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At every stage of lymphocyte development, cells receive instructions that direct them to specific sites. Hematopoietic stem cells migrate from the AGM region and the yolk sac to the fetal liver and later to the bone marrow. T cell progenitors migrate in waves from the fetal liver and after birth in a steady daily flow from the bone marrow to the thymus. Homing mechanisms facilitate the entry of these precursors into the thymus. Naive T and B lymphocytes migrate from the thymus and bone-marrow respectively to peripheral lymphoid tissue and recirculate between peripheral lymphoid organs. Specific retention mechanisms ensure that only mature lymphocytes leave the thymus and bone-marrow and homing mechanisms facilitate the entry of these naive cells into peripheral or secondary lymphoid organs such as the spleen and lymph nodes. Following  an encounter with antigen, activated B cells and T cells may migrate within secondary lymphoid organs in order to interact with one another. Activated lymphocytes exit peripheral lymphoid organs and are attracted to the tissue site containing the source of the antigen. Mucosal sites and the skin use specific molecules to direct the flow of activated lymphocytes into these tissues.


There is a very clear and elegant functional logic to all the migration events that guide a lymphocyte from one site to another during its lifetime. Lymphocytes must be retained in central organs until receptor rearrangement and selection events are completed. When lymphocytes are mature they must become independent of stromal cells and acquire the ability to leave these central organs. Naive lymphocytes need to be directed to peripheral lymphoid organs where they have the opportunity to be in proximity to antigen, professional antigen-presenting cells as well as other lymphocytes. Naive cells lack the ability to migrate to peripheral tissue sites. The molecules that guide cells to tissue sites are turned on in activated or memory lymphocytes.


In this handout, the broad mechanisms involved in lymphocyte migration will be initially considered. The role of “adhesion” molecules and chemokines in lymphocyte trafficking as well as in lymphopoiesis and lymphocyte activation will be discussed. The molecular mechanisms postulated to occur in individual migration events will be examined in detail. We will also discuss our current knowledge of the cells, ligands, and receptors that are involved in the generation and architectural organization of secondarly lymphoid organs.

Some general features of lymphocyte migration

There are two specific events to be considered in the process of lymphocyte migration via the blood stream- emigration from one site and entry into another. A cell that leaves an anatomical site at a particular developmental stage probably does so because it has lost the ability to be retained in this location. For example the presumed loss of the ability of surface IgM expressing B cells to adhere to the bone marrow stroma permits their egress from this site. The functional loss of an adhesion molecule or molecules will most likely characterize the process of emigration. 


Once a lymphocyte enters the circulation it can be guided into a target lymphoid or non-lymphoid tissue site if it is recognized by the endothelial cells at the site. The lymphocyte is slowed down and eventually brought to a halt when it is identified by the endothelium. A multi-step paradigm for the transendothelial trafficking of leukocytes has been developed (Figure 1). Initial recognition generally occurs by an interaction between carbohydrate ligands and adhesion receptors known as selectins. This interaction leads to a slowing down of leukocytes on the target endothelium, a process known as “tethering”. Lymphocytes may “roll” on the endothelium, and in inflamed sites lymphocytes may roll on other lymphocytes or on other white cells. An interaction between chemoattractant cytokines (also known as chemokines) available locally and their receptors leads to the activation of the lymphocyte and the post-translational modification of the cytosolic domains of cell surface receptors of the integrin family. These integrins are now activated to bind tightly to endothelial ligands which halt the lymphocyte’s rolling behavior and facilitate entry of the lymphocyte into the target tissue. The process of tissue entry, also known as diapedesis, involves specific recognition events that permit the lymphocyte to pass between adjacent endothelial cells. The release by the migrating white cell of enzymes which digest extracellular matrix components facilitates the crossing of the underlying basement membrane. Given the general role  played by selectins, chemokines, and integrins in the processes of lymphocyte homing as well as in lymphopiesis, these molecules will be discussed in some detail prior to examining specific migration events. An additional protein outside these above categories that is important for lymphocyte trafficking is CD44, a cell surface protein that can bind hyaluronic acid and facilitates lymphocyte-extracellular matrix interactions.
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Figure 1. A multi-step paradigm for lymphocyte migration across an endothelial barrier. The initial recognition event involves selectins. Chemokines activate integrins which contribute to tight binding. This is followed by diapedesis.
Selectins

As their name suggests, selectins are lectins (proteins that bind to carbohydrate ligands). Three different selectin molecules have been described. L-selectin is found primarily on white cells, P selectin is expressed on platelets and endothelial cells, and E-selectin is primarily expressed on the endothelium. All three selectins have broadly similar structures. They are Type I membrane glycoproteins and possess an N-terminal calcium dependent C-type lectin domain, an epidermal growth factor-like domain, a number of SCR (short consensus repeat) motifs, a transmembrane domain, and a cytosolic tail. All the selectins bind carbohydrate ligands via the N-terminal lectin domain. They recognize the sialylated fucosylated lactosamines of which sialyl-Lewisx and its isomer sialyl-Lewisa represent the simplest examples. In addition to being adhesion molecules, selectins can also serve as signaling receptors, although this aspect of selectin function remains poorly studied. 


L-selectin is expressed on white blood cells including T and B lymphocytes. Ligands for L-selectin are expressed in lymph nodes on the surface of the specialized plump endothelial cells in HEVs (High Endothelial Venules). HEVs are specialized post-capillary venules, and naive lymphocytes carried by the bloodstream bind to these venules and migrate through them into the lymph node. L-selectin ligands are specific sulfated oligosaccharides. These ligands, along with other endothelial ligands for homing receptors are referred to as vascular addressins. L-selectin ligands (which share the appropriate sulfated O-linked oligosaccharide side chains) on adult peripheral lymph node HEVs are collectively referred to as peripheral lymph node addressins or PNAds.  Different adhesion molecules are critical for lymph node entry in adult and fetal life, as will be discussed below. The sulfated sugar side chains that constitute PNAds are expressed on the luminal surfaces of lymph node HEVs beginning only a day or two after birth. Potential  addressins that are decorated with the PNAd epitope include GlyCAM-1, MAdCAM-1, and CD34. 


GlyCAM-1 is a small mucin-type glycoprotein which, in its correctly glycosylated and sulfated form, can be recognized with relatively high affinity by L-selectin. It is expressed, as would be predicted for an L-selectin ligand, in high endothelial venules and is also induced at sites of inflammation. However GlyCAM 1 is unlikely to be an “adhesion” ligand for L-selectin although it now appears to be a “signaling” ligand. It is a secreted protein that lacks a transmembrane domain, but has been shown to transduce signals via L-selectin for the activation of integrins. GlyCAM-1 has so far been identified only in rodents and a human homolog remains to be identified. 


CD34 is a transmembrane mucin-type glycoprotein expressed on all endothelial cells but which is appropriately glycosylated and sulfated in HEVs of lymph nodes and can thus be recognized by L-selectin. This glycoprotein is likely to function as functionally important ligand for L-selectin. However mice engineered to lack CD34 have no obvious defect in lymphocyte trafficking to lymph nodes suggesting that CD34 may either be redundant or irrelevant. Two other potential ligands for L-selectin are of interest.  A 200kd glycoprotein, gp200, has been identified in HEVs but has as yet not been cloned. Another very interesting molecule has been found in the HEVs of Peyer’s patches (organized peripheral lymphoid tissue, much like that seen in lymph nodes, and located in the small intestine) and of mesenteric lymph nodes. The carbohydrate side chains of this molecule, known as MadCAM-1, can function as a ligand for L-selectin while the protein backbone serves as a ligand for the 47 integrin. 


A potential ligand for L-selectin which is expressed on white cells but not on endothelium, is the glycoprotein PSGL-1. The PSGL-1-L-selectin interaction might mediate the phenomenon of lymphocytes rolling on other white cells at sites of inflammation. PSGL-1 is probably the major ligand on neutrophils for P-selectin. PSGL-1 needs to be correctly glycosylated and tyrosine sulfated to be recognized by selectins. All of the above L-selectin ligands are sialomucins - they present O-linked sugar side chains at a high density. Completely different carbohydrate ligands may also bind to L-selectins. These include heparan sulfate glycosaminoglycans which are found on endothelial surfaces, and also sulfatides, which are negatively charged glycolipids. These ligands lack sialic acid or fucose but are also bound by the N-terminal lectin domain in a calcium dependent manner. 


From the viewpoint of the binding of lymphocytes to endothelial surfaces, P and E-selectins on the endothelial cell may contact ligands on lymphocytes. The heat stable antigen, HSA, also known as CD24, is found on recently generated lymphocytes and may bind to P-selectin. It is a somewhat unusual selectin ligand since most of its sugars are N-linked rather than O-linked saccharide chains. An interesting E-selectin ligand, a 250kDa glycoprotein, has been discovered on bovine  T cells. Memory T lymphocytes which are destined to home to the skin, express a specific E-selectin ligand on their surfaces which facilitates their homing back to this organ. This glycoprotein is known as CLA-1.

Chemokines and Chemokine receptors

Chemokines are chemoattractant cytokines. Chemokines have numerous functions; they play a critical role in lymphocyte migration by triggering the increased adhesiveness of integrins, a process known as “inside-out” signaling. Because specific lymphocyte subsets express distinct receptors, specificity for the homing of specific lymphocytes to defined anatomical sites may depend on the local production of a specific chemokine. Chemokines have also been shown to be of importance in lymphopoieisis. The receptors for chemokines are 7-transmembrane / serpentine receptors which are linked to heterotrimeric G proteins. Chemokine receptors have attracted a considerable amount of attention because some of them are used by HIV to gain entry into T cells and monocytes.


Most chemokines are about 8-12 kD in size and they contain four conserved cysteine residues. These molecules contain an N-terminal domain that contains two cysteine residues, followed by at least three -pleated sheets and a C-terminal-helix. These mediators are generally basic proteins which, apart from binding specific signaling receptors on leukocytes, also bind to heparin and heparan sulfate proteoglycans. Binding to matrix proteoglycans may help set up chemokine gradients which direct migratory events. To date about 40 chemokines have been characterized and this number probably represents the tip of the iceberg.


There are four families of chemokines, but most fall into one of two broad categories based on whether their two N-terminal cysteines are adjacent to each other or are separated by a spacer residue. Members of one family have two adjacent cysteine residues near the N-terminus and these chemokines are known as C-C chemokines. C-X-C chemokines have a spacer amino acid between the two N-terminal cysteines. Most C-C or  chemokines in man are located at 17q11.2-12 and most human C-X-C or  chemokines map to 4q13. These genes appear to have arisen by a process of duplication. It has been speculated, although the data to support this view is quite limited, that chemokines have evolved fairly rapidly - there are some chemokines in man (such as IL-8) which lack murine counterparts. In addition to C-C and C-X-C chemokines there are two chemokines that are characterized as members of distinct groups. Lymhotactin is the only member of the g or C-chemokine family and contains a single N-terminal cysteine. Fractalkine is the only CX3C chemokine (with three amino acids between the two N-terminal cysteines), and is unusual in that it is the only membrane bound chemokine. Figure 2 lists selected chemokines and their receptors that are of importance from a lymphocyte migration standpoint.
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Figure 2. A list of chemokines and chemokine receptors. Table I provides explanations of acronyms and alternative names for chemokines. Act = Activated, Mem= Memory, DC = Dendritic cells.

It is clear that only a fraction of all chemokine receptors have been identified at this point. At present there are 5 known human C-X-C receptors (CXCR1 through CXCR5) and 9 C-C receptors (CCR1 through CCR9). As seen in Figure 6.2, multiple chemokines may signal via a given receptor. However C-C chemokines only signal via C-C receptors and C-X-C chemokines activate only C-X-C receptors. In general C-X-C chemokines have more restricted specificities than C-C chemokines. Chemokine receptors are linked to heterotrimeric G-proteins containing Gi and which can be inhibited by pertussis toxin. These G proteins  typically contain a DRYLAIV motif in their second intracellular domains and are linked to phospholipase C isoforms which activate calcium-signaling and PKC activation. The activation of PKC might contribute to inside-out signaling and integrin activation. Chemokine receptor activation also leads to the activation of small GTPases of the Rho family , which, as discussed in Chapter Four, can influence cell motility by regulating actin-dependent processes such as membrane ruffling and the formation of actin stress fibers. Many other signaling events, including the activation of the Ras pathway may be turned on in selected target cells by specific chemokines.


While chemokines generally influence lymphoid development because of their importance in migration events, at least one chemokine has also been shown to be of direct importance in development. The C-X-C chemokine, SDF-1/PBSF (see Table 6.1 for an explanation of acronyms) is secreted by bone-marrow and other  stromal cells and is a potent stimulator of pro-B cell proliferation. Its receptor is CXCR4 (previously known as Fusin and Lestr), which also assists in HIV entry. SDF-1 can prevent HIV from gaining access to cells. SDF-1, apart from its role in pro-B lymphocyte proliferation, also may play a role in the homing of both naive T and B cells to lymph nodes. In the absence of SDF-1, mice have defects in B cell generation, with a very marked reduction of pro-B cells (and subsequent cells that make up the B lineage). The defect appears to be at the level of commitment to the B lineage, since T cell development is unaffected. SDF-1 null mice also have a defect in bone-marrow derived myelopoiesis (there is no such defect at the fetal liver stage) as well as a defect in ventricular septum generation in the heart. SDF-1 may also contribute to the migration of hematopoietic stem cells.

Table I

Acronyms and alternative names for selected chemokines

Acronym
Expansion






Other names
/CXC
IP-10 

IFN- inducible protein  

Mig

Monokine induced by IFN-
SDF-1

Stromal cell derived factor-1



PBSF

PBSF

Pre-B cell growth stimulating factor


SDF-1

BCA-1
B cell attracting chemokine-1



BLC

BLC

B lymphocyte chemoattractant



BCA-1

/CC

RANTES
Regulation on Activation, Normal T Expressed



and Secreted

MCP-1
Monocyte chemotactic protein-1

MIP-5
Macrophage inflammatory protein-5


Leukotactin-1

MIP-3
Macrophage Inflammatory Protein-3

LARC, Exodus

LARC
Liver and activation regulated chemokine

MIP-3, Exodus

MIP-3
Macrophage Inflammatory protein-3

ELC, Exodus-3

ELC

EBI-1(Ebstein-Barr induced-1) ligand chemokine
MIP-3, Exodus-3

TARC
Thymus and activation regulated chemokine

SLC

Secondary lymphoid-tissue chemokine

Exodus-2, 6Ckine

TCA-3
T cell activation gene-3 (murine)


I-309 (human)

TECK

Thymus expressed chemokine


A few chemokines have been implicated in regulating the entry of naive T lymphocytes into lymph nodes. These include SDF-1, and two chemokines, SLC/6C-kine/Exodus-2 and MIP-3/ELC/Exodus-3, all three of which are expressed at high levels in lymph nodes. SDF-1 is synthesized by dendritic cells in lymph nodes and the receptor for this cytokine, expressed on naive T and B lymphocytes, is CXCR4. MIP-3 and SLC are ligands for CCR7. MIP-3 is expressed constitutively in the T cell areas of secondary lymphoid organs. It has been implicated not only in the migration of naive T cells into these T cell areas but also in the migration of activated B cells, which also express CCR7, into the T cell areas in order to promote T-B interactions.


The entry of naive B cells into spleen and lymph nodes may be mediated by two different cytokines which attract B cells into the follicular areas of some but not all lymph nodes. CXCR4 (the receptor for SDF-1) is expressed on naive B cells. CXCR5/BLR-1 is expressed on mature B cells as well as memory T cells with a CD45RO+ phenotype. BLR-1 is required for the entry of B cells into follicles in the spleen as well as for the migration of activated B cells in the extrafollicular areas of the spleen into the germinal center. In the absence of BLR-1, naive mature B cells remains in the T cell zones and fail to enter follicles. The ligand for BLR-1 is called BCA-1. An appreciation of the role played by this chemokine has led to the understanding that chemokines are involved in”basal” lymphocyte trafficking. 


A number of chemokine receptors are displayed on activated or memory T cells but not on naive lymphocytes (see Figure 2). Certain chemokine receptors are induced on T cells following exposure to IL-2. The receptor for a C-C chemokine known as MCP-1 is designated CCR2 and is expressed only on a subset of T cells with the CD26hiCD45RO+ memory phenotype. Similarly  the CCR1, CCR4 and CCR5 receptors that bind the CC chemokine RANTES are also induced on CD45RO+ memory phenotype T cells. Another chemokine receptor that is expressed only on activated T cells and on NK cells is the CXCR3 molecule that responds to the chemokines IP-10 and Mig. These chemokines are induced by IFN- and are believed to be critical for the activation of T cells that are primed by IFN- to migrate into inflamed tissue sites. Delayed type hypersensitivity (DTH) responses are dependent on the induction of IP-10. MIP-3/LARC/Exodus is a-chemokine that is expressed in tissue sites and is up-regulated during inflammatory responses. This chemokine is capable of activating 2 integrins on memory T cells. This is likely to be a major chemokine in influencing the entry of activated T cells into tissues. 


Human memory T cells can be subdivided into two subsets based primarily on the presence or absence of CCR7. "Central" memory cells home to lymph nodes and express CCR7 and L-selectin. They are CD45RA- and can be distinguished from naïve T cells  which are CD45RA+. "Effector" memory T cells home to tissue sites. They are CD45RA- CCR7- cells. Cells of this subset which are destined for the skin express  the E selectin ligand CLA (discussed below), the41 integrin, and CCR4. "Effector" memory T cells which are destined for mucosal sites express the 47 integrin and CCR5.  


Not surprisingly, chemokine receptors can be used to distinguish between Th1 and Th2 cells. Some of these alterations presumably occur as a consequence of the autocrine triggering of cytokine receptors, while some of these changes may be an essential component of the program of specialized differentiation of Th1 or Th2 cells. As depicted in Figure 3, CXCR4 is expressed on naive CD4+ T cells. Th1 cells preferentially express CXCR3, the receptor for IP-10 and Mig, and CCR5 which is a receptor that can be triggered by MIP-1, MIP-1, and RANTES. Th2 cells preferentially express CCR3, CCR4 and CCR8.
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Figure 3. Distinct chemokine receptors are expressed on Th1 and Th2 cells. Some receptors such as CCR1 and CCR2 are expressed on both Th1 and Th2 cells.

Integrins

Integrins are integral membrane heterodimers each made up of an  chain and a  chain which are non-covalently associated. They play important roles in cell-cell interactions, cell-substrate interactions, cell migration, and hematopoiesis. There are 8 different integrin chains and 16  chains which combine to give rise to 22 identified heterodimers. These integrins are divided into 8 families each of which share a given  chain. Integrins can be activated by signaling via other cell surface receptors which can modulate the affinity of integrins for their ligands (inside-out signaling). Integrins can themselves induce signal transduction.Most integrins bind to extracellular matrix proteins while some, particularly the two 4 integrins, and the three 2 integrins, mediate cell-cell interactions. The cell surface protein ligands for integrins involved in cell-cell interactions bind to tend to be members of the immunoglobulin superfamily such as ICAM-1 (Inter-Cellular Adhesion Molecule), ICAM-2, and ICAM-3, VCAM-1 (Vascular Cell Adhesion Molecule -1),  and MadCAM-1. One  cell surface integrin ligand, E-Cadherin, which binds to theE7 integrin, does not belong to the Ig superfamily.  

Table   2. Selected integrins that participate in lymphocyte development

Family


Function



Partners

1 integrins

?1
 


HSC migration to fetal liver

cell-ECM interactions

( chain undetermined





(collagens, laminin, 


but not 4; there are 8 other





fibronectin, vitronectin)

 chains that associate with)

1)

41 (VLA-4)


Not required for fetal hematopoiesis, 
cell-cell (VCAM1),





other than for B1 cells. Required for
cell-ECM (fibronectin)





adult B and T cell generation

2 integrins
LFA-1 (L2; CD11aCD18)
Lymphocyte migration

 ICAM-1, 2, and 3





Costimulation/T-APC synapse





formation

Mac-1 (CR3; CD11bCD18)
Leukocyte migration,


iC3b, fibrinogen, ICAM-1,





phagocytosis;





cell-matrix association

p150,95 (CR4; CD11cCD18)
Adhesion, phagocytosis

iC3b, fibrinogen

7 integrins
47 (LPAM-1)

lymphocyte migration


MadCAM-1





to peripheral nodes in fetal life 





to mucosal sites in adult. Migration





of T cells to Peyer’s patches

E7



Lymphocyte adhesion to gut

E-cadherin





epithelium (for IELs or intraepithelial





lymphocytes)


In the absence of 1 integrins, hematopoietic stem cells fail to migrate to and colonize  the fetal liver although they are capable of giving rise to all hematopoietic lineages. There are nine 1 integrins (six of which were once categorized as VLAs or very late antigens) and the specific member of this family that is required for the HS C migration event has not been identified as yet. It is unlikely to be the 41 integrin since the absence of 4 integrins has a distinct  phenotype which is discussed below. The majority of the 1 integrins bind to extracellular matrix proteins such as collagens, fibronectin, laminin, and vitronectin. The 41 integrin can bind to both fibronectin as well as a cell-surface Ig super family  protein known as VCAM-1 (Vascular Cell Adhesion Molecule -1) 


The absence of 4 integrins severely compromises B and T cell development (but not NK cell development) after birth. Development of T cells from fetal liver precursors is unaffected. Although B1 cells are not generated, B cell development at the fetal stage is otherwise normal. There are only two 4 integrins known, 41 and 47. Since the targeted disruption of the 7 integrin gene did not lead to a defect in lymphopoiesis it is reasonable to assume that the 41 molecule is required for the development of B and T cells from bone-marrow derived stem cells. In the absence of 4 integrins, development of monocytes and NK cells is unaffected. It is therefore assumed that the requirement for the 41 integrin is not at the level of the HSC or even at the level of the common lymphoid progenitor. It is possible that this integrin is required in the bone marrow by a precursor that gives rise to only B and T cells but not to NK cells, although no precursor of this sort has yet been identified. It is likely therefore that 4 integrins are required separately for B and T cell development . In the absence of 4 integrins B cell development is blocked prior to the pro-B stage, and the 41-VCAM-1 may be an essential component of the stromal signals that are critical for commitment to the B lineage. However, this particular stromal requirement applies only to B Lineage commitment in the bone marrow and not in the fetal liver. Why exactly the 41 molecule is required in the bone marrow  for B cell development is unclear though the most likely scenario is that signal transduction initiated via this receptor provides essential signals for commitment. We must assume therefore that signaling via some other unidentified receptor on lymphoid progenitor cells may be required for B lineage commitment in the fetal liver. 


2 and 7 integrins are important players in the process of lymphocyte trafficking. 2 integrins are required by all white cells for transendothelial migration, but one member of this family, LFA-1, may have other functions in lymphocyte activation which are discussed below. When lymphocytes begin to roll on an endothelial surface to which they are attracted, they remain long enough in the local vicinity of chemokines which induce signals which can lead to the phosphorylation of the cytoplasmic tail of 2 integrins such as LFA-1. This cytoplasmic modification leads to an increase in integrin affinity for its extracellular ligands, a process widely referred to as “inside-out” signaling. The ligands for LFA-1 include ICAM-1 and ICAM-2 on the endothelial surface. 


In addition to the role of LFA-1 in the adhesion of lymphocytes to endothelium, this integrin has an important role to play in the interactions of T cells with B cells, with other antigen- presenting cells (APCs) as well as with target cells. Interactions between LFA-1 on T cells and ICAM-1 on antigen presenting cells may serve not only to bring T cells in close apposition with APCs but may also serve to  provide co-stimulatory signals. Although it is accepted that the major receptor that triggers T cell co-stimulation is CD28, nevertheless it is conceivable that integrin signaling also participates in the process of T cell activation. The importance of LFA-1 in the formation of immunological synapses has been discussed in Chapter Four.


Memory T cells express the 47 integrin which directs these cells to mucosal sites. The ligand for this integrin is MadCAM-1 which is expressed on high endothelial venules in Peyer’s patches and mesenteric lymph nodes. Intraepithelial lymphocytes (IELs) in the gut associate tightly with the basolateral surfaces of adjacent epithelial cells. This interaction depends on the interaction of E7 molecules on IELs with E-cadherin on the epithelial surface.

Adhesion molecules and early lymphopoiesis


Lymphocyte development begins in the adult in specialized niches in the bone-marrow. This process may be influenced by adhesion molecules and by extracellular matrix components for a number of reasons. The migration of progenitor cells may require these molecules. Extracellular matrix components may hold back developing precursors in the bone marrow or thymus. Signals may be generated from “adhesion” receptors which are critical for survival, proliferation, or further development. Adhesion molecules may place lymphoid progenitors in close proximity to stromal cells which produce the “goodies” required for further differentiation. 


The early phase of B cell development is stromal dependent. Stromal cells produce signaling ligands such as SDF-1, FL (the Flk2/Flt3 ligand), IL-7 and IL-11. They also provide ligands for the 4 integrin which has been implicated in the process of early B cell differentiation in bone marrow derived but not fetal liver derived B cells. In the absence of 4 integrins B cell development is arrested prior to the pro-B stage, as discussed above. The interaction of the 41 integrin with its ligand VCAM-1 might provide an essential survival signal during early B cell development. Alternatively integrin signaling in the B cell might be responsible for turning on some other event that is critical for B cell development. Another possibility is that a signaling event in the stromal cell may be generated that contributes to the release from the latter of trophic factors (such as SDF-1, FL, IL-7, or IL-11) that contribute to early B cell development. However it is clear that neither IL-7 nor IL-11 signaling is essential for commitment to the B lineage, so if VCAM-1 contributes to stromal cell activation the latter might be induced to secrete some other soluble factors that contribute to moulding a progenitor cell into a committed pro-B lymphocyte. 

Homing of progenitor T cells to the thymus

T cell progenitors migrate from fetal liver and the post natal bone-marrow to the thymus. They must be recognized by the thymic vascular endothelium, cross into the perivascular  space separating the endothelium from a perivascular epithelial layer. They must then cross this perivascular layer and enter into the thymic parenchyma. Early thymic immigrants express L-selectin and CD44 (the receptor for hyaluronate). CD44 may be involved in the process of homing to the thymus while L-selectin does not appear to be essential since this process appears to be unaffected in L-selectin deficient mice. 


It has been suggested that 6 integrin expressed on the apical surfaces of thymic endothelial cells may be critical for the entry of thymic progenitors in the thymus. However this integrin is expressed at a number of sites and it is unclear how this molecule provides specificity. A late adhesion event involving a thymic stromal molecule, Vanin-1, may contribute to the specificity of this thymic entry process. Antibodies to Vanin-1 can block thymic colonization and regeneration but do not affect T cell maturation. Vanin-1 is a GPI anchored protein which is structurally related to human biotinidase. Biotinidases are enzymes which are secreted by hepatocytes which can release biotin from biocytin. Whether Vanin-1 actually possesses biotinidase activity and if so, whether this activity is required for homing to the thymus remains to be established.

Table  3. Selected chemokine and chemokine receptor knockouts 

Knockout


Phenotype




Reference

SDF-1 -/-

Perinatal death. Defective B lymphopoiesis and
Nagasawa et al., 1996




 bone-marrow myelopoiesis. Ventricular septal




defect. Defective cerebellar neuron migration.

CXCR4-/- 

Perinatal death. Defective B lymphopoiesis and
Ma et al., 1998, 




 bone-marrow myelopoiesis. Ventricular septal
Tachibana et al., 1998




defect.
Defective cerebellar neuron migration.
Zou et al., 1998

CXCR5-/- 

Defective or absent Peyer's patches. Severe 

Forster et al., 1996

(BLR-1-/-)

impairment of B cell migration to follicles in




spleen and Peyer's patches. No inguinal lymph 




nodes

CCR7-/-

Impaired migration of naïve T cells and mature
Forster et al., 1999




dendritic cells into lymph nodes. Disordered 




microarchitcture of secondary lymphoid organs.




Inability of B cells to be retained in outer PALS.




Inability to mount rapid primary immune response


Emigration of mature lymphocytes from central lymphoid organs

In the B lineage either immature (surface IgM positive) or mature (IgM and IgD positive) B cells must emigrate from the bone marrow, while less mature pro- and pre-B stage cells should be held back. Similarly, single positive T cells should be capable of emigrating from the thymus while double negative and double positive T cells should remain in the thymus. It has been suggested that less mature B lineage cells express fibronectin receptors and that more mature cells do not. This has led to the view that immature B lineage cells are held back by stromal fibronectin receptors in the bone marrow. The evidence for such a model remains quite limited.


Emigration from the bone marrow is also regulated by signals from the B cell receptor. These signals, which will be discussed in some depth in Chapter Seven, contribute to the ability of B cells that have succesfully rearranged both heavy and light chain genes to leave the bone marrow and migrate to the spleen. In mice lacking most of the cytoplasmic tail of Ig(an important component of the B cell receptor), B cells do develop in the bone marrow but very few are seen in the periphery, possibly because of a defect in emigration. Very little is understood about this emigration event - it is apparently independent of Btk (a tyrosine kinase that contributes to B cell signaling). How exactly signals from the antigen receptor contribute to emigration from the bone-marrow has not ben established. 
Entry of naive lymphocytes into peripheral lymph nodes and of B cells into lymphoid follicles

Naive B and T cells express L-selectin and are therefore capable of binding to PNAds expressed on  peripheral lymph node HEVs. As discussed above PNAds are believed to be mucin-like glycoproteins embedded in the microvillar plasma membrane of these specialized endothelial cells. The carbohydrate side chains of these proteins include the appropriate sialylated fucosylated lactosamines that bind with high affinity to L-selectin. No single protein has been identified as representing the only crucial selectin ligand in HEVs. In the majority of peripheral lymph nodes PNAds are probably represented by CD34 (which is appropriately glycosylated only in HEVs) and by  a protein known as gp200 which remains to be cloned. In mesenteric lymph nodes and in Peyer’s patches a protein known as MadCAM (which is also the ligand for the 47 integrin) is appropriately decorated with the carbohydrates that make it an L-selectin ligand. In these sites naive lymphocytes may be identified by an L-selectin-MadCAM-1 interaction. 


 Once a naive lymphocyte binds to the HEV vis this selectin-PNAd interaction it is basically slowed down and begins to roll in the HEV lumen. It thus has the attention of the locally available chemokines which can now begin to instruct this cell that has been “chosen” to pause in the neighborhood. The chemokines of importance may include SDF-1, MIP-3, and 6-C-kine/Exodus-2, all of which are expressed at high levels in peripheral lymph nodes. Apart from signals from these chemokines which are delivered in part through CCR7 and CXCR4, chemokine receptors expressed on naive lymphocytes, signals may also be delivered via L-selectin itself. How L-selectin functions as a signaling receptor is poorly understood, but the ligand for this signaling event is GlyCAM-1, a soluble glycoprotein expressed at high levels  in peripheral lymph node HEVs. Chemokine and GlyCAM-1  both contribute to “inside-out” signaling which leads to the activation of  2 integrins in these naive lymphocytes. These  activated integrins bind with high affinity to ICAM-1 and ICAM-2 on the endothelial surface and bring the naive lymphocyte to a halt in the lumen of the HEV. The naive lymphocyte that ahs been suitably activated via chemokine signaling then begins the process of migrating between endothelial cells into the tissue. This process, also known as diapedesis, is poorly understood in molecular terms. After squeezinG beteween endothelial cells, the migrating lymphocyte must secrete enzymes that will help it break down the underlying basement membrane. Migration in the underlying tissue is probably driven by a chemokine gradient, the chemokine being held in place by heparan sulfate proteoglycans.


An overview of the mechanisms involved in the binding of naive lymphocytes to the high endothelial venules in peripheral lymph nodes is provided in Figure 4.
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Figure 4.Multi-step interaction of naive lymphocytes with high endothelial venule cells in peripheral lymph nodes

Naive B cells which enter lymph nodes are organized in the cortex into specialized collections known as follicles. In the spleen lymphocytes from the blood-stream enter via the marginal vein and the marginal sinus and migrate from the extrafollicular T cell area into follicles. In lymph nodes B cells enter from HEVs into the peri-arteriolar T cell area and then migrate into follicles. This follicular migration event may depend on signals provided by BCA-1/BLC which is the ligand for BLR-1/CXCR5. 


Naive lymphocytes recirculate, moving from one secondary lymphoid organ to the next. While entry into these lymphoid organs is understood at least in outline, it is unclear as to what induces them to “move on” when they have tarried for a while in a particular site. Just as the entry of naive B cells into follicles is a regulated process, it is likely that signals are provided for naive B cells to leave follicles and for naive B and T cells to re-enter the circulation when their time has come. 

Entry of activated lymphocytes into target tissues


Lymphocytes are generally activated in secondary lymphoid organs. It is important for activated T and B cells to emigrate from lymph nodes and to home to the tissue site or sites where the initiating antigen is located. However some memory cells, known as "central" memory cells must return to lymph nodes, much like naïve T cells, in order to be able to respond to a new inoculum of antigen. It is useful for activated lymphocytes in general (and T cells in particular) to home to the site from which the antigen originated and to attempt to get rid of the source of the antigen. Cells with a memory/activated phenotype are CD44 hi and L-selectinlo. The low levels of L-selectin ensure that these cells are less efficient than naive lymphocytes in homing to lymph nodes. The high levels of CD44 presumably permit the cells to crawl more rapidly on tissue hyaluronate. Some activated/ memory cells express the 47 integrin and these memory cells are destined primarily for mucosal tissue and mucosa associated lymphoid organs including Peyer’s patches and mesenteric lymph nodes. Other memory cells do not express this integrin and home preferentially to peripheral tissues and non-mucosal peripheral lymph nodes. In human T cell populations, naive T cells ususally have a CD45RO-, CD45RAhi phenotype, while memory/activated T cells are CD45RO+, CD45 RAlo. It is unclear why these tyrosine phosphatase isoforms have different extracellular domains and whether these serve any specific recognition function relevant to the migration of these T cell subsets.  Table 4 lists some of the differences in adhesion molecules and chemokine receptors between Naive and Memory/Activated T cells. 

Table  4: A comparison of adhesion molecules between naive and memory/activated T cells




Naive




Effector Memory
CD2


Low





High

LFA-3

-





+

L-selectin*

High





Low

4 integrins

Low





High

CCR7
*

+





-

* "Central" memory cells express CCR7 and high levels of L-selectin.


Endothelial cells  which have been activated by exposure to IL-1 and TNF- express P-selectin and E-selectin. Activated T cells lack L-selectin and therefore do not migrate into lymph nodes but they do express selectin ligands. One such ligand expressed on at least some subsets of activated T cells is PSGL-1 (P-Selectin Glycoprotein Ligand-1) which in its appropriately glycosylated and tyrosine sulfated form binds avidly to selectins. E-selectins on the endothelium may also bind to sialyl Lewisx moieties on activated lymphocytes. These moieties might be presented on CD24/Heat Stable Antigen expressed at high levels on activated lymphocytes. The initial selectin-carbohydrate interaction presumably causes activated T cells to roll on inflamed endothelial surfaces. Chemokines secreted in the local tissue site, the levels of which which reflect an ongoing local response to a pathogen or some other source of antigen, may then induce the activation of integrins in the activated or memory T cell. A large number of  chemokines have been identified as ligands for receptors expressed on activated T cells and some of these are listed in Figure  2. IL-2 signaling can induce the expression of a number of CC chemokines, and IFN- induces IP-10 and Mig. IP-10 has been implicated in the generation of delayed type hypersensitivity  responses. 


Chemokine exposure leads to the activation of integrins - 47 in the case of mucosal-type memory cells and and the a41 integrin and in the case of memory lymphocytes destined for the skin. The 47 integrin binds tightly to MadCAM-1, and after being thus brought to a halt crosses the endothelium by diapedesis. Memory cells destined for the skin express high levels of a specialized E-selctin ligand called CLA-1. Once CLA-1 has interacted with E-selectin,  the entry of activated T cells into inflamed cutaneous sites may be regulated by the specific local secretion of TARC, a chemokine that activates CCR4 which in vivo ppears to be present on memory CD4 cells that may be estined to acquire either a Th1 or a Th2 phenotype. Table 5 lists some of the known differences in the surface phenotypes of memory T cells destined for mucosal sites and the skin. A view of the mechanisms involved in the extravasation of activated lymphocytes into inflamed tissue sites is provided in Figure 5.

Table 5

Expression patterns of adhesion molecules and chemokine receptors on T cells destined for mucosa and the skin.





Mucosa




Skin
E7



+





-

47



High





Low

41



Low





High

6



Low





High

CLA-1


-





+

CCR4



-





+

CCR5



+





-
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Figure 5. Migration of activated lymphocytes across the endothelium at sites of inflammation

The regulated  wave-like migration of  T cells into the skin and mucosal sites during the fetal phase of lymphocyte development probably depends on very specific homing mechanisms which remain poorly understood. The migration of epidermal Langerhans cells from the skin into draining lymph nodes probably requires 6 integrins. Non-activated dendritic cells express the CCR6 chemokine reecptor and when  activated, these cells express CCR7 which is required for the migration of mature DC into lymph nodes. In general memory T cells destined for mucosal sites and memory T cells destined for the skin have very different patterns of cell surface molecules 

Summary

Developing lymphocytes migrate between central and peripheral lymphoid organs and between lymphoid organs and tissues in a highly regulated manner. This regulation is dependent on specific adhesion molecules, chemokines, and chemokine receptors being expressed at the appropriate time and in the appropriate places. Cytokines of the Lymphotoxin/TNF family and their receptors are critical for the generation and maintenance of secondary lymphoid organs.
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These notes were abridged  with permission from: Pillai, S. Lymphocyte Development: Cell Selection Events and Signals during Immune Ontogeny; Birkhäuser Boston 2000; 0-8176-3853-9

Objectives/Study Questions

1. How do naïve lymphocytes enter lymph nodes? Explain using the three step paradigm for lymphocyte migration.

2. What are the molecular events that drive lymphocyte migration at an inflammatory site?

3. Explain how specific chemokine receptors may be of relevance in HIV pathogenesis.

4. Explain briefly what is meant by inside-out signaling.
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