence staining for CD117/c-kit, CD25.2/Ly5.2 and DAPI.
In six animals, at least 2 cm2 of intestinal wall were analyzed
each. (B) LTa and LTb mutants contain the complete panel of
intestine-specific IEL. IEL were isolated from LTa mutants
(filled columns) and wild-type mice (open columns), and the
cellular composition was determined by flow cytometry.
(C) Increased numbers of IEL in LTa mutant mice. Vertical
sections of the small intestine were stained for nuclei (DAPI,
blue), CD8a (red) and CD3 (green).
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typically distinct structures might still perform similar

functions in different species.

A key feature of dynamic and interconvertible small

GALT relates to a well-known trait of many immuno-

logically competent cells: migration and recirculation

among different compartments and inside lymphoid

organs. From this perspective, the size of a lymphoid

structure is considerably influenced by population

dynamics. A dynamic behavior of aggregated structures

can be concluded from the results of the bowel

transplantation experiments performed in this study.

The overall enlargement of the aggregated structures in

the graft and the increased proportion of B cells

demonstrate a dynamic behavior of at least the B cell

subpopulation in response to environmental cues.

Furthermore, lymphoid aggregations in germfree mice

have been reported to contain reduced numbers of

lineage-positive cells, while colonization of these

animals with microorganisms leads to an increase in

the proportion of lineage-positive cells [12, 16].

Interestingly, a recent report proposed to distinguish

immature and mature ILF in mice. Lorenz et al. [16]

observed that ILF could be reconstituted postnatally in

LTamutants by bone marrow transplantation fromwild-

type donors. Reconstituted ILF either resembled typical

ILF, with a prevailing B cell core and anti-mesenteric

localization, or appeared as randomly scattered struc-

tures with a low to intermediate B cell content. These

findings are in line with the observations reported here.

Aggregated structures with a non-anti-mesenteric

localization may contain significant numbers of B cells,

and the immature ILF proposed by Lorenz and

colleagues might well correspond to the previously

reported CP. These observations also suggest that mouse

strain-dependent variations, age, housing conditions

and other environmental factors might account for

apparent contradictions among published data.

Apart from these phenotypic heterogeneities/simila-

rities, the probably more important issue relates to the

functions of these structures. One point of objection

concerns the importance of microfold cells in the

epithelia overlying small GALT. They might well

outnumber microfold cells in the FAE covering PP. In

some systems that experimentally inhibit PP formation,

small GALT is not affected [12] and might therefore

rescue functions normally attributed to PP.

Moreover, origin and differentiation of IEL are still a

matter of debate. There is evidence that CD8aa+ CD4–

IEL can develop independently of the thymus. In

contrast, the thymus has been shown to be absolutely

required for the generation of CD8ab and double-

positive (CD4+CD8aa) IEL [3, 5, 7]. Saito et al. [8] have

shown that cells isolated from murine intestinal

lymphoid aggregations could generate TCRab CD8aa

and TCRcd CD8aa IEL when transferred into lethally

irradiated SCID mice, whereas cells from PP or MLN

could not. As in the course of reconstitution, the

occurrence of CP has been shown to precede generation

and full maturation of IEL in the overlying epithelium

[18], CP are widely accepted as the major breeding

places for extrathymic IEL [19, 20]. The sequence of

local T cell precursor differentiation in the murine gut

has been established by Lambolez et al. [7], suggesting

that the subpopulation of Thy1+c-kit+ lymphoid cells

residing in the CP are the progenitors of gut-derived IEL.

Further evidence for the in situ rearrangement of

TCRcd+ IEL in the gut was provided by Laky et al.

[21]. They could show that in IL-7-deficient mice, which

otherwise lack TCRcd+ IEL and have diminished CP and

PP, expression of IL-7 under the control of the intestinal

fatty acid-binding protein promoter could partially

restore the development of TCRcd+ IEL, as well as of

CP and PP, within the intestine, but not in other tissues

[21]. A close interrelationship between CP and IEL was

furthermore deduced from a study by Makita et al. [22]

addressing the role of CP in intestinal inflammation. In a

mouse strain that spontaneously develops a chronic

intestinal inflammation with similarities to human

Crohn's disease, the onset of the disease correlates with

a decreased number of CP and CD8aa+ IEL. In contrast,

other reports doubt that the development of IEL is truly

thymus independent and question that CP are the site of

their extrathymic differentiation [23]. Athymic mice

possess very low numbers of CD8aa IEL, and in utero

thymectomy in sheep, as well as neonatal thymectomy in

mice, results in a dramatic drop in the number of IEL,

including CD8aa+ IEL, during the first span of life

[24–26]. Most recently, in a study of recombinase-

activating gene-2 promoter activity in a transgenic

mouse model, Guy-Grand et al. [23] could not detect

GFP expression in the gut. In contrast, GFP expression

could be detected in PP andMLN, suggesting that PP and

MLN, rather than CP, might be involved in extrathymic

T cell differentiation in athymic mice. In contrast to

previous reports, we could not detect any intestinal

lymphoid aggregations in LTa or LTb mutants, despite

the presence of increased numbers of CD8aa+ IEL.

Instead, we observed c-kit+ CD3– cells, whichmight well

represent precursor cells, dispersed throughout the

tissue in LTa mutants. Thus, we cannot exclude that

local IEL differentiation occurs in the absence of

organized GALT. However, our findings add evidence

to the notion that lymphoid aggregations in the intestine

are dispensable for the generation of IEL.

In conclusion, based on the data presented here,

neither morphological nor functional characteristics

support a strict classification of small intestinal

lymphoid aggregations into ILF and CP, as currently

approved. Instead, we propose to refer to these

structures in total as solitary intestinal lymphoid tissue

Eur. J. Immunol. 2005. 35: 98–107 Cellular immune response 105

f 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de



(SILT), distinguished by plasticity and rapid respon-

siveness to external stimuli.

Materials and methods

Preparation of sections and microscopy

Animals were bred at the central animal facility of Hannover

Medical School under specific pathogen-free conditions, or

purchased from Charles River (Germany). LTa- and LTb-

deficient mice on a C57BL/6 background have been described

[27]. The small intestine was excised, flushed with PBS and

opened along the mesenteric side. For horizontal sections,

fragments of about 20 mm in length were flattened with the

mucosal side downwards on filter paper, embedded in OCT

compound and frozen on dry ice. For vertical sections, gut

fragments of approximately 5 cm in length were washed in

PBS, followed by a 50% mixture of OCT and PBS, and

transferred to OCT, before Swiss rolls with the luminal side

facing outwards and the proximal end locating to the centre of

the roll were prepared. Cryosections (6 lm)were air-dried and

fixed for 10 min in ice-cold acetone.

Antibodies

The following antibodies and conjugates were used in this

study: anti-CD8a-bio, anti-TCRab-FITC, anti-TCRcd-PE, anti-

CD11b-bio (Caltag), anti-CD4-PerCp, anti-Ter119-bio, anti-

CD11c-bio (BD Biosciences), anti-CD19-bio (Southern Bio-

technologies), anti-CD117 (c-kit, clone ACK2; Natutec), anti-

Ly5.1-FITC and anti-Ly5.2-FITC (Cymbus Biotechnology),

anti-IL-7Ra (clone A7R34). Anti-CD8b (clone RM CD8),

anti-CD3 (clone 17A2), anti-IgD (clone HB250) and anti-

B220 (clone TIB146) antibodies were provided by Elisabeth

Kremmer (GSF M�nchen, Germany). Biotinylated antibodies

were recognized by streptavidin coupled to Alexa 750

(Molecular Probes) or PerCp (BD Biosciences). Unconjugated

anti-IL-7Ra and anti-c-kit antibodies were recognized by

mouse anti-rat Cy3 conjugates (Jackson Laboratories). FITC,

Cy3 and Cy5 conjugates of anti-B220, anti-CD3 and anti-CD8b

antibodies were prepared as recommended by the manufac-

turer (Amersham).

Immunohistochemistry

Immunohistochemistry was performed according to standard

protocols. Briefly, sections were rehydrated in TBST (0.1 M

Tris pH 7.5, 0.15 M NaCl, 0.1% Tween-20), pre-incubated with

TBSTcontaining 5% rat or mouse serum, blocked with 0.001%

avidin/PBS and 0.001% biotin/PBS and stained with a cocktail

of biotinylated or fluorescent dye-coupled antibodies in 2.5%

serum/TBST. Biotinylated antibodies were visualized by

fluorescent streptavidin conjugates. Nuclei were visualized

by DAPI staining (1 lg/ml DAPI/TBST), and sections were

mounted with MOWIOL. Staining with unconjugated primary

antibodies (anti-IL-7Ra or anti-c-kit) and their detectionwith a

mouse anti-rat Cy3 antibody were performed prior to the

staining procedure described above. Composite images were

automatically assembled using a motorized Axiovert 200M

microscope (Carl Zeiss) with an autofocus module and KS300

software (Carl Zeiss).

Flow cytometry

To obtain single-cell suspensions of MLN and PP, organs were

minced through a nylon mesh and washed with PBS

supplemented with 2% FCS. For isolation of IEL and LPL,

gut content and PP were removed before intestines were

opened longitudinally. Intestines were washed twice in cold

PBS and once in cold PBS/5% FCS/5 mMEDTA, and incubated

twice in 25 ml RPMI 1640 medium/5% FCS/5 mM EDTA at

37�C (spun down at 150 rpm). Supernatants were pooled,

filtered through a nylon mesh, pelleted and resuspended in

40% Percoll (Amersham) in RPMI/5% FCS. This cell suspen-

sion was overlaid onto 70% Percoll in RPMI/5% FCS and

centrifuged at 800�g for 20 min. IEL were recovered from the

interphase and washed twice in PBS/2% FCS. To isolate LPL,

the remaining tissue was washed with PBS, cut into small

pieces and incubated at 37�C for 30 min in RPMI/20% FCS/

0.5 mg/ml collagenase A (Roche). The resulting cell suspen-

sion was enriched for LPL by discontinuous gradient

centrifugation as described above.

Cells were stained using the antibodies described above.

Lineage-positive cells were excluded using a cocktail of

biotinylated antibodies directed against CD3, CD19, CD11b,

CD11c and Ter119, recognized by streptavidin/PerCp.

Intestinal surgery

Mouse vascularized small bowel transplantation was per-

formed as described [28], with some modifications. C57BL/10

Ly5.1 mice were used as donors and C57BL/10 Ly5.2 mice as

recipients. Briefly, under the combined anesthesia of Ketamine

and Rompun, the donor jejunum and proximal part of the

ileum were isolated with the superior mesenteric artery and

portal vein attached. After luminal irrigation and vascular

perfusion, the graft was stored at 4�C in Ringer's solution until

implantation. The graft portal vein and superior mesenteric

artery were anastomosed to the recipient's inferior vena cava

and abdominal aorta, respectively, in an end-to-side fashion.

The proximal end of the graft was exteriorized as a stoma. The

graft secretion was drained into the host alimentary tract by an

end-to-side anastomosis between graft ileal end and host

jejunum.
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