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Abstract

Lymphocyte recirculation to secondary lymphoid organs is a key process in the 

initiation of immune responses. Nkx2-3 (Nk2 transcription factor related, locus 3) is a 

homeodomain-containing transcription factor with expression in mice restricted to the 

gastrointestinal tract (teeth and intestines) and spleen. Absence of Nkx2-3 

homeodeomain transcription factor leads to several vascular defects. On one hand, 

various structural alterations can be observed in the spleen, affecting mainly the red pulp 

and the marginal zone. Besides the previously reported alterations in Nkx2-3'/_ mice we 

identified LYVE-1+ (lymphatic vessel endothelial hyaluronan receptor 1) sacs resembling 

lymphatic vessels that were mainly filled with T cells and localized to the peripheral 

regions of the spleen. These structures were not directly connected to the blood 

circulation and developed by the second postnatal week, independently of lymphotoxin 

beta receptor signaling.

In agreement with previous observations, we found that in Nkx2-3'/' mice 

endothelial expression of MAdCAM-1 (mucosal addressin cell adhesion molecule 1), the 

addressin responsible for recruiting lymphocytes to the intestine, was absent. The 

presence of Peyer’s patches (although in smaller size and numbers) in the intestines of 

these animals indicated the existence of other homing mechanisms compensating for the 

lack of this addressin. We found that high endothelial venules in the mutant gut 

expressed PNAd (peripheral node addressin), the epitope characteristic for peripheral 

lymph nodes. The altered addressin profile affected the lymphocyte composition of 

mutant Peyer’s patches. Homing experiments performed together with blocking 

monoclonal antibodies directed against various endothelial receptors involved in homing 

revealed that lymphocytes homed to mutant Peyer’s patches via high endothelial venules 

that express PNAd. Similarly to peripheral lymph nodes, the appearance of PNAd 

occurred during the first postnatal month following the disappearance of MAdCAM-1 

and is dependent on the activity of lymphotoxin beta receptor.

Together these data reveal the important role the Nkx2-3 homodeomain 

transcription factor plays in the selective patterning of both blood and lymphatic 

endothelial cells. The results also suggest therapeutic possibilities in chronic 

inflammatory diseases with altered lymphocyte homing.
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I. Introduction

The function of the immune system is the recognition of and distinction between 

pathogenic and harmless structures, regardless of their origin (self or foreign). This is 

followed by either the elimination of damaged self-cells and harmful microbes, or 

tolerance of benign symbiotic antigens. Lymphocytes [excluding natural killer (NK) 

cells] acquire their extreme diversity and fascinating capability of specific recognition 

during their maturation in the primary lymphoid organs. Later, secondary lymphoid 

organs provide the appropriate microenvironment and meeting point for mature 

lymphocytes and antigens. This activation of lymphocytes by antigens in peripheral 

lymphoid tissues is a well-coordinated process involving homing of circulating 

lymphocytes as well as antigen-presenting cells and also the transport of antigens to, and 

subsequently within, these tissues.

The introduction focuses first on the secondary lymphoid organ structure and 

development, then on the homing of lymphocytes to these organs, and, finally, the 

homeodomain transcription factor Nkx2-3 will be introduced.

1.1. Secondary lymphoid organs

Secondary lymphoid organs are specialized anatomical sites where lymphocytes 

can meet and recognize their antigens and adaptive immune responses are initiated [1]. 

These organs include the spleen, the peripheral lymph nodes (pLN), skin-associated 

lymphoid tissue (SALT), and mucosa-associated lymphoid tissue (MALT) which consists 

of, among others, the gut-associated lymphoid tissue (GALT) and bronchus-associated 

lymphoid tissue (BALT). Despite their common immunological functions, several 

developmental and structural characteristics set these organs apart. While the lymph 

nodes, MALT and SALT form extensive networks throughout the body, the spleen is a 

single organ, although strongly connected to the former, network-arranged set of organs. 

In addition, the spleen in mammalians also functions as an auxiliary hematopoietic organ. 

In line with its unique immunological roles, both the structure and development of the 

spleen greatly differ from other peripheral lymphoid organs, but show remarkable 

preservation during evolution of vertebrate classes.
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1.1.1. Lymph node development and structure

Development

Development of lymph node structure is a tightly coordinated process that 

depends on interactions between mesenchymal stromal cells and hematopoietic cells. 

Hematopoietic cells include lymphoid tissue inducer (LTi) cells during fetal initiation of 

development and mature B and T cells during the later prenatal (in humans) or postnatal 

(in rodents) period [2, 3]. LTi cells were first described in mice [4, 5] and only recently 

in humans [6] and are now classified as group 3 innate lymphoid cells (ILC3) [7]. These 

cells require transcription factors RAR-related orphan receptor gamma t (RORyt) and 

inhibitor of DNA binding 2 (Id2) for their development and express interleukin 7 receptor 

(IL-7R) alpha chain and surface lymphotoxin alphai beta2 (LT01P2) heterotrimer while 

they lack any lineage marker [8, 9]. Binding of interleukin 7 (IL-7) to the IL-7R on LTi 

cells is important for LT01P2 expression on these cells, which, in turn, is crucial in the 

development of lymph nodes [and also Peyer’s patches (PP)], as mice with targeted 

disruption of the lymphotoxin beta receptor (LTpR) signaling pathway lack (both 

peripheral and mesenteric) lymph nodes and PPs [10].

The cellular partner that interacts with LTi cells during lymph node development 

is termed lymphoid tissue organizer (LTo) cell. The exact initial development of the 

stromal mesenchymal cells prior to the appearance of LTi cells is not well characterized. 

These are mesenchymal cells that express LTpR, which is able to bind the LT01P2 

expressed on LTi cells. Besides LTa, the Prospero homeobox protein 1 (Proxl) 

transcription factor required for lymphatic endothelial cell (LEC) differentiation is also 

thought to play an important role in this process, although lymph sacs are not needed for 

the initiation of lymph node development [11, 12], Signaling through LT01P2 / LTpR 

efficiently activates the alternative pathway of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-kB), which is linked to the activation of NF-kB inducing kinase 

(NIK) [13]. This eventually leads to upregulation of adhesion molecules such as 

intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM- 

1), and MAdCAM-1 and also to the induction of homeostatic chemokines [chemokine 

(C-C motif) ligand 19 (CCL19), chemokine (C-C motif) ligand 21 (CCL21), chemokine 

(C-X-C motif) ligand 13 (CXCL13)] and cytokines (IL-7) [14], These signals attract and
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maintain survival of further LTi cells and later on mature T and B lymphocytes and 

dendritic cells (DCs). The continual interaction between hematopoietic and stromal cells 

is indispensable in maintaining lymph node structure [15].

Lymph node structure

In adult lymph nodes T and B cells reside in distinct anatomical areas. B cells are 

found in follicles in the outer cortex, while T cells reside in the interfollicular area [1]. 

This segregation is achieved by the differential expression of the appropriate homeostatic 

chemokines and occurs after birth as the first mature T cells reach lymph nodes from the 

thymus [16]. Specifically, T cells (and dendritic cells) expressing chemokine (C-C motif) 

receptor 7 (CCR7) are recruited to T cell zones by recognizing CCL19 and CCL21 

produced by fibroblastic reticular cells (FRC) and high endothelial venules (HEV) [17, 

18]. Meanwhile, B cells express high levels of chemokine (C-X-C motif) receptor 5 

(CXCR5) which binds the CXCL13 produced by stromal cells present in B cell zones

[19], including follicular dendritic cells (FDC) in follicles and marginal reticular cells 

(MRC) next to B cell zones [20-22],

Lymphocytes recirculate to lymph nodes through high endothelial venules 

expressing PNAd, to be described in details later.

Besides the blood circulation, lymph nodes are richly perfused with lymphatic 

vessels. These are characterized by the expression of LYVE-1 hyaluronan receptor [23] 

and Proxl transcription factor [24, 25], which is a fate-determining regulator for the 

embryonic differentiation of LECs.

1.1.2. Peyer’s patch development and structure

The GALT consists of (1) developmentally programmed tissues forming 

prenatally and (2) an inducible sites where the maturation of these tissues takes place 

after birth and depends largely on environmental signals. The programmed tissues 

include mesenteric lymph nodes (mLN) and Peyer’s patches, while the inducible tissues 

are made up of cryptopatches (CP) and isolated lymphoid follicles (ILF).

CPs are small lymphoid aggregates about 50 pm in diameter that contain mainly 

lineage-negative cells expressing stem cell factor receptor (lin' c-Kit+) [26]. ILFs, on the
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other hand, are larger dome-shaped structures with a B-cell follicle and are covered by 

follicle-associated epithelium that contains microfold (M) cells [27]. It was later 

described that these two tissues are the endpoints of a broad spectrum of lymphoid 

aggregates, termed solitary intestinal lymphoid tissues (SILT) with the majority of 

structures showing intermediate phenotypes [28]. The SILT spectrum is modulated by 

gut bacteria: bacterial stimulation leads to ILF formation, including the emergence of 

germinal centers (GCs), while antibiosis reverses this process [29].

Peyer’s patches, on the other hand, belong to the developmentally programmed 

constituents of intestinal lymphoid tissues. In mice, these secondary lymphoid organs are 

found on the antimesenterial side of the gut, mainly in the distal small intestine, with 

numbers varying between 5 and 12 [30]. Importantly and in contrast with the CP/ILF 

spectrum, PPs develop in the total absence of infections [31]. The structure of these 

tissues is similar to peripheral lymph nodes, with B cells in follicles (ranging between 5-7 

follicles in each PP in mice) and T cells positioned in the somewhat smaller 

interfollicular areas [32], They also possess HEVs, which mediate lymphocyte 

recirculation to these lymphoid organs. In contrast to pLNs, HEVs of PPs express 

MAdCAM-1, which is recognized by the a4|I7 integrin on leukocytes. In addition, PPs 

lack afferent lymphatic vessels and possess only efferent lymphatics that drain to 

mesenteric lymph nodes. Another main difference compared to LNs is the presence of 

follicle-associated epithelium on the luminal surface of Peyer’s patches. This epithelium 

contains specialized M cells, which have poorly organized brush borders on their apical 

surfaces and intra-epithelial invaginations at their basolateral borders harboring 

macrophages and dendritic cells [33]. Thus, M cells are capable of mediating contact 

between pathogens in the intestinal lumen and various immune cells within Peyer’s 

patches.

Development of PPs is similar to, although not identical with, LN development, 

as it is also based on molecular interactions between hematopoietic and stromal cells. 

Besides the CD4+CD3'IL7Ra+c-Kit+ LTi cells, a phenotypically distinct cell population 

(CD4'CD3'c-Kit+IL7Ra'CD llc+) termed Lymphoid Tissue Initiator (LTin) cells is also 

required in PP formation. Both LTi and LTin aggregate with the VCAM-1+ ICAM-1+ 

LTo cells [34, 35] and cause an upregulation of homeostatic chemokines similar to that
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observed in lymph nodes. Also, the importance of stromal cells is evident in adult PPs as 

both FDCs and MRCs participate in the maintenance of lymphoid structure [36, 21].

1.1.3. Spleen structure and development

The spleen is the largest single peripheral lymphoid organ that is composed of the 

red pulp and the white pulp in both humans and rodents [37]. The main functions of the 

red pulp include filtering the blood with the help of its specialized venous system, 

recycling iron via splenic red pulp macrophages, and, following antigenic challenge and 

lymphocyte differentiation within the follicles, antibody production by plasmablasts [1]. 

Despite its extensive and heterogeneous leukocyte composition, the red pulp lacks 

apparent compartmental organization.

The white pulp, on the other hand, is a compartmentalized lymphoid tissue 

resembling organization of lymph nodes. T and B cells are segregated from each other 

with stromal cells creating the basis and meshwork that determines lymphocyte 

localization [38]. Similarly to lymph nodes, B cells localize to follicles, recruited there 

by CXCL13 chemokine produced by FDCs [19]. T cells, however, are found in the 

periarteriolar sheath (PALS) that surrounds the central arterioles and are attracted there 

by CCL21 chemokine produced by FRCs [39, 40]. FRCs also have an important role in 

establishing the conduit system, identified by the expression of the reticular fibroblast 

marker ER-TR7. The function of this conduit system is to shuttle and distribute small 

blood-bome molecules and chemokines within the splenic white pulp [41].

The marginal zone is a distinct area surrounding the white pulp and separating it 

from the red pulp [42], This is a highly complex area with several different resident cell 

types positioned in various layers. Two main macrophage subsets can be distinguished 

within the marginal zone. Towards the red pulp, marginal zone macrophages expressing 

specific intercellular adhesion molecule-3-grabbing non-integrin related-1 molecule 

(SIGN-R1) and macrophage receptor with collagenous structure (MARCO) form an outer 

ring, while the inner ring facing the follicle consists of marginal zone metallophilic 

macrophages that express sialoadhesin [43-45]. Between these two layers are the 

marginal zone B cells and a subset of DCs [46]. Lately, marginal zone B cells have been 

shown to interact with RORyt+ innate lymphoid cells [47]. The marginal zone is an
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important transit area both for cells and antigens arriving from the blood stream via the 

red pulp. Marginal zone macrophages mediate innate immune responses, while marginal 

zone B cells induce adaptive immune reactions [37, 48].

An important difference compared to lymph nodes and PPs is both the blood and 

lymphatic vasculature of the spleen. The splenic artery branches into the central 

arterioles, surrounded by the T-cell rich PALS. These vessels continue as marginal 

sinuses (in mice) or terminal arterioles (in human) and end in the fenestrated vascular 

network of the red pulp [49]. Thus, the spleen is void of HE Vs and lymphocytes reach 

the white pulp through the marginal zone. The spleen lacks afferent lymphatic vessels, 

and pathogens also reach the spleen via the red pulp [50].

In contrast to lymph nodes and PPs where lymphoid organ development is based 

on a well-characterized delicate interaction between hemopoietic and stromal cells, the 

spleen development requires mainly the sequential interplay of various transcription 

factors. Formation of the splenic anlage begins during the development of the splanchnic 

mesodermal plate at embryonic day 12 (E l2) and is controlled by several transcription 

factors including Pbxl, H ox ll, Nkx3-2, Nkx2-3, Nkx2-5, Soxll, W tl, and Tcf21 [51

53]. Interestingly, these transcription factors are likely to establish a hierarchic 

relationship, where the absence of one or the other factor may lead to asplenia. The 

hierarchic relationship can be charted by the downstream transcription factors missing 

and the upstream regulatory factors preserved. Subsequently, LTi cells can be found in 

the white pulp territories around E14 [54] and finally the compartmentalization of the T 

and B cell zones occurs in a fashion dependent on the lymphotoxin/tumor necrosis factor 

(TNF) family [55]. While the LT/TNF family members clearly play important roles in 

the compartmentalization of splenic lymphoid territories, as evidenced in various 

mutations of these ligands or receptors (particularly LTa and LT0R [37]), they are not 

needed for the spleen, as a distinct organ, to form.

1.2. Lymphocyte homing to peripheral lymphoid organs

In humans and rodents lymphocytes and other leukocytes use specialized vessels 

to recirculate to secondary lymphoid organs. The endothelial cells lining these 

postcapillary vascular segments have a plump or cuboidal morphology and are thus
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termed high endothelial venules. As the only exception, the spleen in both humans and 

rodents lacks these vessels. Besides their morphology, an important feature of these 

structures is the expression of vascular addressins and arrest chemokines on their luminal 

surface. The main steps of lymphocyte extravasation are well characterized [56]. In 

peripheral lymph nodes the initial contact, rolling, is mediated by L-selectin-dependent 

binding to PNAd on the luminal HEV surface. This is followed by chemokine-mediated 

activation of lymphocyte function antigen 1 (LFA-1) which, in turn, binds to ICAM-1 

and results in firm adhesion [57]. Subsequently, lymphocytes pass through the 

endothelial lining and into the LN parenchyma. HE Vs have been reported to possess 

“gatekeeping” functions and control lymphocyte influx to maintain a steady-state 

cellularity [58]. It is still debated how lymphocytes actually cross the endothelium with 

some studies suggesting transcellular migration within endothelial cells and others 

reporting paracellular travel between adjacent endothelial cells [59, 60].

1.2.1. High endothelial venules in peripheral lymph nodes

Tissue-specific homing of lymphocytes is determined by the expression profile of 

addressins on HEV in various tissues, which are recognized by various homing receptors 

expressed on lymphocytes. In peripheral lymph nodes the main addressin is PNAd, a 

carbohydrate epitope, which is recognized by L-selectin/CD62L on lymphocytes and can 

be identified by MECA-79 monoclonal antibody [61]. MECA-79 antibody inhibits 

lymphocyte emigration across HEVs into lymph nodes in vivo by interfering with the L- 

selectin mediated recognition of the PNAd epitope. PNAd consists of various backbone 

proteins, e.g., glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1), CD34, 

podocalyxin, endomucin, nepmucin, and also, occasionally, MAdCAM-1. These core 

proteins undergo different posttranslational modifications that are required for 

recognition by L-selectin. Modifications include sialylation, fucosylation, and 

carbodhydrate sulfatation and are performed by various fucosyltransferases and 

sulfotransferases [62, 63], resulting in a highly complex biantennary structure.
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1.2.2. High endothelial venules in mucosal tissues

The main addressin expressed in mucosal tissues is MAdCAM-1, recognized by 

a4p7 integrin expressed by lymphocytes and identified by the MECA-367 monoclonal 

antibody [61, 64], Importantly, MAdCAM-1 is also expressed on lamina propria vessels 

outside lymphoid areas. In mLNs both PNAd and MAdCAM-1 can be expressed 

luminally, while in PPs PNAd is expressed only at the basolateral surface of HEV and 

thus does not participate in lymphocyte homing [62], although L-selectin can mediate 

rolling in PPs by binding the mucin domain of MAdCAM-1 [65]. Interestingly, in 

neonatal mice HE Vs in all tissues express MAdCAM-1, and PNAd only appears (in an 

LTa-dependent manner) during the first postnatal month as it gradually replaces 

MAdCAM-1 in peripheral lymph nodes [66, 67]. It is believed that the initial 

MAdCAM-1 expression in the prenatal and neonatal periods is needed to recruit the 

a4p7-expressing LTi cells [68].

1.2.3. Chemokine expression on high endothelial venules

In addition to the selective expression of addressins, the HEV chemokine profile 

also significantly contributes to the lymphocyte subtype-specific extravasation into 

secondary lymphoid organs. CCL21 is expressed on pLN and PP HEV and directs T 

cells into lymphoid tissues by binding to CCR7 chemokine receptor found on T cells. On 

the other hand, the chemokine CXCL13 plays a critical role in B cell trafficking to 

follicular HEVs in PPs as it binds to CXCR5 expressed on B cells (Figure 1) [69-71].

A schematic drawing of the various addressins and chemokines participating in 

lymphocyte recruitment to the peripheral lymph nodes and Peyer’s patches is shown in 

Figure 1.
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Bcell

T cell

Peripheral lymph node

Figure 1. Lymphocyte homing to secondary lymphoid organs. Homing to peripheral lymph nodes is based on L- 
selectin/PNAd binding, while lymphocytes recognize MAdCAM-1 via a4p7 in order to reach Peyer’s patches. 
Chemokines direct T and B cells into appropriate T- and B-cell zone, respectively.

1.2.4. High endothelial venule development and maintenance

HEV development and maintenance is not completely characterized yet. Isolated 

high endothelial cells (HEC) rapidly dedifferentiate under in vitro conditions, losing 

fiicosyltransferase and sulfotransferase activity [72], Several results emphasize the 

important role lymphotoxins play in HEV development [73]. Enhanced LTpR signaling 

leads to ectopic PNAd appearance [74] and several HEV-specific genes (GlyCAM-1, 

CCL21) are all targets of the non-canonical NF-kB pathway [75]. LTpR is expressed by 

HEVs in peripheral lymph nodes and chronic administration of the LTpR- 

immunoglobulin fusion protein (LTpR-Ig), a decoy receptor, in adult mice leads to 

dedifferentiation and loss of function of both PNAd+ and MAdCAM-1+ HEVs [76]. 

Selective deletion of endothelial LTpR expression led to the development of normal LNs
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together with the absence of mature HEVs [77]. Both PNAd and MAdCAM-1 are 

present in an LTpR-dependent fashion [78].

1.3. Nkx2-3 transcription factor

Nkx2-3 (Nk2 transcription factor related, locus 3) homeodomain-containing 

transcription factor belongs to the structurally conserved Nk family of 18 members 

sharing a common DNA recognition sequence. This group of transcription factors is 

involved in the cell type specification of visceral mesoderm, including heart, lungs, 

pancreas, and gastrointestinal tract, in a highly complex expression pattern [79, 80]. 

Nkx2-3 has been identified as an important regulator of spleen and PP ontogeny without 

affecting pLN development. Mice with targeted Nkx2-3 gene disruption have 

morphological alterations in their small intestine with delayed villus formation in fetuses, 

which leads to postnatal lethality in a number of mice. Those that survive undergo 

massively increased proliferation and growth of crypt cells, while cell differentiation 

within the intestinal epithelium is unaffected [81]. Nkx2-3'/_ mice also have significantly 

smaller spleens with a highly disorganized structure. The T and B cell segregation 

characteristic for normal spleens cannot be observed and the marginal zone is absent. 

Peyer’s patches are smaller and less numerous. Also, endothelial MAdCAM-1 is absent 

and Nkx2-3 was shown to directly activate MAdCAM-1 transcription [82, 83]. B-cell 

development and T-dependent immune responses are also affected [84], Previous work 

in our lab revealed alterations in the vasculature and stromal network of Nkx2-3'/_ spleen 

[85, 86],

Recently, genome-wide association studies have revealed single nucleotide 

polymorphisms in the coding region of human Nkx2-3 gene sequence in patient samples 

from both main types of inflammatory bowel disease (IBD), Crohn’s disease and 

ulcerative colitis [87, 88]. Interestingly, Nkx2-3 mRNA expression was significantly 

increased in both B cells and inflamed intestinal tissues from Crohn’s disease patients, 

but not ulcerative colitis patients [89]. This increased Nkx2-3 was associated with higher 

levels of PTPN2 (protein tyrosine phosphatase, non-receptor type 2), a risk gene for 

Crohn’s disease. shRNA-mediated knockdown of Nkx2-3 in both Crohn’s disease and
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ulcerative colitis patients led to a decrease in PTPN2 levels, indicating a possible 

regulatory role of Nkx2-3 in the expression of PTPN2.

Increased Nkx2-3 expression in IBD patients is also in line with increased 

MAdCAM-1 observed in intestinal biopsies in both Crohn’s disease and ulcerative colitis 

[90]. Indeed, anti-adhesion therapy is a promising new strategy in the treatment of IBD. 

Natalizumab, a neutralizing humanized monoclonal antibody directed against the alpha 4 

integrin required to bind MAdCAM-1, has been shown to have clinical efficiency in 

maintaining remission in Crohn’s disease [91].
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II. Aims

We wished to examine the role Nkx2-3 homeodomain transcription factor plays in 

the development and maintenance of endothelial cells and vascular structures. We 

studied the two main sites where Nk2-3 has been reported to be expressed: the spleen and 

the intestine.

The first part of my PhD thesis focuses on the spleen. Previously, our lab 

investigated the blood vasculature of Nkx2-3'/' spleens. Results included alterations in 

the red pulp and the presence of ectopic, PNAd-expressing high endothelial venules in 

NlodZ-S'^ spleens. Now, we wished to answer the following questions:

• Are there any other evidences for altered endothelial differentiation and stromal 

connections in the spleen of Nkx2-3-deficient mice?

• What role does the LTpR have in the development of the splenic PNAd+ venules?

In the second part of my work we focused on the intestine of Nkx2-3 mutant 

animals. In the absence of endothelial MAdCAM-1 in Nkx2-3'/‘ mice, lymphocytes still 

reach mucosal lymphoid tissues. We wished to characterize and analyze the various 

compensatory mechanisms participating in this process.

• What addressin(s) do lymphocytes utilize to home to gut-associated lymphoid 

tissues?

• How does the altered addressin profile affect the lymphocyte composition?

• How do the presence of lymphocytes and the activity of LTpR affect the vascular 

patterning in the intestines of Nkx2-3-deficient mice?
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III. Materials and methods

III.1. Mice

Nkx2-3~'~ mice from 129SvxB6 mixed background [81] were backcrossed with 

BALB/c mice (obtained from Charles River Hungary) through 14 generations and 

genotyped as described. For homing studies, either BALB/c, GFP-BALB/c [92] or FvBN 

mice from the Faculty’s SPF breeding unit were used as lymphocyte donor for adoptive 

transfer. LTpR-deficient mice [55] were kindly provided by Drs. Klaus Pfeffer and Falk 

Weih. RAG-1" ' [93] mice were obtained from Jackson Laboratories. The Nkx2-3/LTpR 

and Nkx2-3/RAG-l double KO mice were identified in the F2 generation by 

simultaneous PCR amplification of the nkx2-3, neomycin phosphotransferase and Itbr 

loci or nkx2-3, neomycin phosphotransferase and rag loci, respectively, from genomic 

DNA isolated from mouse tails. The primers used are shown in Table 1. All procedures 

involving live animals were conducted in accordance with the guidelines set out by the 

Ethics Committee on Animal Experimentation of the University of Pecs.

Gene Forward Reverse

nkx2-3 GCGGGAGACTGT A A G AC  

GAG

TTATCCTGCCGCTGTCTCTT

neomycin

phosphotransferase

GTCGATCAGGATGATCTG

GAC

AAGGCGATAGAAGGCGATGC

Itbr GCATGTAGCCATGAAGAC

AGGAT

CGC A A AG AC  AAACTCGCCT ATC  

GC A A AG AC  A  AACTCGCCT AT

rag ACCATGTGTCAAGCCACA

A A

TGGCTACAGCTGAGGAAGGT

Table 1. Primers usedfor genotyping mice.

III.2. Antibodies and reagents

Rat monoclonal antibody against mouse fibroblastic reticular cell markers (clone 

ER-TR7) was kindly provided by Dr. Willem van Ewijk. Anti-Thy-1/CD90 (clone IBL- 

1), anti-MARCO (clone IBL-12), anti-sialoadhesin/CD169 (clone IBL-13), IBL-11
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against mouse fibroblastic reticular cells, IBL5/25 against CD45, and IBL-20 against 

endothelial cells was developed in our lab [94-96]. For multicolor immunofluorescence 

IBL-1 mAb was conjugated with FITC or with sulfo-iV-hydroxysuccinimide biotin ester 

(both Sigma-Aldrich Hungary, Budapest) according to standard procedures. Rat 

hybridoma cell lines secreting anti-CD3 (KT-3), anti-MAdCAM-1 (MECA-367), anti-L- 

selectin/CD62L (MEL-14), anti-B220 (RA3-6B2), anti-ICAM-1 (YN/1), and anti-IgM 

(clone B7.6) were obtained from the American Type Culture Collection. Anti-B220 was 

conjugated with Alexa647 (Invitrogen, Csertex Ltd, Budapest). Rat mAb against LYVE- 

1 (clone 223322), goat antibodies against murine CXCL13 and CCL21 chemokines and 

NorthemLights 557-conjugated donkey Ab against goat IgG were obtained from R&D 

Systems (Biomedica Hungary Kft, Budapest). Anti-LYVE-1 mAb was biotinylated with 

sulfo-iV-hydroxysuccinimide biotin ester (Sigma-Aldrich Hungary, Budapest). PE- 

conjugated anti-mouse CD21/35 mAb (clone 7G6), anti-VEGFR-2/flkl mAb (clone Avas 

12al), anti-PNAd (MECA-79), anti-VCAM-1 (clone 429), FITC-labeled and PE- 

conjuated goat anti-rat IgG were purchased from BD Biosciences (Soft Flow Ltd, Pecs, 

Hungary). Rabbit antibodies against Proxl were purchased from AngioBio (Del Mar, 

CA), and were detected with FITC-conjugated goat anti-rabbit IgG (Sigma-Aldrich 

Hungary, Budapest). Streptavidin-Alexa Fluor 350 and Streptavidin-Alexa Fluor 488 

were purchased from Invitrogen (Invitrogen, Budapest). PS/2 against a4-integrin was 

kindly provided by Dr. Eugene Butcher (Stanford University). For in vivo visualization 

anti-MAdCAM-1-Cy3 and anti-PNAd-Dylight 488 mAb conjugates were produced. 

Affinity-purified rabbit polyclonal antibodies against HEC-GlcNAc6ST sulfotransferase 

were kindly provided by Dr. Nancy H. Ruddle (Yale University School of Medicine, 

New Haven, CT), and were detected with FITC-conjugated goat anti-rabbit IgG (Sigma- 

Aldrich Hungary, Budapest). Goat anti-mouse IgM-HRP conjugate was produced by 

Invitrogen (Csertex Kft, Budapest). LT(3R-Ig fusion protein was kindly provided by Dr. 

Jeff L. Browning (Biogen Idee, Cambridge, MA), and was injected in newborn Nkx2-3 

KO mice as previously described [85]. Pooled human IgG was used as control.
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111.3. Immunohistochemistry and immunofluorescence

Lymphoid organs were removed and snap-frozen at -80C. From the intestines, 

“Swiss Roll sections” were made. An about 5 cm long section of the intestine was 

flushed with PBS, cut open longitudinally, rolled up and snap-frozen. Subsequently 9 

pm cryostat sections were made and fixed with acetone. Sections were then blocked with 

5% bovine serum albumin in phosphate buffered saline for 20 minutes and then single, 

dual, and multiple immunofluorescence was performed with the above described 

antibodies. For multiple stainings first unlabeled primary antibodies were detected using 

anti-rat fluorochrome conjugate, followed by saturation with 2% normal rat serum and 

adding separate fluorochrome conjugated rat mAbs. Normal rat IgG was used at 10 

pg/ml concentration for control stainings. For chemokine stainings, fixation was done 

using 1% paraformaldehyde for 20 minutes. After mounting, sections were viewed under 

an Olympus BX61 fluorescent microscope. Acquisition of digital pictures was performed 

with Analysis® software.

For the luminal expression of MAdCAM-1 and PNAd a cocktail containing 150 

pi of both anti-PNAd-Dylight 594 and anti-MAdCAM-l-FITC at 0.5 mg/ml was injected 

intravenously into wild type BALB/c or Nkx2-3'/_ mice, which were sacrificed 30 mins 

later. Spleen, pLN, mLN, PP, ileum, and colon samples were frozen for cryostat 

sections.

111.4. Confocal microscopy

Confocal fluorescence images were taken using an Olympus Fluoview FV-1000 

laser scanning confocal imaging system. For quantification the samples were visualized 

using a 20x dry objective (UPLSAPO, NA 0.75) at 80 pm wide confocal aperture in 

photon count mode, excited with multi line argon and helium-neon lasers for 10 ps/pixel 

in sequential mode creating 1024x1024 pixel single layer confocal images. Total pixel 

intensity of the images was determined by FvlO-ASW 01.07.03.00 software (Olympus).

111.5. Electron microscopy

After removal the spleens were cut in 2-3 pieces at a volume less than 1 mm3. 

Tissues were placed in 2.5% buffered glutaraldehyde for 3 hours at room temperature
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under continuous agitation. Following fixation tissues were washed several times with 

phosphate buffer. The blocks were placed in 1% osmium tetroxide in 0.1 M phosphate 

buffer (pH: 7.2) for 1 hour. After osmication and washing the tissue blocks were 

dehydrated in an ascending ethanol series, with uranyl acetate (1%) included in the 70 % 

ethanol stage. The tissues were placed into aluminum-foil boats containing Durcupan 

resin (Sigma-Aldrich, Budapest) and then embedded in gelatin capsules containing the 

same resin. Semithin and serial ultrathin sections were cut with a Leica ultramicrotome. 

Semithin sections (1 pm thick) were mounted on glass slides and stained with toluidine 

blue. Ultrathin sections (80 nm thick) were mounted either on mesh, or on Collodion- 

coated (Parlodion, Electron Microscopy Sciences, Fort Washington, PA) single-slot, 

copper grids. Additional contrast was provided to these sections with uranyl acetate and 

lead citrate, and they were examined in JEOL 1200EX-II electron microscope. The 

negative photographs were developed and scanned into computer, from which digitalized 

pictures were generated.

111.6. Flow cytometry

The spleen, pLNs, mLNs, and PPs were removed and single-cell suspensions 

were made by gently teasing the tissues apart with the frosted ends of microscope slides. 

Cells were then filtered through a 70 pm cell strainer and resuspended in PBS containing 

0.1% Na-azide and 0.1% BSA. The cell solution was subsequently incubated with 

various antibodies for 20 minutes on ice. For multiple staining, first unlabeled primary 

antibodies were detected with secondary antibodies, which was followed by saturation 

with 2% normal rat serum. Directly labeled antibodies were then added. After staining, 

cells were fixed with PBS containing 0.1% Na-azide, 0.1% BSA, and 1% 

paraformaldehyde. Flow cytometric measurements were performed by a BD Biosciences 

FACS-Calibur cytometer and analyzed using the CellQuest Pro software or WinMDI 2.8 

software. Dead cells were excluded based on size and granularity. At least 20,000 live 

lymphocytes were analyzed per sample.

111.7. In vitro labeling and adoptive cell transfer

Lymphocytes were isolated from spleen, pLNs, and mLNs of GFP-transgenic mice
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or BALB/c mice and then labeled with 5-(and-6)-carboxyfluorescein diacetate, 

succinimidyl ester (CFSE, obtained from Invitrogen, Csertex Ltd., Budapest, Hungary) as 

described [97]. Cells were resuspended in Dulbecco’s Modified Eagle Medium (DMEM) 

and incubated with 5 pmol CFSE for 25 minutes at 37C. Recipient mice received 5x107 

cells in 200 pi medium intravenously in tail veins and were sacrificed 30, 60, or 120 

minutes later. Spleen, pLN, mLN, and PP were collected for both flow cytometry and 

immunohistology. With flow cytometry we determined the rate of homed CFSE+ cells by 

using the rat mAb IBL-5/25 against CD45 staining and forward scatter/side scatter gating 

of lymphocytes. The distribution and localization of the cells was analyzed by 

immunofluorescence. We used IBL-11 mAb against fibroblastic reticular cells, anti- 

LYVE-1 for lymphatic sacs, and anti-PNAd or anti-MAdCAM-1 antibodies to visualize 

high endothelial venules.

111.8. In vivo blocking of lymphocyte homing

To block lymphocyte homing, recipient BALB/c and Nkx2-3'/‘ mice were injected 

with 100 pg of anti-endothelial mAbs, followed 30 min later by injection of 5 x 107 

lymphocytes from FvBN spleens and peripheral lymph nodes. Recipient mice were 

sacrificed 1 hour after the lymphocyte injection and cells from spleen, pLN, mLN, and 

PP were isolated for flow cytometry. Donor lymphocytes were identified by flow 

cytometry using mouse mAb DaBl-FITC conjugate against H-2Kb [95] cross-reacting 

with H-2Kq haplotype expressed by FvBN mice.

111.9. Quantitative RT-PCR (qPCR)

Total RNA from spleen, pLNs, mLNS, and PPs was isolated with RNeasy Mini 

Kit (Qiagen) and was treated with DNase I (Sigma). cDNA was prepared with High 

Capacity cDNA Archive Kit (Applied Biosystems). PCR primers for Glycaml, 

Madcaml, Gcntl, Chst2, Chst4, and Fut7 were described previously [98]. Primers for 

Cd34, endomucin, Cd3001g, podcalyxin-like protein, Proxl, Pdpn, and Flt4 were 

designed by Primer Express Software (Applied Biosystems, Table II.). PCR reactions 

were run in triplicates using Power Sybr Green Master Mix (Applied Biosystems) on an
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ABI 7500 Real Time PCR System (Applied Biosystems). Expression levels were 

normalized to beta-actin.

Gene Forward Reverse

glycaml TGGAAG AG ACCACAAGACCCA TCGTGATACGACTGGCACCA

madcaml CATCACCACCCTACCTTCTGC GCCTCCCTCTTGTGGTAGGTT

gcntl CTTGCAAAACACACGGCTAA GCAAAGTTCAAGCGTTCCTC

chst2 CGCTGCGATCTTTCGGTT CCAGTCCGACGACCTCCTT

chst4 TGCAAAAGCCAGGTGGACA G GCAAAAAATCCAACCCCA

fu t7 CTGAGAAGTTCTGGCGCAATG TGACGAGGAAGACAGCCAGTT

cd34 TTGGGCACCACTGGTTATTTC GGTCTTCACCCAGCCTTTCTC

endomucin AAGATTGCAACCACTCCATCAA ACAACCAG CG CG ATAACCA

cdiOOlg AACGGCTGGACCACTGAAGA GAAGGGTTGAGGTTTCTGAGACA

podocalyxin- 

like protein

CTTCAACCCAGCCAAGCAA GGTGGAGGTCGGCATAGATG

icaml CAGTCCGCTGTGCTTTGAGA CGGAA ACG AAT AC ACGGTG AT

proxl TGTCCGACATCTCACCTTATTCA GCGGGTGT A A A A G  A A C  ATG AGTT

pdpn GTGCTACTGGAGGGCTTAATGAA GCTTCGTCCCACGCTCTCT

flt4 GGTTCCTGATGGGCAAAGG TCAGTGGGCTCAGCCATAGG

lyvel GGAGCAGCATTCAAGAACGAA GCGGCAGCACCAAAGAAG

nkx2-3 TTATCCTGCCGCTGTCTCTT GCGGGAGACTGTAAGACGAG

Table II. Primers used for qPCR.

III.10. Statistical analysis

Data analysis was performed using SigmaPlot software (version 11.0, Systat 

Software Inc., San Jose, CA USA) and the graphs were created with the help of 

GraphPad Prism (v5, GraphPad Software, Inc., La Jolla, CA, USA). Shapiro-Wilks test 

was performed to assess normality of data distribution. Between-group analysis for 

normally distributed variables was tested using parametric one-way ANOVA and post- 

hoc Tukey test, whereas in the case of variables that violated assumption of normality
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differences were tested with non-parametric Kruskal-Wallis test followed by pairwise 

multiple comparison procedures (Dunn's and Student-Newman-Keuls method). T-test or 

Mann-Whitney U test were employed to compare two groups with normally and non

normally distributed data, respectively. Data are presented as mean and standard error of 

the mean (mean±SEM). Quantitative rtPCR data were analysed with the help of REST 

2009 software (version 2.0.13, Qiagen, Hilden, Germany). Accepted statistical 

significance was for p<0.05.
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IV. Results

IV. 1. Effects of Nkx2-3 absence in the spleen

IV.1.1. Presence of LYVE-1+ sacs in the spleen of Nkx2-3';' mice

Absence of Nkx2-3 transcription factor has been reported to lead to substantial 

structural abnormalities in spleens of mutant mice and also results in an altered blood 

vasculature [81-86]. Upon further histological and electron microscopic examination of 

the spleens we noticed sac-like structures located usually at the peripheral regions of the 

organ. These structures were filled with lymphoid cells and resembled lymphatic vessels 

(Figure 2A).

A nkx2-3/‘ ------------------------------------------------ ►

LYVE-1/IBL-11

Figure 2. LYVE-1+ sacs in Nkx2-3V~ spleens. Staining with toluidine blue (A, left) shows two vascular segments 
filled with lymphocytes (arrows) and a blood capillary (arrowhead; scale bar = 50 pm). Transmission electron 
microscopy (A, right) shows lymphoid cells filling a sac-like structure (arrowhead, scale bar = 7.5 pm). These 
structures are located mainly in the peripheral regions of Nkx2-3_/" spleens (B, left) while in wild type spleens (B, right) 
LYVE-1 is expressed by platelets (arrowhead) and megakaryocytes (arrow) in the red pulp (scale bar = 200 pm 
representative example, n=6). In wild type mice LYVE-1 mRNA is detected (C) in platelet-enriched plasma (Pit) and 
bone marrow (BM).
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To confirm the lymphatic endothelial origin, we stained mutant and wild type 

spleen sections with anti-LYVE-1 antibody, a marker used for identifying lymphatic 

vessels [23], while IBL-11 mAh was used as a topographic marker [95]. In Nkx2-3 

deficient spleens we observed an intense labeling of these structures with LYVE-1. In 

wild type spleens LYVE-1 expression was seen only in the megakaryocytes and 

thrombocytes found in the red pulp (Figure 2B). This was consistent with RT-PCR 

results showing LYVE-1 mRNA expression in wild type platelet-enriched plasma and 

bone marrow (Figure 2C).

We further characterized the LYVE-1-expressing structures with various 

antibodies. Dual immunofluorescent labeling for vascular endothelial growth factor 

receptor 2 (VEGF-R2) and LYVE-1 showed that all LYVE-1+ vessels were also VEGF- 

R2+, indicating their endothelial origin. Interestingly, LYVE-1' splenic vessels had a 

higher expression of VEGF-R2 (Figure 3A). However, double stainings with LYVE-1 

and Proxl, another marker specific for lymphatic endothelium [24] showed that LYVE- 

1+ sacs in the mutant spleen did not co-express Proxl, while Proxl overlapped with 

LYVE-1 in both wild type and Nkx2-3'/_ pLNs (Figure 3B).
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Figure 3. Noniymphatic endothelial characteristics o f LYVE-1+ structures. In mutant spleens LYVE-1 is 
coexpressed with VEGF-R2 (A). LYVE-1+ structures in Nkx2-3‘/_ spleens do not express Proxl. In wild type spleens 
LYVE-1 is only expressed by platelets and megakaryocytes. In both mutant and wild type pLNs lymphatic 
endothelium cells coexpress LYVE-1 and Proxl (B). Scale bar = 200 ^m, representative example, n=6.

IV.1.2. Biased expression of mRNA of lymphatic endothelium-associated m arker 

genes

The presence of LYVE-1+ lymphatic sacs observed with immunofluorescence 

prompted us to examine the effect Nkx2-3 absence has on mRNA expression levels of 

various lymphatic endothelium associated proteins. We compared Nkx2-3 deficient 

spleens and wild type spleens with quantitative real time PCR measurements. As control, 

we measured the levels of Nkx2-3 mRNA (Figure 4). As expected, no Nkx2-3 mRNA 

was found in mutant spleens. Interestingly, while Nkx2~3 was present in wild type
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spleens and mLNs, it was absent from BALB/c pLNs. In mutant spleen we found that 

compared to wild type control samples mRNA levels of LYVE-1 and podoplanin (Pdpn, 

also known as gp38 [99]) were significantly increased (66.8 and 12.1, respectively). The 

levels of both genes were similar to those seen in wild type pLN and mLN. Interestingly, 

the level of Proxl mRNA did not show any difference between wild type and mutant 

spleens, confirming our observations by immunofluorescence. Levels of Flt4 (also 

known as VEGF-R3) [100], another lymphatic endothelium marker, were also similar to 

wild type tissues. It should be noted, however, that Flt4 mRNA expression levels did not 

differ between wild type pLN and spleen.

□  BALB/c spleen

□  Nkx2-3'/_ spleen

■  BALB/c pLN

■  BALB/c mLN

Figure 4. mRNA expression o f  lymphatic endothelium-associated genes. RT-PCR measurements reveal increased 
LYVE-1 and Pdpn (gp38) in Nkx2-3 deficient spleens compared to wild type samples, while Proxl and Flt4 (VEGFR3) 
was not altered. Levels were normalized to beta-actin. Bar diagram shows mean ± SD of six parallel samples of three 
mice. *p<0.05; **p<0.001; nd, not detectable.

IV.1.3. Internal content and stromal tissue microenvironment of LYVE-1+ sacs

We further analyzed the structure and the composition of ectopic lymphatic sacs 

with immunofluorescence. To assess the stromal microenvironment we stained samples 

with various stromal markers (Figure 5). Staining with resident macrophage markers
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MARCO and sialoadhesin/CD169 showed small clusters of macrophages in the vicinity 

of the LYVE-1-positive sacs (Figure 5A, B). In normal spleens these macrophages 

delineate the marginal zone [37]. In contrast, FRCs, identified by their ER-TR7 

expression, tightly surrounded these sacs while within the sacs no ER-TR7 staining could 

be observed, indicating the absence of these cells (Figure 5C). To analyze the lymphoid 

cell composition of the LYVE-1+ sacs we stained mutant spleens with anti-CD3 and anti- 

B220 (Figure 5D). We found that, similarly to the T-cell dominance reported in Nkx2-3 

deficient spleens with flow cytometry, these sacs contained mostly CD3+ T lymphocytes 

with some scattered B220+ B cells.

LYVE-1/MARCO LYVE-1/Sialoadhesin

LYVE-1/ER-TR7 LYVE-1 /CD3/B220

Figure 5. Internal composition and external microenvironment o f  LYVE-1+ structures. Macrophages (red) 
expressing MARCO (A) or sialoadhesin (B) form only occasional associations with LYVE-1+ structures (green). 
These structures are tightly surrounded hy ER-TR7+ fihrohlastic reticular cells (C). LYVE-1+ sacs (blue) contain 
mainly CD3+ T cells (green) with only occasional B220+ B cells (red) (D). Scale bar = 100 pm, representative 
example, n=9.
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IV.1.4. Recirculating lymphocytes are excluded from LYVE-1+ cysts

We performed adoptive cell transfer experiments by intravenous injection of in 

vitro CFSE-labeled lymphocytes to examine what role these sacs may have in 

lymphocyte trafficking within and homing to the spleen. The spleens were then stained 

at various time points and CFSE+ cells were counted. After 20 minutes, only ~2.3% of 

CFSE+ cells were within the LYVE-1+ structures in a 1.4mm2 area of the spleen section 

(Figure 6). This ratio rose to 12.1% at 8 hours. This finding, together with the absence 

of red blood cells, indicates that these LYVE-1+ sacs are not directly connected with the 

blood circulation. However, the presence of CFSE-positive cells suggests other entry 

routes to these structures.

CFSE/LYVE-1 CFSE/LYVE-1
(20 min) (8h)

Figure 6. Injected CFSE+ cells rarely enter LYVE-1+ sacs. 20 minutes after injection of CFSE-labeled cells, the ratio 
of inside/outside the sacs was 0.023, while this rose to 0.12 at 8 hours. The pictures are representatives of three 
independent experiments performed on five mice; scale bar = 200 pm.

IV.1.5. Formation of LYVE-1+ structures and ectopic high endothelial venules in 

Nkx2-3 m utant spleen is initiated in the embryonic period

It has recently been shown that besides adult lymphatic endothelium, murine 

embryonic vessels also display LYVE-1 [101]. We stained E l8.5 wild type and mutant 

spleens to examine whether embryonic spleens contain any LYVE-1-positive vessels. In 

Nkx2-3'/_ spleens we found scattered LYVE-1 expression that did not form discernible
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sacs (Figure 7). Interestingly, although LYVE-1+ sacs were noticeable at P0.5, these 

structures were localized in the central regions of the spleen. The phenotype 

characteristic for adult Nkx2-3'/_ spleens is achieved by P10, as at that age the lymphatic 

sacs were observed in the peripheral regions. In spleens from wild type embryos we 

could not identify any similar structure.

nkx2-3^- BALB/c

LYVE-1/DAPI

Figure 7. Formation ofLYVE-l+ structures. Staining late embryonic and early postnatal spleen sections from Nkx2- 
3 deficient mice (A, C, E) shows the appearance of LYVE-1+ cells (green) first in the central regions of the spleen, 
while by P10 sacs are located in the periphery. B, D, F, age-matched wild type controls. DAPI nuclear stain (blue). 
Pictures are representative of five mice per samples, scale bar =100 pm.
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Besides the formation of LYVE-1+ lymphatic sacs, the absence of Nkx2-3 also 

leads to the absence of endothelial MAdCAM-1 and the appearance of ectopic PNAd+ 

HEVs in spleens of adult mice [discussed in detail in Arpad Labadi’s PhD thesis]. In 

wild type mice PNAd-expressing HEVs are only present in LNs where they coordinate 

lymphocyte extravasation and entry into these tissues. However, expression of PNAd on 

HEVs is only observed after the first postnatal weeks as neonatal mice express 

MAdCAM-1, but not PNAd, on their HEVs [66]. Also, PNAd+ HEVs can also be 

induced at ectopic locations upon chronic infection coupled with accumulation of 

lymphoid cells [74],

We further analyzed the embryonic and neonatal spleens to investigate whether the 

appearance of ectopic HEVs in a mutant spleen follows the same postnatal developmental 

kinetics characterized by upregulated PNAd expression in place of MAdCAM-1 as in 

pLNs. We compared MAdCAM-1 and PNAd expression in mutant mice after birth using 

immunofluorescence analysis (Figure 8). At P0.5 (<l-d-old neonates), spleens of both 

Nkx2-3 deficient and wild type mice contained cell clusters expressing MAdCAM-1 but 

no PNAd. By postnatal day 10.5 (P10.5), the spleen of the Nkx2-3 mutant expressed less 

MAdCAM-1, which was limited to a few dispersed vessels that simultaneously also 

expressed PNAd. In contrast, in wild type spleen at P10.5 a considerable MAdCAM-1 

reactivity was observed in the developing marginal zone sinus, but we observed 

absolutely no PNAd+ cells at any period. After the second postnatal week, no 

MAdCAM-1 expression was observed in the mutant spleen, similarly to young adults 

[82, 83]. We also compared mutant spleens with normal age-matched pLNs. Staining 

with anti-MAdCAM-1 and anti-PNAd mAbs revealed that the postnatal loss of 

MAdCAM-1 and the gain of PNAd expression were similar in both lymphoid organs.
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P0.5

P10.5

▼

nkx2-3/-
Spl

BALB/c
Spl

nkx2-3'-
Spl

BALB/c
Spl

BALB/c
pLN

MAdCAM-1/DAPI PNAd/DAPI
Figure 8. pLN-like postnatal switch in the addressin profile o f  ectopic HE Vs in Nkx2-3'A spleens. Mutant and wild 
type spleen sections were stained at P0.5 and P10.5 with anti-MAdCAM-1 or anti-PNAd (green) and DAPI nuclear 
stain (blue). At P I0.5 in mutant spleens ectopic HEVs coexpressing MAdCAM and PNAd are visible, similar to wild 
type pLNs. In wild type spleens MAdCAM-1 delineates the marginal sinus. The pictures are representatives of three 
independent experiments performed on three to five mice. Scale bar = 50 pm.
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IV. 1.6. LTpR activity is dispensable for formation of lymphatic sacs but is required 

for development of PNAd+ high endothelial venules in Nkx2-3_/" spleens

LTpR plays a role in the development of lymphatic capillaries by inducing the 

production of VEGF-C, a lymphangiogenic ligand for VEGFR-3 [12] and is also crucial 

for the formation and maintenance of PNAd+ HEVs in pLNs [74, 76, 77]. We created 

double mutants lacking both Nkx2-3 and LTpR to examine whether the LYVE-1+ sacs or 

the observed HEVs expressing PNAd require LTpR signaling.

Staining of adult double knockout spleens showed that LYVE-1-expressing 

structures were present, indicating that LTpR presence is not needed for their 

development (Figure 9). Interestingly, these structures were rather vessel-like than cyst

like and were also present in the center of the organ, in contrast to Nkx2-3 single mutants, 

which had LYVE-1+ sacs only in peripheral regions.
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-- *' - * fV'. , * \  ' * 'V'

■ 1 *  , * • f \  * ; r .
% .  t » ? . 

n k x 2 - 3 - '  x  ltb rx- Itb r> -

LYVE-1

Figure 9. LYVE-1+ sacs develop independently from LTfiR signaling. LYVE-1-expressing structures are present in 
double mutant mice lacking Nkx2-3 and LTpR, while they are not observable in LTpR_/" spleens. The pictures are 
representatives of five mice per sample. Scale bar =100 pm.

Next we stained double-KO mice with anti-PNAd and anti-MAdCAM-1 antibodies. 

At 4 wk of age these mice entirely failed to display PNAd+ HEVs in their spleens in 

addition to lacking IBL-9/2 red pulp vessels (a trait shared with Nkx2-3 deficient mice) 

and MAdCAM-1 marginal sinus (a feature observed in both parent strains) (Figure 10). 

This result suggests that, similarly to wild type pLNs, the formation of ectopic HEVs in
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mutant spleens is dependent on LT0R function. However, in contrast to the pLN 

formation blocked by the absence of LT0R, the spleen as a separate organ in these double 

mutants was present. This indicates that in the absence of Nkx2-3 only the vasculature 

gains pLN-like characteristics, while the nonvascular mesenchymal elements retain their 

splenic identity.

IBL-9/2 MAdCAM-1 PNAd

Figure 10. Formation o f  ectopic HEVs depends on LTfiR activity. Staining splenic sections from various genoptypes 
with different antibodies reveal that PNAd+ HEVs are absent from Nkx2-3'A xLTfiR A double mutant mice. Images are 
representatives of five mice per sample. Scale bar = 250 pm.
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We and others have shown previously that administration of the LTpR-Ig fusion 

protein to neonates effectively blocks postnatal vascular development in the murine 

spleen [85, 102]. To test whether the pLN-like programming of splenic vasculature in 

Nkx2-3 mutants can be modulated postnatally, we applied this decoy receptor to Nkx2-3 

deficient mice on PI and P4. Spleens were stained on P10.5 with anti-MAdCAM-1 and 

anti-PNAd antibodies. Similarly to the double mutant mice, postnatal interference with 

LTpR activity also resulted in a significant reduction of PNAd expression, indicative for 

less ectopic HEVs in the spleen (Figure 11). Thus, the transformation of splenic 

vasculature to HEV-like vessels in an Nkx2-3 deficient mouse seems to follow a similar 

program that underlies vessel formation in pLNs.

Human lg

M Ad CAM -1 /DAP I

/

PNAd/DAPI

Figure 11. Treatment with L TffR-Ig decoy receptor blocks PNA(t HEVformation. Postnatal treatment of Nkx2-3 
deficient mice with LTpR-Ig fusion protein inhibited development of ectopic PNAd+ HEVs. Mice treated with control 
human IgG express both endothelium associated PNAd and MAdCAM-1 (arrowhead) and stromal MAdCAM-1 
(asterisk). Images are representative of four mice per sample. Scale bar = 200 pm.
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IV.1.7. Defective formation of follicular conduit retaining MARCO in Nkx2-3_/" 

spleens

In addition to stromal-vascular elements, marginal zone (MZ) macrophages may 

also influence the splenic homing of lymphocytes; therefore we also analyzed the MZ 

macrophage distribution in details. Previous observations indicated the disrupted 

architecture of MZ macrophage layers in Nkx2-3'/_ mice [82, 84], More careful 

comparison of wild type and Nkx2-3 mutant samples for MZ topography revealed further 

subtle differences. Besides being present on a subset of marginal zone macrophages, we 

have found that in wild type spleens the scavenger receptor MARCO (macrophage 

receptor with collagenous structure) also displays a granular expression pattern arranged 

into fibrils within follicles. MARCO scavenger receptor possesses a broad ligand 

binding capacity, and is also involved in the retention of marginal zone B cells in mouse 

spleen [42, 45]. We examined the follicular MARCO expression pattern in detail by 

performing multiple immunofluorescence. Co-staining with monoclonal antibodies 

against complement receptor 2 (CR1.2) and T cells revealed that follicular MARCO 

expression in normal spleen is associated with FDCs and is separate from the T-cell zone 

(Figure 12A). The observed reticular staining pattern raised the possibility that MARCO 

might be associated with the ER-TR7+ conduit system created by FRCs [41]. However, 

co-staining with ER-TR7 and MARCO revealed only occasional co-expression, 

indicating that the FDC-associated MARCO+ conduit represents a distinct system from 

the ER-TR7+ conduit system established by T-zone specific FRCs (Figure 12B).

We further examined the cellular requirements for the follicular MARCO 

expression by performing dual immunofluorescence with anti-MARCO and anti-CR1.2 

antibodies in various genotypes with defects in either the white pulp or the marginal 

zone. In Nkx2-3_/" spleens FDCs are present; however, the MAdCAM-l+ marginal sinus 

and the MARCO-expressing marginal zone macrophages are absent. In mice lacking 

recombinase activating gene 1 (RAG1), mature T and B cells are absent, leading to the 

lack of FDCs in the spleens of RAGl"" mice. However, these mice harbor MARCO

positive macrophages in their MZ [103]. Meanwhile, in LT0R deficient mice both the 

marginal zone as well as differentiated FDCs are absent, while scattered follicular B cells 

are present [55].
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Thy1/CR1.2/MARCO MARCO/ER-TR7

Figure 12. Characterization o f follicular MARCO expression. Besides being present on the marginal zone 
macrophages, MARCO scavenger receptor is also expressed in a reticular manner within splenic follicles (arrow). This 
expression is associated to CR1.2+ FDCs (A, scale bar = 50 pm) and is distinct from the ER-TR7+ conduit system 
created by FRCs (B, scale bar =10 pm.

In Nkx2-3V" mice immunofluorescence revealed FDCs that lacked follicular 

MARCO staining (Figure 13). We found only scattered MARCO+ cells surrounding 

FDCs; this staining pattern did not resemble the MARCO+ MZ macrophages seen in wild 

type spleens. In RAGl"7" mice we detected a MARCO+ ring of MZ macrophages while 

within this ring no granular MARCO expression could be observed. Finally, no follicular 

MARCO reactivity was visible in LTpR"7" mice, although scattered MARCO-expressing 

cells were present at the boundary between the red pulp and the white pulp.

Together, these findings indicate that follicular MARCO deposition requires the 

presence of both marginal zone macrophages and mature FDCs.
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M AR CO /C R1.2

Figure 13. Follicular display o f MARCO requires mature follicular dendritic cells and marginal zone. In wild type 
spleens, MARCO (green) is expressed in follicles and colocalizes with complement receptor (CR1.2, red). This is not 
present in mice with disorganized marginal zone structure (Nkx2-3"/_ and LTpR_/" mice) and in the absence of mature 
FDCs (RAG1'7' mice). Pictures representative of five animals per sample. Scale bar = 50 pm.

IV.2. Effects of Nkx2-3 absence in gut-associated lymphoid tissues

IV.2.1. Altered mRNA expression of high endothelial venule signature genes in 

GALT of adult Nkx2-3_/" mice

In contrast to peripheral lymph nodes, leukocyte homing to Peyer’s patches 

requires recognition of endothelial MAdCAM-1 by a4p7 integrin expressed on 

leukocytes. Mesenteric lymph nodes utilize both the PNAd characteristic for peripheral 

lymph nodes and the MAdCAM-1 addressin present in Peyer’s patches. Besides the lack 

of endothelial MAdCAM-1, Nkx2-3 deficient mice have been reported to have fewer and
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smaller Peyer’s patches [81-83]. However, the presence of structured lymphoid tissues 

indicates that lymphocytes reach these organs in a MAdCAM-1-independent fashion. 

Our lab has reported the appearance of ectopic PNAd-expressing high endothelial 

venules in the spleens of Nkx2-3 mutant mice [discussed in detail in Arpad Labadi’s PhD 

thesis]. Therefore we hypothesized that a similar phenomenon might be found in the 

intestines of mutant mice.

First, we decided to analyze the mRNA expression pattern of PNAd core proteins 

Madcaml, Glycaml, Cd34, Emcn (coding endomucin), Cd3001g (nepmucin) and Podxl 

(podocalyxin-like) as well as for the modifying enzymes Gcntl [glucosaminyl (N-acetyl) 

transferase 1, Core 2], Chst2 [carbohydrate (N-acetylglucosamine 6-0) sulfotransferase 

2], Chst4 [carbohydrate (N-acetylglucosamine 6-0) Sulfotransferase 4], and Fut7 

(fucosyltransferase 7) in mutant gut associated lymphoid tissues. mRNA was isolated 

from PPs and real-time PCR was performed to compare mutant and normal tissues 

(Figure 14).

Interestingly, we observed that MAdCAM-1 mRNA was unaltered in mutant 

mLNs and significantly increased in mutant PPs, despite the absence of MAdCAM-1 

reported earlier [82], The majority of backbone protein mRNAs were variably increased 

in Nkx2-3 deficient PPs compared to normal. Levels of Cd34, Emcn and Podxl were 

significantly higher and reached levels seen in wild type pLNs. mRNA for ICAM-1 did 

not increase in mutant PPs.

The levels of modifying enzymes showed variable alterations in mRNA 

expression. The glycosyltransferase Gcntl did not change significantly. Chst2, one of 

the sulfotransferases, decreased while Chst4, a key enzyme for the creation of the PNAd 

epitope showed a 4-fold increase in mutant PPs. Fucosyltransferase Fut7 was also 

significantly increased compared to wild type PPs.

Collectively these results indicate the presence of PNAd+ HE Vs in GALT of 

mutant mice. However, this shift seen in mRNA levels is less pronounced compared to 

Nkx2-3'/' spleens. This can be probably explained by the fact that in wild type gut 

lymphoid tissues HEV is already present, but the absence of Nkx2-3 gene alters its HEV 

subtype patterning from mucosal to possessing pLN-like attributes.
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Figure 14. Increased mRNA levels o f  PNAd core proteins and modifying enzymes in mutant PPs. mRNA levels for 
PNAd core proteins and modifying enzymes were measured in mutant and wild type PPs. Compared with wild type 
mice, Nkx2-3 deficient PPs express significantly increased levels of various PNAd backbone proteins (Glycam, CD34, 
endomucin, podocalyxin-like protein). Modifying enzyme levels show a moderate increase with only fucosyl 
transferase being significantly higher. Values were normalized to the ratio of target mRNA to beta-actin in the WT PP, 
represented by the line drawn aty= l, and are expressed on a log scale. Bar diagrams show mean ± SEM, n>3 animals. 
*p<0.05.

IV.2.2. PNAd is upregulated in the gut-associated lymphoid tissues of Nkx2-3 /_ mice

To confirm the changes seen in RT-PCR at protein level, we stained PP sections 

from both mutant and wild type young adult mice with various anti-endothelial antibodies 

(Figure 15). Staining with the pan-endothelial marker VEGF-R2 revealed a normal 

degree of vascularization in mutant PPs. In line with previous findings described by 

others [82, 83], staining with MECA-367 mAh against MAdCAM-1 showed the near 

total absence of endothelial expression. However, MAdCAM-1 was present on stromal 

cells in lymphoid follicles. This presence serves as a probable explanation for the 

increased levels of MAdCAM-1 mRNA in mutant tissues. Staining with MECA-79 

antibody specific for PNAd epitope revealed an intense reaction in mutant PPs while it

42



was rarely expressed in wild type samples. Immunofluorescence performed with 

antibodies against VCAM-1 and ICAM-1 showed no visible alterations (data not shown).
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CD45/VEGF-R2 CD45/MAdCAM-1 CD45/PNAd

Figure 15. Nkx2-3'A PPs lack endothelial MAdCAM-1 while they express PNAd. Anti-VEGF-R2 labeling (left) 
reveals normal vascularization in Nkx2-3"/_PPs. However, while MAdCAM-1 is present in wild type PPs (middle), it 
shows only scarce endothelial expression in mutant tissues. On the contrary, PNAd is rarely expressed in normal PPs 
but is upregulated in Nkx2-3 deficient PP HEVs (right; representative samples from 5 animals/group). Scale bar =100 
pm.

Interestingly, the appearance of PNAd epitope in mutant mice was restricted to 

the lymphoid tissues. In normal mice MAdCAM-1 is found not only on HEVs of PPs 

and mLNs but also the small vessels of gut lamina propria. In Nkx2-3'/_ mice gut lamia 

propria vessels expressed neither MAdCAM-1 nor PNAd.

Next we co-stained sections with anti-B220 (to identify B cells) and anti-Thy-1 

(for identification of T cells) to examine the distribution of PNAd+ HEVs (Figure 16). 

We found that in Nkx2-3 deficient mice the mutant HEVs showed a similar distribution 

compared to MAdCAM-l+ HEVs in wild type samples as the majority of PNAd-positive 

vessels were found in the T-cell rich interfollicular area.
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nkx2-3/- BALB/c

B220/Thy-1 / PN Ad B220/Thy-1 /M AdCAM-1
Figure 16. Distribution ofHEVs within PPs ofNkx2-3 deficient mice. Tissue sections stained as indicated show that 
the PNAd+ HEVs in Nkx2-3~A PPs (left) are preferentially located in the T-cell zone, similarly to wild-type samples 
with MAdCAM-1-positive HEVs (right). Arrows point to HEV cross-sections. Scale har = 200 pm. Results are 
representative of 3 different experiments with at least 3 mice.

For lymphocytes to be able to bind to PNAd and thus utilize it as functional exit 

ports, PNAd has to be expressed at the luminal surface of endothelial cells. To examine 

luminal expression a cocktail of anti-PNAd (conjugated with Dylight-594) and anti- 

MAdCAM-1 (labeled with FITC) mAbs was injected intravenously into wild type and 

mutant mice. Immunofluorescence performed 1 hour later on PP sections showed that 

PNAd is indeed expressed luminally in mutant mice while no MAdCAM-1 reactivity was 

detected (Figure 17A). In contrast, wild type mice expressed only minimal PNAd while 

we observed an intense MAdCAM-1 labeling. The PNAd:MAdCAM-1 ratio was 

quantified using photon count measurement with confocal microscopy. This also 

revealed significant differences in the various tissues between wild type and mutant mice. 

In Nkx2-3_/" PPs the PNAd:MAdCAM-l ratio was 3.26, which was significantly higher 

than in normal PPs (0.06, p=0.026) and close to both wild type and mutant pLNs (6.6 and 

6.82, respectively). In the mLN of Nkx2-3 deficient mice the ratio increased to 1.94 from 

0.64 measured in wild type samples (Figure 17B). These data indicate that the 

occasional MAdCAM-1 expression noticed in mutant Peyer’s patches is most likely 

restricted to the abluminal aspect of endothelial cells and does not participate in 

lymphocyte recirculation.
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Figure 17. PNAd is luminally expressed in mutant PPs. Intravenously injected FITC-conjugated MECA-367 binds 
to luminal MAdCAM-1 in wild type PPs while it shows minimal labeling in Nkx2-3 deficient PPs (A). Binding of 
Dylight-594 conjugated MECA-79 indicates that the PNAd epitope is expressed luminally in Nkx2-3 mutant PPs. 
Photon count analysis shows that the PNAd:MAdCAM-l ratio significantly increases in mutant PPs (B). Bar graph 
show mean ± SEM, n>3. *p<0.05. Results are representative of 3 different experiments with at least 3 mice. Scale bar 
= 100 pm.
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IV.2.3. Normal chemokine profile in PPs of Nkx2-3_/" mice

Besides binding to the appropriate selectin and addressin, recognition of various 

chemokines is also needed for lymphocytes to recirculate to the different lymphoid 

compartments within PPs. We stained Swiss roll-prepared sections from Nkx2-3'/_ and 

wild type animals to compare the chemokine profile. CCL21 chemokine is responsible 

for creating and maintaining the T-cell rich lymphoid areas and is expressed on HEVs 

and stromal reticular cells found mainly in the interfollicular areas of PPs [40]. In Nkx2- 

3 deficient mice staining with anti-CCL21 antibody showed a similar staining pattern 

compared with wild type mice (Figure 18). Meanwhile, CXCL13 chemokine is 

produced mainly by follicular dendritic cells and plays an important role in follicular 

structure and B cell recruitment [69, 71]. Compared to wild type samples CXCL13 

expression was slightly reduced in Nkx deficient Peyer’s patches.

Taken together, these data indicate that in Nkx2-3'/_ mice the absence of 

endothelial MAdCAM-1 leads to the pronounced appearance of endothelial PNAd 

epitope expressed on the luminal surface. Other adhesion molecules did not show 

increased expression, while the chemokines important in recruiting lymphocytes were not 

altered significantly.

IV.2.4. Cell composition of mutant Peyer’s patches resembles peripheral lymph 

node-like composition

To examine whether the altered addressin profile of Nkx2-3'/' PPs influences the 

lymphocyte composition of these tissues, we analyzed the cellular constitution with flow 

cytometry. Staining with anti-CD3 and anti-B220 mAbs revealed a significantly lower 

rate of B cells and somewhat higher number of T cells in mutant PPs, numbers 

resembling those seen in pLNs which normally express PNAd as HEV addressins. 

Further analysis of the CD4+ T helper cells with anti-CD44 and anti-L-selectin showed 

no differences in memory (CD44hl Lsel10) and naive (CD4410 Lselhl) T cell numbers. The 

follicular helper T cell population (CD4+/CXCR5+/PD1+) also showed no alteration. 

Interestingly, in mutant PPs we observed a significant increase of regulatory T cells 

(Treg), identified by their CD4+/CD25hl/FoxP3+ expression profile, compared to wild
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type tissues. Expression of L-selectin on mutant PP lymphocytes was increased, which is 

in line with the proposed homing mechanism via PNAd (Figure 19).

Figure 18. Mutant PPs show normal tissue distribution o f  homeostatic chemokines. Wild type and mutant PP 
sections were double stained with anti-PNAd or anti-MAdCAM-1 mAbs and either anti-CCL21 or anti-CXCL13 
antibodies, respectively. In wild-type tissues CCL21 chemokine is expressed along the MAdCAM-l+ HEVs, while in 
mutant tissues the chemokine is associated with PNAd+ HEVs. CXCL13 in both samples is restricted to non-vascular 
stromal elements. Results are representative of 3 different experiments with at least 3 mice. Scale bar = 100pm.
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□  BALB/c Nkx2-3-/-

CXCR5+/PD1+

Effector Naive
memory

CD4+/Foxp3+/CD25+

Figure 19. Lymphocyte composition o f PPs. Nkx2-3 deficient PPs contain more T cells and significantly less B cells 
compared to BALB/c mice (A). The frequency of follicular helper T cells (B) and the memory status of CD4+ cells (C) 
is not affected in mutant PPs. Regulatory T-cells show a significant increase in Nkx2-3 KO PPs (D). L-selectin 
expression is increased on lymphocytes from mutant PPs (E). Bar diagrams show mean ± SEM with n>5 mice. 
*p<0.05, **p<0.001.
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IV.2.5. Appearance of PNAd follows the kinetics observed in wild type peripheral 

lymph nodes

Wild type neonatal mice first display MAdCAM on pLN HEVs, and this 

expression is gradually replaced by PNAd during the first postnatal month [66]. Also, 

endothelial MAdCAM-1 expression in mLNs of newborn Nkx2-3 deficient mice has 

been reported [82], Similarly to the change in HEV addressin profile observed in Nkx2-3 

mutant spleens, we decided to examine whether the disappearance of MAdCAM-1 and 

the appearance of PNAd follows a similar timeline in PPs of mutant mice.

PP sections of Nkx2-3'/' and wild type newborn (P0.5), 1 week old, and 2 week 

old mice were analyzed with immunofluorescence. Indeed, at P0.5 endothelial 

MAdCAM-1 was observed in both wild type and mutant mice in lymphoid tissues and 

lamina propria vessels while PNAd was not present. In 1 week old mutant mice PNAd 

appears and is largely co-expressed with MAdCAM-1 in mutant PPs, but not the non

lymphoid vessels of the LP. By the second week, however, MAdCAM-1 expression in 

mutant mice was diminished and largely replaced by PNAd in Nkx2-3 deficient Peyer’s 

patches and mLNs. PNAd did not appear in the non-lymphoid vessels of the mucosa. In 

wild type mice MAdCAM-1 remained the dominant addressin at week two (Figure 20).

IV.2.6. Appearance of PNAd is dependent on LTpR signaling but does not require 

mature B or T cells

Appearance and maintenance of PNAd+ HEVs in wild type pLNs is dependent on 

signaling through the LTpR pathway [76, 77]. In mutant mice, PNAd only replaces 

MAdCAM-1 in the lymphoid areas of the intestine, i.e. mLN and PP, but not the lamina 

propria. These observations prompted us to examine the requirements of LTpR signaling 

and lymphocyte dependence of PNAd+ HEVs in mutant PPs.
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Figure 20. A postnatal switch in addressin molecule expression takes place in the GALT HEVs o f  mutant mice. PP 
sections from P0.5, 1 week and 2 week old wild type and mutant mice were stained with anti-CD45, anti-MAdCAM-1 
and anti-PNAd antibodies as indicated. HEV-associated MAdCAM-1 expression is detectable at P0.5, while PNAd is 
absent. At week 1 double-addressin expressing vascular segments are present (arrow), while by week 2 endothelial 
MAdCAM-1 is largely diminished in Nkx2-3 mutant PPs. Scale bar = 100  pm. Results are representative of 3 
different experiments with at least 3 mice.

First, Nkx2-3 deficient mice were crossed with RAG-1 KO [93] mice to create 

double mutant mice that lack the Nkx2-3 transcription factor and also have no mature B

and T-cells. Double mutant mice were identified in the F2 generation by PCR and were 

sacrificed at 4 weeks age. In the lack of well-defined PPs in RAG7' and double mutant 

mice, staining with anti-CD45 antibody revealed only small primordial PPs consisting of 

clustered CD45+ cells. Immunofluorescence with anti-MAdCAM and anti-PNAd showed 

that similarly to wild type mice, RAG mutant mice have MAdCAM-1+ HEVs in both PPs 

and lamina propria vessels. In R agl7' x Nkx2-3'/_ double mutants only minimal 

endothelial MAdCAM-1 was noticed. Interestingly, in these mice we observed PNAd 

expression on HEVs, although to a lesser extent compared to Nkx2-3 KO PP HEVs 

(Figure 21A).
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CD45/PNAd/M AdCAM -1
Figure 21. MAdCAM-l:PNAd switch occurs independently from mature T and B cells but it requires LTfiR 
signaling. PP sections from 4 weeks old Ragl"7", Nkx2-3_/", double deficient and wild type BALB/c mice were stained 
as indicated (A). In Ragl"/_ and BALB/c mice HEVs with intense MAdCAM-1 are present (arrowhead), whereas in 
double KO mice vessels with faint MAdCAM-l/PNAd double expression (arrow) can occasionally be observed. In 
Nkx2-3~/~ samples MAdCAM-1 expression is restricted to PP stromal cells (*), whereas HEVs display only PNAd 
(double arrows). Neonatal Nkx2-3'/' mice were treated with LTpR-Ig fusion protein (B, left) or human IgG as control 
(right). HEVs in control samples co-express MAdCAM-1 and PNAd (arrows), whereas neonatal treatment with decoy 
receptor extinguishes the expression of both addressins. Scale bar =100 pm. Results are representative of 3 different 
experiments with at least 3 mice.
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We next investigated the role of LT0R signaling in the postnatal induction of 

PNAd in intestinal HEVs. Nkx2-3 deficient mice were treated with LTpR-Ig fusion 

protein, a decoy receptor that interferes with the LTa|I2 - LTpR signaling, at PI, P3, and 

P5 (Figure 21B). Mice were sacrificed at P14. As control, littermates were injected with 

normal human immunoglobulin. The absence of FDCs, identified with the anti-CR1.2 

antibody, verified the efficiency of the treatment (data not shown). Treatment with 

LTpR-Ig fusion protein led to small and structurally abnormal CD45+ clusters. Staining 

with anti-PNAd and anti-MAdCAM-1 revealed that as a consequence of LTpR-Ig 

treatment, PNAd and MAdCAM-1 were both absent within these clusters. Absence of 

MAdCAM-1 indicated the local efficiency of the injection.

Together, these data indicate that LTpR signaling is needed for the PNAd epitope 

to appear in Nkx2-3 mutant PP and this signal can be delivered by non-B non-T cells. 

However, mature B and T cells contribute to PNAd expression as their absence leads to 

weakened PNAd presence.

IV.2.7. Lymphocytes bind to PNAd+ high endothelial venules in Nkx2-3_/" Peyer’s 

patches

To investigate the functional consequences of modified HEVs in the absence of 

Nkx2-3, we performed cell transfer experiments. Donor lymphocytes were isolated 

either from BALB/c spleen, mLN and pLN and labeled with CFSE (for 

immunofluorescence) or collected from GFP-transgenic mice (for flow cytometry) and 

then injected intravenously into wild type and mutant mice. Tissues were analyzed with 

immunofluorescence and flow cytometry at 30, 60, and 120 minutes following cell 

transfer.

Serial sections from PPs and mLNs were stained with anti-MAdCAM-1 and anti- 

PNAd antibodies (Figure 22). We found that 1 hour after injection in BALB/c mice the 

CFSE positive donor lymphocytes adhered to the MAdCAM-1+ HEVs, while in Nkx2-3 

mutant PPs the CFSE-labeled cells were observed bound to PNAd+ vessels (Figure 22A). 

Upon further analysis of immunofluorescent slides we noticed that in wild type mice the 

majority of CFSE+ cells had left the vessels and migrated into lymphoid areas. In 

contrast, in mutant recipients most transferred cells were located in the immediate
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vicinity of VEGF-R2+ vessels. Cell count analysis revealed that 1 hour after injection a 

significantly higher number of CFSE positive cells were associated to vessels in mutant 

mice compared to wild type. In both genotypes this number decreased as time progressed 

but the difference increased. This indicates that in mutant mice the rate of extravasation 

is significantly slower compared to wild type PPs (Figure 22B).

With flow cytometry we analyzed the subset-specific homing of lymphocytes. 

GFP+ lymphocytes were transferred and subsequently we stained recipient PP 

lymphocytes with anti-CD4, anti-CD8, and anti-B220 mAbs (Figure 22C). Interestingly, 

we noticed a significant dominance of T cells amongst the GFP+ cells, even though the 

injected cells contained approximately same amounts of helper T cells, cytotoxic T cells, 

and B cells (CD4+: 37.33%, CD8+: 21.68%, B220+: 27.85%, respectively). In mutant 

mice we found that 1 hour after injection 1.9% of GFP+ cells were B cells, which was 

significantly lower than in wild type mice (7.9%, p=0.038). It is worthwhile to note that 

in both BALB/c and Nkx2-3_/" mice the ratio of GFP+ B cells was lower than the number 

of recipient (GFP') B cells (7.9% vs. in 50.11% wild type and 1.9% vs. 30.44% in mutant 

mice). Interestingly, while CD4+ helper T cells gave the majority of homed cells in both 

mutant and wild type mice (70.3% and 72.2%, respectively), the number of GFP+ CD8+ 

cytotoxic T cells was significantly higher in Nkx2-3 deficient PPs compared to BALB/c 

tissues (24.4% vs. 15.3%,/?=0.003).

Collectively this indicates that lymphocytes bind to PNAd-positive HEVs in 

mutant PPs. However, extravasation is slower across mutant HEVs and the subsets of 

homed cells are also altered in Nkx2-3'/' mice.
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Figure 22. Cell transfer into mutant and wild type PPs. CFSE-labeled lymphocytes were injected iv as described. 
The transferred lymphocytes localize to MAdCAM-1 HEVs in wild type PPs while they adhere to PNAd+ vessels in 
mutant tissues (A; n=6, scale bar =100 pm). In Nkx2-3_/" PPs a significantly higher proportion of CFSE+ cells are 
vascular-associated (B). The overwhelming majority of transferred cells in both genotypes are CD4+ cells, while the 
rate of B cells is significantly lower and the CD8+ cells are significantly increased in mutant PPs compared to wild type 
(C). Bar diagram shows mean±SEM, at least 3 mice/group; *p<0.05, **p<0.001.
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IV.2.8. Lymphocytes utilize PNAd to home to m utant Peyer’s patches

Next, we decided to investigate how blocking PNAd and/or MAdCAM-1 

addressins prior to intravenous injection of lymphocytes influences lymphocyte 

recirculation in Nkx2-3 mutant mice. Antibodies were first injected either alone or in 

combination, followed 30 minutes later by the injection of allogenic lymphocytes that 

were identified based on their MHC-haplotype. Normal rat IgG was used as control and 

we calculated a relative inhibition by comparing the rate of homing to the various 

lymphoid organs in the two strains to homed cells in control-treated mice. The degree of 

homing was determined 1 hour after cell injection with flow cytometric measurements. 

Donor cells were identified with FITC-conjugated anti-H-2Kb/q mAh DaBl (Figure 23).

BALB/c
spleen

Nkx2-3 KO BALB/c pLN Nkx2-3 KO BALB/c mLN Nkx2-3 KO BALB/c PP Nkx2-3 KO 
spleen pLN mLN PP

■  a-MAdCAM-1 

□  a-PNAd

H a-MAdCAM-1 + a-PNAd

Figure 23. Homing to mutant GALT is dependent on PNAd expressed on HEVs. Donor lymphocytes from GFP- 
positive mice were injected iv. into mice previously treated with control, anti-PNAd, anti-MAdCAM or combined anti- 
PNAd/anti-MAdCAM antibodies, as described in text. Statistical analyses show the efficiency of homing to various 
lymphoid organs compared to control Ab treated mice (indicated as a solid line at y= 1 corresponding to 100% 
efficiency) (mean±SEM, at least 3 mice/group; * p<0.05).

Lymphocyte homing to wild type spleen was not affected by either of the two 

applied antibodies. In contrast, administration of MECA-79 against PNAd epitope
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significantly blocked cell entry to mutant spleens. This result confirms our previous 

finding that cell home to Nkx2-3'/_ spleens via the ectopic HEVs that express PNAd in a 

mechanism that involves L-selectin as corresponding ligand for PNAd. Combined 

injection of the antibodies had similar effects to anti-PNAd treatment alone.

Blocking the PNAd epitope inhibited cell homing to both wild type and mutant 

pLNs, although the level of inhibition was smaller in mutant tissues. Anti-MAdCAM-1 

treatment had no effect in either wild-type or mutant mice.

In BALB/c mice, lymphocyte recirculation to mLN was significantly reduced by 

both anti-MAdCAM-1 and anti-PNAd mAbs. In mutant tissues homing was inhibited 

only by anti-PNAd treatment while administration of anti-MAdCAM-1 had no significant 

effect. This finding is consistent with the absence of endothelial MAdCAM-1 in Nkx2-3" 

mLNs.

As expected, anti-MAdCAM-1 treatment of wild type mice with the MECA-367 

antibody significantly reduced homing of cells to PPs, whereas injection of MECA-79 

against PNAd epitope had no effect. In contrast, administration of anti-MAdCAM-1 

mAh had no effect on lymphocyte homing in mutant PPs while application of anti-PNAd 

mAh resulted in a large decrease in the number of donor cells in Nkx2-3 deficient PPs. 

Interestingly, the rate of inhibition by anti-PNAd antibodies reached neither the effect of 

anti-MAdCAM-1 in wild type PPs nor anti-PNAd treatment seen in wild type pLNs. 

Combining anti-PNAd treatment with anti-MAdCAM-1 did not further increase efficacy 

of inhibition.
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V. Discussion

The formation and maintenance of a vasculature network is crucial for the proper 

functioning of lymphoid organs. Besides receiving oxygen and other nutrients through 

the blood supply, lymphoid organs are populated by circulating lymphocytes that 

specifically home to these tissues. Once lymphocytes extravasate through HEVs into the 

secondary lymphoid organs, they await their cognate antigen, which arrives with the 

blood (to the spleen) or via another vascular system, the lymphatic vessels (to the lymph 

nodes).

The development of lymphoid tissues and the formation of HEVs are connected 

processes and both structures mutually depend on each other [49]. An essential step in 

the formation of lymph nodes and Peyer’s patches is the interaction of resident stromal 

organizer cells with hematopoietic inducer cells, which arrive via the blood circulation, 

thus emphasizing the central role of leukocyte recirculation in lymphoid organogenesis. 

Meanwhile, HEV maintenance is dependent on various signals that may originate from 

lymphocytes, among other cell types. This is visible when isolated high endothelial cells 

that have been removed from their lymphoid environment rapidly dedifferentiate in the 

lack of LTpR-mediated signals [72],

We examined the role of Nkx2-3 homeodomain transcription factor in the 

formation and structure of blood and lymphatic vessels in lymphoid tissues. The absence 

of the Nkx2-3 affected both the blood and lymphatic vasculature. This led to various 

morphological and functional consequences in different lymphoid organs. In the spleen, 

besides the formation of ectopic PNAd+ HEVs, we observed the presence of LYVE-1+ 

endothelial sacs. These sacs localized to the peripheral regions of mutant spleens and 

contained mainly T cells. However, these structures lacked direct connection to the 

systemic circulation as transferred CFSE-labeled cells entered the sacs at a low rate, 

indicative a slow turnover of cellular content.

Several transcription factors have been identified that induce the embryonic 

differentiation of lymphatic endothelial cells (LECs). These factors include Proxl and 

VEGF-R3. Their activity is required for the continuous expression of LYVE-1 and also 

the induction of podoplanin [104], Signals through LTpR also promote local expansion 

of LECs [12].
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Compared to LNs, significantly less is known about the vascular development of 

the spleen. In mice, maturation of the red pulp vasculature is near complete at the time of 

birth and seems to be independent from LT|1R activity [105, 54], In mice lacking Nkx2-3 

transcription factor, the development of red pulp vasculature is blocked, together with the 

subsequent formation of the marginal sinus [85]. Intriguingly, however, Nkx2-3 is active 

only in the embryonic period and its expression in the spleen declines before birth [83]. 

This indicates that its absence most probably manifests in the embryonic period, which is 

in line with our observation of the LYVE-1+ cysts appearing prenatally. In silico 

analyses have revealed possible binding sites for Nkx2-3 within the promoter region of 

LYVE-1 gene, leading to the idea of Nkx2-3 being its negative regulator. For the proper 

development of lymphatic vessels, phenotypic maturation of LEC-committed endothelial 

cells is needed. This process is influenced by Proxl fate-determining transcription factor 

and is characterized by the appearance of LYVE-1 and podoplanin. Real-time PCR 

results showed that in contrast with LYVE-1 expression, Proxl was not upregulated in 

Nkx2-3 deficient spleens. Based on these data we hypothesize that the postnatal 

persistence of LYVE-1 expressing vessels is not due to differentiation and commitment 

of LECs, but rather is the remnant of embryonic endothelial cells [100]. This issue can 

conclusively be defined by using Cre-Lox based fate-mapping approach with Cre 

recombinase driven by Proxl promoter [106].

Besides the vascular alterations in the spleens of Nkx2-3 deficient mice, we found 

that the follicular expression pattern of the macrophage scavenger receptor MARCO we 

observed in wild type spleens was absent from these mice. We presume that this might 

be due to the MZ macrophage deficiency noticed in Nkx2-3'/‘ mice. Follicular MARCO 

was also absent in RAG1 knockout mice which lack mature FDCs and LT(3R' ' mice with 

a complex marginal zone and follicular abnormality. Together these results indicate that 

the follicular deposition of MARCO requires the presence of mature FDCs in the follicles 

and also MARCO+ marginal zone macrophages. Co-staining with a monoclonal antibody 

against ER-TR7 revealed that FDC-associated granular MARCO was distinct from the 

ER-TR7+ conduit system created by FRCs of the T cell-zone and was only present in the 

follicles.
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We propose that in contrast to the actively established ER-TR7+ conduit system, 

FDCs passively acquire MARCO from the MARCO-expressing marginal zone 

macrophages. MARCO is capable of binding Candida albicans, zymosan, 

lipopolysaccharide, lipoteichoic acid and also unopsonized particles [107]. Once 

expressed on the dendrites of FDCs, MARCO may support B cell responses via several 

molecular interactions [108]. Thus, MARCO most likely plays an important role in the 

connection of the follicles with the marginal zone and enhances the transport of various 

antigens. In Nkx2-3-/- mice the absence of this transport system can be at least in part 

responsible for the diminished immune response reported previously [84],

Meanwhile, in the intestine of Nkx2-3'/‘ mice endothelial MAdCAM-1 expression 

was absent, as shown previously [82, 83]. In lymphoid tissues, this led to an increase in 

the mRNA of backbone proteins and modifying enzymes involved in creating the PNAd 

epitope. Interestingly, neonatal Nkx2-3 deficient mice expressed endothelial MAdCAM- 

1, in agreement with previous results [82], This perinatal presence of MAdCAM-1 

probably allows early colonization of developing PPs with LTa|I2-expressing 

lymphocytes, which may then interact with LTpR-expressing stromal LTo cells. This 

signaling through LTpR is crucial for both proper follicular structure development and 

also the formation of PNAd+ HEVs [73]. The importance of LTpR in HEV maintenance 

is visible as PNAd was only upregulated in the lymphoid areas of Nkx2-3 mutant 

intestines, but not in the lamina propria vessels of the mucosa. Also, in Nkx2-3'/'xRagl'/' 

double mutant mice only minimal PNAd expression was noticed, and the appearance of 

mature PNAd+ HEVs was efficiently blocked by intraperitoneal injection of LTpR-Ig 

fusion protein. In Nkx2-3'/'xRagl'/' double mutant mice, which lack mature B and T 

cells, possible sources for LT signals are C D llc+ dendritic cells that have been recently 

shown to influence HEV development and maintenance [109] and also RORyt+ innate 

lymphoid cells, which have been reported to express LT [110].

The switch of MAdCAM-1 to PNAd in HEVs of Nkx2-3 deficient PPs resembles 

the physiological switch observed in pLNs of wild type mice during the first postnatal 

month [66]. Intriguingly, at this age Nkx2-3 is not expressed in these tissues. Thus it is 

probable that Nkx2-3 acts as a repressor of the MAdCAM-1 to PNAd switch. In line
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with this hypothesis, Nkx2-3 mRNA is highly present in PP and mLN endothelial cells, 

but only minimally expressed in wild type adult pLN HEVs. It has been recently shown 

that in wild type mice both HEV and non-HEV capillary cells express Nkx2-3 mRNA, 

while MAdCAM-1 is only expressed on HEVs [111]. This, together with the presence of 

FDC-associated MAdCAM-1 in follicles, also emphasizes the differential effect of Nkx2- 

3 in different cell lineages. In the light of these recent findings and the presence of 

MAdCAM-1+/PNAd+ vessels in early postnatal Nkx2-3'/_ PPs, it is more probable that the 

PNAd+ HEVs in adult PPs develop from MAdCAM-1 positive segments, rather than 

MAdCAM-1' capillary cells. A similar plasticity of HEVs was observed following 

immunization of wild type mice when mature PNAd-expressing HEVs in pLNs reverted 

to an “immature” PNAd7MAdCAM-l+ phenotype. This was followed by subsequent 

reversal involving B-cell mediated stimulation of LTpR [112].

Treatment of Nkx2-3 deficient mice with anti-PNAd mAbs did not inhibit homing 

of lymphocytes to PPs to the same degree as either in wild type or mutant pLNs, and also 

did not reach the efficiency of anti-MAdCAM-1 antibodies in wild type PPs. This 

suggests that the loss of endothelial MAdCAM-1 in the absence of Nkx2-3 is not 

compensated by the increase of PNAd alone. Both ICAM-1 and VCAM-1 seem unlikely 

candidates, as we failed to detect an increase in the expression of these addressins.

The exact cause and the functional consequences of increased regulatory T cell 

numbers noticed in Nkx2-3'/‘ PPs remain to be elucidated. It is not yet known whether 

this observed increase is (a) a compensatory formation of inducible Tregs due to the 

structurally damaged small intestine [81] or (b) natural Tregs can home more efficiently 

via PNAd. L-selectin expressing Tregs have been shown to have a more potent 

regulatory effect than L-selectin' cells [113]. Impaired oral tolerance has been reported in 

ItgP7_/" mice lacking the integrin beta 7 needed for recognition of MAdCAM-1 [114]. 

However, homing via MAdCAM-1 seems to play a less important role in inhibition of 

colitis as transferred P7_/' Tregs were just as efficient in preventing a murine model of 

colitis as the wild type cells [115]. Regulatory T cells have been reported to use the same 

chemokines (the CCR6/CCL20 axis) for homing to the intestine as do the IL-17- 

producing T helper cells (TH17) [116]. These cells have been associated with, among 

other chronic inflammatory diseases, the development of IBD [117, 118]. Interestingly, it
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has been shown that the gastrointestinal tract may control TH17 levels in vivo by 

converting these cells to a regulatory-like cell [119]. These data emphasize the 

importance of further investigation into lymphocyte homing in chronic intestinal 

inflammations.

In human IBD patients increased expression of MAdCAM-1 has been reported 

[90] and in Crohn’s disease natalizumab, a humanized monoclonal antibody targeting the 

a4 integrin on leukocytes, has been successfully used to maintain clinical remission [91]. 

Another monoclonal antibody, vedolizumab, specifically targets the a4|17 integrin and 

has been reported to have fewer side effects compared to natalizumab [120]. Data from 

B cell lines indicate an upregulated Nkx2-3 activity in IBD patients, which could explain 

the increased MAdCAM-1 in these disorders. However, our results suggest that the 

previously proposed direct inductive role of Nkx2-3 on MAdCAM-1 is probably more 

complex. Also, Crohn’s disease and ulcerative colitis are both multifactorial diseases 

with complex pathologies including an aberrant intestinal barrier, changes in the gut 

bacterial flora, and alterations in the delicate immunological balance of tolerance versus 

inflammation [117, 118]. One has to be cautious when trying to determine cause and 

effect in biological scenarios as complex as the intestine.

Together, the alterations observed in the spleen and the intestine of mice lacking 

Nkx2-3 transcription factor indicate that Nkx2-3 is an important player in both blood and 

lymphatic vascular differentiation. In both tissues the vasculature showed a pLN-like 

transformation, suggesting a systemic role for Nkx2-3 in the inhibition of pLN-like 

vasculature. Importantly, in pLNs where Nkx2-3 is not present, PNAd+ HEVs develop, 

while in the tissues where Nkx2-3 is normally expressed in wild type mice (embryonic 

spleen, intestine), endothelial cells do not express PNAd. Both the absence of 

MAdCAM-1 (limited to endothelial cells) and the ectopic presence of PNAd+ HEVs is 

worth further investigation and has clinical relevance.

Further work with this mouse model and/or mice that have an increased Nkx2-3 

activity can help in the better understanding of HEV development and plasticity. The 

role PNAd may play in chronic inflammation in the intestine is also to be examined. For 

example, mice with induced arthritis have been shown to have ectopic PNAd+ HEVs in 

the inflamed joints [121]. Targeting the Nkx2-3 transcription factor itself is probably not
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yet an option but the role it plays in the development and maintenance of secondary and 

tertiary lymphoid organs through modulating HEV formation emphasizes its central role 

in developing a proper immune response. This suggests future therapeutic possibilities.
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VI. Short summary o f results

In my PhD work I examined the role of Nkx2-3 in the formation and structure of 

blood and lymphatic vasculature in the spleen and the intestine. We characterized the 

lymphoid organs of Nkx2-3"/" mice with immunofluorescence and flow cytometry. 

Performing cell transfer experiments with or without prior blocking of addressins, we 

compared cell homing mechanisms in the mutant mouse to wild type BALB/c mice.

In short, we found the following:

1. Appearance of LYVE-1+ sacs in Nkx2-3_/~ spleens

- Nkx2-3 deficient spleen contained LYVE-1-positive sac-like structures that are 

localized mainly to the peripheral regions of mutant spleens.

- These structures contained primarily T lymphocytes.

- The lymphoid sacs lacked direct connection to the blood circulatory system, as 

transferred CFSE+ cells rarely entered LYVE-1-expressing sacs.

- LYVE-1 expression was also observed in Nkx2-3'/_ embryos. Sac-like structures 

were first seen in neonates, and the peripheral localization developed by the second 

postnatal week.

- LYVE-1-expressing structures were present also in Nkx2-3 x LTpR double 

mutant mice.

- In contrast to the PNAd-expressing HE Vs in Nkx2-3 mutant spleens [discussed 

in detail in Arpad Labadi’s PhD thesis] dependent on LTpR-mediated signaling, the 

formation of LYVE-1+ sacs was independent from LTpR.

2. Absence of follicular MARCO expression in Nkx2-3_/~ spleens

- MARCO, expressed by a subgroup of marginal zone macrophages in the spleen, 

also displays a fibrillar expression pattern in splenic follicles within FDC-associated 

conduits. This distribution of MARCO into follicular channel system is unique to the 

spleen.

- In mice lacking Nkx2-3 transcription factor, this follicular MARCO expression 

was absent, despite the presence of differentiated FDCs.
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3. PPs in Nkx2-3 deficient mice utilize PNAd as major homing addressin

- In the absence of endothelial MAdCAM-1, mRNA for PNAd backbone proteins 

and modifying enzymes was upregulated in PPs of Nkx2-3 deficient mice. This 

manifested as luminal PNAd expression on PP HE Vs, observed with 

immunofluorescence. The chemokine expression profile was normal compared to wild 

type mice.

- Mutant PPs had higher T cell numbers, including an increased frequency of 

regulatory T cells.

- In PPs of neonatal Nkx2-3_/" mice MAdCAM-1 is present and is gradually 

replaced by PNAd by the second postnatal week in a process restricted to lymphoid 

territories. This switch is similar to that observed in wild type pLNs.

- Appearance of PNAd was dependent on LTpR signaling but did not require 

mature T or B cells; however, these lymphocytes are probably necessary for the enhanced 

expression of PNAd.

- With cell transfer experiments we found that in Nkx2-3 mutant PPs the majority 

of homed cells were T cells. Treatment with anti-PNAd mAbs prior to cell transfer 

efficiently (although less completely than in pLN) blocked lymphocyte recirculation to 

mutant PPs, while it had no effect on wild type control PPs.

64



VII. List ofpublications and presentations

Publications the thesis is based on

Kellermayer Z, Labadi A, Czompoly T, Arnold HH, Balogh P. 2011. Absence of Nkx2- 

3 homeodomain transcription factor induced the formation of LYVE-1-positive 

endothelial cysts without lymphatic commitment in the spleen. J  Histochem Cytochem 

59:690-700.

IF: 2.725

Czompoly T, Labadi A, Kellermayer Z, Olasz K, Arnold HH, Balogh P. 2011. 

Transcription factor Nkx2.3 controls the vascular identity and lymphocyte homing in the 

spleen. J. Immunol. 186:6981-9.

IF: 5.788 (from this 2.894 is used for this dissertation)

Kellermayer Z, Fisi V, Mihalj M, Berta G, Kobor J, Balogh P. 2014. Marginal zone 

macrophage receptor MARCO is trapped in conduits formed by follicular dendritic cells 

in the spleen. J  Histochem Cytochem 62:436-449.

IF: 2.403*

Kellermayer Z, Mihalj M, Labadi A, Czompoly T, Lee M, O’Hara E, Butcher EC, Berta 

G, Balogh A, Arnold HH, Balogh P. 2014. Absence of Nkx2-3 homeodomain 

transcription factor reprograms the endothelial addressin preference for lymphocyte 

homing in Peyer’s patches. J. Immunol. In press.

IF: 5.362*

Publications not directly related to the thesis

Mihalj M, Kellermayer Z, Balogh P. 2013. Follicles in gut-associated lymphoid tissues 

create preferential survival niches for follicular Th cells escaping Thy-1-specific 

depletion in mice. Int Immunol. 25:423-35.

65



IF: 3.181

Total IF: 19.459 *Estimated upon the 2013 IF  

Presentations related to the thesis

39th Annual Meeting of the Hungarian Society of Immunology, Szeged, 2010. AzNkx2-3 

homedomen transzkripcios faktor es limfotoxin beta receptor (LTflR) hidnydllapotainak 

hatdsa a lep limfoid sejtdsszetetelere. Oral presentation.

40th Annual Meeting of the Hungarian Society of Immunology, Kecskemet, 2011. A bel- 

asszocid.lt szoliter nyirokszdvetek es limfoid recirkuldcidjuk jellemzese Nkx2-3 

genhidnyos egerben. Oral presentation.

46th Annual Scientific Meeting of the European Society for Clinical Investigation, 

Budapest, 2012. Role o f complement receptor in the acquisition and transport o f  

marginal zone macrophage-associated MARCO scavenger receptor by follicular 

dendritic cells. Poster presentation.

3rd European Congress of Immunology, Glasgow, Scotland, 2012. MAdCAM-1 

independent lymphocyte homing to GALT ofNkx2.3~/~ mice. Poster presentation.

41st Annual Meeting of the Hungarian Society of Immunology, Debrecen, 2012. Az 

Nkx2.3 homeodomen transzkripcios faktor szerepe a mukozdlis nyirokszdvetek 

vaszkuldris addresszin preferencidjdnak szabdlyozdsdban. Poster presentation.

2nd Spring Immunology Symposium, Birmingham, AL, USA, 2013. MAdCAM-1 

independent lymphocyte homing to GALT ofNkx2.3~/~ mice. Poster presentation.

44th Membrane-Transport Conference, Siimeg, 2014. MAdCAM-1-fuggetlen limfociat 

homing Nkx2.3~/~ eger bel-asszocid.lt nyirokszoveteibe. Poster presentation.

66



43rd Annual Meeting of the Hungarian Society of Immunology, Velence, 2014. A bel- 

asszocia.lt nyirokszdvetek endothel-specializdloddsdnak korldtai: transzkripcionalis 

autondmia es limfoid hatasok Nkx2.3'A eger-modellben. Oral presentation.

67



VIII. References

[1] Crivellato E, Vacca A, Ribatti D. 2004. Setting the stage: an anatomist’s view of the 

immune system. Trends Immunol 25:210-7.

[2] Katakai T, Hara T, Sugai M, Gonda H, Shimizu A. 2004. Lymph node fibroblastic 

reticular cells construct the stromal reticulum via contact with lymphocytes. J  Exp Med 

200:783-95.

[3] White A, Carragher D, Parnell S, Msaki A, Perkins N, Lane P, Jenkinson E, 

ANdreson G, Caamano JH. 2007. Lymphotoxin a-dependent and -independent signal 

regulate stromal cell homeostasis during lymph node organogenesis. Blood 110:1950-9.

[4] Kelly KA, Scollay R. 1992. Seeding of neonatal lymph nodes by T cells and 

identification of a novel population of CD3-CD4+ cells. Eur J  Immunol 22:329-34.

[5] Mebius RE, Rennert P, Weissman IL. 1997. Developing lymph nodes collect 

CD4+CD3-LTbeta+ cells that can differentiate to APC, NK cells, and follicular cells but 

not to T or B cells. Immunity 7:493-504.

[6] Cupedo T, Crellin NK, Papazian N, Rombouts EJ, Weijer K, Grogan JL, Fibbe WE, 

Comelissen JJ, Spits H. 2009. Human fetal lymphoid tissue-inducer cells are interleukin 

17-producing precursors to RORC+ CD127+ natural killer-like cells. Nat Immunol 

10:66-74.

[7] Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, Koyasu S, 

Locksley RM, Mckenzie AN, Mebius RE, Powrie F, Vivier E. 2013. Innate lymphoid 

cells—a proposal for uniform nomenclature. Nat Rev Immunol 13:145-9.

68



[8] Eberl G, Marmon S, Sunshine MJ, Rennert PD, Choi Y, Littman DR. 2004. An 

essential function for the nuclear receptor RORgamma(t) in the generation of fetal 

lymphoid tissue inducer cells. Nat Immunol 5:64-73.

[9] Boos MD, Yokota Y, Eberl G, Kee BL. 2007. Mature natural killer cell and 

lymphoid tissue-inducing cell development requires Id2-mediated suppression of E 

protein activity. JExp Med 204:1119-30.

[10] Rennert PD, Browning JL, Mebius R, Mackay F, Hochman PS. 1996. Surface 

lymphotoxin alpha/beta complex is required for the development of peripheral lymphoid 

organs. J  Exp Med 184:1999-2006.

[11] Vondenhoff MF, van de Pavert SA, Dillard ME, Greuter ME, Goverse G, Oliver G, 

Mebius RE. 2009. Lymph sacs are not required for the initiation of lymph node 

formation. Development 136:29-34.

[12] Vondenhoff MF, Greuter M, Goverse G, Elewaut D, Dewint P, Ware CF, Hoorweg 

K, Kraal G, Mebius RE. 2009. LTbetaR signaling induces cytokine expression and up- 

regulates lymphangiogenic factors in lymph node anlagen. J  Immunol 182:5439-45.

[13] Remouchamps C, Boutaffala L, Ganeff C, Dejardin E. 2011. Biology and signal 

transduction pathways of the Lymphotoxin-alphatbeta/LTbetaR system. Cytokine 

Growth Factor Rev 22:301-10.

[14] Honda K, Nakano H, Yoshida H, Nishikawa S, Rennert P, Ikuta K, Tamechika M, 

Yamaguchi K, Fukumoto T, Chiba T, Nishikawa SI. 2001. Molecular basis for 

hematopoietic/mesenchymal interaction during initiation of Peyer’s patch organogenesis. 

J  Exp Med 193:621-30.

[15] Kim M. 2008. Roles of embryonic and adult lymphoid tissue inducer cells in 

primary and secondary lymphoid tissues. Yonsei Med J  49:352-6.

69



[16] Cupedo T, Vondenhoff MF, Heeregrave EJ, De Weerd AE, Jansen W, Jackson DG, 

Kraal G, Mebius RE. 2004. Presumptive lymph node organizers are differentially 

represented in developing mesenteric and peripheral lymph nodes. JImmunol 173:2968

75.

[17] Cyster JG. 1999. Chemokines and cell migration in secondary lymphoid organs. 

Science 286:2098-102.

[18] Cyster JG. 2000. Leukocyte migration: scent of the T-zone. Curr Biol 10:R30-3.

[19] Ansel KM, Ngo VN, Hyman PL, Luther SA, Forster R, Sedgwick JD, Browning JL, 

Lipp M, Cyster JG. 2000. A chemokine-driven positive feedback loop organizes 

lymphoid follicles. Nature 406:309-14.

[20] Cyster JG, Ansel KM, Reif K, Ekland EH, Hyman PL, Tang HL, Luther SA, Ngo 

VN. 2000. Follicular stromal cells and lymphocyte homing to follicles. Immunol Rev 

176:181-93.

[21] Katakai T, Suto H, Sugai M, Gonda H, Togawa A, Suematsu S, Ebisuno Y, Katagiri 

K, Kinashi T, Shimizu A. 2008. Organizer-like reticular stromal cell layer common to 

adult secondary lymphoid organs. J  Immunol 181:6189-200.

[22] Katakai T. 2012. Marginal reticular cells: a stromal subset directly descended from 

the lymphoid tissue organizer. Front Immunol 3:200.

[23] Prevo R, Banerji S, Ferguson DJ, Clasper S, Jackson DG. 2001. Mouse LYVE-1 is 

an endocytic receptor for hyaluronan in lymphatic endothelium. J  Biol Chem 276:19420

19430.

[24] Wigle JT, Oliver G. 1999. Proxl function is required for the development of the 

murine lymphatic system. Cell 98:769-78.

70



[25] Wigle JT, Harvey N, Detmar M, Lagutina I, Grosveld G, Gunn MD, Jackson DG, 

Oliver G. 2002. An essential role for Proxl in the induction of the lymphatic endothelial 

cell phenotype. EMBO 721:1505-13.

[26] Kanamori Y, Ishimaru K, Nanno M, Maki K, Ikuta K, Nariuchi H, Ishikawa H. 

1996. Identification of novel lymphoid tissues in murine intestinal mucosa where 

clusters of c-kit+ IL-7R+ Thyl+ lympho-hemopoietic progenitors develop. J  Exp Med 

184:1449-59.

[27] Hamada H, Hiroi T, Nishiyama Y, Takahashi H, Masunaga Y, Hachimura S, 

Kaminogawa S, Takahashi-Iwanaga H, Iwanaga T, Kiyono H, Yamamoto H, Ishikawa H. 

2002. Identification of multiple isolated lymphoid follicles on the antimesenteric wall of 

the mouse small intestine. J  Immunol 168:57-64.

[28] Pabst O, Herbrand H, Worbs T, Friedrichsen M, Yan S, Hoffmann MW, Komer H, 

Bernhardt G, Pabst R, Forster R. 2005. Cryptopatches and isolated lymphoid follicles: 

dynamic lymphoid tissues dispensable for the generation of intraepithelial lymphocytes. 

E urJ Immunol 35:98-107.

[29] Pabst O, Herbrand H, Friedrichsen M, Velaga S, Dorsch M, Berhardt G, Worbs T, 

Macpherson AJ, Forster R. 2006. Adaptation of solitary intestinal lymphoid tissue in 

response to microbiota and chemokine receptor CCR7 signaling. J  Immunol 177:6824

6832.

[30] Nishikawa S, Honda K, Vieira P, Yoshida H. 2003. Organogenesis of peripheral 

lymphoid organs. Immunol Rev 195:72-80.

[31] Crabbe PA, Nash DR, Bazin H, Eyssen H, Heremans JF. 1970. 

Immunohistochemical observations on lymphoid tissues from conventional and germ-free 

mice. Lab Invest 22:448-57.

71



[32] Griebel PJ, Hein WR. 1996. Expanding the role of Peyer’s patches in B-cell 

ontogeny. Immunol Today 17:30-9.

[33] Corr SC, Gahan CC, Hill C. 2008. M-cells: origin, morphology and role in mucosal 

immunity and microbial pathogenesis. FEMS Immunol Med Microbiol 52:2-12.

[34] Hashi H, Yoshida H, Honda K, Fraser S, Kubo H, Awane M, Takabayashi A, 

Nakano H, Yamaoka Y, Nishikawa SI. 2001. Compartmentalization of Peyer’s patch 

anlagen before lymphocyte entry. JImmunol 166:3702-9.

[35] Veiga-Femandes H, Coles MC, Foster KE, Patel A, Williams A, Natarajan D, 

Barlow A, Pachnis V, Kioussis D. 2007. Tyrosine kinase receptor RET is a key regulator 

of Peyer’s patch organogenesis. Nature 446:547-551.

[36] Finke D. 2009. Induction of intestinal lymphoid tissue formation by intrinsic and 

extrinsic signals. Semin Immunopathol 31:151 -69.

[37] Mebius RE, Kraal G. 2005. Structure and function of the spleen. Nat Rev Immunol. 

5:606-616

[38] den Haan JM, Mebius RE, Kraal G. 2012. Stromal cells of the mouse spleen. Front 

Immunol 3:201.

[39] Gunn MD, Kyuwa S, Tam C, Kakiuchi T, Matsuzawa A, Williams LT, Nakano H. 

1999. Mice lacking expression of secondary lymphoid organ chemokine have defects in 

lymphocyte homing and dendritic cell localization. JExp Med 189:451-60.

[40] Forster, R., A. Schubel, D. Breitfeld, E. Kremmer, I. Renner-Muller, E. Wolf, M. 

Lipp. 1999. CCR7 coordinates the primary immune response by establishing functional 

microenvironments in secondary lymphoid organs. Cell. 99:23-33.

72



[41] Nolte MA, Belien JA, Schadee-Eestermans I, Jansen W, Unger WW, van Rooijen N, 

Kraal G, Mebius RE. 2003. A conduit system distributes chemokines and small blood- 

borne molecules through the splenic white pulp. JExp Med 198:505-12.

[42] Mebius RE, Nolte MA, Kraal G. 2004. Development and function of the splenic 

marginal zone. Crit Rev Immunol 24:449-64.

[43] Kang YS, Kim JY, Bruening SA, Pack M, Charalambous A, Pritsker A, Moran TM, 

Loeffler JM, Steinman RM, Park CG. 2004. The C-type lectin SIGN-R1 mediates uptake 

of the capsular polysaccharide of Streptococcus pneumoniae in the marginal zone of the 

mouse spleen. Proc Natl Acad Sci U SA  101:215:20.

[44] Geijtenbeek TB, Groot PC, Nolte MA, van Vliet SJ, Gangaram-Panday ST, van 

Duijnhoven GC, Kraal G, van Oosterhout AJ, van Kooyk Y. 2002. Marginal zone 

macrophages express a murine homologue of DC-SIGN that captures blood-bome 

antigens in vivo. Blood 100:2908-16.

[45] Martinez-Pomares L, Gordon S. 2012. CD169+ macrophages at the crossroads of 

antigen presentation. Trends Immunol 33:66-70.

[46] Martin F, Kearney IF. 2002. Marginal-zone B cells. Nat Rev Immunol 2:323-35.

[47] Magri G, Miyajima M, Bascones S, Mortha A, Puga I, Cassis L, Barra CM, 

Comerma L, Chudnovskiy A, Gentile M, Llige D, Cols M, Serrano S, Arostegui JI, Juan 

M, Yagiie J, Merad M, Fagarasan S, Cerutti A. 2014. Innate lymphoid cells integrate 

stromal and immunological signals to enhance antibody production by splenic marginal 

zone B cells. Nat Immunol 15:354-64.

[48] Kraal G, Mebius RE. 2006. New insights into the cell biology of the marginal zone 

of the spleen IntRev Cytol 250:175-215.

73



[49] Balogh P ed. 2011. Developmental Biology o f Peripheral Lymphoid Organs. Berlin, 

Heidelberg: Springer Berlin Heidelberg.

[50] Pellas TC, Weiss L. 1990. Deep splenic lymphatic vessels in the mouse: a route of 

splenic exit for recirculating lymphocytes. Am JAnat 187:347-54.

[51] Brendolan A, Ferretti E, Salsi V, Moses K, Quaggin S, Blasi F, Cleary ML, Selleri 

L. 2005. A Pbxl-dependent genetic and transcriptional network regulates spleen 

ontogeny. Development 132:3113-26.

[52] Brendolan A, Rosado MM, Carsetti R, Selleri L, Dear TN. 2007. Development and 

function of the mammalian spleen. Bioessays 29:166-77.

[53] Koss M, Bolze A, Brendolan A, Saggese M, Capellini TD, Bojilova E, Boisson B, 

Prall OW, Elliott DA, Solloway M, Lenti E, Hidaka C, Chang CP, Mahlaoui N, Harvey 

RP, Casanova JL, Selleri L. 2012. Congenital asplenia in mice and humans with 

mutations in a Pbx/Nkx2-5/pl5 module. Dev Cell 22:913-26.

[54] Vondenhoff MF, Desanti GE, Cupedo T, Bertrand JY, Cumano A, Kraal G, Mebius 

RE, Golub R. 2008. Separation of splenic red and white pulp occurs before birth in a 

LTalphabeta-independent manner. JLeukoc Biol 84:152-61.

[55] Fiitterer A, Mink K, Luz A, Kocso-Vilbois MH, Pfeffer K. 1998. The lymphotoxin 

beta receptor controls organogenesis and affinity maturation in peripheral lymphoid 

tissues. Immunity. 9:59-70.

[56] Wamock RA, Askari S, Butcher EC, von Adrian UH. 1998. Molecular mechanisms 

of lymphocyte homing to peripheral lymph nodes. JExp Med 187:205-16.

74



[57] Lehmann JC, Jablonski-Westrich D, Haubold U, Gutierrez-Ramos JC, Springer T, 

Hamann A. 2003. Overlapping and selective roles of endothelial intercellular adhesion 

molecule-1 (ICAM-1) and ICAM-2 in lymphocytes trafficking. JImmunol 171:2588-93.

[58] Mionnet C, Sanos SL, Mondor I, Jorquera A, Laugier JP, Germain RN, Bajenoff M. 

2011. High endothelial venules as traffic control points maintaining lymphocyte 

population homeostasis in lymph nodes. Blood 118:6115-22.

[59] Engelhardt B, Wolburg H. 2004. Mini-review: Transendothelial migration of 

leukocytes: through the front door or around the side of the house? Eur J  Immunol 

34:2955-63.

[60] Azzali G, Arcari ML, Caldara GF. 2008. The “mode” of lymphocyte extravasation 

through HEV of Peyer’s patches and its role in normal homing and inflammation. 

Microvasc Res 75:227-37.

[61] Streeter PR, Rouse BT, Butcher EC. 1988. Immunohistologic and functional 

characterization of a vascular addressin involved in lymphocyte homing to peripheral 

lymph nodes. J  Cell Biol 107:1853-62.

[62] Rosen SD. 2004. Ligands for L-selectin: homing, inflammation, and beyond. Annu 

Rev Immunol 22:129-56.

[63] Hemmerich S, Bistrup A, Singer MS, van Zante A, Lee JK, Tsay D, Peters M, 

Carminati JL, Brennan TJ, Carver-Moore K, Leviten M, Fuentes ME, Ruddle NH, Rosen 

SD. 2001. Sulfation of L-selectin ligands by an HEV-restricted sulfotransferase regulates 

lymphocyte homing to lymph nodes. Immunity 15:237-247.

[64] Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, Holzmann B, Weissman 

IL, Hamann A, Butcher EC. 1993. Alpha 4 beta 7 integrin mediates lymphocyte binding 

to the mucosal vascular adddressin MAdCAM-1. Cell 74:185-95.

75



[65] Berg EL, McEvoy LM, Berlin C, Bargatze RF, Butcher EC. 1993. L-selectin- 

mediated lymphocyte rolling on MAdCAM-1. Nature 366:695-8.

[66] Mebius, RE, Streeter PR, Michie S, Butcher EC, Weissman IL. 1996. A 

developmental switch in lymphocyte homing receptor and endothelial vascular addressin 

expression regulates lymphocyte homing and permits CD4+ CD3- cells to colonize 

lymph nodes. Proc Natl Acad Sci USA.  93:11019-24.

[67] Drayton DL, Liao S, Mounzer RH, Ruddle NH. 2006. Lymphoid organ 

development: from ontogeny to neogenesis. Nat Immunol. 7:344-53.

[68] Mebius RE. 2003. Organogenesis of lymphoid tissues. Nat Rev Immunol 3:292

303.

[69] Okada T, Ngo VN, Ekland EH, Forster R, Lipp M, Littman DR, Cyster JG. 2002. 

Chemokine requirements for B cell entry to lymph nodes and Peyer’s patches. J  Exp 

Med. 196:65-75.

[70] Ebisuno Y, Tanaka T, Kanemitsu N, Kanda H, Yamaguchi K, Kaisho T, Akira S, 

Miyasaka M. 2003. Cutting edge: the B cell chemokine CXC chemokine ligand 13/B 

lymphocyte chemoattractant is expressed in the high endothelial venules of lymph nodes 

and Peyer’s patches and affects B cell trafficking across high endothelial venules. J  

Immunol 171:1642-6.

[71] Wamock RA, Campbell JJ, Dorf ME, Matsuzawa A, McEvoy LM, Butcher EC. 

2000. The role of chemokines in the microenvironmental control of T versus B cell arrest 

in Peyer’s patch high endothelial venules. J  Exp Med. 191:77-88.

[72] Lacorre DA, Baekkevold ES, Garrido I, Brandtzaeg P, Haraldsen G, Amalric F, 

Girard P. 2004. Plasticity of endothelial cells: rapid dedifferentiation of freshly isolated

76



high endothelial venule endothelial cells outside the lymphoid tissue microenvironment. 

Blood 103:4164-72.

[73] Lu TT, Browning JL. 2014. Role of the Lymphotoxin/LIGHT System in the 

Development and Maintenance of Reticular Networks and Vasculature in Lymphoid 

Tissues. Front Immunol 5:47.

[74] Drayton DL, Ying X, Lee J, Lesslauer W, Ruddle NH. 2003. Ectopic LT alpha beta 

directs lymphoid organ neogenesis with concomitant expression of peripheral lymph 

node addressin and a HEV-restricted sulfotransferase. JExp Med 197:1153-63.

[75] Drayton DL, Bonizzi G, Ying X, Liao S, Karin M, Ruddle NH. 2004. I kappa B 

kinase complex alpha kinase activity control chemokine and high endothelial venule gene 

expression in lymph nodes and nasal-associated lymphoid tissue. J  Immunol 173:6161-8.

[76] Browning JL, Allaire N, Ngam-Ek A, Notidis E, Hunt J, Perrin S, Fava RA. 2005. 

Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV 

differentiation and function. Immunity. 23:539-50.

[77] Onder L, R. Danuser, E. Scandella, S. Fimer, Q. Chai, T. Hehlgans, J.V. Stein, B 

Ludewig. 2013. Endothelial cell-specific lymphotoxin-P receptor signaling is critical for 

lymph node and high endothelial venule formation. JExp Med. 210:465-73.

[78] Girard JP, Moussion C, Forster R. 2012. HEVs, lymphatics and homeostatic 

immune cell trafficking in lymph nodes. Nat Rev Immunol 12:762:773.

[79] Pabst O, Schneider A, Brand T, Arnold HH. 1997. The mouse Nkx2-3 

homeodomain gene is expressed in gut mesenchyme during pre- and postnatal mouse 

development. DevDyn 209:29-35.

77



[80] Stanfel MN, Moses KA, Schwartz RJ, Zimmer WE. 2005. Regulation of organ 

development by the Nkx-homeodomain factors: an Nkx code. Cell Mol Biol 

Suppl51 :OL785-99.

[81] Pabst O, Zweigerdt R, Arnold HH. 1999. Targeted disruption of the homeobox 

transcription factor Nkx2-3 in mice results in postnatal lethality and abnormal 

development of small intestine and spleen. Development. 126:2215-2225

[82] Pabst O, Forster R, Lipp M, Engel H, Arnold HH. 2000. NKX2-3 is required for 

MAdCAM-1 expression and homing of lymphocytes in spleen and mucosa-associated 

lymphoid tissue. EMBOJ. 19:2015-2023.

[83] Wang CC, Biben C, Robb L, Nassir F, Barnett L, Davidson NO, Koentgen F, 

Tarlinton D, Harvey RP. 2000. Homeodomain transcription factor Nkx2-3 controls 

regional expression of leukocyte homing coreceptor MAdCAM-1 in specialized 

endothelial cells of the viscera. Dev Biol 224:152-67.

[84] Tarlinton D, Light A, Metcalf D, Harvey RP, Robb L. 2003. Architectural defects in 

the spleens of Nkx2-3-deficient mice are intrinsic and associated with defects in both B 

cell maturation and T cell-dependent immune responses. JImmunol 170:4002-10.

[85] Balogh P, Balazs M, Czdmpoly T, Weih DS, Arnold HH, Weih F. 2007. Distinct 

role of lymphotoxin-beta signaling and the homeodomain transcription factor Nkx2.3 in 

the ontogeny of endothelial compartments in spleen. Cell Tissue Res. 328:473-486.

[86] Bovari J, Czdmpoly T, Olasz K, Arnold HH, Balogh P. 2007. Complex 

organizational defects of fibroblast architecture in the mouse spleen with Nkx2-3 

homeodomain deficiency. Pathol Oncol Res. 13:227-235.

[87] Cho JH. 2008. The genetics and immunopathogenesis of inflammatory bowel 

disease. Nat Rev Immunol 8:458-66.

78



[88] WTCCC. Genome-wide association study of 14,000 cases of seven common 

diseases and 3,000 shared controls. Nature 447:661-78.

[89] Yu W, Hegarty JP, Berg A, Kelly AA, Wang Y, Poritz LS, Franke A, Schreiber S, 

Koltun WA, Lin Z. 2012. PTPN2 is associated with Crohn’s disease and its expression is 

regulated by NKX2-3. Dis Markers 32:83-91.

[90] Arihiro S, Ohtani H, Suzuki M, Murata M, Ejima C, Oki M, Kinouchi Y, Fukushima 

K, Sasaki I, Nakamura S, Matsumoto T, Torii A, Toda G, Nagura H. 2002. Differential 

expression of mucosal addressin cell adhesion molecule-1 (MAdCAM-1) in ulcerative 

colitis and Crohn’s disease. PatholInt 52:367-74.

[91] Neurath MF. 2014. New targets for mucosal healing and therapy in inflammatory 

bowel diseases. Mucosal Immunol 7:6-19.

[92] Kvell K, Czdmpoly T, Hiripi L, Balogh P, Kobor J, Bodrogi L, Pongracz JE, Ritchie 

WA, Bosze Z. 2010. Characterization of eGFP-transgenic BALB/c mouse strain 

established by lentiviral transgenesis. Transgenic Res. 19:105-112

[93] Mombaerts, P., J. Iacomini, R.S. Johnson, K. Herrup, S. Tonegawa, V.E. 

Papaioannou. 1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell. 

68:869-77.

[94] Balogh P, Bebok Z, Nemeth P. 1992. Cellular enzyme-linked immunocircle assay: a 

rapid assay of hybridomas produced against cell surface antigens. J  Immunol Methods. 

153:141-149.

[95] Balogh P, Horvath G, Szakal AK. 2004. Immunoarchitecture of distinct reticular 

fibroblastic domains in the white pulp of mouse spleen. J  Histochem Cytochem. 

52:1287-1298.

79



[96] Kvell K, Czdmpoly T, Pikkarainan T, Balogh P. 2006. Species-specific restriction 

of cell surface expression of mouse MARCO glycoprotein in murine cell lines. Biochem 

Biophys Res Commun. 341:1193-1202.

[97] Nolte MA, Kraal G, Mebius RE. 2004. Effects of fluorescent and non-fluorescent 

tracing methods on lymphocyte migration in vivo. Cytometry A. 61:35-44.

[98] Guo F, Weih D, Meier E, Weih F. 2007. Constitutive alternative NF-kappaB 

signaling promotes marginal zone B-cell development but disrupts the marginal sinus and 

induces HEV-like structures in the spleen. Blood 110:2381-9.

[99] Breitenender-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G, Kriehuber E, 

Diem K, Weninger W, Tschachler E, Alitalo K, Kerjaschki D. 1999. Angiosarcomas 

express mixed endothelial phenotypes of blood and lymphatic capillaries: podoplanin as a 

specific marker for lymphatic endothelium. Am JPathol 154:385-94.

[100] Kaipainen A, Korhonen J, Mustonen T, van Hinsbergh VW, Fang GH, Dumont D, 

Breitman M, Alitalo K. 1995. Expression of the fms-like tyrosine kinase 4 gene becomes 

restricted to lymphatic endothelium during development. Proc Natl Acad Sci U S A  

92:3566-70.

[101] Gordon EJ, Gale NW, Harvey NL. 2008. Expression of hyaluronan receptor 

LYVE-1 is not restricted to the lymphatic vasculature; LYVE-1 is also expressed on 

embryonic blood vessels. Dev Dyn. 237:1901-9.

[102] Zindl CL, Kim TH, Zeng M, Archambault AS, Grayson MH, Choi K, Schreiber 

RD, Chaplin DD. 2009. The lymphotoxin LTalpha(l)beta(2) controls postnatal and adult 

spleen marginal sinus vascular structure and function. Immunity. 30:408-420

80



[103] Fu YX, Huang G, Wang Y, Chaplin DD. 1998. B lymphocytes induce the 

formation of follicular dendritic cell clusters in a lymphotoxin alpha-dependent fashion. 

J  Exp Med 187:1009-18

[104] Oliver G, Srinivasan RS. 2010. Endothelial cell plasticity: how to become and 

remain a lymphatic endothelial cell. Development 137:363-72.

[105] Balazs M, Horvath G, Grama L, Balogh P. 2001. Phenotypic identification and 

development of distinct microvascular compartments in the postnatal mouse spleen. Cell 

Immunol 212:126-37.

[106] Srinivasan RS, Dillard ME, Lagutin OV, Lin FJ, Tsai S, Tsai MJ, Samokhvalov 

IM, Oliver G. 2007. Lineage tracing demonstrates the venous origin of the mammalian 

lymphatic vasculature. Genes Dev 21:2422-32

[107] Kraal G, van der Laan LJ, Elomaa O, Tryggvason K. 2000. The macrophage 

receptor MARCO. Microbes Infect 2:313-6.

[108] El Shikh ME, El Sayed RM, Wu Y, Szakal AK, Tew JG. 2007. TLR4 on follicular 

dendritic cells: an activation pathway that promotes accessory activity. J  Immunol 

179:4444-50.

[109] Moussion C, J.P. Girard. 2011. Dendritic cells control lymphocyte entry to lymph 

nodes through high endothelial venules. Nature 479:642-6.

[110] Tumanov AV, Koroleva EP, Guo X, Wang Y, Kruglov A, Nedospasov S, Fu XY. 

2011. Lymphotoxin controls the IL-22 protection pathway in gut innate lymphoid cells 

during mucosal pathogen challenge. Cell Host Microbe 10:44-53.

[111] Lee M, Kiefel H, LaJevic MD, Macauley MS, O’Hara E, Pan J, Paulson JC, 

Butcher EC. 2014. Transcriptional programs for lymphoid tissue capillary and high

81



endothelium reveal control mechanisms for lymphocyte homing. Nat Immunol, doi: 

10.1038/ni.2983. [Epub ahead of print]

[112] Liao S, Ruddle NH. 2006. Synchrony of high endothelial venules and lymphatic 

vessels revealed by immunization. J. Immunol 177:3369-79.

[113] Fu S, Yopp AC, Mao X, Chen D, Zhang N, Chen D, Mao M, Ding Y, Bromberg 

JS. 2004. CD4+ CD25+ CD62+ T-regulatory cell subset has optimal suppressive and 

proliferative potential. Am J  Transplant 4:65-78.

[114] Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, Wagner N, Muller 

W, Sparwasser T, Forster R, Pabst O. 2011. Intestinal tolerance requires gut homing and 

expansion of FoxP3+ regulatory T cells in lamina propria. Immunity 34:237-46.

[115] Denning TL, Kim G, Kronenberg M. 2005. Cutting edge: CD4+CD25+ regulatory 

T cells impaired for intestinal homing can prevent colitis. J. Immunol 174:7487-91.

[116] Yamazaki T, Yang XO, Chung Y, Fukunaga A, Nurieva R, Pappu B, Martin- 

Orozco N, Kang HS, Ma L, Panopoulos AD, Craig S, Watowich SS, Jetten AM, Tian Q, 

Dong C. 2008. CCR6 regulates the migration of inflammatory and regulatory T cells. J  

Immunol 181:8391-401.

[117] Baumgart DC, Sandbom WJ. 2012. Crohn’s disease. Lancet 380:1590-605.

[118] Ordas I, Eckmann L, Talamini M, Baumgart DC, Sandbom WJ. 2012. Ulcerative 

colitis. Lancet 380:1606-19.

[119] Esplugues E, Huber S, Gagliani N, Hauser AE, Town T, Wan YY, O’Connor W Jr, 

Rongvaux A, Van Rooijen N, Haberman AM, Iwakura Y, Kuchroo VK, Kolls JK, 

Bluestone JA, Herold KC, Flavell RA. 2011. Control of TH17 cells occurs in the small 

intestine. Nature 475:514-8.

82



[120] Gledhill T, Bodger K. 2013. New and emerging treatments for ulcerative colitis: a 

focus on vedolizumab. Biologies 7:123-30.

[121] Yang J, Rosen SD, Bendele P, Hemmerich S. 2006. Induction of PNAd and N- 

acetylglucosamine 6-O-sulfotransferases 1 and 2 in mouse collagen-induced arthritis. 

BMC Immunol 7:12.

83



IX. Acknowledgements

First of all, I would like to thank the help and motivation I received from Dr. 

Peter Balogh, my mentor, who has guided and supported me throughout the years.

I would also like to thank Prof. Dr. Peter Nemeth and Prof. Dr. Timea Berki

for giving me the opportunity to perform research at the Department of Immunology and 

Biotechnology.

I greatly appreciate the help and support of Diana Heidt.

I am grateful for the help and friendship of Dr. Martina Mihalj and Dr. Arpad 

Labadi.

I would also like to thank the help of everyone at the Department of 

Immunology and Biotechnology.

Finally, I wish to express my gratitude to my family and friends.

84



Journal of Histochemistry & Cytochemistry 59(7) 690-700  
© The Author(s) 201 I 
Reprints and permission: 
sagepub.com/joumalsPermissions.nav 
DOI: 10 .1369/00221554114 10 0 6 1 
http://jhc.sagepub.com

USAGE

Absence of Nkx2-3 Homeodomain Transcription Factor Induces 
the Formation of LYVE-1 -Positive Endothelial Cysts without 
Lymphatic Commitment in the Spleen

Zoltan Kellermayer1, Arpad Labadi'.Tamas Czompoly, Hans-Henning Arnold, 
and Peter Balogh
Department of Immunology & Biotechnology, University of Pecs, Faculty of Medicine, Hungary (ZK,AL,TC,PB),and Department of Cell & Molecular 
Biology, Institute of Biochemistry & Biotechnology,Technical University of Braunschweig, Germany (HHA).

Summary
In contrast to  peripheral lymph nodes possessing lymphatic and blood vasculature, the spleen in both humans and rodents 
is largely devoid of functioning lymphatic capillaries. Here it is reported that in mice lacking homeodomain transcription 
factor Nkx2-3, the spleen contains an extensive network of lymphocyte-filled sacs lined by cells expressing LYVE-1 antigen, 
a marker associated with lymphatic endothelium cells (LECs). Real-time quantitative PCR analyses of Nkx2-3 mutant spleen 
revealed a substantial increase of LYVE-1 and podoplanin mRNA levels, without the parallel increase of mRNA forVEGFR-3 
(vascular endothelial growth factor receptor Type 3) and Proxl (Prospero homeobobox protein I), two markers specific 
for LECs.Although these structures express VEGFR-2/flk-1, they lack Proxl protein, indicating their non-LEC endothelial 
origin.The LYVE-1+ structures are bordered with ER-TR7+ fibroblastic reticular cells with small clusters of macrophages 
expressing MARCO and sialoadhesin. Short-term cell-tracing studies using labeled lymphocytes indicate that these LYVE-1+ 
cysts are largely excluded from the systemic circulation. Cells expressing LYVE-1 glycoprotein as putative precursors for 
such structures are detectable in the spleen of late-stage embryos, and the formation of LYVE-1+ structures is independent 
from the activity of lymphotoxin (3-receptor.Thus the splenic vascular defects in Nkx2-3 deficiency include the generation 
of LYVE-1+ cysts, comprised of endothelial cells without being committed along the LEC lineage. (J Histochem Cytochem 
59:690-700,2011)

Keywords
Nkx2-3, spleen, LYVE-1, endothelium, development

The architecture o f  the various secondary lym phoid organs 
is  c lo se ly  coupled  to the circulation  o f  lym phocytes at these  
tissu es. The m ain elem ents o f  b lood  vasculature in  lym ph  
nodes and P eyer’s patches are the h igh  endothelial ven u les 
(H E V s), w hich  m ediate leukocyte hom ing through the 
binding o f  L -selectin  expressed  on leuk ocytes. B esid es 
their b lood  circulation, lym ph nodes are also rich ly per
fused  by lym phatic vasculature, characterized by the 
expression  o f  LYVE-1 hyaluronan receptor (Prevo et al.
2001) and P roxl (Prospero hom eobox protein  1) transcrip
tion  factor (W igle and O liver 1999; W igle et al. 2 0 0 2 ), a 
fate-determ ining regulator for the em bryonic d ifferentiation  
o f  lym phatic endothelial ce lls (LEC s).

The vascular pattern and thus the structure o f  the sp leen  
considerably d iffer from  those o f  peripheral lym ph nodes or 
P eyer’s patches. The sp len ic artery d ivid es in to sm aller 
branches term ed central arterioles, w hich  are surrounded by  
T -cell area. Subsequent segm ents o f  these central arterioles
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continue through the B -ce ll fo llic les to  the term inal arteri
o les (in  hum an) or m arginal sinuses (in  rodents). T hese v es
sels end in  the h igh ly  fenestrated netw ork o f  sinuses in  the 
red pulp, lin ed  b y different endothelial subsets (B alogh  and 
Labadi, 2011; M ebius and Kraal 2005). In the red pulp o f  
hum an sp leens, b lood  capillaries expressing C D 34 are 
located  in  the central parts o f  fibroblastic cords, w ithout 
m aking direct anastom oses w ith  sinuses identifiab le through  
their endothelial C D 141 expression . In addition, these v es
sels d isp lay C D 8 and m annose receptor (G iom o 1984; 
M artinez-Pom ares et al. 2005; Steiniger et al. 2 0 07). In 
m ice, our ow n observations indicate a sim ilar com plexity  
by using endothelium  subset-reactive m onoclonal antibod
ies (B alazs et al. 1999; B alazs et al. 2001). A lthough cap il
laries w ith  the characteristics o f  lym phatic v esse ls w ere 
described in  m ouse, it is uncertain w hether real lym phatic 
v essels ex ist in  the m urine or hum an sp leen  and to w hat 
extent these contribute to  lym phocyte recirculation or inter
stitial flu id  flow  (P ellas and W eiss 1990).

Several transcription factors, including hom eobox transcrip
tion factor N kx2-3, have been identified as important regulators 
o f spleen ontogeny (Brendolan et al. 2007; Pabst el al. 1999; 
Pabst et al. 2000; Wang et al. 2000). N kx2-3 transcription factor 
belongs to the structurally conserved N k fam ily o f  18 members 
sharing a com m on D N A  recognition sequence. This group o f  
transcription factors is involved in the cell type specification o f  
visceral m esoderm , including heart, lungs, pancreas, gastroin
testinal tract, central nervous system , and skeleton, in  a highly 
com plex expression pattern (Stanfel et al. 2005). Furthermore, 
various members o f  the lym photoxin/tumor necrosis factor 
(LT/TNF) fam ily also crucially contribute to the formation o f  
lym phoid compartments w ithin the spleen, including the devel
opment o f  marginal sinus influenced by signaling through the 
receptor for lym photoxin |3 (LTpR) (Futterer et al. 1998). In 
contrast to the vascular defects restricted to the marginal sinus 
in m ice deficient for LT|3R, however, nkx2-3^~ m ice display an 
extensive range o f vascular disorganization, m anifested in the 
absence o f the marginal sinus and an atrophic red pulp sinus 
network (Balogh et al. 2007; Pabst et al. 2000; Wang et al. 
2000). Other roles o f  N kx2-3 related to altered lym phoid tissue 
induction outside the spleen have been suggested by the SNPs 
in patients w ith inflammatory bow el diseases, often associated  
w ith ectopic lym phoid tissue formation (Franke et al. 2008; 
Parkes et al. 2007).

H ere, w e report that the sp leen  in  nkx2-T^  m ouse con
tains LY V E-1+ vascular-like structures, w ithout expressing  
P roxl transcription factor. W e a lso  determ ine their struc
tural, phenotypic, and developm ental characteristics. C ell 
tracing experim ents dem onstrate that they are excluded  
from  the system ic circulation. The form ation o f  these struc
tures is independent from  the activ ity  o f  LTpR, and the 
absence o f  P rox l transcription factor suggests that these 
v essels m ay represent em bryonic endothelial rem nants in  
the sp leen  o f  adult N kx2-3 m utant m ice.

Materials and Methods
Mice
Nkx2-T'~ m ice from 129SvxB6 m ixed background (Pabst 
et al. 1999) were backcrossed w ith BA LB/c m ice (obtained 
from Charles River, G odollo, Hungary) through 14 genera
tions. C57B1/6 and 129SvN kx2-3 mutants w ere maintained at 
the Technical U niversity o f Braunschweig. For hom ing studies, 
BA L B/c m ice from the faculty’s SPF breeding unit were used  
as lym phocyte donor for adoptive transfer. LTpR-deficient 
m ice (Futterer et al. 1998) were kindly provided by Drs. Klaus 
Pfeffer and Falk W eih. A ll procedures involving live animals 
were conducted in accordance w ith the guidelines set out by 
the Ethics Com m ittee on Anim al Experimentation o f  the 
U niversity o f  Pecs. The Nkx2-3/LTpR double knockout m ice 
were identified in the F2 generation by sim ultaneous PCR  
am plification o f  the nkx2-3, neomycin phosphotransferase, and 
Itbr loci from genom ic D N A  using the follow ing primer pairs: 
nkx2-3: forward GCGGGAGACTGTAAGACGAG, reverse 
TTATCCTGCCGCTGTCTCTT, am plicon size: 238 bp; 
neomycin phosphotransferase: forward GTCGATCAGGA  
TGATCTGGAC, reverse AAGGCGATAGAAGGCGATGC, 
am plicon size: 321 bp, Itbr. forward GCATGTAGCCAT 
GAAGACAGGAT, reverse CGCAAAGACAAACTCGC  
CTAT, am plicon size: 150 bp.

Antibodies and Reagents

Rat m onoclonal antibody (m A h) against m ouse fibroblas
tic reticular ce ll m arkers (clon e ER -TR 7) w as k ind ly pro
vid ed  b y D r W illem  van E w ijk. A nti-T hy-1/C D 90 (clon e  
IB L -1), IBL-11 m Ah against reticular fibroblasts, anti- 
M ARCO (clon e IB L -12), and an ti-sialoadhesin /C D 169  
(clon e IB L -13) m A bs w ere d eveloped  in  our laboratory 
(B alogh  et al. 1992; B alogh  et al. 2004; K vell et al. 2006). 
For m ulticolor im m unofluorescence, IBL-1 m Ah w as con 
jugated  w ith  FITC (Sigm a-A ldrich  Hungary, B udapest) 
according to standard procedures. R at hybridom a ce ll lin e  
secreting an ti-B 220 (clon e R A 3-6B 2) w as obtained from  
ATCC and w as conjugated w ith  A lexa  647  (Invitrogen, 
C sertex Ltd, B udapest). Rat m A h against LYVE-1 (clon e  
2 2 3322) w as obtained from  R& D System s (B iom edica  
H ungary K ft, B udapest) and w as b iotinylated  w ith  su lfo- 
iV -hyd roxysu ccin im ide b io tin  ester (S igm a-A ld rich  
H ungary, B udapest). A nti-V E G F R -2/flk l (vascular endo
th elia l grow th factor receptor Type 2 ) m A h (clon e A vas 
1 2 a l) w as obtained from  B D  B io scien ces (S o ft F low  Ltd, 
P ecs, H ungary). R abbit antibodies against P rox l w ere pur
chased from  A n gioB io  (D el Mar, C A ) and w ere detected  
w ith  F IT C -conjugated  goat anti-rabbit IgG  (S igm a- 
A ldrich, H ungary). S treptavid in-A lexa Fluor 350  w as 
purchased from  Invitrogen. U nlabeled  rat m A bs w ere 
detected  w ith  phycoerythrin-conjugated goat anti-rat IgG  
purchased from  B D .
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Table 1. Primers Used fo r Quantitative PCR Analyses

No. Forward Reverse

Proxl
Pdpn/Gp38 (Podoplanin)
Flt4/Vegfr3
Lyvel
Nkx2-3

TGTCCG AC AT CT C ACCTTATT C A
GTGCTACTGGAGGGCTTAATGAA
GGTTCCTGATGGGCAAAGG
GGAGCAGCATTCAAGAACGAA
TTATCCTGCCGCTGTCTCTT

GCGGGTGTAAAAGAACATGAGTT
GCTTCGTCCCACGCTCTCT
TCAGTGGGCTCAGCCATAGG
GCGGCAGCACCAAAGAAG
GCGGGAGACTGTAAGACGAG

Im m unohistochem istry and  
Im m unofluorescence

Frozen and acetone-fixed sections w ere blocked w ith 5% B SA  
in  PBS for 20  m in. Single im m unofluorescence w as per
form ed using anti-LYVE-1 m Ab follow ed by phycoerythrine 
(PE )-conjugated goat anti rat IgG. For m ultiple im m unofluo
rescen ce, unlabeled rat m A bs w ere detected using  
PE-conjugated anti-rat IgG , follow ed by saturation w ith 5% 
normal rat serum. Subsequently, FITC-conjugated and bioti
nylated antibodies w ere added in  cocktail, follow ed by the 
visualization o f  latter reagents w ith Streptavidin-Alexa Fluor 
350. Control staining included irrelevant rat IgG at 10 pg/m l 
purified from normal rat serum using protein G affinity chro
matography. A fter m ounting, the sections w ere view ed under 
an Olym pus BX 61 fluorescent m icroscope. The acquisition o f  
digital pictures w ith a CCD camera w as performed using the 
analySIS software. The pictures w ere edited w ith Adobe 
Photoshop, using adjustments for brightness contrast and 
black level for the entire im ages.

Electron M icroscopy

A fter rem oval the spleens w ere cut in  2 to 3 p ieces at a volum e 
less than 1 mm3. The tissue w as placed in  2.5%  buffered glu- 
taraldehyde for 3 hr at room  temperature under continuous 
agitation. Follow ing fixation, the tissue w as w ashed several 
tim es w ith phosphate buffer. The blocks were placed in 1% 
osm ium  tetroxide in 0.1 M  phosphate buffer (pH: 7.2) for 1 hr. 
A fter osm ication and w ashing, the tissue blocks w ere dehy
drated in an ascending ethanol series, w ith uranyl acetate (1% ) 
included in  the 70% ethanol stage. The tissues w ere placed  
into alum inum -foil boats containing Durcupan resin (Sigm a- 
A ldrich, Budapest) and then em bedded in  gelatin capsules 
containing the sam e resin. Sem ithin and serial ultrathin sec
tions w ere cut w ith a L eica ultramicrotome. Sem ithin sections 
(1 pm thick) w ere m ounted on glass slides and stained w ith  
toluidine blue. Ultrathin sections (80 nm  thick) w ere mounted 
either on m esh or on collodion-coated (Parlodion, Electron 
M icroscopy S ciences, Fort W ashington, PA) sin gle-slot, 
copper grids. Additional contrast w as provided to these sec
tions w ith uranyl acetate and lead citrate, and they w ere exam 
ined in  JEOL 1200EX-II electron m icroscope. The negative 
photographs w ere developed and scanned into computer, from  
w hich digitalized pictures were generated.

Adoptive Cell Transfer

Lym phocytes from  lym ph nodes w ere isolated  and labeled  
w ith 5-(and-6)-carboxyfluorescein diacetate, succinim idyl 
ester (CFSE, Invitrogen) as described (N olte et al. 2002). For 
lym phocyte hom ing studies, 200  p i o f  ce ll suspension at 5 x 
107 C FSE-labeled ce lls w as injected intravenously, follow ed  
by the rem oval o f  spleen at various intervals. The distribution  
o f  cells w as tested by im m unofluorescence using anti- 
LYVE-1 in  conjunction w ith PE-labeled anti-rat IgG .

Quantitative RT-PCR (qPCR)

Total R N A  w as isolated w ith R N easy Plus M ini K it (Q iagen, 
Budapest) and w as treated w ith D N ase I (Sigm a-Aldrich, 
Budapest). cD N A  w as prepared w ith a H igh Capacity cD N A  
A rchive K it (A pplied B iosystem s, Budapest). PCR primers 
used for real-tim e quantitative am plification o f  P rox l, Pdpn, 
Flt4, L y v e l, 18S ribosom al R N A , and H prtl w ere designed by 
Primer Express Software (A pplied B iosystem s, Table 1). PCR  
reactions w ere run in triplicates using Pow er Sybr Green 
M aster M ix (A pplied B iosystem s) on an A B I7500 R eal Time 
PCR System  (A pplied B iosystem s). Standard curves were 
generated for each transcript and expression levels w ere nor
m alized to (3-actin.

Statistical Analysis

Norm al distributions o f  m eans w ere tested w ith one-sam ple 
K olm ogorov-Sm im ov test M eans w ere compared w ith one
w ay ANOVA follow ed by Bonferroni test. P  values less than 
0.05 w ere considered statistically sign ificant Statistical analy
ses w ere performed w ith SPSS 14.0 software.

Results
Presence o f L Y V E - l+ Endothelial Sacs in the 
Spleen o f  M ice Lacking N k x2 -3

Our previous w ork established the substantial alteration o f  
blood  vasculature o f  the red pulp in  m ice w ith  deleted  
N kx2-3 (B alogh  et al. 2 0 07). Further h isto log ica l and elec
tron m icroscopic analyses o f  nkx2-3~'~ sp leen  revealed  
dilated v esse l-lik e  structures tightly  filled  w ith  lym pho
cytes, rem iniscent o f  lym phatic v esse ls (Figure 1A  and B ).
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YVE /1BL 11

Figure IA-E. Deficiency o f Nkx2-3 induces the formation of LYVE-1+ vessels. Semi-thin section stained w ith toluidine blue (A) 
demonstrates two lymphocyte-filled vascular segments (arrows) and a blood capillary (arrowhead; scale bar = 50 pm). Transmission 
electron microscopy (B) shows lymphoid cells filling a sac-like structure, lined by mesenchymal cells w ith elongated nucleus (arrowhead; 
scale bar = 7.5 pm). LYVE-1-positive structures in the spleen o f n(or2-J^“  mice (C) accumulate mainly in the peripheral segment (upper 
part) o f the spleen, w ithout IBL-11 -positive fibroblastic cuff.The scale bar = 200 pm. In wild-type spleen (D), LYVE-1 reactivity reveals 
platelets (arrowhead) in the marginal zone and megakaryocytes (arrow) in red pulp; the white pulp is outlined by IBL-11+ fibroblasts.The 
scale bar = 200 pm. (E) LYVE-1 mRNA expression is detected by RT-PCR in platelet-enriched plasma (Pit) and bone marrow (BM) from 
wild-type mouse. Negative control (-) contained water (M: 100 bp ladder).
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Figure 2. Comparison o f the expression pattern of lymphatic 
endothelium associated genes and Nkx2-3 by quantitative PCR 
normalized to  P-actin. Samples included spleens from wild-type 
(W T) and Nkx2-3-deficient mice and also peripheral lymph nodes 
(pLN) and mesenteric lymph nodes (mLN).The target genes were 
Nkx2-3, Lyvel, podoplanin/gp38 (Pdpn), P roxl, and Flt4/Vegfr3. 
Bar diagram shows the mean ± SD of six parallel samples of three 
mice. *p < 0.05; **p < 0.001; nd, not detectable.

E xtended analysis using a battery o f  endothelium -subset 
sp ec ific  antibodies included  anti-LY V E-1 antibody, a 
marker frequently used  to  delineate lym phatic capillaries 
(Prevo et al. 2 0 0 1 ), in  conjunction w ith  IBL-11 m Ab  
against circum ferential reticulum  ce lls  in  m arginal zon e as 
topographic marker (B alogh  et al. 2 0 04). Staining sp leen  
sections from  N kx2-3 m utant and w ild -typ e sam ples w ith  
anti-LY V E-1 antibody resulted  in  in tense lab elin g o f  
m utants, com p letely delineating these structures. T hese 
vascu la r-cy stic  structures w ere m ostly  located  at the 
periphery o f  the m utant organ (Figure 1C). In contrast, 
LYVE-1 im m unofluorescence in  w ild -typ e sp leen  w as lim 
ited  to  m egakaryocytes in  red pulp and p latelets in  the 
m arginal zon e outside the IB L -11-p ositive fibroblastic ring, 
w ithout revealing any lym phatic capillaries (Figure ID ). 
The presence o f  LYVE-1 m R N A  expression  detectable by  
RT-PCR in  p latelet-enriched plasm a and in  bone marrow  
from  w ild -typ e m ice is also consistent w ith  its protein  
expression  in  these ce ll types (Figure IE ).

Biased Expression o f  m R N A  o f  Lym phatic 
Endothelium -associated M arker Genes
N ex t w e investigated  w hether the absence o f  N kx2-3  
affects the expression  o f  m R N A  for other lym phatic endo
thelium -associated genes using quantitative real-tim e PCR  
(qPCR) in adult mutant spleen and then compared it w ith w ild- 
type controls. Our findings revealed a substantial upregulation 
o f  m RNA for LYVE-1 (66.8-fold) and podoplanin (12.1-fold, 
Pdpn also known as gp38; Breiteneder-G eleff et al. 1999)

com pared w ith  W ild-type (F igure 2 ). B oth  gen es in  
m utant sp leen  reached exp ression  lev e ls com parable w ith  
peripheral lym ph nodes (pL N ) and m esenteric lym ph  
nodes (m L N ). In contrast, P ro x l (W igle 1999) and F lt4  
(K aipanen et al. 1995) (a lso  know n as V E G F R -3), tw o  
other sp ec ific  m arker gen es for m ouse lym phatic endothe
lium , d id not d iffer b etw een  the w ild -typ e and m utant 
sp leen . W e a lso  in vestigated  the m R N A  exp ression  o f  
N k x2-3 . W e found that in  w ild -typ e pL N  N k x 2 -3 , m R N A  
w as u n d etectab le, w h ile  in  m esen teric lym ph n odes 
(m L N ) it w as exp ressed  at a low er lev e l com pared w ith  
w ild -typ e sp leen .

D ual im m unofluorescent labeling for Prox 1 and LY V E -1 
show ed overlapping expression  in  norm al pL N s but fa iled  
to  reveal any Prox 1 protein in  N kx2-3 m utant sp leen  (Figure 
3A -D ), in  agreem ent w ith  our results on the absence o f  
upregulated P roxl m R N A . H ow ever, the double staining o f  
these structures w ith  V E G F R -2/flk -l and LYVE-1 indi
cated their endothelial, albeit non-LEC , origin  (Figure 3E- 
G ), although the LY V E-1+ com partm ent o f  sp len ic v essels  
had a w eaker V EG FR -2 staining com pared w ith  the LYVE- 
1“ segm ents (Figure 3F).

Internal Content and Strom al Tissue 
M icroenvironment in LYVE-1 + Sacs
To investigate whether the LYVE-1+ sacs have any ordered 
arrangement o f  enclosed  lym phocyte subpopulations, w e  
stained m utant spleens for T and B  cells. In addition, w e also  
analyzed their m esenchym al and strom al surroundings using  
m Abs against fibroblastic reticular ce lls (FRCs) and resident 
splenic m acrophage subsets. W e found that sim ilar to the 
T -cell dom inance in  these m utant spleens (C zom poly et al. in  
press), the LYVE-1+ structures overw helm ingly contained T 
cells. The B  lym phocytes w ere typically  arranged in  a scat
tered pattern (Figure 4A ). M acrophage subsets expressing  
M ARCO or sialoadhesin/C D 169 that in  norm al spleen delin
eate the m arginal zone (M ebius and Kraal 2005) form ed  
sm all clusters adjacent to the LYVE-1+ structures in  m utant 
spleens (Figure 4B  and C). In contrast, ER-TR7+ FRCs 
clo sely  surrounded the LYVE-1+ endothelial cells. H ow ever, 
no ER-TR7 reactivity could be found w ithin the sacs, indi
cating the absence o f  FRCs, in  agreem ent w ith the cyst-lik e  
architecture o f  these structures (Figure 4D ).

Limited Entry o f  Lymphocytes into LYVE-1+ Cysts
To test w hether circulating lym phoid ce lls can enter the 
LY V E-1+ cysts, adoptive ce ll transfer experim ents w ere 
perform ed. Tracing o f  C FSE -labeled lym phocytes after 
intravenous in jection  revealed  on ly  occasion al transplanted  
ce lls w ithin  the LYVE-1-  p o sitiv e com partm ent after 20  
m in and on ly  a few  scattered ce lls after 8 hr (Figure 5). C ell 
counting revealed  that the ratio betw een the ce lls located
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Figure 3. Nonl/mphatic endothelial characteristics of LYVE-1+ structures. LYVE-1+ structures (red) in mutant spleen (A) do not express 
Proxl transcription factor (green); in wild-type spleen (B) only platelets and megakaryocytes display LYVE-1, whereas lymph node 
lymphatic endothelium cells in both Nkx2-3 mutants and wild-type samples (C/D) coexpress both markers (merged as yellow). Cells 
lining LYVE-1+ sacs coexpress VEGFR-2/flk-1 endothelial marker. (E, LYVE-1; F,VEGFR-2/flk-1; G, Merge.) Scale bar,200 pm.

w ithin  and outside the sacs w as in itia lly  1 .4:58.6 ce lls  
(approxim ately 2.3% ), w hereas after 8 hr it rose to  
55.3:455 .8  (12.1% ) in  a 1.4-m m 2 area o f  sp leen  section. 
Together w ith  the absence o f  erythroid ce lls , th is finding  
indicates that these LY V E-1+ structures are not directly  
linked to  the system ic b lood  circulation; how ever, som e 
lym phocyte exchange occurs.

Formation o f  LY V E -1+ Structures in N k x2 -3  
M utant Spleen Is Initiated in the Em bryonic  
Period and D oes N o t Require LT fiR  Signaling

In addition to adult LECs, m urine em bryonic vessels have 
recently been demonstrated to display LYVE-1 glycoprotein

(Gordon et al. 2008). To investigate whether the em bryonic 
spleen contains LYVE-1+ vessels, w e stained E l 8.5 spleens 
from both w ild-type and N kx2-3-deficient m ice for LYVE-1 
expression. W e found that in N kx2-3-deficient em bryos, 
L Y V E -1-positive structures w ere present although did not yet 
form discernible sacs. In contrast, in  w ild-type m ice no such 
structures could be identified (Figure 6A  and B ). Shortly after 
birth in  mutant m ice, sim ilar structures could be found typi
cally w ithin the central region o f  the spleen; however, by the 
second w eek the LYVE-1+ structures achieved adult-type 
appearance, including their repositioning to the peripheral seg
m ent o f  the organ (Figure 6C-F).

In addition to prom oting the maturation o f blood vascula
ture in  em bryonic peripheral lym phoid organs into adult-type 
HEV, the sprouting o f lym phatic capillaries m ay be influenced
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Figure 4. Internal and external composition o f LYVE-I + structures. (A) The LYVE-I + sacs (blue) are mostly filled w ith T  lymphocytes 
(green), w ith occasional B cells o r the ir smaller groups (red). Macrophages (red) expressing MARCO (B) o r sialoadhesin (C) form only 
occasional associations w ith LYVE-I+ structures (green), which are tightly encircled w ith ER-TR7* fibroblastic reticular cells antigen 
(D, red). Scale bar, 100 pm.

by LT|3R by inducing the production o f  vascular endothelial 
growth factor (VEGF)-C, a lym phangiogenic ligand for 
VEGFR-3 (Vondenhoff et al. 2009). To test whether the forma
tion o f  splenic LYVE-1+ structures in  N kx2-3 mutants requires 
LT|3R, w e established double mutants deficient for both 
N kx2-3 and LTpR. W e found that the LYVE-1 -positive vessels 
w ere present in the double mutant spleens; thus, their forma
tion is independent o f  LTpR signaling (Figure 6G  and H ). In 
addition, in double mutants the LYVE-1+ structures w ere more 
numerous in the central region than in  N kx2-3 single mutant 
sam ples, and their appearance w as m ore sim ilar to vascular 
than cyst-like structures.

Discussion
The present report describes the appearance o f  aberrant 
endothelial structures form ed by cells resem bling lym phatic

endothelium  in  the sp leen  o f  m ice d eficien t for hom eodo- 
m ain transcription factor N kx2-3. To our know ledge, no  
such aberrant structures have been reported in  other m uta
tions affecting the sp len ic vasculature; thus, their study 
offers a unique opportunity to  facilitate the understanding 
o f  sp len ic endothelial m aturation and vascular patterning.

B eyond their im portance as structural elem ents in  
peripheral lym phoid organs, the sp ecification  o f  vascula
ture is  a lso  essen tial for m aintaining the im m unological sur
veillan ce b y sim ultaneously providing access during 
leukocyte hom ing, and entry routes for pathogens, v ia  either 
lym phatic v esse ls in  lym ph nodes or bloodstream  in  sp leen, 
respectively. In th is p rocess, several transcription factors 
and other m orphogenic regulators have been id en tified  that 
prom ote the em bryonic sp ecification  tow ard lym phatic 
endothelium  and the expansion o f  these LE C -com m itted  
ce lls . T hese factors include P roxl and V EG FR -3, and their
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Figure 5. LYVE-1+ vessels do not contribute to  the early splenic recirculation of lymphocytes.The ratio of carboxyfluorescein diacetate, 
succinimidyl ester (CFSE)-labeled cells within/outside the sacs was 0.023 at 20 minutes (A), whereas at 8 hr (B) the ratio was 0.I2  (I.4- 
mm2 area).The picture is representative of three independent experiments performed on five mice; the scale bar = 200 pm.

effects are m arked b y the continued expression  o f  LYVE-1 
and the induction o f  podoplanin as L E C -associated markers 
(O liver and Srinivasan, 2 0 10). Furtherm ore, the b lood  vas
culature in  developing lym ph nodes a lso  undergoes sub
stantial transform ation into H E V s upon the engagem ent o f  
LT|3R (B row ning et al. 2 0 0 5 ), w hich  also prom otes the local 
expansion o f  LEC s (V ondenhoff et al. 2009).

In contrast to the lym ph nodes w ith  detailed  know ledge 
on the vascular sp ecification , substantially less is know n  
about the establishm ent o f  the sp len ic vasculature, m ostly  
because o f  its com p lexity in  both hum ans and m ice (B alogh  
and Labadi, 2011). In m ice the process o f  red pulp vascular 
m aturation is nearly com pleted b y the tim e o f  birth, appar
ently independently from  the activ ity  o f  LT|3R during the 
em bryonic period (B alazs et al. 2001; V ondenhoff et al. 
2008). In contrast, N kx2-3 in  a unique fashion  b locks the 
developm ent o f  the red pulp vasculature, and the absence o f  
either N kx2-3 or LTpR im pairs the subsequent form ation o f  
m arginal sinus in  m ice (B alogh  et al. 2 0 07). H ow ever, the 
expression  o f  N kx2-3 in  sp leen  declines w ell before birth 
(W ang et al. 2 0 0 0 ), indicating that its absence is a lso  lik ely  
to m anifest during the em bryonic period, supported by our 
finding o f  the late em bryonic appearance o f  LY V E-1+ cell 
clusters in  the sp leen  o f  N kx2-3 m utants. In age-m atched  
w ild -typ e controls, LY V E-1+ vascular segm ents could  be 
observed on ly  in  the stom ach but not in  the sp leen  (not 
show n). It is  not yet know n how  the absence o f  N kx2-3  
results in  the upregulation o f  L yvel m R N A , although in

silico  analyses for p ossib le binding sites w ithin  the pro
m oter region  o f  L yvel gene indicate a num ber o f  putative 
recognition  sequences, thus raising a p ossib le repressor 
effect o f  N kx2-3 for L yvel expression  under norm al condi
tions. A lthough the prom oter region  o f  P rox l a lso  contains 
putative N kx2-3 recognition  sequences, its unaltered  
expression  in  m utant sp leens indicates that its expression  is 
either unrelated to the activ ity  o f  N kx2-3 or that other m em 
bers o f  the N kx fam ily (e .g ., N k x2-5) m ay com pensate its 
absence.

The form ation o f  lym phatic v esse ls is  coupled  w ith  phe
notypic m aturation o f  L E C -com m itted endothelial ce lls , 
w hich is  critically  in fluenced  b y P roxl fate-determ ining  
transcription factor. This process is  characterized b y the 
appearance o f  several L E C -associated ce ll surface m ole
cu les, including LYVE-1 and podoplanin. A lthough the 
expression  o f  podoplanin/gp38 m R N A  in  m utants is  also  
elevated , it can be attributed to  the expanded fibroblastic 
reticular m eshw ork associated  w ith  the enlarged T -cell p ool 
in  these m utants (B ovari et al. 2007). Im portantly, LYVE-1 
m olecu le can a lso  be d isplayed by inflam m atory m acro
phages (M aruyam a et al. 2005; S ch ledzew ski et al. 2006) 
sim ilarly to  podoplanin/gp38, another marker for LECs, 
w hich can be expressed  by sp lenic m acrophages (H ou et al. 
2010). Together w ith  our observation on  the expression  o f  
LYVE-1 b y m egakaryocytes and p latelets, th is suggests that 
the usual phenotypic m arkers used  for identifying LECs in  
lym ph nodes and skin have other cellu lar reactivities in
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Figure 6. Formation o f LYVE-1+ structures and its independence from LTpR signaling. Late embryonic and early postnatal spleens 
(indicated on the left) from Nkx2-3-deficient mice (A, C, and E) contain LYVE-1+ cells, compared w ith age-matched wild-type controls 
(B, D, and F, w ith DAPI counterstain). Spleens w ith combined mutation of Nkx2-3 and LTpR contain an increased number o f LYVE-1 
capillaries (G) compared w ith /tbr7- mutants (H).The picture is representative of five mice per sample; the scale bar = 100 pm.

spleen. Thus w e consider P roxl as a cardinal LEC marker, 
and its absence together w ith  that o f  VEG FR-3 suggests 
therefore that the postnatal p ersistence o f  LY V E-1+ v essels

is  independent from  the LEC com m itm ent, so it probably 
represents the p ersistence o f  em bryonic endothelium  
(G ordon et al. 2 0 08), rather than the d ifferentiation into
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LE C -com m itted endothelia, in  adult N kx2-3 m utant 
spleens. H ow ever, the expression  o f  V E G F R -2/flk l con
firm s that these structures are com posed o f  non-LEC endo
th elia l ce lls . In contrast, c e ll tracing studies a lso  suggest 
that these LY V E-1+ cysts have on ly  m inim al exchange w ith  
either the system ic or lym phatic circulation. A lthough their 
form ation is independent from  the activ ity  o f  LT|3R, their 
increased num ber and cap illary-like appearance in  double 
m utants su ggest som e role for LT|3R in  their subsequent 
m aturation.

The vascular m alform ations in  hum an sp leen  are very  
rare and include various tum ors and cysts (K utok and 
Fletcher, 2003). The few  reported cases o f  lym phatic endo
th elia l cysts in  hum an spleens do not correspond to the 
LY V E-1+ structures in  the N kx2-3 m utants (N arita and 
H izaw a, 1995). In contrast, N kx2-3 is a lso  expressed  in  gut, 
and N kx2-3 in  hum ans has recently been associated  w ith  
risk factors for inflam m atory b ow el d iseases, although the 
underlying pathom echanism  is  still unknow n (Franke 
et al. 2008; Parkes et al. 2007). It rem ains to  be determ ined  
w hether the form ation o f  enteric lym phatic capillaries is 
also affected  by the absence o f  N k x2-3 , sim ilar to the reduc
tion  o f  P eyer’s patches (Pabst et al. 2000; W ang et al. 2000). 
N evertheless, our data raise the p ossib ility  that endothelial 
differentiation and m aturation, including the early com m it
m ent from  em bryonic v esse ls, m ay b e affected  b y perturbed 
expression  o f  N k x2-3, w hich  m ay contribute to  aberrant 
lym phoid n eogen esis and im m unological functions in  these 
d iseases (D rayton et al. 2006).
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Transcription Factor Nkx2-3 Controls the Vascular Identity 
and Lymphocyte Homing in the Spleen

Tamas Czompoly,* Arpad Labadi,* Zoltan Kellermayer,* Katalin Olasz,*
Hans-Henning Arnold,* and Peter Balogh*

The vasculature in the spleen and peripheral lymph nodes (pLNs) is considerably different, which affects both homing 
of lymphocytes and antigenic access to these peripheral lymphoid organs. In this paper, we demonstrate that in mice lacking 
the homeodomain transcription factor Nkx2-3, the spleen develops a pLN-like mRNA expression signature, coupled with the 
appearance of high endothelial venules (HEVs) that mediate L-selectin-dependent homing of lymphocytes into the mutant spleen. 
These ectopic HEV-like vessels undergo postnatal maturation and progressively replace MAdCAM-1 by pLN addressin together 
with the display of CCL21 arrest chemokine in a process that is reminiscent of HEV formation in pLNs. Similarly to pLNs, 
development of HEV-like vessels in the Nkx2-3-deficient spleen depends on lymphotoxin-11 receptor-mediated signaling. The 
replacement of splenic vessels with a pLN-patterned vasculature impairs the recirculation of adoptively transferred lymphocytes 
and reduces the uptake of blood-borne pathogens. The Nkx2-3 mutation in BALB/c background causes a particularly disturbed 
splenic architecture, characterized by the near complete lack of the red pulp, without affecting lymph nodes. Thus, our obser
vations reveal that the organ-specific patterning of splenic vasculature is critically regulated by Nkx2-3, thereby profoundly 
affecting the lymphocyte homing mechanism and blood filtering capacity of the spleen in a tissue-specific manner. The Journal 
of Immunology, 2011,186: 000-000.

T he spleen in mammals is the largest single peripheral 
lymphoid organ, contributing to both innate and adaptive 
immune responses against invading pathogens. Its de

velopment and tissue architecture are strikingly different from 
other secondary lymphoid organs, including the peripheral lymph 
nodes (pLNs) and Peyer’s patches. Different lymphoid regions in 
the spleen are arranged around various vessels. The T cell zone 
is located around central arterioles, and the marginal zone is adja
cent to terminal arterioles in human or marginal sinus in rodents, 
whereas the red pulp is richly perfused by a sinus network lined by 
different endothelial subsets (1, 2). In contrast to the leukocyte 
homing in pLNs and Peyer’s patches, the spleen lacks high en
dothelial venules (HEVs) and requires no L-selectin binding for 
subsequent leukocyte extravasation (3, 4).
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The development of the spleen is initiated by the formation of its 
mesenchymal anlage, controlled by the concerted action of mul
tiple transcription factors, including Pbxl, Nkx3-2 (also known as 
Bapxl), TLX1 (formerly known as HOX11), and Nkx2-5 (5, 6). In 
the absence of any of these factors, development of the spleen is 
arrested early, resulting in asplenia. TLX1 may be regulated in
dependently by the homeodomain transcription factor Barxl, 
which is also involved in stomach development (7). Importantly, 
loss of TLX1 does not prevent the formation of lymph nodes (8). 
Embryonic lethality of Pbxl- and Nkx2-5-deficient mice and 
neonatal death of Nkx3-2-null mutants precludes the analysis of 
their potential roles in lymph node development (9-11).

Following formation of the splenic primordium, spleen pro
genitor cells undergo expansion and local hematopoiesis starts, 
controlled by the transcription factor Tal-1 (also known as Scl) (12). 
Subsequently, CD4+/CD3_/CD45+/IL-7Ra+ lymphoid cells ac
cumulate around the developing blood vessels in close proximity 
with stromal cells that express MAdCAM-1 and VCAM-1 (13). 
This close cellular association is thought to be necessary for ef
ficient interaction between members of the TNF/lymphotoxin (LT) 
family displayed by lymphoid cells (termed lymphoid tissue in
ducer) and their cognate receptors on stromal cell precursors (14
16). In contrast to the spleen-autonomous defect in TLX1- 
deficient mutant mouse (8), loss of either LTa or the receptor 
for LTfS (LTfSR) prevents the formation of lymph nodes and 
Peyer’s patches, whereas the spleen develops, although with se
verely disturbed architecture of white pulp and marginal zone 
(17). Distinct lymph node and spleen phenotypes elicited in 
mutants lacking LT ligands or corresponding receptors and in 
TLX1 mutants suggest that development of the various peripheral 
lymphoid organs follows distinct regulatory programs. In this 
process, the factors for cell lineage specification related to vas
cular patterning in distinct lymphoid organs are mostly unknown.

More recently, the homeobox transcription factor Nkx2-3 has 
been identified as an important regulator of spleen ontogeny (18-
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2 Nkx2-3 DETERMINES THE VASCULAR PATTERNING IN THE SPLEEN

20) without affecting pLN development. The Nkx2-3 transcrip
tion factor belongs to the structurally conserved Nk family of 18 
members sharing a common DNA recognition sequence. This 
group of transcription factors is involved in the cell type specifi
cation of visceral mesoderm, including heart, lungs, pancreas, and 
gastrointestinal tract, in a highly complex expression pattern (21). 
Nkx2-3~'~ mice lack the marginal sinus and have atrophic red 
pulp sinus network, two specific vascular structures in the spleen 
that are absent in other peripheral lymphoid tissues (22). In this 
paper, we report that Nkx2-3 deficiency in the mouse transforms 
the vasculature in a mutant spleen structurally and functionally 
toward the typical vascular pattern of pLNs. The disruption of the 
Nkx2-3 gene results in the formation of splenic pLN addressin 
(PNAd)-positive HEVs that display CCL21 arrest chemokine and 
mediate L-selectin-dependent homing. The development of ec
topic HEV-like structures in a mutant spleen requires LT0R- 
mediated signaling, similar to the HEVs in pLNs. Moreover, the 
mutants show reduced marginal zone-associated capture of 
pathogens. Thus, our observations provide evidence that specifi
cation of the vascular pattern in the spleen and its consequences 
for lymphocyte homing are critically dependent on the transcrip
tion factor Nkx2-3.

Materials and Methods
Mice

Nkx2-3~'~ mice from a 129Sv X B6 mixed background were backcrossed 
with BALB/c mice (obtained from Charles River Laboratories, Budapest, 
Hungary) through 14 generations and genotyped as described previously. 
C57BL/6 and 129Sv Nkx2-3 mutants were maintained at the Technical 
University of Braunschweig (Braunschweig, Germany). For homing 
studies, BALB/c mice from the faculty’s specific pathogen-free breeding 
unit were used as a lymphocyte donor for adoptive transfer. LT0R- 
deficient mice (23) were provided by Drs. K. Pfeffer (Heinrich Heine 
University, Dusseldorf, Germany) and F. Weih (Leibniz Institute for Age 
Research, Fritz Lipmann Institute, Jena, Germany). All procedures in
volving live animals were conducted in accordance with the guidelines set 
out by the Ethics Committee on Animal Experimentation of the University 
of Pecs (Pecs, Germany). The double-knockout (KO) mice were identified 
in the F2 generation by simultaneous PCR amplification of the Nkx.2-3, 
neomycin resistance cassette, and LT0R loci from genomic DNA by using 
the following primer pairs: Nkx.2-3, 5'-GCGGGAGACTGTAAGACGAG- 
3' (forward) and 5'-TTATCCTGCCGCTGTCTCTT-3' (reverse), amplicon 
size: 238 bp; neomycin resistance cassette, 5'-GTCGATCAGGATGATC- 
TGGAC-3' (forward) and 5'-AAGGCGATAGAAGGCGATGC-3' (reverse), 
amplicon size: 321 bp; and LTpR, 5'-GCATGTAGCCATGAAGACAG- 
GAT-3', (forward) and 5'-CGCAAAGACAAACTCGCCTAT-3' (reverse), 
amplicon size: 150 bp.

Abs and reagents

Rat mAbs againstmouse fibroblastic reticular cell markers (IB L-ll) and Thy- 
1 (IBL-1) were developed in our laboratory (24). For flow cytometry and dual 
immunohistochemistry, IBL-1 mAb was conjugated with sulfo-N-hydrox- 
ysuccinimide biotin ester (Sigma-Aldrich, Hungary, Budapest). Rat hy- 
bridoma cell lines secreting anti-CD3 (KT-3), anti-MAdCAM-1 (MECA- 
367), L-selectin/CD62L (MEL-14), and B220 (RA3-6B2) were obtained 
from the American Type Culture Collection and used either as a hybridoma 
supernatant or a fluorescein-conjugated reagent. PE-conjugated anti-mouse 
CD21/35 mAb (clone 7G6), MECA-79 mAb against PNAd, and FITC- 
labeled and PE-conjugated goat anti-rat IgG were purchased from BD Bio
sciences (Soft Flow Kft, Pecs, Hungary). Goat Abs against CCL21 and 
CXCL13 chemokines and NorthemLights 557-conjugated donkey Ab 
against goat IgG were obtained from R&D Systems (Biomedica Hungary 
Kft, Budapest, Hungary). Biotinylated rat mAb against mouse IgM was 
produced in our laboratory from B7.6 clone. Goat anti-mouse IgM-HRP 
conjugate was produced by Invitrogen (Csertex Kft, Budapest, Hungary). 
Rabbit Abs against Proxl were purchased from AngioBio (Del Mar, CA). 
Affinity-purified rabbit polyclonal Abs against HEC-GlcNAc6ST sulfo- 
transferase (25) were provided by Dr. N. H. Ruddle (Yale University School 
of Medicine, New Haven, CT) and were detected with FliC-conjugated 
goat anti-rabbit IgG (Sigma-Aldrich). Streptavidin-Alexa Fluor 350 and 
streptavidin-Alexa Fluor 488 conjugates were purchased from Invitrogen. 
LTpR-Ig fusion protein was provided by Dr. J. L. Browning (Biogen Idee,

Cambridge, MA) and was injected in newborn Nkx2-3 KO mice as described 
previously (26). Pooled human IgG was used as control.

Lymphocytes were isolated from the spleen and lymph nodes by teasing 
apart the organs between the frosted ends of two microscopic slides and 
filtered through a 70-pm pore-size cell strainer. The cells were incubated 
with a mixture of fluorescein-labeled anti-B220 and biotinylated anti-CD3 
or anti-CD62L mAb in the presence of 2.4G2 anti-CD16/32 mAb. The 
biotinylated mAbs and the biotinylated cells in homing studies were 
detected with PE-streptavidin. Dead cells were excluded based on their 
light scattering properties. At least 20,000 live cells were collected by 
a BD Biosciences FACSCalibur cytometer and analyzed using the Cell- 
Quest software.

The single and dual-label immunofluorescence and immunohistochemical 
procedures are previously described (24,26) for control staining normal rat 
IgG at 10 |Ag/ml concentration was used. After mounting, the sections were 
viewed under an Olympus BX61 fluorescent microscope. The acquisition 
of digital pictures with a charge-coupled device camera was performed 
using the analysis software.

Lymphocytes from pLNs or mesenteric lymph nodes (mLNs) were isolated 
and labeled with CFSE (Invitrogen) or sulfo-N-hydroxysuccinimide biotin 
ester (Sigma-Aldrich) as described previously (27). For lymphocyte 
homing studies, 200 |xl cell suspension at 5 X 10' CFSE-labeled cells was 
injected i.v. in the tail vein, followed by the removal of the spleen at 
various intervals. The distribution of labeled cells was tested cells by 
immunofluorescence using anti-PNAd or IBL-11 mAb against white pulp 
fibroblasts (24) in conjunction with PE-labeled anti-rat IgG. For compet
itive homing, two different cellular labeling procedures were used in which 
the CFSE-labeled cells were subsequently incubated with MEL-14 IgG 
(purified by Protein G FPLC) or IBL-10 control rat mAb. After washing, 
the cells were counted and mixed at 1:1 ratio with biotinylated cells as 
reference population, followed by the i.v. injection of mixed cells. The 
mice were sacrificed 30 min after the injection, and their distribution of 
CFSE-labeled and biotinylated lymphocytes in different lymphoid tissues 
was determined by flow cytometry or immunofluorescence. The CFSE: 
biotin ratio of the cells in lymphoid organs was calculated following the 
normalization of labeled cell frequencies with the preinjection CFSE:bi- 
otin ratio; thus, the CFSE:biotinylated cell ratio recovered from each organ 
was divided by the CFSE:biotinylated cell ratio in the preinjection cell 
mixture. For bacterial capture, mice were i.v. injected with 10X Escher
ichia coli previously conjugated with FITC in 250 |xl PBS.

Total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen) and was 
treated with DNase I (Sigma-Aldrich). cDNA was prepared with the High 
Capacity cDNA Archive Kit (Applied Biosystems). PCR primers used for 
real-time quantitative amplification of Glycaml, Madcaml, B3gnt3, Gcntl, 
Chst2, Chst4, and Fut7 were described previously (27). PCR primers for 
Cd34, endomucin, Cd3001g, podocalyxin-like protein, 18S rRNA, and 
Hprtl were designed by Primer Express Software (Applied Biosystems). 
PCRs were run in triplicates using the Power Sybr Green Master Mix 
(Applied Biosystems) on an ABI 7500 Real Time PCR System (Applied 
Biosystems). Standard curves were generated for each transcript, and ex
pression levels were normalized to 0-actin; the relative expressions were 
calculated using 0-actin normalized expression levels of wild-type spleens 
as reference samples.

Normal distributions of means were tested with a one-sample Kolmogorov- 
Smimov test. Means were compared with one-way ANOVA, followed by 
a Bonferroni test. A p value <  0.05 was considered statistically significant. 
Statistical analyses were performed with SPSS 14.0 software.

Results
Altered expression of marker genes associated with HEV 
development in the spleen and lymph nodes

Previous studies of Nkx2-3~'~ mice in our laboratory and else
where already revealed a broad range of structural alterations of 
the spleen (18, 22, 26), affecting the marginal sinus and red pulp 
sinuses, two highly specific segments of the splenic vasculature

Quantitative RT-PCR
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Flow cytometry
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Adoptive cell transfer and bacterial injection
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involved in splenic recirculation in mice (reviewed in Ref. 2). 
Despite the lack of these vessels in mutants, the accumulation 
of lymphocytes in the mutant spleen indicates the existence of 
a selective homing process to that organ, prompting an analysis of 
those endothelium-associated genes that have been implicated in 
tissue-specific homing. Microarray analysis of the Nkx2-3-mutant 
spleen suggested that expression of several genes associated with 
endothelium-mediated tissue-specific homing (28-33) was altered 
(data not shown). In this study, we performed real-time PCR to 
quantify expression of some of these Nkx2-3-regulated candidate 
genes in wild-type and mutant spleens as well as in pLNs and 
mLNs. The analysis demonstrated profound reduction of 
MAdCAM-1 expression in the spleen of the homozygous mutant 
mouse in agreement with previous reports (19, 20). Importantly, 
expression of GlyCAM-1 in the mutant spleen was dramatically 
upregulated (~10, 000-fold), whereas transcript levels for other 
marker genes, such as CD34, endomucin, CD300 Ag-like family 
member G (Cd3001g, also known as nepmucin), and podocalyxin- 
like protein, were also increased, although to a lesser extent (be
tween 4- and 16-fold) in comparison with wild type (Fig. 1A). 
Particularly, the upregulation of the endothelial marker GlyCAM- 
1 and the reduction of MAdCAM-1 expression in the mutant 
spleen appeared more similar to pLNs than in wild-type spleens. 
In comparison, the pLNs from Nkx2-3-deficient mice showed 
a slightly elevated expression of MAdCAM-1 and an equal ex
pression of GlyCAM-1 compared with wild-type mice, whereas 
mLNs had less MAdCAM-1 and a higher level of GlyCAM-1 
mRNA expression than wild-type controls. The differences be
tween the expression level of other core proteins genes was less 
dramatic, although the general tendency was an increased mRNA 
production for all genes investigated. Pdxl, a lesser investigated 
PNAd core protein, showed an increased expression in all lym
phoid tissues of Nkx2-3 mutants, whereas its expression in mLNs

FIGURE 1. qPCR analysis of mRNAs for PNAd core proteins (A) and 
modifying enzymes (B) in the Nkx2-3_/_ and wild-type (WT) spleens, 
pLNs, and mLNs. Values in different organs are normalized to the ratio of 
target mRNA to fi-actin in the WT spleen, represented by the line drawn at 
y = 1, and are expressed on a log scale. Bar diagram shows the mean ± SD 
of six parallel samples from three mice per organ; *p <  0.05, **p<  0.001.

and pLNs of wild-type mice was reduced compared with wild- 
type spleens.

Both GlyCAM-1 and MAdCAM-1 may serve as backbone 
proteins for PNAd in a process depending on glycosylation and 
sulfatation, mediated by the glycosyltransferases B3gnt3 and G cntl, 
the fucosyltransferase Fut7, and the sulfotransferases Chst2 and 
Chst4, the latter also known as HEC-GlcNAc6ST, respectively 
(34). Quantitative RT-PCR (qPCR) analysis for these genes in 
wild-type and mutant spleens revealed that the majority of these 
transcripts were upregulated in the Nkx2-3~'~ mutant, although to 
different degrees (Fig. IB). B3gnt3 glycosyltransferase in Nkx2- 
3-mutant spleen was expressed at a lower amount compared with 
wild-type spleen; however, this reduced mRNA transcription was 
also observed at various degrees in lymph nodes from both mutant 
and wild-type samples. Gcntl glycosyltransferase enzyme mRNA 
was the only transcript showing differences in expression in lymph 
nodes between Nkx2-3 mutants and wild-type samples in which, 
in both pLNs and mLNs of Nkx2-3-mutant mice, mRNA for 
Gcntl glycosyltransferase was expressed at a robustly increased 
amount, similarly to the mutant spleen. Chst4 sulfotransferase 
mRNA showed a similar degree of increased expression in the 
mutant spleen as well as in the pLNs and mLNs from both mutant 
and wild-type mice. Taken together, these observations suggest 
that, in the absence of the transcription factor Nkx2-3, endothelial 
MadCAM-1 expression in the spleen is essentially replaced by 
GlyCAM-1, and the modifying enzymes required to generate 
functional PNAd are also upregulated. Thus, this pattern of endo
thelial marker gene expression in mutant spleens is reminiscent of 
HE Vs in pLNs.

The pLN-like signature of transcripts for HEV-related genes and 
the described alterations of the marginal zone and white pulp (19
22, 26) in the Mx2-3-deficient spleen prompted us to investigate 
the vasculature in more detail by using MECA-79 anti-PNAd (35) 
and anti-MAdCAM-1 mAbs. In contrast to the wild-type spleen, 
which never contains HEVs, in the spleens of young adult Nkx2- 
3 y mice, PNAd-positive HEVs in close proximity of B cell-rich 
foci were prominently present. Dual immunofluorescence for 
HEC-GlcNAc6ST sulfotransferase (25) and the PNAd epitope 
showed coexpression on HEV-like vessels in the mutant spleen, 
similarly to pLNs from either wild-type or mutant mice (Fig. 2A). 
To test whether ectopic HEVs develop only in BALB/c back
ground, we also tested Nkx2-3 mutants from both 129Sv and 
C57BL/6 strains. We found that spleen sections from these hap- 
lotypes also contained PNAd-positive HEVs (data not shown). 
These vessels were lined with plump endothelial cells that express 
CD31 endothelial Ag in which transmigrating lymphocytes could 
also readily be observed (Fig. 2A). It is interesting to note that 
elevated expression of PNAd on ectopic HEV-like vessels in the 
Nkx2-3-deficient mouse mutant appeared to be limited to the 
spleen, because HEVs in Peyer’s patches or in mLNs did not show 
any increased reactivity for this marker (data not shown).

To test whether the PNAd epitope is accessible for recirculat
ing lymphocytes, MECA-79 mAh against PNAd was adminis
tered to Nkx2-3~/~ mutants and wild-type mice i.v. We found a 
strong luminal binding in mutant spleens to a degree similar to 
pLNs from either mutant or wild-type mice, demonstrating that 
this L-selectin ligand is accessible for recirculating lymphocytes 
in the mutant spleen, similarly to pLNs, whereas wild-type spleens 
had no discernible reactivity (Fig. 2B).

We also found that, unlike Nkx2-3 mouse mutants on other 
genetic backgrounds (129Sv X B6 [Fi] or C57BL/6), ~75% of

Ectopic formation of HEV-like vessels in the Nkx2-3 / 
mutant spleen
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4 Nkx2-3 DETERMINES THE VASCULAR PATTERNING IN THE SPLEEN

FIGURE 2. Absence of the Nkx2-3 gene 
in the BALB/c mouse leads to HEV forma
tion and pLN-Iike lymphocyte composition 
in the spleen. A, Frozen sections of the spleen 
and pLNs from mutant and wild-type mice 
were stained with fluorescence-labeled Abs 
as indicated. The purple color represents the 
merge of complement receptor (CR) expres
sion by FDCs and IgM reactivity of adjacent 
B cells. Scale bar, 100 pm. H&E staining 
(upper right) shows plump endothelial cells 
(asterisks) and lymphocytes either closely 
associated with (arrowhead) or transmigra
ting between (arrow) these cells (scale bar, 
25 |xm). Endothelial cells in the mutant 
spleen coexpress CD31 and PNAd (lower 
right). Scale bar, 100 pm. B, The PNAd 
epitope is detected at the luminal surface 
of the endothelium in HEVs in the mutant 
spleen (upper left) and pLNs from mutant 
(upper right) or wild-type (lower right) mice 
following i.v. administration of MECA-79 
anti-PNAd mAb without any detectable re
activity in the wild-type spleen (lower left). 
Dashed lines, Edges of tissue; inset, higher 
magnification of the marked rectangular area 
in left panel (60X objective). Ellipses in the 
pLN sections demarcate follicles. Scale bar, 
100 |xm. Lower panels, PNAd-positive HEVs 
that strongly coexpress HEC-GlcNAc6ST in 
the Nkx2-3~'~ spleen (lower panel). Scale 
bar, 50 pm. The figures are representative 
from a cohort of three to five mice repeated 
three times.

Homing of lymphocytes in the Nkx2-3_/_ spleen involves the 
ectopic HEV-like vessels producing CCL21 and depends on 
L-selectin/CD62L

homozygous BALB/c mice carrying the Nkx2-3 mutation 
exhibited spleens with nearly no red pulp or had spleens with 
macroscopically detectable red pulp only in a segment of the organ 
(Fig. 3A). The lack of MAdCAM-l+ marginal sinus-lining cells or 
aberrant distribution of topographic markers, including marginal 
zone-associated sessile macrophages or white pulp-associated fi
broblastic cells (20, 22), excluded the precise determination of the 
distribution of various lymphocyte subpopulations. These “red- 
less” spleens or the spleen segments devoid of red pulp are entirely 
filled with T and B cells without forming discrete territories (Fig. 
3B). Thus, the formation of red pulp sinuses seems to be partic
ularly sensitive to the Nkx2-3 mutation in BALB/c mice; however, 
HEV-like vessels develop in homozygous Nkx2-3 mutants irre
spective of the genetic background.

The lymphocyte composition of mutant spleens was tested by 
flow cytometry. Our analyses revealed a slightly increased pro
portion of lymphoid cells expressing L-selectin/CD62L homing 
receptors together with a relative increase of T cells in a mutant 
spleen in BALB/c background, thus approaching a T/B cell ratio 
that is more characteristic for pLNs than for the spleen (Fig. 3D). 
Taken together, these observations suggest that both the vascula
ture and lymphocyte composition in the Nkx2.3-deficient spleen 
resemble that of peripheral lymph nodes without, however, the 
typical tissue compartmentalization of pLNs. To test whether the 
absence of organized follicles is caused by the lack of CXCL13 
homeostatic chemokine production by follicular dendritic cells 
(FDCs), we stained sections with anti-CXCL13 and anti-CD21/35 
Abs. We found that, although the FDC network in mutant spleens 
was considerably more compact compared with wild-type controls 
(Fig. 2A), FDCs showed detectable CXCL13 production, similarly 
to the wild-type samples (Fig. 3C).

Next, we investigated whether the ectopic PNAd+ vessels formed 
in the Nkx2-3-mutant spleen function as lymphocyte exit ports. 
CFSE-labeled lymphocytes isolated from wild-type pLNs or 
mLNs were injected i.v., and their localization was determined at 
various times after injection using double immunofluorescence 
microscopy. Shortly after, injection-labeled lymphocytes were 
found to be closely associated with PNAd+ HEVs in the spleen of 
mutant animals, whereas in wild-type spleens, they were located 
at the marginal zone (Fig. 4A). The mutant spleens appeared to re
ceive significantly fewer lymphocytes than the wild-type organ; 
however, their accumulation within the HEVs in the mutant spleen 
was almost indistinguishable from pLNs, and by 12 h, the lym
phocytes showed the same degree of tissue dispersion as in pe
ripheral lymph nodes (data not shown).

The initial binding of lymphocytes to marginal sinus-lining 
cells in the spleen occurs independently of L-selectin (2, 3), but 
in pLNs, binding to HEVs critically requires L-selectin. To 
determine whether the presence of PNAd+ HEVs in the spleen is 
coupled with an altered dependence on L-selectin during homing, 
we performed short-term competitive homing experiments in 
which wild-type lymphocytes were treated with the specific Ab 
MEL-14 to block L-selectin (36). This mAh prevents the homing 
of lymphocytes to pLNs in vivo but does not eliminate the cells 
(37). Equal numbers of CFSE-labeled lymphocytes treated with 
MEL-14 mAh and mock-treated biotinylated control cells (27) 
were then injected into Nkx2-3~y~ mutant and wild-type recipi
ents. Thirty minutes after the injection, spleen and pLN cells were 
isolated and subjected to flow cytometry. We observed that the
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FIGURE 3. Nkx2-3 mutation induces “redless” 
variant in BALB/c mice. A, Macroscopic appearance 
of “redless” mutant spleen (Spl) (top and middle 
samples) in comparison with wild type (bottom sam
ple). Arrow points to the splenic hilus. B, Frozen 
sections of young adult spleens from wild-type and 
Nkx2-3~'~ mutant mice were immunostained with 
anti-CD3 and anti-IgM for T and B cells, respectively. 
Note the mixed cell distribution in the mutant spleen. 
C, Frozen sections of young adult spleens from wild- 
type and Nkx2-3~'~ mutant mice were labeled with 
anti-CR1.2 (left panels) and anti-CXCL13 (middle 
panels) Abs to delineate FDCs producing CXCL13 
(merge, right panels) (n = 5, in two independent 
experiments). Scale bar, 250 |xm. D, How cytometric 
analysis of cellular composition in Nkx2.3~'~ and the 
wild-type spleen and pLNs. Representative examples 
illustrate the T-to-B cell ratio and proportion of 
CD62L (L-sel) expressing lymphocytes in mutant and 
wild-type control. Numbers indicate the percentages 
of cells in each quadrant of gated viable lymphocytes. 
The results are representative for three independent 
experiments with at least three mice each. Fo, follicle; 
Mz, marginal zone; PALS, periarteriolar lymphoid 
sheath; Rp, red pulp.

homing of mock-treated biotinylated lymphocytes in the spleen 
of Nkx2-3~/~ mutants was reduced compared with that in wild- 
type recipients, but more importantly, the homing of MEL-14 
mAb-treated CFSE-labeled cells to the mutant spleen was sig
nificantly blocked compared with wild-type recipients (Fig. 4B). 
The impaired homing activity of lymphocytes with blocked L- 
selectin function was indicated by a 3-fold decrease in the CFSE: 
biotin ratio in the Nkx2.3-deficient spleen but not in the wild-type 
spleen. The ratio in the mutant spleen was very similar to that in 
pLNs of wild-type or mutant mice, suggesting that the ectopic 
PNAd+ HEV-like vessels in the mutant spleen use L-selectin for 
lymphocyte homing. As expected, blocking L-selectin significantly 
reduces the ratio of CFSE:biotin-labeled cells in both wild-type 
and mutant pLNs, confirming that lymph nodes use L-selectin- 
dependent homing mechanism, regardless of the Nkx2-3 genotype. 
Interestingly, the biodistribution of variously labeled lymphocytes 
without MEL-14 blockade also revealed a striking parallel between 
the mutant spleen and pLNs, because the biotinylation of lympho
cytes favored their splenic homing in wild-type mice, whereas 
in pLNs, the frequency of CFSE cells was higher, resulting in a 
CFSE:biotin ratio <  1 in the wild-type spleen, and CFSE:biotin 
ratio >  1 in pLNs as well as in the mutant spleens, respectively.

Subsequent to the binding of L-selectin by PNAd, extravasation 
of lymphocytes in pLNs involves the arrest chemokine CCL21 
that is produced by HEV endothelium (38). To test whether the

HEV-like vessels in the mutant spleen also produce CCL21 che
mokine, spleen sections were subjected to double immunofluores
cence analysis by using anti-CCL21 and MECA-79 Abs. Similarly 
to pLNs, the majority of PNAdu  vessels in the mutant spleen 
coexpressed CCL21, which was additionally present on fibro
blastic reticular cells. In a normal spleen with no PNAd reactivity, 
the CCL21 expression was restricted to the central arteriole and 
fibroblastic reticular cells in the T cell zone (Fig. 4Cj. Thus, the 
CCL21 chemokine is readily available in ectopic PNAd+ vessels 
in mutant spleens, and it is likely to play a similar role in homing 
as for the HEVs in pLNs.

In addition to providing a microenvironment for the initial lod
ging of mobile lymphocytes during their splenic recirculation, 
the marginal zone also plays an important role in capturing blood- 
borne corpuscular Ags, including both encapsulated Gram
positive bacteria and Gram-negative E. coli (1). The abnormal 
vascular arrangement and the reported loss of marginal zone 
macrophages and a subset of B cells in Nkx2-3-mutant spleens 
(18-22, 26) prompted us to examine the clearance of bacteria by 
i.v. injection of fluoresceinated E. coli (39). Because of the lack of 
marginal zone macrophages and MAdCAM-1-positive sinus
lining cells as reference markers in the spleens of mice with

Impaired capture of blood-borne pathogens in the spleens of 
Nkx2-3_/_ mice
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6 Nkx2-3 DETERMINES THE VASCULAR PATTERNING IN THE SPLEEN

FIGURE 4. HEVs in Nkx2-3-/_ mice function as 
L-selectin-dependent exit ports to the spleen and 
express CCL21. A, CFSE-labeled lymphocytes (green) 
are localized to HEVs identified with MECA-79 
anti-PNAd mAh (red) in the Nkx2-3~'~ spleen 
(left) and pLN 30 min after i.v. injection. In the wild- 
type spleen (right), the lymphocytes are associated 
with the marginal zone visualized by IBL-11 mAh. 
Scale bar, 200 |xm; the results are representative for 
three independent experiments with at least three 
mice each. B, MEL-14 mAh against L-selectin 
reduces short-term homing to the spleen and pLN in 
Nkx2-3~'~ mice. CFSE-labeled cells were treated 
with MEL-14 mAh or control mAh and injected to
gether with biotinylated cells into wild-type or Nkx2- 
3~'~ mutant recipients as described in Materials and 
Methods. Representative examples are shown. Num
bers indicate the percentages of cells in the four 
quadrants. The lower diagram summarizes the results 
of three independent experiments performed with 
three to five mice for each genotype. The percentage 
data of retrieved cells were corrected by the ratio of 
CFSE:biotinylated cell percentages in the preinjec
tion mixture. Shaded bars, MEL-14 mAh; open 
bars, control mAh; **p <  0.001. C, The majority 
of PNAdhi HEVs (arrows) in both the mutant spleen 
(left) and control pLNs (middle) express CCL21 (red 
and green fluorescence, merged as yellow) in addi
tion to fibroblastic cells (arrowhead), whereas in the 
normal spleen (right), CCL21 expression is over
whelmingly restricted to the T zone fibroblastic 
reticular cells and central arteriole (asterisk) without 
detectable PNAd reactivity. Dashed lines demarcate 
follicles (scale bar, 200 |xm; the results are repre
sentative for three independent experiments with at 
least three mice each).

disrupted Nkx2-3, IBL-11 mAb against white pulp fibroblastic 
reticular cells was used, and IBL-11 mAb detects circumferential 
reticulum in wild-type mice and perivascular stromal cells in 
mutants (22, 26). Although efficient retention of bacteria in the 
marginal zone of wild-type animals was observed, capture of 
bacteria in the mutant spleens was markedly reduced (Fig. 5). 
These data indicate that the replacement of splenic marginal sinus 
and other splenic vessels with ectopic HEVs and the attenuated 
recirculation of lymphocytes in the Nkx2-3-deficient spleen are 
accompanied by a considerably reduced capacity to collect blood- 
borne pathogens, presumably because of the severe reduction of 
marginal zone macrophages in this mutation (20), which cells are 
closely associated with the marginal sinus in wild-type mice (1).

Ectopic HEVs in the spleen of the Nkx2-3_/_ mouse develop 
postnatally and require LT/3R activity

It has been previously reported that in the secondary lymphoid 
organs of adult Nkx2-3~/~ mouse MAdCAM-1 is absent, whereas

it is still detectable in mLNs of newborn mutants (19, 20). Under 
physiological conditions, MAdCAM-1 is similarly downregulated 
during postnatal maturation of HEVs in pLNs (40). In contrast, 
PNAd+ HEVs can also be induced to occur at an ectopic location 
upon chronic infection coupled with accumulation of lymphoid 
cells (41). To investigate whether the appearance of ectopic HEVs 
in a mutant spleen follows the same postnatal developmental ki
netics characterized by upregulated PNAd expression in place of 
MAdCAM-1 as in pLNs, we compared MAdCAM-1 and PNAd 
expression in mutant mice after birth using immunofluorescence 
analysis. At P0.5 (< l-d-old  neonates), spleens of both Nkx2-3- 
deficient and wild-type mice contained cell clusters expressing 
MAdCAM-1 but no PNAd (Fig. 6A). Significantly, the spleen of 
the Nkx2-3~/~ mutant at postnatal day 10.5 (P10.5) exhibited less 
MAdCAM-1, which was limited to a few dispersed vessels, si
multaneously expressing PNAd (Fig. 6B). This was in marked 
contrast to the wild-type spleen at P10.5 in which a considerable

D
ow

nloaded from
 w

w
w

.iim
m

unol.org on M
ay 22,2011

http://www.iimmunol.org


The Journal of Immunology 7

Sp\INkx2-3!- Sp\lwild-type

IBL-11/E. coli (20 min)

FIGURE 5. Impaired capture of blood-borne pathogens in the Nkx2-3- 
mutant spleen. A small number of i.v. injected fluoresceinated E. coli 
(green) are retained in the vessels (arrows) in the mutant spleen (left), 
whereas in control mice, a substantial accumulation can be observed in the 
marginal zone (arrowhead) outlined by IBL-11 mAb (red; scale bar, 500 
pm; the results are representative for three independent experiments with 
at least three mice each).

MAdCAM-1 reactivity was observed in the developing marginal 
sinus, but absolutely no PNAd-positive cells could be detected at 
any period. After the second postnatal week, no MAdCAM-1 
expression was observed in the mutant spleen, similarly to 
young adults (19, 20) (data not shown). Comparison of 
MAdCAM-1 and PNAd expression in the mutant spleen and in 
normal age-matched pLNs revealed that the kinetics of early 
postnatal shift of addressin expression were similar in both lym
phoid organs (Fig. 6B).

The appearance of pLN-like HEVs in Nkx2-3-mutant spleens 
in a fashion similar to the development of HEVs in pLNs prompted

FIGURE 6. pLN-like postnatal switch of addressin expression in splenic 
HEVs in Nkx2-3-deficient mice. A, Frozen newborn (P0.5) mutant and 
wild-type spleen sections were immunostained as indicated. Nuclei were 
stained with DAPI (blue). B, By postnatal day 10.5 (P10.5), the expression 
of MAdCAM-1 in the mutant spleen is limited to a few vessels that 
coexpress PNAd (top row, the quadrangle indicates the same area). In the 
wild-type spleen (middle row), MAdCAM-1 outlines the boundary be
tween white and red pulp; PNAd is not expressed. In wild-type pLNs 
(bottom row), most of the HEVs coexpress MAdCAM-1 and PNAd (left 
and middle panels). The pictures are representative of three independent 
experiments performed on three to five mice. Scale bars, 50 |xm.

FIGURE 7. The formation of ectopic HEVs requires the activity of 
LTflR. A, Frozen spleen sections from various genotypes from 4-wk-old 
mice were labeled with the Abs indicated at the top (representative result 
from staining performed on three separate occasions on three to five mice). 
Scale bar, 250 |xm; n = 5.B, Postnatal treatment of Nkx2-3-deficient mice 
with the LTflR-Ig decoy receptor disrupts ectopic HEV formation and 
abolishes MAdCAM-1 expression (top row). HEVs in mice treated with 
control human IgG (bottom row) express both MAdCAM-1 and PNAd 
(arrowheads) in addition to stroma-associated MAdCAM-1 (asterisk; scale 
bars, 200 |xm; n = 4; nuclei counterstained with DAPI).

us to investigate whether this shift of programming is restricted 
to the vasculature, or other elements in the mesenchymal anlage 
in mutant spleens also switch to pLN-like features, characterized 
by their dependence on signaling mediated by LT|3R (41, 42). To 
test whether LT|3R signaling influences the development of a 
spleen in Nkx2-3-mutant mice, we generated double-mutant mice 
lacking both LT|3R and Nkx2-3. These double-KO mice at 4 wk 
of age entirely failed to display PNAd-positive HEVs in their 
spleens in addition to lacking IBL-9/2 red pulp vessels (a trait 
shared with Nkx2-3-deficient mice) and MAdCAM-1 marginal 
sinus (a feature observed in both parent strains) (Fig. 7A). This 
result suggests that the formation of ectopic HEVs in a mutant 
spleen is dependent on LT|3R function similarly to pLNs; how
ever, as the spleen as a separate organ in these double mutants 
was present, we conclude that the nonvascular mesenchymal 
elements of splenic anlage can still develop, in contrast to the pLN 
formation blocked in the absence of LTfSR.

We and others have shown that administration of the LTfSR-Ig 
fusion protein to neonates effectively blocks postnatal vascular 
development in the murine spleen (26, 43). To test whether the 
pLN-like programming of splenic vasculature in Nkx2-3 mutants 
can be modulated postnatally, we applied this decoy receptor to
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8 Nkx2-3 DETERMINES THE VASCULAR PATTERNING IN THE SPLEEN

Nkx2-3-deficient mice on P0.5 and P3.5 and harvested spleens on 
P10.5. We found that postnatal interference with LTfSR activity 
also resulted in a significant reduction of PNAd expression in
dicative for less ectopic HEVs in the spleen (Fig. IB). Thus, the 
transformation of splenic vasculature to HEV-like vessels in an 
Nkx2.3-deficient mouse seems to follow a similar program that 
underlies vessel formation in pLNs.

Discussion
A common theme in the postnatal organization of structured 
secondary lymphoid organs is their compartmentalization into 
discrete regions of T or B cell dominance as a consequence of 
lymphocyte extravasation from specialized vascular segments. In 
this study, we provide structural, molecular, and functional evi
dence that the transcription factor Nkx2-3 plays a key role in 
determining the vascular identity of the spleen. The spleen in 
Nkx2-3-deficient mouse acquires pLN-like vessels, which struc
tures mediate L-selectin-dependent homing. These observations 
suggest an unexpected plasticity among the developmental pro
grams that control the vasculature of peripheral lymphoid organs. 
The importance of the homeodomain transcription factor Nkx2-3 
in the correct splenic vessel development is most strikingly il
lustrated by the redless spleen lacking nearly all of the red pulp.

In contrast to vessel formation in pLNs, little is known about 
vascular patterning in the spleen (1, 2,4). A characteristic vascular 
segment formed during the early postnatal period in the rodent 
spleen is the marginal sinus composed of MAdCAM-1-positive 
cells (2, 44, 45). Allocation of MAdCAM-l+ cells to the marginal 
sinus in the mouse spleen (43) is controlled by several signals and 
regulators, including Nkx2-3, which can probably activate the 
transcription of MAdCAM-1 directly (19). Inactivation of Nkx2-3 
function affects the expression of MAdCAM-1 and also the for
mation of the spleen and Peyer’s patches. In contrast, loss of LTa 
or LTfSR blocks embryonic development of virtually all peripheral 
lymphoid organs, including the white pulp stroma of the spleen; 
however, segregation of vasculature into red pulp and white pulp 
territories takes place independently from LTfSR ligands (14, 15, 
17). The Nkx2.3-null mutation causes a particularly severe defect 
in splenic vasculature affecting all vascular segments in the red 
pulp, marginal zone, and white pulp as well (26). It results in 
nearly complete loss of red pulp vascular beds and disturbed white 
pulp architecture, thus offering the opportunity to analyze the 
putative role of red pulp on morphogenesis of the white pulp.

The Nkx2-3~'~ mutant spleen contains vessels that fulfill the 
morphological and functional criteria of HEVs that are normally 
present only in pLNs. According to our qPCR data, these unusual 
splenic HEVs use predominantly GlyCAM-1 besides some other 
PNAd core proteins but no or very little MAdCAM-1 as homing 
receptor (28-33). Replacement of MAdCAM-1 by PNAd in the 
spleen of the Nkx2-3~'~ mouse occurs postnatally, suggesting that 
early MAdCAM-1 expression may either not be controlled by 
Nkx2-3 or, alternatively, may be regulated by coexpressed proteins 
such as Nkx2-5, providing redundant functions. Besides Nkx2-3, 
expression of MAdC AM-1 is influenced by other regulators, such as 
relB/NF-KB (46), because NF-kB loss of function mutations in mice 
also lead to loss of marginal sinus-associated MAdCAM-1 ex
pression (46,47). In this context, NF-kB appears to act downstream 
of LTpR-mediated signals (41, 48). Preliminary gene expression 
analysis in Nkx2-3~'~ mice failed to provide evidence for loss of 
LT-related ligands or receptors in agreement with the presence 
of splenic FDCs (20, 49), which depend on LTfSR activity (23). 
Similarly to previous findings, we also confirm that although in 
Nkx2-3-mutant mice FDCs are present and produce CXCL13 
chemokine (20), yet no follicles are formed, indicating that

CXCL13 production needs to be complemented with Nkx2-3- 
dependent processes to promote follicle development in the spleen. 
According to this observation, Nkx2-3 does not seem to act up
stream of lymphotoxin signaling, and it may indeed function in 
a parallel regulatory pathway. However, both regulators are dis
pensable for embryonic development of the mesenchymal spleen 
anlage, because in a double-mutant mouse the spleen is present.

It has been suggested that MAdCAM-1 glycoprotein in wild-type 
mice may be instrumental for proper clustering of endothelial cells 
(43). Because HEV-associated MAdCAM-1 is still present in the 
Nkx2.3_/_ mutant spleen during the first two postnatal weeks when 
the white pulp and marginal zone architecture is established (25,44, 
45, 50), it is reasonable to assume that loss of additional, yet un
identified, proteins contributes to the adult spleen phenotype in this 
mutation. This view is in line with the observation that MAdCAM- 
1-deficient mice exhibit apparently no major alterations of the 
splenic architecture (51). Importantly, the regulation of MAdCAM- 
1 expression by Nkx2-3 appears to be different for endothelial cells 
and other cells, such as FDCs, because FDC-associated MAdCAM- 
1 expression is preserved in mutant Peyer’s patches (20), whereas 
the HEV-associated MAdCAM-1 production is abolished, similarly 
to HEVs in mLNs. Thus, the differential effects of the absence of 
Nkx2-3 on the expression of MAdCAM-1 mRNA in pLN of wild- 
type and Nkx2-3-mutant mice (where mutants had a higher level) 
compared with mLNs (where wild-type mice showed a higher level 
of expression) is probably caused by the enlarged germinal centers 
containing MAdCAM-l-positiveFDCs in pLNs of Nkx2-3 mutants 
and the presence of highly MAdCAM-1 -positive HEV s in the wild- 
type mLNs, respectively.

The transformation of splenic vasculature into pLN-like vessels 
as a result of the Nkx2-3 gene disruption emphasizes the importance 
of correct vessel formation for spleen ontogeny in mammals. The 
red pulp is formed during embryonic development when Nkx2-3 is 
expressed (15, 20), whereas expansion and compartmentalization 
of white pulp occur postnatally when Nkx2-3 expression is already 
downregulated. This scenario suggests that in the embryonic spleen 
Nkx2-3 may be directly responsible for the development of the red 
pulp sinus network that ascertains blood supply essential for tissue 
growth. Nkx2-3 also seems to be required to set up early progenitor 
cells for the correct vasculature in white pulp. Whether or not the 
function of Nkx2-3 in this process is to actively promote the ap
propriate cell fate for white pulp endothelium or to suppress HEV- 
fated endothelial progenitors is currently unclear. Alternatively, 
Nkx2-3 may play a role that affects postnatal development of the 
splenic vasculature in a non-cell-autonomous fashion, for instance, 
by changing stromal signals. However, the transformation of splenic 
vasculature to contain HEV-like vessels in the mutant spleen is not 
simply the consequence of defective red pulp development, as it is 
observed in BALB/c mutants that retain some red pulp and in Nkx2- 
3 mutants on other genetic backgrounds where red pulp is also 
present. In addition to the altered vascular organization, other cel
lular compartments including marginal zone macrophage subsets 
are also affected, leading to major functional deficits in lymphocyte 
recirculation and pathogenic uptake, and may explain defective 
immune responses in Nkx2-3-mutant mice (49). Taken together, 
our observations clearly demonstrate that Nkx2-3 is an important 
factor for the distinct vasculature in spleens well beyond the regu
lation of MAdCAM-1 by possibly determining the embryonic 
vascular patterning and recirculation activity in this secondary 
lymphoid organ.
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Marginal Zone Macrophage Receptor MARCO Is Trapped 
in Conduits Formed by Follicular Dendritic Cells in the 
Spleen
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Summary
The marginal zone (MZ) region of the spleen plays an important role in leukocyte traffic and the removal of blood-borne 
pathogens by resident macrophages. Macrophage receptor with a collagenous structure (MARCO), expressed by MZ  
macrophages, recognizes several microbial ligands and is also involved in the retention of MZ B cells. Here, we report 
that MARCO is also associated with follicular dendritic cells (FDCs) in the spleen. In its FDC-associated form MARCO is 
arranged in 0.3-0.5-pm diameter granular-fibrillar structures with an appearance similar to the white pulp conduit system 
formed by fibroblastic reticular cells (FRCs), but with different compartment preference. The follicular display of MARCO  
resists irradiation and requires the presence of both MZ macrophages and differentiated FDCs. The follicular delivery of 
MARCO is independent from the shuffling of marginal zone B cells, and it persists after dodronate liposome-mediated 
depletion of MZ macrophages. O ur findings thus indicate that MARCO is distributed to both MZ and follicles within 
the spleen into conduit-like structures, where FDC-bound MARCO may mediate communication between the stromal 
microenvironments of MZ and follicles.

Keywords
MARCO, marginal zone macrophages, follicular dendritic cells, conduit

Introduction

The splenic marginal zone (M Z) is a com plex anatomic 
compartment o f  the spleen in  both humans and m ice, where 
both innate and adaptive im m une responses are generated  
against blood-borne pathogens. The innate im m une 
responses are m ediated by  resident m acrophages, w hich  
display a range o f  pattern-recognition receptors, whereas 
adaptive im m une reactions involve specialized  M Z B  cells  
(M ebius and Kraal 2005; Kraal and M ebius 2006).

M Z m acrophages are c losely  associated w ith M Z B  
cells that react preferentially w ith  a restricted set o f  anti
gens associated with encapsulated bacteria in a T cell-inde
pendent manner. In addition, M Z B  cells are also involved  
in the follicular delivery o f  soluble antigens, thus contrib
uting to the initiation o f  germinal center reactions w ithin

the fo llic les o f  w hite pulp (Kraal and M ebius 2006). Here, 
follicular dendritic ce lls (FD C s) provide directional cues 
via  the production o f  the CXCL13 chem okine and also the 
adhesion m olecules for m igration o f  B  and TpH cells as 
w ell as survival factors and antigenic fragments retained 
on their surface; this creates a suitable environm ent for the 
clonal expansion o f  activated B  lym phocytes (Fu et al. 
1998; A nsel et al. 2000; C inamon et al. 2008). B oth  the 
differentiation o f  FD C s and the formation and preservation
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o f  proper architecture o f  the splenic M Z depend on  the 
presence o f  B  ce lls fo llow ing the early postnatal period  
w hich , in  turn, sign ificantly  in fluence the organism ’s 
capacity to establish effective humoral im m une responses 
(Kapasi et al. 1993; Fu et al. 1998; M ackay et al. 1998; 
B alogh  et al. 2001; N o lte  et al. 2004).

W ithin the murine M Z, tw o m ain macrophage subsets 
can be distinguished according to their tissue location and 
phenotypic characteristics, and are arranged around the 
m arginal sinus lining cells , w hich  express M AdCAM -1  
(m ucosal vascular addressin cell-adhesion  m olecule 1) 
(M ebius and Kraal 2005; Kraal and M ebius 2006). The fo l
licular aspect o f  the M A d C A M -l+ sinus-lining ce ll region  
contains m etallophilic m acrophages, w hich  express sialo- 
adhesin (Sn)/C D 169 and other ligands for the cysteine-rich  
dom ain o f  m annose receptor (C R -M R /C D 206). The red 
pulp aspect o f  the M A dC A M -1+ marginal sinus M Z con
tains m acrophages (M ZM s) expressing m acrophage recep
tor w ith collagenous structure (M ARCO ) and SIG N -R 1/ 
C D 209 (M ebius et al. 2004; Martinez-Pomares and Gordon 
2012). A lthough SIGN-R1 and M ARCO  are co-expressed  
largely by the sam e M ZM  subpopulation, the developm ent 
o f  M ARCO + m acrophages is independent from  the activity  
o f  macrophage co lony stimulating factor (M -C SF), as op / 
op  m ice w ith defective M -C SF production still present 
M A R C O + m acrophages but both SIG N -R 1+ M ZM s and 
Sn/C D 169+ m etallophilic macrophages are absent (Ito et al. 
1999). M ARCO  belongs to the C lass A  scavenger receptor 
fam ily, w hich  can also be induced by red pulp m acro
phages by  exposure to TLR4 ligands (Elom aa et al. 1995; 
Kraal et al. 2000).

Several cellular and m olecular connections betw een the 
M Z and fo llic les contribute to the initiation o f  im mune 
responses. M Z B  cells regularly enter the fo llic les and 
deliver com plem ent-coated antigens onto FD C s (Cinam on  
et al. 2008), during w hich  SIG N -R 1, expressed by MZ 
m acrophages, m ay bind com plem ent C lq  and lead to the 
subsequent local activation o f  the com plem ent system  
(Kang et al. 2006). In addition, soluble ligands for CR-M R  
released from m etallophilic m acrophages m ay also  be 
transported into fo llic les in im m une responses, thus p ossi
b ly  representing a m echanism  for the delivery o f  manno- 
sylated antigens fo llow ed  by FDC-m ediated capture 
(Taylor et al. 2005). Therefore, both SIGN-R1 and Sn/ 
CD 169 produced by MZ m acrophage subsets have been  
im plicated in  antigen transport processes from the mar
ginal zone towards the fo llic les. M ARCO , however, 
although prom inently displayed by M Z m acrophages, has 
not been  investigated as a potential contributor in  
M Z -follicular com m unication. In this paper, w e  studied 
whether M ARCO is involved  in  a transport route connect
ing M Z to fo llic les. W e found that, in  a tissue-specific  
fashion, M ARCO  m ay be distributed to FD C s in  a process 
requiring differentiated FD C s and proper M Z architecture,

and its retention by  FD C s differs from  that o f  activated  
com plem ent C4.

Materials & Methods

M ice and Tissue Sam ples

W ild-type B A L B /c m ice at various ages w ere obtained  
from the SPF U nit o f  the Faculty o f  M edicine. Nkx2-3''A 
m ice (Pabst et al. 1999) w ere backcrossed onto B A L B /c  
background through 14 generations and genotyped as 
described (C zom poly  et al. 2 0 1 1 ), and m aintained at 
the Department o f  Im m unology and B iotechnology. 
L ym photoxin  beta-receptor (LT|3R )-deficient m ice  
(Futterer et al. 1998) w ere kindly provided by Dr. Falk  
W eih (Jena, Germany). RA G  1-deficient m ice w ere pur
chased from  The Jackson Laboratory (W est Grove, PA ). 
Clodronate liposom e treatment (from  ClodronateLiposom e. 
org; Amsterdam, The Netherlands) w as performed as pre
v iou sly  described (van R ooijen and van N ieuw m egen  
1984). A ll procedures involving live  animals w ere con
ducted w ith the approval o f  the Ethics Com m ittee on  
A nim al Experim entation o f  the U niversity o f  Pecs. Spleen  
tissue sam ples from m ice deficient for CXCL13 and 
CXCR5 (Forster et al. 1996; A nsel et al. 2000) and express
ing mutated S1PR 1tss (A m on et al. 2011) w ere kindly pro
vided by Dr. Jason Cyster (San Francisco, CA).

Antibodies and Reagents

Rat m A h against m ouse fibroblastic reticular ce ll mark
ers (c lon e  ER -TR 7) w as k ind ly  provided by  D r W illem  
van E w ijk  (Rotterdam , The N etherlands). A nti-m ouse  
Thy-1 (c lon e IB L -1) and anti-M A R C O  (clo n e  IB L -12) 
m A bs w ere d eveloped  in  our laboratory (B a logh  et al. 
1992; K ve ll et al. 2006 ). Rat m A h against m ouse C4 
(c lon e F D C -M 2) w as provided  b y  Dr. Andras K. Szakal 
(T aylor et al. 2 0 0 2 ). FITC -conjugated anti-m ouse  
C D 21/35  m A h (c lon e 7G 6) w as purchased from  B D  
B io sc ien ces  (S o ft F low  Kft; P ecs, H ungary). For m ulti
color im m unofluorescence IB L -12 m A h w as conjugated  
w ith  FITC or C y3 according to standard procedures. 
U nlabeled  rat m A bs w ere detected  w ith  phycoerythrin- 
conjugated  or F IT C -labeled  goat anti-rat IgG  purchased  
from  B D  B ioscien ces .

Visualization o f  Splenic Conduit

Ovalbumin (O V A ) (Sigm a-Aldrich; Budapest, Hungary) 
w as used as a low -m olecular w eight tracer, labeled w ith  
FITC according to standard procedures. For conduit mark
ing, m ice w ere first intravenously injected w ith unconju
gated O V A , fo llow ed  by FITC-O VA, as described (N olte  
et al. 2003). A fter 10 m in, the spleens w ere rem oved,
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snap-frozen and w ere processed for dual fluorescence 
labeling o f  the conduit system  and M ARCO using a IBL- 
12 Cy3 conjugate.

Im m unofluorescence Staining

Frozen and acetone-fixed, 7-pm -thick sections from spleen  
and lym ph nodes em bedded in  K illik  cryom edium  were 
blocked w ith 5%  B S A  in  PBS for 20  min. The single- and 
dual-label im m unofluorescence procedures on frozen sec
tions from lym phoid tissues have been  described previ
ously  (K vell et al. 2006). For control rat IgG at 10 pg/m l 
w as used. After m ounting, the sections w ere v iew ed  under 
an Olym pus B X 61 fluorescence m icroscope (Olym pus 
Optical Co.; Tokyo, Japan). The acquisition o f  digital p ic
tures w ith  a CCD camera w as performed using the analy
sis software; the pictures w ere processed  using A dobe  
Photoshop 6 .0  (A dobe System s Inc., San Jose, CA) with  
adjustments for brightness, contrast and black level applied  
equally to all im ages.

Confocal M icroscopy Analysis and M orphom etric 
Analysis

C onfocal fluorescence im ages were taken using an Olympus 
F luoview  F V -1000 laser scanning confocal im aging sys
tem. Three dim ensional reconstructions o f  Z-stacks were 
assem bled in the Bitplane Imaris 4 .2  software (Bitplane 
AG; Zurich, Switzerland) at the optical section thickness o f  
0.45 pm. Colocalization was analyzed w ith the ImageJ soft
ware (NIH, Bethesda, M D ) using the colocalization plug-in  
as described elsew here (Talaber et al. 2009). Briefly, spe
cific staining w as distinguished from background based on 
pixel fluorescence intensities, and the colocalizing p ixels  
were then counted on overlaid im ages. The rate o f  colocal
ized  M ARCO was determined as colocalized  pixels/all 
M ARCO+ pixels.

Bone m arrow  chim eras

Fetal liver ce lls  from  E 14.5  em bryos or the bone marrow  
from  2 -w eek -o ld  W istar rats w ere iso lated  by co llage-  
nase d igestion  or m echanical disruption (using a 25 -gauge  
n eed le attached to a 2 m l syringe) and w ere used  as donor 
ce lls  for hem atopoietic reconstitution  (B alazs et al. 
1998). R ecip ien t B A L B /c m ice  w ere irradiated at 10 G y  
in  sp lit d osage adm inistered 6 hr apart calcu lated  at the 
m idline lev e l o f  the anim als u sing C o60 source at the 
Departm ent o f  O ncotherapy. The m ice w ere then g iven  
an intravenous in jection  o f  5><106 rat ce lls  in  the vo lu m e  
o f  20 0  pi D M E M  v ia  the tail vein . F o llow in g  reconstitu
tion, the m ice w ere provided w ith  ciprofloxacin  
(C iprobay® ; B ayer Healthcare; B erlin , G erm any) in  
their drinking water.

Flow Cytom etry

L ym phocytes, isolated from  the sp leen  or peripheral 
lym ph nodes (pL N ), w ere incubated w ith m A bs against 
com plem ent factor C 4 (clone F D C -M 2) or M ARCO  
(clone IB L -12) as an undiluted hybridom a supernatant, 
fo llow ed  by PE-conjugated goat anti-rat IgG  (B D  
Pharmingen; San D iego , C A ). A fter w ashing, the residual 
binding sites o f  secondary reagent w ere saturated with  
50*  diluted norm al rat serum, and w ere further incubated  
w ith a cocktail o f  FITC -labeled an ti-C R l/2  (clone 7G 6  
from B D  Pharmingen), A lexa  Fluor 647-labeled  anti- 
B 220  m A h and biotinylated rat anti-m ouse IgM  (clone  
B 7.6  from  ATC C ) in  conjunction w ith  streptavidin-PE- 
C y5.5 (B D  Pharmingen). In hem atopoietic chim eras, the 
degree o f  chim erism  w as determined six  w eeks after 
reconstitution by flow  cytom etry o f  peripheral b lood  leu
kocytes using FITC-conjugated rat m Ah against m ouse  
C D 45 (clone IB L -5/25, produced in  our laboratory) and 
anti-rat C D 45 (clone O X -1), as described (B alazs et al. 
1998). A fter incubation and w ashing, the sam ple w as 
hem olyzed  using B D  B iosciences lysing  solution and 
fixed  in  1% buffered paraform aldehyde. A t least 10,000  
lym phocytes w ere co llected  by  a B ecton-D ickinson  
FACSCalibur cytom eter (B D  B iosciences; Franklin 
Lakes, NJ) and analyzed using the C ellQ uest software 
gated on  FSC /SSC  to distinguish betw een lym phoid and 
m yelo id  cells.

Results

Tissue-specific D isplay o f  M A R C O  in Lym phoid  
Follicles

Previous observations indicated that various anti-M ARCO  
antibodies, in  addition to robust M Z macrophage labeling, 
show  a specific reticular reactivity w ithin the fo llic les  
(K vell et al. 2006; Birjandi et al. 2011). To study this pat
tern in  m ore detail, w e  first investigated the expression o f  
M ARCO in other peripheral lym phoid tissues. W e con
firmed that, in the spleen, M ARCO could also be observed  
in fo llic les , in  addition to its presence in the MZ (Fig. 1 A ). 
In contrast, in pLN , M ARCO w as absent from both the fo l
lic les and subcapsular planar floor (Fig. IB ). In P eyer’s 
patches, w e  found no discernible staining for M ARCO  (not 
shown).

In the spleen, the fo llic le-associated  M ARCO  had a 
strikingly different fine, thin, reticular m orphology com 
pared w ith  the strong ce ll m em brane-associated labeling  
in the M Z. H igh-pow ered inspection by im m unofluores
cence revealed that M ARCO  in fo llic les  is arranged in  
0 .3 -0 .5 -p m  diameter branching fibrillar structures, w ith  
frequent granular enhancem ent o f  reactivity along the 
fibrils (Fig. 1C).
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Figure I. Differential expression of 
MARCO in follicles in lymph nodes and 
spleen. In spleen (Spl) (A), MARCO 
is strongly expressed in the marginal 
zone (MZ) macrophages (arrow), and 
in fine reticular form  in the white pulp 
(arrowheads). In peripheral lymph nodes 
(pLN) (B), only medullary macrophage 
cords show intense cellular MARCO 
reactivity. High-powered fluorescent 
labeling of splenic sections (C) shows a 
continuous MARCO-positive fibrillary 
structure w ith granular enhancement 
of reactivity, in addition to  the strong 
MZ labeling, as indicated by the arrow 
(n=4). Bar size in A, B=I00 pm, in 
C= 10 pm.

Follicular M A R C O  in the Spleen Is Associated  
with an FD C -b a sed  Conduit

W e hypothesized FDCs as the probable candidate follicular 
stromal cell type that m ight be involved in  the reticular dis
p lay o f  M ARCO within the splenic follicles. U sing dual 
im m unofluorescence, w e found a close association between  
FDCs expressing a high level o f  CR1/2 (C D 21/35) and retic
ular M ARCO separate from the T -cell zone (Fig. 2A ). The 
follicular M ARCO appeared as a long, thin, linear reactivity, 
which, at higher power inspection, w as revealed as a granu
lar deposition arranged along impressions on the FDC cell 
membrane with occasional branching (Fig. 2B -2D ). Three
dimensional reconstitution also indicated that follicular 
M ARCO is retained in granular-fibrillar arrangement on the 
FDC surface (Fig. 2E). W e also observed a similar co-local
ization using the FDC-M 2 m Ah against activated com ple
m ent factor C4 as a passively acquired ligand for FDCs (Fig. 
2F-2G ). Morphometric quantitation revealed that approxi
m ately 60% o f  M ARCO co-localizes w ith FDCs either as 
C R l/2 h'8h or F D C -M 2-positive ce lls (Fig. 2H ), whereas 
approximately 10-20%  o f  FDCs associate w ith MARCO.

This reticular staining raised the possibility that some 
MARCO might be associated with the splenic conduit system, 
a network established by fibroblastic reticular cells (FRCs) 
(Nolte et al. 2003; Lokmic et al. 2008). The conduit system  
can be identified by its reactivity with ER-TR7 mAh; there
fore, w e double-stained splenic sections with anti-MARCO 
and ER-TR7 m Abs. W e found only occasional association 
between ER-TR7 reactivity and follicular M ARCO expres
sion (11% o f  follicular M ARCO colocalizes with ER-TR7; 
data not shown), indicating that the physical platform that 
retains MARCO in the follicles is m ostly distinct from the 
conduit system created by the FRC network (Fig. 21). In addi
tion, in vivo tracing o f  the conduit system by FITC-OVA also 
revealed that the follicular M ARCO-positive compartment 
contained very little fluorescent O V A  tracer, w hile FITC- 
O V A  readily dissipated into the conduit network within the 
periarteriolar region, with only occasional co-labeling for 
MARCO (Fig. 2J). The combined in vivo O V A  accumulation 
and M ARCO immunofluorescence thus indicates that there is 
a clear segregation between the B-zone-associated M ARCO
positive fibrils and T-zone-associated conduit, although some 
communication m ay exist between the two structures.
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Figure 2. Follicular expression of MARCO is associated with follicular dendritic cells (FDCs). (A) A  representative sample of young 
adult spleen labeled fo r T  cells (blue, Thy- I/CD90), FDCs (green, CRI/2) and MARCO (red) show the orientation (bar size, 50 pm). High- 
powered magnification o f CR112 reactivity reveals long linear impressions on the FDC membrane (in B indicated by arrows, bar size= 10 
pm) filled w ith MARCO-containing granules (C). The merged picture (D) shows the area outlined in (C). (E) 3D reconstitution of Z-stacks 
of a 15-pm-thick section reveals close spatial relationship between FDCs (green) and follicular MARCO (red). (F, G) Complement factor 
C4 (FDC-M2) bound to  FDCs also co-localizes w ith MARCO-positive fibrils, w ith the area outlined in (F) represented in (G) (bar size in 
F, 50 pm). (H) Bar diagram showing the ratio (mean ± SEM) of intrafollicular MARCO co-localized with CR I/2 o r FDC-M2 (open bars) 
and CR I/2 o r FDC-M2+ FDCs associated w ith MARCO (filled bars) in young adult mouse spleen, quantified as described in Materials and 
Methods (n=5-7). T-zone-associated conduit material stained with the fibroblastic reticular cell marker ER-TR7 (I) o r in vivo tracing with 
FITC-conjugated ovalbumin (FITC-OVA) fl) indicates only sparse co-labeling (n=5; bar size, 10 pm).
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MARC0/CR1.2 Figure 3. Follicular display of MARCO 
requires mature follicular dendritic cells 
(FDCs) and marginal zone (MZ). Splenic 
sections from wild-type spleen (A) o r 
from mice w ith various mutations 
(indicated in each micrograph, B-D) 
that affect the splenic architecture are 
shown. The association between CRI/2 
(red) and MARCO (green) in W T  
spleen (A) is indicated (arrow). Mice 
w ith blocked lymphoid development 
(RAG I-deficient mice, B) lack mature 
FDCs expressing CR I/2 and follicular 
MARCO+ conduits, but contain MZ 
macrophages. Mice deficient fo r LTpR 
(C) have disorganized white pulp and 
MZ structure, and lack white pulp- 
associated MARCO. Nkx2-3-deficient 
mice (D) are unable to  establish 
follicular MARCO-positive conduits 
in the absence of MARCO-positive 
MZ macrophages (n=5 from each 
genotype). (E) Clodronate liposome- 
mediated depletion o f MZ macrophages 
efficiently depleted the producer cells 
within 48 hr, whereas the follicle- 
associated MARCO persisted in a close 
association w ith FDCs. (F) Ten days 
later, both follicle-associated MARCO 
and partial MZ repopulation by 
MARCO-positive MZ macrophages can 
be observed (n=6). Arrows in A, E and F 
point to  follicular MARCO; arrowhead 
in F indicates a MARCO-expressing MZ 
macrophage. Bar size, 50 pm.

The Follicular M A R C O  Deposition Requires Both 
M ature F D C s  and M Z  M acrophages

The parallel presence o f  follicular M ARCO in spleen and 
its robust M Z-associated expression prompted us to deter
m ine w hich cells are required for this coupled display.

U sing im munofluorescence, w e first compared the distri
bution o f  M ARCO in adult wild-type animals (Fig. 3A ) to 
m ice with various mutations (hematopoietic or stromal) that 
affect the formation o f  white pulp or the MZ. Hematopoietic 
alterations in  R agl'1' m ice include the absence o f  mature T 
and B  cells, w hich leads to atrophic white pulp formation 
and a blockade o f  FDC maturation (Fu et al. 1998). Stromal 
defects in  m ice lacking the Nkx2-3 hom eodom ain transcrip
tion factor (M x 2 .3 v‘) show  defective M Z but w ith preserved 
differentiation o f  FDCs (Pabst et al. 1999; C zom poly et al.

2011). Finally, in mutants lacking lymphotoxin beta-receptor 
(ItbrA m ice), the M Z is severely disturbed and FDCs are 
absent (Futterer et al. 1998).

In R agl'1' m ice, w e  found that, despite the presence o f  
com plete M A R C O -positive M Z m acrophage ring, there 
w as no detectable M ARCO -deposition within the small 
w hite pulp area (Fig. 3B). A s expected, C D 21/35-positive  
FD C s and B  cells were absent.

Although Itbr'1' m ice have a more discernible white pulp 
area, they lack CD21Ugh FDCs, and no reticular M ARCO- 
reactiv ity  cou ld  be observed, desp ite the presence o f  
scattered C D 21dim B  cells . A lthough som e clusters o f  
M ARCO-positive cells were present at the boundary between  
the white pulp and red pulp, these cells did not form a con
tinuous rim (Fig. 3C). In an inverse fashion, in Nkx2-3~/~ 
spleen samples demonstrated the presence o f  compacted
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Figure 4. Postnatal kinetics of the establishment of follicular MARCO-positive conduits. Multiple immunofluorescence on splenic sections 
from neonatal (P0.5, A-C), I-week-old (P7, D-F) and 2-week-old (G-l) mice are shown. B cells (blue) and follicular dendritic cells (FDCs; 
green) illustrate the gradual organization of follicles (A, D and G; bar size, 100pm). MARCO staining (red) identifies MZ macrophages and 
follicular MARCO-positive conduits (high-power magnification in C, F and I corresponds the white rectangles in B, E and H; n=5).

FDCs with intense CD21 expression, yet no FDC-associated  
M ARCO could be detected. In these m ice, only scattered 
M ARCO-expressing cells were present in the spleen, without 
any characteristic appearance o f  M Z macrophages (Fig. 3D). 
Furthermore, the intravenous administration o f  clodronate 
liposom es (van Rooijen and van N ieuw m egen 1984) resulted 
in  the depletion o f  M A R C O -positive M Z m acrophages 
within 48 hr, yet follicular M ARCO persisted, and remained 
detectable until 10 days, when the MZ M ARCO-positive 
macrophages started to repopulate the M Z (Fig. 3E-3F).

A s the splenic stromal architecture in m ice is established 
after birth with characteristic maturation sequence o f  both 
FDCs and MZ macrophages (Balogh et al. 2001; N olte et al. 
2003), next w e studied the time course o f  the follicular

M ARCO emergence during the postnatal period in wild-type 
m ice (Fig. 4). U sing triple immunofluorescence for MARCO, 
FDC-associated CR1/2 (C D 21/35) and B 220 as B -cell 
marker in neonatal (P0.5), day 7 (P7) and day 14 (P14) 
spleens, respectively, w e found that, in neonates, despite the 
presence o f  the M ARCO-positive rim separating the red pulp 
and white pulp regions, there were no conduit-like M ARCO  
components in the white pulp (Fig. 4A -4C ). The immature 
stage o f  the follicles was revealed by the absence o f  FDCs 
and the perivascular accumulation o f  B  cells. B y  P7, focal 
FDC maturation was evident by the appearance o f  small 
C R l/2-positive foci, and the presence o f  small, discontinu
ous, M ARCO-positive granules in the white pulp area where 
discrete B  ce ll clusters had formed (Fig. 4D -4F). B y
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the second w eek, fully developed follicles with extensive 
C R l/2-positive reticula were present, containing deeply pen
etrating M ARCO-positive fibrils (Fig. 4G-4I). Taken 
together, these findings indicate that both organized MZ 
macrophages, which produce large quantities o f  MARCO, 
and mature FDCs are required together for the follicular 
deposition o f  MARCO. For the establishment o f  follicular 
M ARCO-positive conduits, the em ergence o f  mature FDCs 
appears as the rate-limiting event, which coincides with the 
establishment o f  B  cell follicles.

Long-term Follicular Retention o f  M A R C O  by 
F D C  Reticulum

A s  FDCs in m ice have been demonstrated to be resistant to 
irradiation (Humphrey et al. 1984), next w e tested whether the 
replacement o f  m ouse hematopoietic cells with rat-derived 
leukocytes could affect the distribution o f  MARCO. Using  
either rat fetal liver (FL) or young adult bone marrow as a 
donor tissue, w e found a high degree o f  rat chimerism six 
w eeks after reconstitution in the peripheral blood in both lym 
phoid and m yeloid lineages (Fig. 5A). In the immunofluores- 
cent evaluation o f  the chimeric spleens, w e observed deeply 
penetrating follicular M ARCO associated with intensely 
C R l/2-positive cells. However, this CR1/2 staining between  
the chimeric and control samples was clearly different, as in 
chimeric spleens the CR1/2 labeling was restricted to the radi
ation-resistant FDCs (Fig. 5B), whereas in control samples, B  
cell-associated  staining for C R 1/2 w as also detectable 
(Fig. 5C). Subsequent immunohistochemical analysis o f  the 
anti-MARCO rat m Ah on wild-type rat spleen sections 
excluded its reactivity with the rat counterpart (not shown), 
indicating that the follicular M ARCO in chimeric m ice was o f  
m ouse origin. Therefore, w e conclude that, despite the over
whelm ing replacement o f  circulating m yeloid and lymphoid 
lineage cells in their blood, m ouse M ARCO was retained by  
radiation-resistant FDCs in irradiated chimeras.

M Z  6 cells D o  N o t Transport M A R C O  into 
Follicles

M Z B  cells are know n to transport com plem ent-coated  
soluble antigens for FDC-m ediated retention w ithin the 
fo llic les (Ferguson et al. 2004; Cinamon et al. 2008). This is 
thought to occur under the guidance o f  BLC/CXCL13

chem okine binding to its receptor, CXCR5, in  a process also 
requiring the desensitization o f  M Z B  ce lls’ S1PR1 receptor 
through its C-terminal region (A m on et al. 2011). To inves
tigate whether M Z B  cells also deliver M ARCO for follicu
lar display, first w e tested i f  MZ B  cells co-express MARCO. 
U sing multicolor flow  cytometry, w e found that M Z B  cells 
(identified as B 220+, IgMhigh and C D 21Ugh subset absent in 
pLNs) do not display M ARCO, w hile they clearly express 
membrane-associated com plem ent component C4 (Fig. 6A ), 
as reported earlier (Cinamon et al, 2008). [3].

N ext, w e tested how  blockade o f  the CXCL13/CXCR5 
chemokine signaling pathway affects the follicular deposition 
o f  MARCO. W e found that M ARCO was restricted to the 
marginal zone in both CXCL13 and CXCR5 deficiencies (Fig. 
6B-6C), in addition to the ring-like distribution o f  B  cells and 
the absence o f  FDCs (Forster et al. 1996; A nsel et al. 2000).

In contrast to these tw o mutants, in S1PR1tss m ice, 
where a TSS tripeptide replaces the A A A  sequence in the 
C-terminal region o f  S1PR1 receptor, FDCs develop, and 
follicles form. Furthermore, the MZ B  cells are blocked  
from entering the follicles and deposit captured immune 
com plexes on the surface o f  FDCs (A m on et al. 2011). W e 
found that, despite the follicular exclusion o f  M Z B  cells, 
S1PR1tss m ice had abundant follicular d isp lay o f  M A R C O  
sim ilar to  w ild -typ e m ice  (F ig . 6D , 6E). Taken together, 
these findings suggest that M ARCO  is deposited w ithin the 
fo llic les without the involvem ent o f  M Z B  cell m ovement. 
On the other hand, the CXCR5/CXCL13-driven B  cell 
migration into the developing white pulp territory is neces
sary for the follicular deposition o f  M ARCO through the 
induction o f  FDC reticula.

D iscu ss io n

In our present work, w e  describe the follicular distribution 
o f  M ARCO, a marginal zone m acrophage-associated scav
enger receptor in m ouse spleen, w hich m ay point to the 
existence o f  a tissue-specific transport system  within splenic 
fo llicles. M ARCO, a C lass A  scavenger receptor, w as first 
identified as a trimeric protein formed by 518 amino acids 
m onom ers, capable o f  binding bacteria and acetylated low  
density lipoprotein, w ith its m R N A  expression restricted to 
the splenic marginal zone (Elom aa et al. 1995; Kraal et al. 
2000). Interestingly, although the follicular deposition o f

-------------------------------------------------------------- ►
Figure 5. Radiation resistance of marginal zone (MZ)-follicular MARCO distribution pathway. BALB/c mice were irradiated and 
repopulated using rat fetal liver hematopoietic o r rat bone marrow cells. The peripheral blood was analyzed by flow  cytometry and 
compared w ith that o f control mice. (A, top pair) Lymphoid (Ly) and myeloid (My) cells were defined according to  the ir size (forward 
scatter/FSC) and granularity (side scatter/SSC). (A, bottom four) The degree of chimerism is shown on the basis o f rat (r) CD45 o r 
mouse (m) CD45 expression in peripheral blood leukocytes (middle/lymphoid gate and lower/myeloid gate density plots, respectively), 
where the quadrant numbers correspond to  the percentage values of gated cells (n=6). (B, C) Splenic sections from  6-weeks post
transplant (B) chimeric and (C) control BALB/c mice stained fo r MARCO (red) and CR I/2 (green) show the follicular retention of 
MARCO (arrows) (n=6). Bar size, 50pm.
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M ARCO has already been illustrated in other publications 
(K vell et al. 2006; Birjandi et al. 2011), its com prehensive 
characterization is m issing. These structures appear to 
require the simultaneous presence o f  M ARC O -positive 
marginal zone macrophages and follicular dendritic cells 
(FD C s), and they differ from the conduit system  o f  the 
T-zone that has been described for peripheral lym ph nodes 
in tw o m ain aspects (Gretz et al. 1996; N olte et al. 2003; 
Lokm ic et al. 2008): First, follicular M ARCO is restricted 
to the spleen, and is absent in  other lym phoid tissues; sec
ond, unlike the conduit network created by fibroblastic 
reticular ce ll (FRC) ensheathing extracellular matrix com 
ponents they them selves produce, this M ARC O -positive 
network is probably the result o f  FD C s passively  capturing 
M ARCO generated by MZ macrophages, as evidenced in 
mutant m ice w ith various abnormalities o f  distinct regions 
in the spleen. In this w ay, a MARCO-transport pathway can 
be envisaged to exist in the m ouse spleen, connecting the 
M Z macrophages to the follicular stroma.

The splenic T-zone-associated conduit system  is charac
terized by the expression o f  the ER-TR7 m Ab-reactive 
material, w hich is produced by FRCs. D ouble labeling for 
ER-TR7 and M ARCO revealed that the latter network does 
not expand into the T-zone conduits. Furthermore, in v ivo  
tracing using FITC-O VA also indicated that, although 
T-zone-associated w hite pulp conduits expand from the 
central artery along the ER-TR 7-positive m eshwork  
towards the fo llic les w ith a decreasing amount o f  tracer, the 
transport o f  M ARCO m ay be directed in the opposite direc
tion from the M Z towards the fo llic les, without seeping 
towards the red pulp.

This difference between the dissipation gradient o f  OVA- 
tracer and M ARCO in the spleen parallels the distinct cellu
lar com position o f  conduits present in separate compartments 
o f  peripheral lymphoid tissues. Ontogenic studies suggest 
that the formation and maintenance o f  splenic FDCs involve 
the peripheral region o f  white pulp where FDC precursors 
first appear (Balogh et al. 2001) and their emergence is cou
pled with the remodeling o f  the follicular conduit system  
(Bajenoff et al. 2009). It appears that both mature FDCs and 
M Z macrophages are required for the proper formation o f  
follicular MARCO-positive conduits, as m ice with defective

FDC maturation (such as in RAG1 mutants), com plex follic- 
ular-MZ organization (LT|3R), or primarily M Z macrophage 
deficiency (Nkx2-3 mutation) are unable to establish white 
pulp/follicular M ARCO conduits. In lymph nodes, however, 
there is no M ARCO-source available along the liquid flow  
upstream to FDCs. Intriguingly, exposure to supralethal irra
diation dose— despite the exchange o f  m ouse B  cells for rat 
lymphocytes — did not abolish the follicular retention o f  
M ARCO, arguing for the close stromal relatedness o f  the 
process. It remains to be investigated that beyond these cel
lular requirements which extracellular matrix m olecules 
characteristic o f  lymphoid conduits (Lokmic et al. 2008) are 
present together with FDC-associated MARCO.

M ARC O -deficient m ice show  delayed formation o f  M Z  
architecture, scattered M Z macrophage distribution and a 
weakened immune response against T-independent Type 2 
antigens (Chen et al. 2005), whereas its acute blockade with  
specific m Ah induced the m obilization o f  M Z B  cells, also  
indicating som e role for M ARCO in the retention o f  M Z B  
cells (Karlsson et al. 2003). H ow ever, w hile anti-MARCO  
m Abs m ay interrupt the C4-directed M Z B  cell binding to 
M ARCO (thus m obilizing the M Z B  cells), the absence o f  
M ARCO  on M Z B  ce lls  excludes the direct involvem ent 
o f  M Z B  cells as M ARCO carrier cells. Therefore, the role 
o f  B  cells in the formation o f  follicular M ARCO network  
probably m anifests through their role in  the establishment 
o f  proper M Z architecture and FDC developm ent (Kapasi et 
al. 1993; N olte et al. 2004), but not in the direct transporta
tion, w hich m ay occur v ia  other m echanism s.

Com plem ent C4 (Chen et al. 2006)— an important opso
nin for subsequent recognition by com plem ent receptors 
CR1/2, w hich  influences the distribution o f  im m une com 
plexes betw een M Z and fo llic les (Zachrau et al. 2004)—  
w as raised as potential endogenous ligand for M ARCO. 
Considering the role o f  C4 in the antigen handling pro
cesses, a B  cell-m ediated M ARCO  transport m echanism  
could be envisaged in  w hich  M Z B  cells , w ith a h igh-level 
expression o f  CR1/2, m ay capture com plem ent-coated  
im m une com plexes (Humphrey et al. 1984) and also bind  
to com plem ent C4 associated w ith M ARCO on M Z macro
phages. The absence o f  detectable M ARCO  on M Z B  cells  
by f lo w  cytom etry, how ever, exclu des this p ossib ility .

-<----------------------------------------------------------------------------------------------------------------------------------
Figure 6. Transport of marginal zone (MZ) MARCO into follicles is independent of MZ B-cell shuffling. Splenic lymphocytes from 
BALB/c mice were labeled w ith anti-CRI/2 and anti-IgM to  distinguish MZ B cells (in Rl gate) from follicular B cells (in R2 gate) and 
immature B cells (in R3 gate), and also lymphocytes from peripheral lymph node cells, used as a staining control (A  left top and lower). 
Histogram overlays show the lack of MARCO (top right) and the presence o f detectable complement C4 (lower right) on MZ B cells 
corresponding to  Rl gate (filled histogram) as compared with the isotype control (empty histogram). Numbers in the representative 
histogram overlays indicate the ratio o f mean fluorescence intensities (MFI) between the expression o f MARCO o r C4 and isotype 
control (n=5). (B-E) shows the distribution o f MARCO (red) and follicular dendritic cell (FDC)-associated CR I/2 (green) in (B) Blc1', (C) 
CxcrS'1' and (D) Slprlns transgenic mutants affecting follicular migration of B cells as compared with the (E) B6 wild-type control sample. 
Note the absence o f follicles and C R I/2hlsh FDCs in mice deficient fo r BLC/CXCLI3 and CXCR5. Arrows in (D) and (E) point to  FDC- 
associated MARCO (n=2—4). Bar size in B/C, 100pm; in D/E, 20pm.
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Conduit

Microbial ligands

•  Cleaved MARCO

|| Complement C4Follicle

Figure 7. A  hypothetical scheme of the follicular transport o f MARCO into follicles in the murine spleen. Marginal zone macrophages 
(MZM) display MARCO (red do t w ith red rod), which may potentially form a complex w ith microbial ligands (black triangles) o r 
complement C4 (black rectangles), can bridge MZ B cells via the latter cells’ recognition of CD21 ligands. Following proteolytic cleavage 
o r other processing events, soluble MARCO (with o r w ithout complement C4 o r microbial compounds) would hypothetically dissipate 
across the marginal sinus (thick red line) into the follicle via either (A) the pre-formed conduits, which allows it to  then pass onto 
follicular dendritic cells (FDCs), o r  (B) be passively acquired by C4 bound to  CD2I on FDCs, which allows it to  be deposited earlier 
by MZ B cells (continuous black arrow). Thus, FDCs may either immobilize soluble MARCO:C4, o r MARCO is deposited into FDC- 
associated conduits, where microbial ligands bound to  MARCO may be recognized by follicular B cells (FoB). Possible roles o f marginal 
metallophilic macrophages (MMM) and other stromal elements (marginal sinus lining cells -  MsLC and marginal reticular cells -  MRC) 
remain unknown. The regulatory roles o f B cells in the formation o f MZ architecture and FDC differentiation are not depicted.

B ecause o f  the size restriction o f  the w hite pulp conduit 
system  in  accom m odating m olecules b elow  70  kD a for fo l
licular transport, it is probable that som e reduced variant or 
m onom eric form o f  M ARCO  m ay be processed. A s the 
IB L -12 m Ah used in our studies binds to the epitope 
involved  in  A c-L D L  binding w ithin the SRCR domain  
(K vell et al. 2006), M ARCO  in a follicular reticular form  
m ay potentially preserve this ligand-binding site.

M ARCO m ay bind zym osan, Candida albicans, lipo- 
polysaccharide and lipoteichoic acid and also unopsonized  
particles, possib ly  through several ligand-binding sites 
(Kraal et al. 2000). O nce acquired, M ARCO on FDCs m ay  
support B  cell responses v ia  several interactions, including 
TLR4 expressed by FDCs (El Shikh et al. 2007) or through 
C R 21/35, i f  M ARCO is com plexed with C4 degradation 
products. Only the spleen has been found to contain such a

follicular structure, and therefore splenic B  cells are likely to 
be exposed to a different follicular m ilieu than B  cells o f  
other tissues lacking FDC-associated M ARCO. Considering 
the broad microbial ligand-binding potential o f  M ARCO, its 
association with fungal or bacterial compounds for subse
quent recognition by B  cells, such as that o f  LPS by TLR4, 
m ay augment the latter ce lls’ antigen receptor-evoked sig
naling responses. Alternatively, released M ARCO m ay act 
as an adsorbent for such microbial components, thus pre
venting their dissipation into the lym phoid tissue. Moreover, 
the absence o f  m acrophage-associated M ARCO impairs 
resistance against bacterial infection (Arredouani et al. 
2004), but its absence confers protection in influenza viral 
infection in the lung (Ghosh et al. 2011), indicating that the 
antimicrobial effects o f  M ARCO probably m anifest in  an 
agent-dependent fashion. Figure 7 represents an overview  o f
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the proposed formation o f  follicular M ARCO and its possi
ble involvem ent in  connecting the M Z and follicles in  the 
m ouse spleen.

In summary, the splenic M ARCO-containing conduit 
system  represents a unique spleen-specific structure, with  
com plex developm ental requirements. It m ay form a physi
cal platform betw een the marginal zone and follicular 
stroma, thus promoting the connection betw een these two  
distinct lym phoid compartments.
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Absence of Nkx2-3 Homeodomain Transcription Factor 
Reprograms the Endothelial Addressin Preference for 
Lymphocyte Homing in Peyer’s Patches

Zoltan Kellerm ayer,*’*’1 M artina M ihalj,*’1 Arpad Labadi,* Tamas Czompoly,§
M ike L ee,' Edward O’H ara,11 Eugene C. Butcher,,,ll,# Gergely Berta,** Andras Balogh,** 
Hans-Henning A r n o l d , a n d  Peter Balogh*’*

Although the homing of lymphocytes to GALT has been extensively studied, little is known about how high endothelial venules (HEVs) 
within Peyer’s patches (PPs) are patterned to display dominantly mucosal addressin cell adhesion molecule 1 (MAdCAM-1). In this 
study, we report that Nkx2-3-deficient mice show gradual loss of MAdCAM-1 in PPs postnatally and increased levels of mRNA for ^  
peripheral lymph node addressin (PNAd) backbone proteins as well as enhanced expression of MECA79 sulfated glycoepitope at the |  
luminal aspect of HEVs, thus replacing MAdCAM-1 with PNAd. Induction of PNAd in mutant PPs requires lymphotoxin (J receptor &
activity, and its upregulation needs the presence of mature T and B cells. Furthermore, treatment with MECA-79 anti-PNAd mAh S.
in vivo effectively blocks lymphocyte homing to mutant PPS. Despite the replacement of MAdCAM-1 by PNAd in HEV 
endothelia, lymphocytes could efficiently home to PPS in mutant mice. We conclude that although Nkx2-3 activity controls the addressin 3
balance of HEVs in GALT, the general HEV functionality is preserved independently from Nkx2-3, indicating a substantial plasticity in p.
the specification of GALT HEV endothelium. The Journal o f Immunology, 2014,193: 000-000. 'a

L ymphocyte homing to peripheral lymph nodes (pLNs) and 
GALT is initiated by the recognition of addiessins within 
specialized high endothelial venules (HEVs). In pLNs 

L-selectin/CD62L on lymphoid cells recognizes the carbohydrate 
ligand peripheral node addressin (PNAd) (1 ,2), whereas homing 
to Peyer’s patches (PPs) is initiated by the binding of a 4p7 integrin 
on leukocytes to mucosal addressin cell adhesion molecule 1 
(MAdCAM-1) on endothelial cells (3-8). In mesenteric LNs 
(mLNs) a combined mechanism operates by which MAdCAM-1 
and PNAd, both expressed on HEVs, serve as endothelial receptors 
for extravasation (9). Subsequently, engagement of chemokine 
receptors CCR7 and CXCR5 and their respective CCL21 and 
CXCL13 ligands is required for the promotion of integrin-mediated 
firm adhesion of T and B lymphocytes (10-12). Thus, the local 
specialization of vasculature, including the restricted expression 
of addressin molecules and chemokines by endothelial cells, criti
cally determines lymphocyte homing to secondary lymphoid tissues.
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Despite detailed knowledge of the interaction cascade during |  
leukocyte extravasation, however, relatively little is known about 
the microenvironmental determinants that lead to the diversity of |  
vasculature among the peripheral lymphoid organs. g

Establishment of lymphoid microvasculature is an important 2* 
event during organogenesis of secondary lymphoid tissues, which ^
is controlled by several morphogenic determinants. Members of the tr 
lymphotoxin (LT)/TNF family and their receptors influence the -o 
formation of several peripheral lymphoid tissues throughout the 
organism, whereas additional factors, including the Nkx2-3 a  
homeodomain-containing transcription factor, act in a more tissue- §“
specific manner (13). This tissue specificity may reflect the devel- er
opmental expression of Nkx2-3 restricted to the intestines, spleen, § 
and other tissues associated with the pharyngeal part of the £  
gastrointestinal tract, such as teeth, salivary glands, and tongue (14). g.

Previous studies in mice have revealed important roles of ^  
Nkx2-3 in the development of spleen and PPs through the control P
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2 Nkx2-3 DETERMINES PEYER’S PATCHES HEV ADDRESSIN PATTERN

of the endothelial expression of MAdCAM-1 but not in the for
mation of pLNs. Nkx2-3 transcripts are expressed in PPs and mLNs 
but only marginally in pLN high endothelial cells (15), and they 
thus are likely to act cell-intrinsically within HEVs to regulate 
MAdCAM-1 expression, although indirect effects through stromal 
or epithelial cell signals are not excluded. In spleen the absence 
of Nkx2-3 causes severe structural alterations of the marginal 
zone, follicles (16, 17), and the pattern of vasculature particularly 
affecting the red pulp (18). Our previous work in Nkx2-3-deficient 
mice revealed a complete shift of splenic vasculature to the 
pLN-like pattern, including PNAd+ HEVs mediating L-selectin- 
dependent homing of lymphocytes, and sac-like structures express
ing LYVE-1 lymphatic endothelium-associated marker (19, 20).

In addition to the altered vasculature in spleen, PPs and mLNs 
in adult mice with disrupted Nkx2-3 also lack HEV-associated 
MAdCAM-1 expression (17, 21). As the lymphocyte homing to 
PPs in wild-type mice requires MAdCAM-1 display by HEVs, this 
lack of MAdCAM-1 from mutant PP HEVs suggests the in
volvement of alternative adhesion processes allowing the local 
homing, perhaps at a lesser efficiency, as indicated by the reduc
tion in the number and size of mutant PPs. Importantly, the mo
lecular components that mediate homing to PPs without endo
thelial MAdCAM-1 in mice deficient for Nkx2-3 have not been 
identified.

Further significance of Nkx2-3-regulated gene expression has 
been suggested in humans, where alterations in Nkx2-3 expression 
and sequence variations have been associated with the occurrence 
of Crohn’s disease and ulcerative colitis, two frequent forms of 
chronic inflammatory illnesses of the gut associated with auto
antibody production and excessive intestinal accumulation of 
leukocytes (22, 23).

In the present work we investigated the addressin signature and 
functional characteristics of HEVs in Nkx2-3-deficient mice, and 
also its effect on homing of recirculating lymphocytes to PPs. Our 
results indicate that MAdCAM-1 is largely replaced by PNAd in 
HEVs of PPs in a process reminiscent of postnatal maturation of 
HEVs in pLNs. These observations thus support the view that, 
similarly to the spleen, Nkx2-3 acts as a repressor of pLN-like 
vascular patterning also in GALT. Thus, the capacity of mucosal 
HEVs to upregulate PNAd in the absence of Nkx2-3 reveals a 
remarkable endothelial plasticity of addressin display to preserve 
HEV functionality.

Materials and Methods
Mice

Generation of Vfcc2-5_/_ mice on the BALB/c genetic background was 
described previously (19). For homing studies, GFP-BALB/c mice (24) from 
the specific pathogen-free breeding unit of the Medical Faculty of the 
University of Pecs were used as lymphocyte donors for adoptive transfer. 
Nkx2-3 X Ragl double-deficient mutants were bred using RAG-1 knockout 
(KO) mice (25) purchased from The Jackson Laboratory. LT p receptor 
(LTpR)-Ig fusion protein was provided by Dr. Jeff L. Browning (Biogen 
Idee, Cambridge, MA) and was injected in newborn Nkx2-3 KO mice as 
previously described (19). All procedures involving live animals were car
ried out in accordance with the guidelines set out by the Ethics Committee 
on Animal Experimentation of the University of Pecs (Pecs, Hungary).

Abs and reagents

For immunohistology, rat mAbs against MAdCAM-1 (clone MECA-367), 
PNAd (clone MECA-79), and VCAM-1 (clone 429) were purchased from 
BD Biosciences (Soft Flow, Pecs, Hungary); anti-ICAM-1 (clone YN/1) 
Ab was used as hybridoma supernatant (obtained from the American 
Type Culture Collection). Endothelial cells were identified by anti-mouse 
VEGF-R2/flk-l mAh (clone Avasl2al) from BD Biosciences (Soft Flow). 
For in vivo visualization, anti-MAdCAM-l-FTTC and anti-PNAd-Dylight 
594 mAh conjugates were produced. Adoptively transferred CFSE- 
labeled lymphocytes were correlated with recipient leukocytes using

IBL-5/25 anti-CD45 mAh followed by PE-conjugated anti-rat IgG. For 
multicolor labeling, anti-B220 mAh (from clone RA3-6B2) was conjugated 
with Alexa Fluor 647 (Life Technologies, Budapest, Hungary). Lymphocyte 
subsets were identified using anti-B220 Alexa Fluor 647, anti-CD3 Fl'iC, 
and anti-CD8 PE-Cy5 from BD Biosciences (Soft Flow). For detection 
of addressin ligands on leukocytes, biotinylated MEL-14 mAb against 
L-selectin and PS/2 mAb against a4 integrin was used. Secondary goat anti
rat IgG conjugated with FTTC or PE was obtained from BD Biosciences 
(Soft Flow). Goat Abs against murine CXCL13 and CCL21 chemokines 
and NortbemLights 557-conjugated donkey Ab against goat IgG were 
obtained from R&D Systems (Biomedica Hungary, Budapest, Hungary).

Immunofluorescence

Single, dual, and multiple immunofluorescent staining of frozen and 
acetone-fixed sections prepared from PPs or LNs were performed as de
scribed earlier (26). For control staining, normal rat IgG at 10 |xg/ml 
concentration was used. Sections were viewed using an Olympus Fluo- 
View FV-1000 laser scanning confocal imaging system (Olympus, Center 
Valley, PA). For the luminal expression of MAdCAM-1 and PNAd, 
a mixture containing 150 |xl of both anti-PNAd-Dylight 594 and anti- 
MAdCAM-1 -Fl'iC at 0.5 mg/ml was injected i.v. to wild-type BALB/c 
or Nkx2-3_/_ mice, which were sacrificed 30 min later. For quantification, 
the samples were visualized using a X20 dry objective (UPLSAPO series; 
numerical aperture, 0.75) at a 80-|xm-wide confocal aperture in photon 
count mode, excited with multiline argon and helium-neon lasers for 
10 ixs/pixel in sequential mode creating 1024 X 1024-pixel single-layer 
confocal images. Total pixel intensity of the images was determined by 
FvlO-ASW 01.07.03.00 software (Olympus).

Flow cytometry

Lymphoid organs were gently teased apart between the frosted ends of 
microscope slides and resuspended in PBS containing 0.1% sodium azide and 
0.1 % B SA. For defining the degree of homing of CFSE-labeled lymphocytes, 
the cell suspension was incubated with IBL-5/25 rat mAb as hybridoma 
supernatant against mouse CD45 (produced in our laboratory) on ice for 
20 min, followed by washing and visualization using PE-conjugated goat 
anti-rat IgG by 20 min incubation on ice. L-selectin and a4 integrin ex
pression was detected using biotinylated MEL-14 in conjunction with 
streptavidin-PE Cy5.5 and PS/2 mAbs, respectively. CD4+ memory T cells 
were identified using anti-CD44-FITC and biotinylated MEL-14 in con
junction witb streptavidin-PE Cy5.5 and anti-CD4-Alexa Fluor 647 labeling. 
Regulatory T cells (Tregs) were labeled by anti-CD3-Fl'iC, anti-Foxp3-PE 
and anti-CD25-PerCP from BD Biosciences (Soft Flow) and anti-CD4- 
Alexa Fluor 647 staining. After washing, the cells were fixed in 1% buffered 
paraformaldehyde. At least 20,000 events of forward scatter/side scatter
gated lymphocytes were collected by a BD Biosciences FACSCalibur 
cytometer and analyzed using CellQuest software.

Adoptive transfer and lymphocyte migration assay

Donor lymphocytes were isolated from pLNs and spleen of BALB/c mice 
and labeled with CFSE (Invitrogen, Budapest, Hungary) as described 
previously (27) or from GFP-BALB/c donor mice. Recipient mice received 
107 cells per 200 |xl i.v. via the tail veins. Mice were sacrificed at 30, 60, 
and 120 min after injection. Leukocytes from spleen, pLNs, mLNs, and 
PPs were isolated for flow cytometry. Three mice were used in each group.

In vivo blocking of lymphocyte homing

To block lymphocyte homing, recipient mice were injected with 100 |xg 
anti-endothelial mAbs, followed 30 min later by injection of 5 X 107 
lymphocytes from GFP transgenic spleens and pLNs (28). Recipient mice 
were sacrificed 1 h after the lymphocyte injection, and cells from spleen, 
pLNs, mLNs, and PPs were isolated for flow cytometry. Donor lympho
cytes were identified by flow cytometry. At least 20,000 live cells were 
collected by a BD Biosciences FACSCalibur cytometer and analyzed using 
CellQuest software.

Real-time PCR

Total RNA was isolated with an RNeasy Plus mini kit (Qiagen) and was 
treated with DNase I (Sigma-Aldrich). cDNA was prepared with the High 
Capacity cDNA Archive Kit (Applied Biosystems). PCR primers used 
for real-time quantitative amplification of Glycaml, Madcaml, Cd34, 
endomucin, Cd3001g (nepmucin), podocalyxin-like protein, Gcntl, Chst2, 
Chst4, and Fut7 were described previously (19). PCR primers for Icaml 
(forward, 5' -CAGTCCGCTGTGCTTTGAGA-3', reverse, 5'-CGGAAA- 
CGAATACACGGTGAT-3') were designed by Primer Express software 
(Applied Biosystems). PCRs were run in triplicates using the Power SYBR
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Green Master Mix (Applied Biosystems) on an ABI 7500 real-time PCR 
system (Applied Biosystems). Standard curves were generated for each 
transcript, and expression levels were normalized to (3-actin; the relative 
expressions were calculated using p-actin-normalized expression levels of 
wild-type PPs as reference samples.

Statistical analysis

Data analysis was performed using SigmaPlot software (version 11.0; 
Systat Software, San Jose, CA), and the graphs were created with the 
help of GraphPad Prism (version 5; GraphPad Software, La Jolla, CA). 
A Shapiro-Wilks test was performed to assess normality of data distribu
tion. Between-group analysis for normally distributed variables was tested 
using a parametric one-way ANOVA and a post hoc Tukey test, whereas in 
the case of variables that violated assumption of normality, differences 
were tested with a nonparametric Kruskal-Wallis test followed by pairwise 
multiple comparison procedures (Dunn test and Student-Newman-Keuls 
method). A t test or Mann-Whitney U test were employed to compare two 
groups with normally and non-normally distributed data, respectively. Data 
are presented as means ± SEM. Quantitative real-time PCR data were 
analyzed with the help of REST 2009 software (version 2.0.13; Qiagen, 
Hilden, Germany). Accepted statistical significance was for p <  0.05.

Results
Altered. mRNA expression of HEV signature genes associated 
with pLN-type HEV specification in GALT of adult Nkx2-3~/~ 
mutant mice

In agreement with previous reports describing the presence of 
hypoplastic PPs in other strains deficient for Nkx2-3 (17, 21), we 
observed that lack of endothelium-associated MAdCAM-1 in 
Nkx2-3_/_ mice on the BALB/c background does not prevent the 
formation of PPs and the accumulation of lymphocytes. As we 
have previously shown that ectopic PNAd+ HE Vs appear in mu
tant spleen (19), we hypothesized that in PP HEVs MAdCAM-1 
may also be replaced by PNAd.

PNAd represents a set of complex carbohydrate determinants 
recognized by MECA-79 mAh, requiring sequential glycosylation 
modifications on several backbone proteins to be recognized by 
L-selectin expressed on leukocytes (2). Potential backbone pro
teins are GlyCAM-1, CD34, podocalyxin, endomucin, nepmucin, 
and also MAdCAM-1, whereas the most important modifications 
include sialylation, fucosylation, and carbohydrate sulfation and 
are performed by a variety of fucosyltransferases and sulfo- 
transferases. We recently reported that the formation of ectopic 
splenic HEVs in Nkx2-3-deficient mice is associated with a robust 
increase of protein backbone GlyCAM-1 mRNA and, to a lesser

degree, various other mRNAs for modifying enzymes as well 
(19). To examine the expression pattern of these mRNAs in mutant 
and wild-type PPs, we performed real-time PCR for Madcaml, 
Glycaml, Cd34, Emcn (coding endomucin), Cd3001g (nepmucin), 
and Podxl (podocalyxin-like) as well as for the modifying en
zymes Gcntl (glucosaminyl [V-acetyl] transferase 1, core 2), Chst2 
(carbohydrate [V-acetylglucosamine 6-0] sulfotransferase 2), Chst4 
(carbohydrate [V-acetylglucosamine 6-0] sulfotransferase 4), and 
Fut7 (fucosyltransferase 7), and compared their levels to those in 
wild-type PPs, with value defined as 1 (Fig. 1). We found that the 
core protein mRNAs showed variable increases, with endomucin 
showing the highest increase. Surprisingly, Madcaml mRNA in 
mutant PPs also showed a statistically significant increase (PPs), 
despite the nearly complete absence of endothelial MAdCAM-1 
previously reported. ICAM-1 mRNA showed a slight reduction in 
Nkx2-3 KO PPs.

Analysis of the modifying enzymes also revealed variable altera
tions of mRNA expression. The glycosyltransferase Gcntl did not 
change significantly, and of the two sulfotransferases the mRNA 
for Chst2 was reduced, whereas Chst4, a key enzyme for sulfation 
of MECA-79 epitope in pLNs, showed a 4-fold increase in mutant 
PPs. Fucosyltransferase Fut7 in mutant PPs was also elevated com
pared with wild-type PPs.

Overall, these deviations indicate that the vasculature of KO 
PPs undergoes a shift toward pLN-like vasculature, similarly to 
mLNs and spleen as reported earlier (19). However, this shift more 
likely corresponds to a variation of existing HEV characteristics, 
rather than their ectopic induction.

Characterization of HEV endothelium and lymphocyte 
composition in the GALT of Nkx2-3 _/_ mice

Next we tested whether the PNAd epitope is present on the HEVs 
of Nkx2-3-deficient PPs. We first stained PP tissue sections from 
young adult (8 wk old) mutants and wild-type age-matched con
trols for VEGF-R2 to determine the degree of vascularization. We 
found no significant differences between the vascular pattern of 
wild-type and control samples in either tissue (Fig. 2A). For HEV 
addressin profiling, we labeled the sections with anti-MAdCAM-1 
and anti-PNAd mAbs. With anti-MAdCAM-1 mAh in mutant 
mice no vascular staining was observed, except for occasional 
weak perivascular reactivity. In contrast, HEVs in PPs of wild- 
type mice were intensely labeled with anti-MAdCAM-1 mAh. In

FIGURE 1. Increased mRNA levels of PNAd 
core proteins and modifying enzymes in mutant 
PPs. mRNA levels for PNAd core proteins and 
modifying enzymes were measured in mutant 
and wild-type PPs. Compared with wild type 
mice, Nkx2-3-deficient PPs express signifi
cantly increased levels of various PNAd back
bone proteins (Glycam, CD34, endomucin, 
podocalyxin-like protein). Modifying enzyme 
levels show a moderate increase with only fucosyl 
transferase being significant. Values are normal
ized to the ratio of target mRNA to fi-actin in the 
wild-type PPs, represented by the line drawn at 
y = 1 and are expressed on a log scale. Bar 
diagrams show means ± SEM, n >  3 animals. 
*p <  0.05.
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4 Nkx2-3 DETERMINES PEYER’S PATCHES HEV ADDRESSIN PATTERN

FIGURE 2. Addressin profile and distribution of 
PP HEVs of Nkx2-3-deficient mice. (A) Cryostat 
tissue sections were stained as indicated. Anti- 
VEGF-R2 labeling (left) reveals normal vasculari
zation in Nkx2-3_/_ PPs. However, whereas 
MAdCAM-1 is present in wild-type PPs (middle), 
it shows only scarce endothelial expression in 
mutant tissues. On the contrary, PNAd is rarely 
expressed in normal PPs but is upregulated in 
Nkx2-3-deficient PP HEVs (right; representative 
samples from five animals per group). Scale bars, 
100 |xm. (B) Tissue sections stained as indicated 
show that the HEVs in Ato2-5_/_ PPs (left) are 
preferentially located in the T cell zone, similarly 
to wild-type samples with MAdCAM-l+ HEVs 
(right). Arrows point to HEV cross-sections. Scale 
bars, 200 |xm. Results are representative of three 
different experiments with at least three mice.
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a reverse pattern, in wild-type PPs with the anti-PNAd mAh 
MECA-79 we found only weak staining, whereas PPs of mutant 
mice showed significantly enhanced PNAd reactivity. Costaining

sections with anti-Thy-1 and anti-B220 mAbs revealed that the 
aberrant PNAd+ HEVs are mostly found in the T cell zone of 
mutant PPs (Fig. 2B). This distribution of HEVs is similar to wild-
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FIGURE 3. PNAd is luminally expressed in 
mutant PPs. (A) Intravenously injected M l C- 
conjugated MECA-367 binds to luminal 
MAdCAM-1 in wild-type PPs whereas it shows 
minimal labeling in Nkx2-3-deficient PPs. 
Binding of DyLight-594-conjugated MECA-79 
indicates that the PNAd epitope is expressed 
luminally in Nkx2-3 mutant PPs. (B) Photon 
count analysis shows that the PNAd/MAdCAM- 
1 ratio significantly increases in mutant PPs. Bar 
graph shows means ± SEM, n & 3. *p <  0.05. 
Results are representative of three different ex
periments with at least three mice. Scale bar, 
100 |xm.

Oo

0B
1
3

SO
o-iera

2
W
o

ocra

0.01
pLN mLN PP



The Journal of Immunology 5

type tissues. Mutant sections labeled for VCAM-1 and ICAM-1 
revealed no difference in comparison with normal mice (not shown).

For testing the luminal expression of PNAd epitope of HE Vs, 
we injected i.v. a mixture of MECA-79 labeled with DyLight 594 
and Fl'i'C-conjugated anti-MAdCAM-1 mAbs and compared the 
reactivities to wild-type mice. HEVs in PPs of the mutant mice 
showed strong luminal PNAd expression, with occasional 
MAdCAM-1 reactivity. In contrast, in wild-type PPs strong lu
minal MAdCAM-1 reactivity was observed, whereas the PNAd 
expression appeared weak (Fig. 3A). We quantified the PNAd/ 
MAdCAM-1 expression ratios in PPs using photon count measure
ment with confocal microscopy and compared their ratio to those 
in pLNs and mLNs. In mutant PPs the mean PNAd/MAdCAM-1 
ratio was 3.26, significantly higher than that measured in wild- 
type PPs (mean ratio, 0.06; p  = 0.026). Although the PNAd/ 
MAdCAM-1 ratio of mutant PPs was less than in either wild- 
type or Nkx2-3-deficient pLNs, this difference was not significant 
statistically. Although we found a marked increase in the PNAd/ 
MAdCAM-1 ratio in Nkx2-3 KO mLNs compared with normal 
control samples (1.94 versus 0.64, p = 0.52), it was also not dif
ferent statistically (Fig. 3B).

In addition to homing receptors on HEVs, lymphocyte homing 
to PPs also requires recognition of CCL21 and CXCL13 arrest 
chemokines present on endothelium in T zone and follicle- 
associated HEVs, respectively (10-12). Using immunofluores-

cent labeling, both CCL21 and CXCL13 were detected in PP 
HEVs of mutant mice (Fig. 4). Collectively, these data suggest 
that in the absence of Nkx2-3, MAdCAM-1 is largely replaced by 
PNAd in HEVs of PPs, but the HEV endothelial cells retain those 
chemokines that promote lymphocyte homing.

To test whether the altered addressin profile would affect the 
PP lymphocyte composition in Nkx2-3_/_ mice, we analyzed 
lymphoid cells. Staining with anti-CD3 and anti-B220 revealed 
that the pLN-like vascular profile of mutant PPs is associated with 
a somewhat higher rate of T cells and a significantly lower rate of 
B cells compared with wild-type PPs (Fig. 5A). Detailed analysis 
of the CD4+ T helper lineage subsets revealed no difference in the 
memory (CD44uLsell0) and naive (CD44loLselhi) T cell numbers 
and the follicular helper T cell population (CD4+CXCR5+PD1+; 
Fig. 5B, 5C). However, Tregs with CD25uFoxp3+ characteristics 
were significantly higher in Nkx2-3-deficient PPs compared with 
normal tissues (p = 0.009; Fig. 5D). In agreement with the en
hanced PNAd expression by PP HEVs in Nkx2-3 mutant mice, 
we observed increased L-selectin expression of PP lymphocytes 
(Fig. 5E).

PNAd* HEVs in Nkx2-3~/~ GALT are fully functional exit 
ports in lymphocyte homing

To investigate whether MAdCAM-1 replacement by PNAd in 
GALT HEVs affects lymphocyte recirculation, we examined

FIGURE 4. Mutant PPs show normal 
tissue distribution of homeostatic chemo
kines. Wild-type and mutant PP sections 
were double stained with anti-PNAd or anti- 
MAdCAM-1 mAbs and either anti-CCL21 or 
anti-CXCL13 Abs, respectively. In wild-type 
tissues CCL21 chemokine is expressed along 
the MAdCAM-l+ HEVs, whereas in mutant 
tissues the chemokine is associated with 
PNAd+ HEVs. CXCL13 in both samples is 
restricted to nonvascular stromal elements. 
Results are representative of three different 
experiments with at least three mice. Scale 
bars, 100 |xm.
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□  BALB/c ■  Nkx2-3"/"

CXCR5+/PD1+ CD4+/Foxp3+/CD25+

a4 int

L-sel
FIGURE 5. Lymphocyte composition of PPs. Nkx2-3-deficient PPs 
contain more T cells and significantly less B cells compared with BALB/c 
mice (A). The frequency of follicular helper T cells (B) and the memory 
status of CD4+ cells (C) are not affected in mutant PPs. Tregs show 
a significant increase in Nkx2-3 KO PPs (D). L-selectin expression is in
creased on lymphocytes from mutant PPs (E). Bar diagrams show means ± 
SEM with n >  5 mice. *p <  0.05, **p <  0.001.

homing of lymphocytes to PPs using immunofluorescence and 
flow cytometric analysis.

For in situ immunofluorescence, CFSE-labeled wild-type lym
phocytes were injected i.v. into wild-type and Nkx2-3 mutant mice, 
and the recipients were sacrificed 30, 60, and 120 min after in
jection. We found that CFSE-labeled lymphocytes in Nkx2-3- 
deficient mice efficiently recognized the PNAd+ HE Vs, whereas 
CFSE+ cells in wild-type recipients localized to MAdCAM-1+ 
HEVs in PPs (Fig. 6A). More careful inspection of the position of 
labeled lymphocytes revealed that, in mutant mice, most CFSE- 
labeled cells were located in the immediate vicinity of HEVs, 
whereas in wild-type mice a substantial fraction of cells migrated 
into deeper segments of the PPs. Cell count analysis established 
that in mutant PPs a significantly higher number of CFSE+ cells 
are associated with VEGF-R2+ vessels (either within the vessels 
or immediately adjacent) compared with wild-type tissues (p = 
0.001). As time progresses, this number decreases in PPs as lym
phocytes leave the vicinity of vessels. However, the difference 
between wild-type and mutant PPs increases, indicating that lym
phocytes in mutant PPs cross the HEV endothelium at a signifi
cantly slower pace (Fig. 6B).

To determine the degree of homing of various lymphoid subsets, 
we next adoptively transferred GFP+ tracer lymphocytes into either 
Nkx2-3-deficient or wild-type recipients, followed by staining PP 
cells with anti-CD4, anti-CD8, and anti-B220 mAbs. Although the 
injected cells contained approximately equal numbers of B cells, 
CD4+ cells, and CD8+ T cells (B220, 27.85%; CD4, 37.33%, CD8,

21.68%), intriguingly we found a significant shift toward prefer
ential T cell entry among donor GFP+ cells into PPs in both types 
of recipients. At 1 h postinjection we found that in wild-type PPs 
the donor B220+ cells represented ~7.9% of GFP+ (donor) cells 
within the organ, whereas in mutant recipients this number was 
significantly lower (1.9% of GFP+ cells). Alternatively, the num
ber of homed GFP+ CD8+ T cells was significantly higher in 
mutant PPs compared with BALB/c PPs (24.4 versus 15.3%, p = 
0.003). The CD4+ T cells represented the absolute majority of 
lymphocytes entering the PPs in both wild-type and Nkx2-3 mutants 
(72.2 and 70.3%, respectively; Fig. 6C).

In vivo blockade of PP homing by anti-PNAd mAh

To ascertain the in vivo functional replacement of MAdCAM-1 by 
PNAd in GALT HEVs of Nkx2-3-deficient mice, next we applied 
mAbs against PNAd or MAdCAM-1 addressins and also a combined 
anti-PNAd X anti-MAdCAM-1 treatment to block interactions with 
their natural ligands, followed by the injection of GFP-expressing 
tracer lymphocytes. Relative inhibitions in various peripheral lym
phoid organs of mutant and wild-type mice were compared.

In spleen of wild-type mice, anti-MAdCAM-1 and anti-PNAd 
Abs had no significant effect on lymphocyte homing. In contrast, 
homing of lymphocytes to Nkx2-3-deficient spleen was significantly 
reduced by MECA-79 anti-PNAd mAh. This observation is in 
agreement with our previous finding that L-selectin has a prominent 
role in lymphocyte homing to ectopic splenic HEVs in the mutant (19).

Lymphocyte homing to mutant and wild-type pLNs was ef
fectively inhibited by anti-PNAd mAh MECA-79, although this 
inhibition was slightly weaker in mutant pLNs. Anti-MAdCAM-1 
mAh had no effect on homing in either wild-type or mutant pLNs.

In mLNs lymphocyte homing was significantly reduced by anti- 
PNAd and anti-MAdCAM-1 mAbs in wild-type recipients, with 
anti-PNAd mAbs exerting stronger inhibition. In contrast, lym
phocyte homing to mutant mLNs was inhibited only by anti- 
PNAd mAh treatment, consistent with the absence of endothelial 
MAdCAM-1 from GALT HEVs.

Treatment of wild-type mice with anti-MAdCAM-1 mAh resulted 
in a significant reduction of homing to PPs, whereas application 
of anti-PNAd mAh had no effect. In contrast, in Nkx2-3_/_ PPs 
anti-MAdCAM-1 treatment had no effect, whereas administration 
of anti-PNAd mAh significantly (p <  0.05) reduced homing of 
donor lymphocytes to mutant PPs. However, inhibition of lym
phocyte homing to mutant PPs by anti-PNAd treatment was less 
pronounced than was the inhibitory effect of anti-MAdCAM-1 
treatment in wild-type mice, and also the degree of homing 
blockade to mutant PPs by anti-PNAd mAh treatment was not as 
efficient as in either wild-type or mutant pLNs. Combining anti- 
MAdCAM-1 mAh with anti-PNAd failed to further increase the 
inhibition of homing to mutant and wild-type PPs (Fig. 7).

The postnatal switch of MAdCAM-1 to PNAd in Nkx2-3~/~ 
GALT requires lymphotoxin signaling and is enhanced in the 
presence of mature T and B cells

Previous data on the maturation of HEVs indicated that post
natally HEVs in murine pLNs display MAdCAM-1, which is 
gradually replaced by PNAd during the first postnatal month (29). 
This process coincides with the colonization of developing LNs 
with T and B lymphocytes, and it requires signaling through LTfSR 
expressed on endothelial cells (30, 31). Given the pLN-like shift 
of lymphocyte composition and endothelial addressin expression 
in Nkx2-3 mutant PPs, we next investigated the lymphoid cellular 
and LT requirements of this process.

First we examined the time period during which the expression 
of MAdCAM-1 shifts to PNAd in PPs of mutant mice and the
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FIGURE 6. Cell transfer into mutant and wild-type 
PPs. CFSE-labeled lymphocytes were injected i.v. as 
described. The transferred lymphocytes localize to 
MAdCAM-1 HEVs in wild-type PPs whereas they 
adhere to PNAd+ vessels in mutant tissues (A; n = 6; 
scale bars, 100 pm). In Nkx2-3_/_ PPs the CFSE+ 
cells migrate across HEVs at a significantly slower 
pace than in wild-type mice (B). The overwhelming 
majority of transferred cells in both genotypes are 
CD4+ cells, whereas the rate of B cells is significantly 
lower and the CD8+ cells are significantly increased in 
mutant PPs compared with wild-type (C). *p <  0.05,
**p  <  0.001.

A MAdCAM-1/CFSE PNAd/ FSE

Time (hours) B cells CD8+ cells CD4+ cells

impact of lymphocyte presence. Gut sections from newborn (<1- 
d-old neonates [P0.5]), 1-wk-old, and 2-wk-old mice were immu- 
nostained with anti-CD45, anti-MAdCAM-1, and anti-PNAd 
mAbs. We found that at P0.5 both wild-type and mutant mice 
express MAdCAM-1 in immature PPs, whereas no PNAd was 
detected in either sample. By the first postnatal week, PNAd 
appears in Nkx2-3-deficient PPs whereas MAdCAM-1 still persists, 
frequently colocalizing with PNAd. Two weeks after birth most 
HEVs stain only with MECA-79 in mutant mice. In wild-type PPs, 
PNAd does not appear during this time and MAdCAM-1 remains 
the dominant addressin with intense expression (Fig. 8).

We noted that the gradual appearance of PNAd in mutant mice 
was restricted to the developing PPs, whereas in the lamina propria at 
the second week both MAdCAM-1 and PNAd were absent. Because 
in wild-type mice expression of PNAd in pLNs is connected to 
signaling through LTfSR (30), we next investigated the role 
of lymphocytes and the presence of LTfSR in the appearance of 
PNAd on mutant HEVs by two complementary approaches. First 
we generated mutants where Nkx2-3 deficiency was combined with 
the absence of mature T and B cells by crossing Nkx2-3 mutant 
mice with mice lacking RAG-1 (25). Additionally, we addressed 
the impact of LTfSR engagement by i.p. injection of LTfSR-Ig 
fusion proteins in Nkx2-3 mutant neonates at postnatal (P) days 
P I, P3, and P5, followed by the analysis of addressin expression.

First we bred Ragl~'~  X Nkx2-3~'~ double mutant mice and 
compared their PP vasculature to wild-type, Nkx2-3-deficient, and 
RAG-1 KO mice. The limitation of this experiment is the absence 
of well-defined PPs in RAG-1 mutant and double KO mice, but by 
using anti-CD45 staining, primordial PPs comprising small clus
ters of leukocytes could be identified (Fig. 9A). Staining with anti- 
PNAd and anti-MAdCAM-1 in RAG-1-deficient mice revealed 
the presence of MAdCAM-l+ HEVs within CD45+ clusters, 
whereas PNAd was not observed. In Ragl~'~  X Nkx2-3~'~ 
double mutant mice only minimal MAdCAM-1 expression was 
seen. Intriguingly, PNAd+ HEVs were noticeable in these mutants, 
although at a less pronounced level of PNAd display than that seen 
in Nkx2-3-only mutant PPs. This finding indicates that the pres
ence of T and B cells is not required for the appearance of 
PNAd, but it is necessary for enhancing PNAd expression.

Next we investigated whether LTfSR is indispensable for the 
postnatal upregulation of PNAd in PPs. LTfSR-Ig fusion protein 
was injected in neonatal Nkx2-3-deficient mice at P I, P3, and P5, 
with normal human IgG as control, and the PPs were analyzed at 
day 14. The absence of mature follicular dendritic cells identifiable 
through their CR1/2 expression in the spleens of LTfSR-Ig-treated 
mice confirmed the systemic efficiency of Ab injection (data not 
shown). Compared to control human Ig-injected animals, admin
istration of LTfSR-Ig led to structurally abnormal and small lym-
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spleen spleen pLN mLN PP

FIGURE 7. Homing to mutant GALT is dependent on PNAd expressed on HEVs. Donor lymphocytes from GFP+ mice were injected i.v. into mice 
previously treated with control, anti-PNAd, anti-MAdCAM-1, or combined anti-PNAd/anti-MAdCAM-1 Abs, as described in text. Statistical analyses 
show the efficiency of homing to various lymphoid organs compared with control Ab-treated mice (indicated as a solid line at y = 1 corresponding to 100% 
efficiency) (means ± SEM, at least three mice per group). *p <  0.05.

phoid clusters in the intestines of treated mice. Staining with anti- 
CD45, MECA-79, and MECA-367 showed that with blocked 
LTfSR signaling PNAd is absent in these lymphoid clusters. Fur
thermore, MAdCAM-1 was also absent, thus confirming the local 
efficiency of treatment (Fig. 9B). Collectively, these data indicate 
that the initial appearance of PNAd in Nkx2-3-deficient PP HEVs 
requires signaling through the LTfSR, which can be provided by 
non-T/non-B leukocytes, but subsequent enhancement of PNAd 
display depends on the presence of T and/or B cells.

Discussion
Immunological protection of intestines is dependent on leukocyte 
recirculation between GALT and other peripheral lymphoid organs 
(2). In this study we addressed the effects of the Nkx2-3 defi
ciency on endothelial composition and HEV functionality in GALT. 
Previously it was shown that mice lacking Nkx2-3 develop PPs

in the absence of adult endothelial MAdCAM-1 (17, 21). We 
found that in adult Nkx2-3 mutant mice endothelial MAdCAM-1 
is replaced by PNAd in HEVs of PPs. Despite this change, how
ever, mutant mucosal HEVs maintain the capacity for lymphocyte 
homing. Our observations thus suggest that Nkx2-3 is a key reg
ulator of tissue-specific HEV patterning in intestinal lymphoid 
tissues, and in its absence mucosal homing can adapt to an altered 
HEV phenotype.

The differentiation of HEVs is an important part of the em
bryonic and early postnatal formation of PPs. In this process 
members of the TNF/LT induce the expression of stromal and 
endothelial MAdCAM-1, which is required for the initial re
cruitment of lymphocytes to the forming PP anlage (29, 30). In 
Nkx2-3_/_ mice MAdCAM-1 expression is preserved in PPs until 
the perinatal period, in agreement with previous data demon
strating HEV-associated MAdCAM-1 in neonatal mLNs (17). The

FIGURE 8. A postnatal switch in addressin molecule 
expression takes place in the GALT HEVs of mutant 
mice. PP sections from P0.5, 1-wk-old, and 2-wk-old 
wild-type and mutant mice were stained with anti- 
CD45, anti-MAdCAM-1, and anti-PNAd Abs as indi
cated. HEV-associated MAdCAM-1 expression is de
tectable at P0.5, whereas PNAd is absent. At week 
1 double addressin-expressing vascular segments are 
present (arrow), whereas by week 2 endothelial 
MAdCAM-1 is largely diminished in Nkx2-3 mutant 
PPs. Scale bars, 100 pm. Results are representative of 
three different experiments with at least three mice.
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FIGURE 9. MAdCAM-l/PNAd switch occurs independently from ma
ture T and B cells but it requires LT|3R signaling. (A) PP sections from 
4-wk-old Ragl~'~, Nkx2-3~'~, double-deficient, and wild-type BALB/c 
mice were stained as indicated. In Rag / and BALB/c mice HEVs with 
intense MAdCAM-1 are present (arrowhead), whereas in double KO mice 
vessels with faint MAdCAM-l/PNAd double expression (arrow) can oc
casionally be observed. In Nkx.2-3~'~ samples MAdCAM-1 expression is 
restricted to PP stromal cells (*), whereas HEVs display only PNAd (double 
arrows). (B) Neonatal Nkx2-3_/~ mice were treated with LTpR-Ig fusion 
protein (left) or human IgG as control (right) and were evaluated for 
addressin expression 2 wk later. HEVs in control samples coexpress MAd
CAM-1 and PNAd (arrows), whereas neonatal treatment with decoy receptor 
extinguishes the expression of both addressins. Scale bars, 100 pm. Results 
are representative of three different experiments with at least three mice.

perinatal presence of MAdCAM-1 probably allows early coloni
zation of developing PPs with lymphocytes, which may lead to 
subsequent enhanced expression of PNAd. The continuing ex
pression of intestinal vessel-associated PNAd apparently requires 
the presence of lymphocytes, as mucosal vessels at nonlymphoid 
sites of gut do not switch to PNAd+ endothelium, and only min
imal PNAd expression is observed in Nkx2-3~'~ X Ragl~'~ 
double mutants. Appearance of mature PNAd+ HEVs could effi
ciently be blocked by administration of soluble LT|3R decoy 
receptor. This is in line with previous reports showing the 
importance of LT|3R signaling in HEV differentiation and func
tion in wild-type mice (30). Possible sources of the non-T/non-B 
LT signals in the Nkx2-3~'~ X Ragl~'~ double mutants are 
C D llc+ dendritic cells that have been shown to influence HEV 
development and maintenance (32) and also retinoic acid-related 
orphan receptor yt+ innate lymphoid cells, which have been re
ported to express LT (33). Germinal center-associated follicular 
dendritic cells continue to express MAdCAM-1 in Nkx2-3 mutant

PPs, despite Nkx2-3 mRNA being expressed in stromal cells in 
normal mice, underlining the endothelial cell type-specific effect 
of the Nkx2-3 mutation. It is controversial whether the positions 
of PPs are stochastic or predetermined (34,35), but the differential 
upregulation of PNAd expression in GALT and non-GALT vessels 
of the gut lamina propria in Nkx2-3 mutant mice may argue that 
precise positioning of PPs along the gut is developmentally pre
determined and persists even when endothelial addressin expres
sion is altered. Furthermore, circulating lymphocytes continue to 
reach PPs via PNAd recognition with similar efficiency as in wild- 
type through MAdCAM-1, and thus may supply signals necessary 
for the maintenance of HEV specification.

The MAdCAM-1 to PNAd switch in HEVs of mutant PPs 
resembles the physiological switch in pLNs of wild-type mice 
during the first weeks of life in which Nkx2-3 is not appreciably 
expressed (29). This suggests that Nkx2-3 functions as a repressor 
of the MAdCAM-1 to PNAd exchange. Consistent with this pro
posal, transcripts for Nkx2-3 are highly expressed in PPs and mLN ^  
high endothelial cells, but only minimally expressed in normal °  
adult pLN high endothelium. Interestingly, although in wild-type g, 
mice endothelial cells of both HEVs and non-HEV capillaries g_ 
within PPs express Nkx2-3 mRNA, only HEV endothelial cells 2. 
display MAdCAM-1, indicating subtle differences between the 
impacts of Nkx2-3 expression between various elements of local §
vasculature (15). The occurrence of MAdCAM-1+PNAd+ vessels ,g
in postnatal PPs in Nkx2-3 mutants suggests that the PNAd+ i ;
HEVs in adults develop from the MAdCAM-1+ segments and not I
from MAdCAM-1"  capillaries. It is not yet known how the ab- ^
sence of Nkx2-3 during the embryonic period can influence |"
the postnatal deviation of vascular patterning. A similar plasticity |
was noted following immunization where mature HEVs in pLN §
reverted to an immature PNAd_MAdCAM-l+ phenotype, with g
subsequent reversal involving B cell-mediated stimulation of 
LTfSR and B cell-dependent HEV recovery (36). ^

The functional consequences and the significance of the in- 8
creased Treg numbers observed in Nkx2-3-deficient PPs remain to ^
be elucidated. It is out of the scope of the present study whether EL
this increase is the result of compensatory inducible Treg forma- 'g.
tion due to the structurally damaged small intestine of Nkx2-3 KO g
mice (16) or whether the loss of MAdCAM-1 and appearance of O
PNAd could increase homing of natural Tregs to PPs. Interest- o
ingly, L-selectin-expressing Tregs have been shown to have a 2|
higher regulatory potential than do L-selectin_ cells (37). Im- o
paired oral tolerance has been reported in Itgf37~'~ mice lacking w
the integrin (37 (38). However, homing via MAdCAM-1 seems to £
play a less important role in inhibition of colitis, as transferred 
|37_/_ Tregs were just as efficient in preventing a murine model of 
colitis as the wild-type cells (39).

Homing of lymphocytes to mutant PPs that have been blocked 
with PNAd Abs is not inhibited to the same degree as in wild-type 
or mutant pLNs, and also not as in wild-type PPs blocked with 
MAdCAM-1 Abs. Thus, the Ab-mediated blocking experiments 
indicate that the nearly complete loss of endothelial MAdCAM-1 in 
mutant GALT is possibly not compensated by HEV-associated 
PNAd alone. This suggests that other adhesion molecules may 
participate in rescuing lymphocyte homing to gut in the absence of 
MAdCAM-1. ICAM-1, a molecule with similar homing functions 
to BALT (28), seems an unlikely candidate, as our immunofluo- 
rescent data and the mRNA expression analyses fail to indicate 
upregulation of ICAM-1 in mutant PPs. VCAM-1 expression 
detectable by immunofluorescence also did not differ from wild- 
type controls. Alternatively, VAP-1 as surrogate addressin pro
moting the preferential binding of CD8+ T cells in humans may 
also contribute to the enhanced homing of CD8+ T cells in mutant
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mice, although its tissue expression pattern in mice differs from 
both that of PNAd and Nkx2-3 (40, 41). Furthermore, the rela
tively normal homing to mutant PPs raises an important aspect 
related to the use of MAdCAM-1 as a therapeutic target to in
terfere with homing to mucosa and to induce mucosal healing (42) 
in chronic intestinal inflammations, often associated with elevated 
expression or sequence variants in the Nkx2-3 gene (22, 23). 
Whether these mutant vessels harbor alternative sites for L-selectin 
recognition other than what can be inhibited by MECA-79 re
mains to be seen. Thus, further studies may identify additional 
adhesion ligand/receptor pairs that may be regulated by Nkx2-3.
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